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Impressions of Cytogenetic Findings. Top: Metaphase cell showing the normal 46 human chromosomes. This figure was part of an article that
established 46 chromosomes as characteristic of human cells (Tjio, J.H. and Levan, A. [1956] The chromosome number of man. Hereditas 42,
1–6). Middle left: G-banded abnormal karyotypes of a solitary neurofibroma containing 46 chromosomes with two unbalanced translocations,
der(2)t(2;19)(p25;p13.2) and der(16)t(2;16)(p25;q24), and a del(19)(p13.2). These changes were substantiated (middle right) with SKY
(arrows), a procedure in which by computer analysis the staining of each chromosome pair can be distinguished from that of all others
(Nandula, S.V., Borczuk, A.G., and Murty, V.V.V.S. [2004] Unbalanced t(2;19) an t(2;16) in a neurofibroma. Cancer Genet. Cytogenet. 152,
169–171). Bottom left: The nucleus on the left shows three fluorescence in situ hybridization (FISH) signals (instead of the normal two
signals), i.e., trisomy for a centromeric probe for chromosome 8. In the nucleus on the right, the arrowhead points to the pairing of signals
for a centromeric probe for chromosome 17, indicative of an iso(17q), in a medulloblastoma. A normal signal for the normal chromosome 17
is also present. Bottom right: FISH staining (yellow) of chromosomes 1 in a metaphase. Shown are normal chromosomes 1 and an abnormal
derivative chromosome (top) containing part of a chromosome 1.
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Preface

The Genetics and Molecular Biology of Neural Tumors is
essentially an analectic presentation of a rapidly developing
field for which information is being generated at a remark-
able rate. Nevertheless, we think that this book fills a void
existing currently in the tumors under consideration. In this
volume, we have compiled the information available on neural
tumors, presented both in text format and as tables. The latter
should prove to be a ready and concentrated source of cogent
information and references for the reader. By “neural tumors”
we refer to those of the nervous system, exclusive of tumors
solely astrocytic, glial, or neuronic (neuronal) in origin.

The information presented in the book is based on the
efforts and contributions of thousands of investigators whose
labors have been devoted to the cytogenetics, histopathology,
embryology, molecular genetics, and molecular biology of
neural tumors. The 3,500 references contained in this book are
only part of the published output on the various other facets
of these tumors.

The introductory segment of each chapter contains some
clinical and epidemiologic information and succinct but rele-
vant pathohistologic and immunohistochemical descriptions
to facilitate the interpretation of the findings on the genetics
and molecular biology of the tumors.

The fact that the genetic cause has not been rigorously
established in any of the tumors presented in this book, and
the emerging concept that multiple genetic factors may play
an important role in the development of some tumors, have led
us to a more compendial approach in presenting the available

information on neural tumors, as reflected in the tables of each
chapter.

An attempt has been made by us to address those topics
(genetics and molecular biology) related to neural tumors of
interest to clinicians (neurologists and neurosurgeons), clin-
ical investigators, cytogeneticists, geneticists, and molecular
biologists investigating neural tumors.

Despite some shortcomings in translating findings in exper-
imental animals to human conditions and that this book
is almost exclusively devoted to human neural tumors,
some references from the voluminous literature on animal
(primarily rodent) studies have been included.

Many of the tables in the book are based on information
supplied in the publications of referenced authors, to whom
we are much indebted, as we are to the authors and publishers
for permission to reproduce appropriate figures.

The staff of the library at St. Joseph’s Hospital, i.e., Mrs.
Molly Harrington, Mrs. Jessica (Scott) Spalding, Mrs. Irma
Contreras, and Mrs. Ellen Abrams, has been of incalculable
help in gathering information in the literature, and Mrs. Nina
E. Rosner for arranging such literature.

We owe special thanks to Ms. Jan Vaughan, who has “moth-
ered” the volume through its various phases of birth and
growth.

Avery A. Sandberg
John F. Stone
Phoenix, AZ
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1
Benign Peripheral Nerve Sheath Tumors:
Neurofibromas, Schwannomas, and Perineuriomas

Summary Chapter 1 deals with the genetics of molecular biology of benign peripheral nerve sheath tumors (neurofibromas,
schwannomas, and perineuriomas). Besides their common association with the neurofibromatoses (NF1 and NF2) and the
diversity in cellular origin of these tumors, they display diversity in their cytogenetic findings, with schwannomas (including the
vestibular type) and some perineuriomas showing loss of chromosome 22 (-22) as a consistent karyotypic event. No recurrent
chromosomal change has been established in neurofibromas. The relationship of gastrointestinal stromal tumors to NF1 of
interest. The alterations of the genes closely associated with neurofibromas, NF1 and its protein product neurofibromin and
NF2 and its protein product merlin, associated with schwannomas, are presented here. Also presented is the wide range of
molecular and other studies on genetic and related factors possibly playing a role in the tumorigenesis and behavior of these
benign nerve sheath tumors.

Keywords neurofibromas · schwannomas · perineuriomas · NF1 (neurofibromin) · NF2 (merlin).

Introduction

This chapter and the following two chapters deal with tumors,
both benign and malignant, demonstrating a strong associ-
ation with the neurofibromatoses, the NF1 and NF2 genes,
and changes affecting chromosome 22 (1). Chapter 1 is
concerned with benign tumors of neural origin, i.e., neurofi-
bromas, schwannomas, and perineuriomas, which occur in
high frequency in the neurofibromatoses (NF), although they
also may be seen as sporadic tumors. Emphasis is placed on
the genetic changes in these tumors, their close association
with the neurofibromatosis type 1 (NF1) and NF2 (1–3), and
on the genes NF1 and NF2 (and their protein products) and
other genes in relation to their role in the tumorigenesis of
neurofibromas, schwannomas, and perineuriomas.

NF1 and NF2 are disorders involving the nervous system,
in which affected individuals have a high risk for developing
both benign and malignant tumors (4–7, 7A). NF1 affects 1 in
3,500 individuals, and NF2 affects 1 in 30,000-42,000 individ-
uals (8). The incidence of these syndromes is constant across
all ethnic backgrounds, and there is no gender predominance.

For further clinical, pathologic, genetic, and molecular
information related to the neurofibromatoses and their associ-
ated tumors, a large number of reviews and publications are
available (5, 8–41).

Neurofibromatosis Type 1
(von Recklinghausen Disease)

NF1 is an autosomal dominant disorder characterized
by multiple neurofibromas, malignant peripheral nerve
sheath tumors (MPNST), optic nerve gliomas, astrocytomas,
multiple hyperpigmented lesions (café-au-lait spots), axillary
and inguinal freckling, iris hamartomas (Lisch nodules), and
various osseous and vascular lesions (1). About 50% of NF1
patients have new germline mutations of the NF1 gene. With
the exception of large deletions, these spontaneous mutations
occur predominantly in the paternal germline (31, 42).

In NF1, benign tumors arise in association with the periph-
eral nerve sheaths; the latter are composed of a mixture
of schwann cells, fibroblasts, mast cells, endothelial cells,
perineurial cells, and other cells (1, 43). The most common
tumor associated with NF1, i.e., neurofibroma, occurs in
nearly all patients with NF1. They are rarely present in
childhood, but they develop during puberty and pregnancy,
suggesting a hormonal influence on tumor growth. A variety
of other types of tumors and leukemias may arise in NF
patients (44, 45). The occurrence of NF1 features in restricted
and localized areas of the body, termed segmental NF, has
been shown to be due to a mutation of the NF1 gene, and
the regional distribution of manifestations in segmental NF

From: A. A. Sandberg and J. F. Stone: The Genetics and Molecular Biology of Neural Tumors
c© 2008 Humana Press, Totowa, NJ
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2 1. Benign Peripheral Nerve Sheath Tumors

reflects different cell clones, commensurate with the concept
of somatic mosaicism (46).

Neurofibromas

Neurofibromas vary in size and number, and they are asso-
ciated with small or large terminal nerves. Among the major
subtypes of neurofibroma, the dermal and plexiform variants
are characteristic of NF1 (34, 43). Molecular genetic investi-
gations have indicated that NF1-associated neurofibromas are
monoclonal (47). Sporadic neurofibromas are histologically
identical to those occurring in NF1. The key roles played by
the schwann cells in axon structure (48–50) and neoplasia of
the neurofibromatoses are discussed in later sections of this
chapter.

Dermal or cutaneous neurofibroma is a well-circumscribed,
nonencapsulated benign tumor rich in extracellular matrix and
variably composed of schwann and fibroblast-like cells, with
an admixture of endothelial cells, lymphocytes, perineurial-
like cells, and a large number of mast cells (34, 35, 52). These
tumors usually do not occur until puberty, and they increase in
frequency with age; they are present in nearly all adults with
NF1. Dermal neurofibromas harbor little risk of malignant
transformation, but they may carry a major cosmetic burden,
particularly when numerous.

Plexiform neurofibromas (PNF), seen in about one third of
NF1 cases, produce diffuse enlargement of major deep nerve
trunks and their branches, and they are pathognomonic of
NF1 (34, 53, 54). Histologically, PNF are composed of large
hypertrophied nerves composed of spindle-shaped fibroblasts,
schwann cells, and perineurial and mast cells embedded in a
myxoid matrix (Figure 1.1.). PNF may occur at unusual sites,

Figure 1.1. Low- (A) and high-power (B) histologic picture of
a plexiform neurofibroma in an adult with probable NF1 (89).
The tumor is composed of spindle cells arranged in thin and deli-
cate fascicles. Cytogenetic analysis revealed the tumor to have
a complex karyotype with multiple clones but each containing a
t(1;22)(p23;q11) (89).

e.g., the uterine cervix (43,55). PNF are often elongate multin-
odular lesions involving either multiple trunks of a plexus
or multiple fascicles of a large nerve (56, 57). In contrast to
the more common dermal neurofibroma, PNF may involve
multiple tissues, and they can grow to large size and cause
significant morbidity by stimulating underlying bone growth
or by compressing surrounding tissues (25). About 5–10% of
PNF have a risk of malignant progression to MPNST, a highly
aggressive and lethal tumor. It seems that MPNST arise from
large PNF, and they are probably derived from Schwann cells,
as reflected by many MPNST staining positively for Schwann
cell markers such as S-100 (58, 59). In contrast, malignant
transformation is a very rare event for other types of neurofi-
broma.

The difference in the mechanisms of tumorigenesis
between cutaneous (dermal) neurofibromas and PNF is
unclear; however, it has been suggested that the amount of
NF1 mRNA processing could play a role in determining
which tumor type develops (60). In general, dermal (cuta-
neous) neurofibromas seem to have the lowest, PNF an inter-
mediate, and MPNST the largest amount of mRNA editing of
the NF1 gene. These differences in mRNA processing could
relate to the variability of tumor expression in NF1 patients.
NF1 promoter methylation in PNF has been reported as a
possible mechanism in these tumors (61–63).

Loss of Heterozygosity (LOH) Changes
in Neurofibromas

Some early studies failed to find LOH in neurofibromas
(47, 64, 65), whereas LOH was found in malignant NF1-
related tumors (66–68). In addition, the presence of both
alleles of the NF1 gene was described in schwann cells
derived from neurofibromas (69). However, subsequent inves-
tigations reported somatic NF1 deletions in neurofibromas
(70, 71) and mutations in both copies of the NF1 gene in a
dermal neurofibroma (72). Furthermore, genetic instability of
several microsatellite markers was seen in neurofibromas (73).

LOH in the NF1 gene has been found in all types of neurofi-
broma (70, 71, 74–83), with both somatic and germline muta-
tions of NF1 expressed at the RNA level (75). The studies
point to the NF1 gene to be a tumor suppressor gene (TSG),
both copies of which are altered in benign and malignant NF1-
related tumors (68, 72, 75, 80, 81, 84).

It is of interest that most of the neurofibromas with LOH
for the NF1 gene (when such information was available in the
publications) have been PNF (74,78,82), a companion finding
for the higher rate and type of chromosome changes seen in
PNF and their propensity for malignant change (Table 1.1).

S-100 Protein

The NF1 gene status in S-100 protein-positive and -negative
cell subpopulations was evaluated (85) in archival paraffin-
embedded specimens from seven PNF, two atypical PNF,
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Table 1.1. Chromosome changes in neurofibromas.

References

46,XX,der(2)t(2;19)(p25;p13.2),der(16)t(2;16)(p25;q24), del(19)(p13.2) Riccardi and Elder 1986 (94)
47,XX,+18 Riccardi and Elder 1986 (94)
*46,X,t(X;2)(p22;q21),del(1)(q11),t(1;22)(p32;q11)c,der(8)t(1;8)

(q11;q2?4)/46,XX,t(1;22)c,add(5)(q14),add(16)(p12)/
45,XX,t(1;22)c,inv(8)(p23q12),der(9)t(3;9)(q12;p22),
del(3)(q26 q28),der(10)t(3;10)(p11;p12),del(12)(q14)

Rey et al 1987 (89)

45,XX,-22 Chadduck et al 1991-1992 (90)
**45∼46,XX,t(1;17)(q21;q21),r(3;?)(p25q29;?),add(5)(q14),

der(9)t(4;?;9)(q12;?;p11),der(9)t(5;9)(q13;p13),add(15)(q22),
+der(?)t(?;7)(?;q11.2),+mar

Molenaar et al 1997 (91)

47,XY,+der(?)t(?;12)(?;q15) Mertens et al 2001 (95, 96)
*46,XY,t(1;9)(p36.3;p22)46,XX,t(2;11)(q13;q23) Wallace et al 2000 (92)
*46,XX,t(2;11)(q13;q23) Wallace et al 2000 (92)
*46,XX,t(1;9)(p36.1;q21.2), t(9;12)(p24;q13), t(11;17)(q?14.2;?p13) Wallace et al 2000 (92)
46,XX,t(2;11)(q21;q13),t(3;19)(p12;q13.1),del(6)(q21.2),

add(10)(p15),del(14)(q24),add(22)(p11.1)/
53 58,XX,+2,add(2)(p21)x2,add(2)(q37),+6,+7,add(7)(q34),
+8,add(11)(p11.2),add(11)(q23),-13,add(14)(p11.1),+16,
add(16)(q12.1),+17,+19,add(19)(q13.3),+20,+21,-22

x46,XX,der(2)t(2;19)(p25;p13.2),der(16)t(p25;q24),del(19)(p13.2) Nandula et al 2004 (93)
x46,XX,t(4;9)(p31;p22) Sawyer et al 2005 (301)
46,XX,der(2)t(2;17)(p23;q11-12)t(17;17)(q11-12;q25),del(17)

(q11-12),der(17)t(?2;17)(p23;q11-12)
Storlazzi et al 2005 (301A)

*Plexiform neurofibroma.
**Diffuse neurofibroma (early malignancy?), recurrent tumors.
xSolitary neurofibroma.

one cellular/atypical PNF (all probably associated with NF1),
and eight MPNST (four associated with NF1). NF1 loss was
detected in four of seven PNF and in one atypical PNF,
with deletions restricted to S-100 protein-immunoreactive
schwann cells. In contrast, all eight MPNST harbored NF1
deletions, regardless of S-100 protein expression or NF1 clin-
ical status. The results suggest that the schwann cell is the
primary neoplastic component in PNF and that S-100 protein-
negative cells in MPNST represent dedifferentiated schwann
cells, which harbor NF1 deletions in both NF1-associated and
sporadic tumors (85).

It has been postulated that S-100–positive cells might be
primarily responsible for the development of neurofibromas
(86), although they do not always express myelin P0, which
is a specific marker of differentiated schwann cells. S-100–
positive cells from neurofibromas of NF1 patients lack NF1
mRNA; thus, they do not express the protein neurofibromin.
However, the fibroblasts from the same tumors carry at
least one normal NF1 allele; thus, they produce mRNA and
neurofibromin. The lack of expression of mature schwann
cell proteins (i.e., myelin P0) seen in S-100–positive cells
raises the possibility that neurofibromin loss may occur
in a precursor cell population or cause the differentiated
schwann cell to revert to a more immature phenotype (86).
It has been demonstrated that CD34+ and S-100–negative
cells in neurofibromas and schwannomas are nonneoplastic
supportive cells (87).

Chromosome Changes in Neurofibromas

In an early study (88), a 6.7-fold higher frequency of aneu-
ploid mitoses was found in neurofibromas from three patients
with NF1 compared with skin cultures from three healthy
control-matched donors. Each of the neurofibromas contained
a clone with monosomy 22 (88). Such monosomy was
seen in two neurofibromas shown in Table 1.1. Cytogenetic
studies of neurofibromas based on banding have been sparse
(Table 1.1), with no recurrent karyotypic change being consis-
tently present. In some neurofibromas the karyotypes may
be complex (89–93), possibly indicating malignant trans-
formation of neurofibromas to MPNST (91, 94); thus, they
can be of help in arriving at a diagnosis. For example, a
62-yr-old woman presented with a solitary neurofibroma; a
second recurrence showed features indicative of malignancy,
but it was insufficient to establish a histologic diagnosis
(91). Cytogenetic analysis revealed abnormalities compatible
with MPNST, supporting the histologic suspicion of emerging
malignancy.

Nine of 10 neurofibromas examined in one study (95, 96)
had normal karyotypes, as did five neurofibromas (67) and
seven dermal neurofibromas in other studies (92). In the latter
study (92), four of six PNF tumors had karyotypic changes,
although they differed from tumor to tumor, with one tumor of
these having a complex karyotype, possibly reflecting malig-
nant foci. In a study of 26 neurofibromas, 66% were found to
be diploid and the remainder aneuploid (97). Sporadic neurofi-
bromas and schwannomas seem to have cytogenetic and/or



4 1. Benign Peripheral Nerve Sheath Tumors

molecular genetic changes akin to the tumors associated with
NF. It should be stressed that Table 1.1 contains only those
neurofibromas for which complete karyotypes were available,
and it does not include those tumors for which only partial
karyotypes or nonclonal changes were presented.

Gain of chromosome 17 in PNF has been suggested as
useful for the differential diagnosis of benign and borderline
tumors (98, 99).

The NF1 Gene

The NF1 gene, located at 17q11.2, comprises 350-kb of
genomic DNA with 60 exons and it encodes an mRNA of
11-13 kb (100–103). The localization of NF1 at 17q11.2 was
helped considerably by the finding of constitutional translo-
cations in families with NF, i.e., t(17;22)(q11.2;q11.2) in
two families (104, 105), a t(1;17)(p34.3;q11.2) (105) in one
family, and an inv(17)(q11.2q25.1) (106) in another family.
Appropriate studies showed involvement of the NF1 gene
in each of these translocations. The NF1 gene product,
a protein called neurofibromin, is normally expressed in
neurons, oligodendrocytes, schwann cells (107), and many
other cell types (92,100,103,108–112). Somatic mutations in
the NF1 gene have been described in tumors unrelated to NF1
(68, 84, 113–116). An interesting observation in this regard
is the transcriptional suppression of the NF1 expression by
the fusion protein resulting from t(8;21) and its fusion gene
RUNX1-MTG8 in acute myeloblastic leukemia (116A). All
this evidence corroborates the hypothesis that NF1 is a TSG
(7, 74, 77, 78, 82, 85, 86, 92).

The failure to find NF1 anomalies in some neurofibromas
may be related to inactivating mutations occurring in parts of
the gene not tested by the methodologies used, to the changes
that are not sufficiently quantitative (85) to be detected, or to
genes other than NF1 being affected. These comments apply
in particular to sporadic type of tumors. Rapid degradation
of the abnormal protein and a decreased amount of mRNA
transcribed from the mutant allele may contribute to failure
of detection (117). The failure of mutations of NF1 in NF1 to
cluster in hot spots and their large number (>300), with only
7% observed more than once, may be another explanation.

The NF1 gene, in part due to its large size, is associated
with a spectrum of qualitative and quantitative alterations in
NF1 tumors, including LOH of variable size and locations
and somatic NF1 point mutations (75, 118). NF1 is a familial
tumor syndrome in which the type of germline mutation of
the NF1 gene influences the type of second-hit in the tumors
(118A). Generally, the same molecular changes were seen in
multiple neurofibromas (75).

The NF1 patients who develop MPNST may have any type
of NF1 germline mutation, such as a total gene deletion, a
frameshift mutation, an in-frame deletion, or a missense muta-
tion (119). No specific type of NF1 germline mutation has
been found in NF1 individuals with MPNST, but large NF1

gene deletions were more frequently found in this group than
reported for NF1 individuals, in general.

A high rate of NF1 mutations (76%) in 38 neurofibromas
from nine NF1 patients was reported previously (119A). This
change underlies reduced NF1 expression in schwann cell
cultures. Intragenic mutations were the most common, partic-
ularly frameshift mutations (41%).

Somatic mutations of the NF1 gene have been reported in a
variety of neoplasias in patients without NF1 (113).

Neurofibromin

Neurofibromin, the product of NF1, is present in several
isoforms (112). Neurofibromin is predominantly expressed
in neurons, schwann cells, oligodendrocytes, astrocytes, and
leukocytes (121A). Among its functions is an association
with microtubules and participation in several signaling path-
ways. Neurofibromin is a regulator of RAS GTPase–activating
proteins, which are negative regulators of RAS function
(120), thereby they control cell growth and differentiation
(71,92,100,101,103,108–111,121) (Figure 1.2). The absence
of neurofibromin in NF1 cells leads to increased levels of
activating proteins (e.g., p21ras and p13), which contribute
to cellular proliferation (122–124) associated with neurofi-
bromas, schwannomas, and MPNST (121, 125).

At the cellular level, neurofibromas have a unicellular
clonal origin (47), with schwann cells being the progenitors
(9, 10, 62, 126–129). Although previous studies indicated a
possible crucial role of fibroblasts in the development of these
benign tumors (58), mutations of NF1 leading to neurofi-
broma formation were demonstrated to affect primarily the
schwann cells (130), and not the fibroblasts, and a portion
of the schwann cells in neurofibromas may have mutations

Figure 1.2. Schematic presentation of a possible mechanism for
neurofibromin control of cell growth. Neurofibromin functions in
part as a negative regulator of the RAS oncogene by accelerating
the conversion of active guanosine triphosphate (GTP)-bound RAS
to its inactive GDP-bound form. Active RAS, as a result of reduced
neurofibromin expression, leads to increased cell growth and facili-
tates tumor formation (from ref. (41), with permission).
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of both alleles (128). Schwann cells deficient in neurofi-
bromin acquire tumorigenic properties, leading to neurofi-
broma development (62). Thus, these schwann cells acquire
genetic changes, epigenetic changes, or a combination for
tumor development, including angiogenic and invasive prop-
erties (125, 127).

Gastrointestinal Stromal Tumors (GIST)
and NF1

GIST (Table 1.2) are mesenchymal tumors that arise
throughout the gastrointestinal tract and, rarely, in the mesen-
tery or retroperitoneum. They are characterized by strong
immunohistochemical staining for CD117, and most contain
activating mutations in the KIT receptor tyrosine kinase,
particularly at exons 9, 11, 13, and 17. Approximately one
third of tumors that are wild type at the KIT gene harbor
mutations in the juxtamembrane and tyrosine kinase domains
of a related tyrosine kinase receptor, i.e., platelet-derived
growth factor receptor-� (PDGFRA). In most cases, GIST
are sporadic; however, they may occur as multiple lesions
in familial forms associated with KIT or PDGFRA germline
mutations. In these situations, GIST arise in a background of
interstitial cell of Cajal hyperplasia, and they may be asso-
ciated with systemic manifestations including skin hyperpig-
mentation and mast cell disorders. An association between the
development of multiple GIST and NF1 also has been estab-
lished; however, the molecular abnormalities of GIST arising
in this setting have not been elucidated, and studies assessing
their molecular features are limited. One study (130A) showed
that although most patients with NF1 and GIST do not have
KIT or PDGFRA mutations, KIT germline mutations might be
implicated in the pathogenesis of GIST in some patients.

The occurrence of GIST is common among NF1 patients,
and study of GIST patient groups will usually reveal a
substantial number with NF1 (132,133). GIST in NF1 patients
are often multicentric (134) (Table 1.2), a phenomenon rare in
sporadic GIST cases, although exceptions may occur (135).
Gastric GIST is common among sporadic cases, whereas
the small intestine is the preferable site in NF1 patients

(136–138). Histologically, the NF1-associated GIST have a
predominantly spindle-shaped cell morphology, in contrast to
the epithelioid type often seen in sporadic GIST (133, 139,
140). In contrast to the non-NF1 GIST, the NF1-associated
tumors lack the mutations of KIT (141), and this precludes
their response to imatinib (142).

Mast Cells in Neurofibroma
and the KIT Gene

The presence of mast cells in neurofibromas and schwan-
nomas has led to investigations on the KIT status in these
tumors (130A, 143), in view of KIT mutations being common
in mastocytosis (144) and that normal schwann cells do not
express KIT but schwannomas do (143, 145). Possible thera-
pies for neurofibroma have addressed the mast cells and their
KIT content (16, 146, 147, 162).

Most patients with NF1 have multiple GIST (134–137,
148). In a study (133) of 36 such tumor samples from nine
patients with NF1, none had metastases or died of the disease,
and none of the tumors showed histologic evidence of neurofi-
broma or schwannoma. Anomalies of KIT and PDGFRA
genes were found in most of the tumors, but they differed
from GIST in non-NF1 patients in their clinicopathology,
phenotype, and the nature of the mutations of the KIT and
PDGFRA genes. It is possible that haplodeficiency of neurofi-
bromin promotes the growth of the interstitial cells of Cajal
expressing both KIT and S-100 protein in GIST of the small
intestine in NF1 cases. This may explain why GIST develops
in NF1 patients without gain-of-function mutations of the KIT
gene (133).

Although KIT germline mutations may be implicated in the
pathogenesis of GIST in some NF1 patients (130A,133), there
is general agreement that the bulk of NF1-associated GIST are
phenotypically and genetically distinct from sporadic GIST,
indicating that different mechanisms are involved in their
pathogenesis (133A–D). The response to imatinib of some
patients with KIT- and PDGFRA-wild-type GIST (131) may
be explained by the observations referred to above (130A).

Table 1.2. GIST: Features of NF1-associated and sporadic GIST.

NF1-associated GIST Sporadic GIST

Incidence of GIST high Relatively rare tumor
Multicentric tumors Usually solitary tumor
Spindle-cell histology predominantly Epithelioid histology not uncommon
Low-grade appearance and non-aggressive course High-grade appearance and often malignant
Predominantly located in small intestine Often located in stomach
Strong CD34 staining in >90% of cases CD34 staining in less than 50% of tumors
KIT mutations not present KIT mutations common
CD117 staining present CD117 (50-80%) staining present
PDGFRA mutations not present PDGFRA mutations present (not with KIT mutations)
Skenoid fibers present in almost all tumors Only about half of tumors have skenoid fibers
S-100 expression common S-100 expression uncommon
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Interstitial neurofibromatosis is an alternate form of
neurofibromatosis with neurofibromas limited to the intes-
tine in the absence of any other features of NF1 and NF2.
A study of one family (three sisters) with intestinal neurofi-
bromatosis showed a mutation of PDGFRA, a condition that
may be allelic to familial GIST caused by PDGFRA mutations
(133E).

Neurofibroma and Transformation

The complexity of the genetic events leading to and associated
with neurofibroma development and during transformation to
MPNST was further pointed to by a study of apolipoprotein D
(apoD) (149). The gene for apoD is a member of the lipocalin
family of genes involved in the transport of small hydrophotic
molecules (e.g., cholesterol and steroid hormones), and it is
ubiquitously expressed in almost all tissues (150).

ApoD expression was studied in peripheral nerves, NF,
and MPNST by quantitative reverse transcription-polymerase
chain reaction (RT-PCR), in situ hybridization, and immuno-
histochemistry (149). Multiplex quantitative RT-PCR for
messenger RNA was performed on a series of formalin-
fixed and paraffin-embedded specimens that included nine
MPNSTs, 12 NF (two plexiform), and four normal periph-
eral nerves. ApoD expression increases as NF are formed,
followed by a marked decline in apoD expression as NF
undergo malignant transformation into MPNST (149). These
changes in apoD expression levels coincide with changes
in cell cycle inhibition mediated by cyclin-dependent kinase
inhibitors. The specific mechanisms underlying changes in
apoD expression associated with peripheral nerve tumorigen-
esis and cell cycle inhibition remain to be elucidated.

Neurofibromas share at least one common feature of senes-
cence, i.e., increased apoD expression (149). ApoD expres-
sion has been found to correlate with inhibition of the cell
cycle in cellular senescence and other settings. This expres-
sion of apoD seems to parallel the pattern of CDK-1 activity
in NF1-associated tumorigenesis in which CDK-1 is activated
in neurofibromas (151, 152), followed by loss of cell cycle
inhibitors, including p53, p16, and p27 during transformation
(151–156).

Formation of neurofibromas in NF1 cases is related to
constitutive activation of the RAS signaling pathway, resulting
from inactivation of the NF1 gene (122, 157). RAS activates
the p53 and p16 tumor suppressors, thereby inducing cell
cycle arrest and a phenotype indistinguishable from replica-
tive senescence (158–160). Under other conditions, where
either p16 or p53 is inactivated, RAS can cause transformation
(158, 161).

Activated Ras guanosine triphosphate (GTP), as a result
of oncogenic mutations, is common in human cancer (162).
Markedly elevated levels of Ras GTP were demonstrated in
NF1 neurofibromas compared with schwannoma, and they
were associated with increased tumor vascularity, probably

due to increased VEGF secretion (162). Normalization of the
Ras GTP levels by farnesylthiosalicylic acid has been shown
to be a potential approach to therapy in NF (163).

Study of gene expression in neurofibromas (nine dermal
and nine plexiform) and 16 MPNST from NF1 patients
revealed expression to be present only in MPNST (metal-
loproteinase 13) or to differ quantitatively (PDGFRA and
fibronectin) (164).

Pigmented neurofibromas are a rare subtype of neurofi-
broma occurring in NF1 cases (165). In contrast to neurofi-
bromas and schwannomas, pigmented neurofibromas were
shown to coexpress the microphthalmia-associated transcrip-
tion factor (MITF) and the MET/HGF oncogene (165), factors
that play a role in melanocytic neoplasms.

Table 1.3 lists genetic facets, other factors, and substances
and various areas that may play a role in neurofibroma genesis
and biology.

Neurofibromatosis Type 2

NF2 is an autosomal dominant syndrome affecting intracra-
nial and intraspinal nerve sheaths without peripheral mani-
festations, and it may be associated with other types of
tumors, including brain tumors (astrocytoma, ependymoma)
and meningiomas (166, 166A, 167, 168, 168A). Schwan-
nomas are characteristic of NF2, and although sensory nerves
are the preferred site of development, motor and autonomic
nerves also may be affected. Visceral schwannomas are rare
(34, 56). Bilateral vestibular schwannomas are characteristic
of NF2.

NF2 at present has been divided into three categories. One
type (Wishart) has a severe clinical presentation, with bilat-
eral vestibular schwannomas, spinal tumors, and onset in late
teens and early twenties. Another NF2 type (Gardner) has a
late onset and less severe presentation, and although bilateral
vestibular schwannomas are common, other tumors are not.
In the third NF2 type, termed mosaic NF2, a mutation occurs
during embryogenesis, rather than in the germline DNA;
hence, varying portions of the patient’s cells carry the muta-
tion (168B), accounting for the variable clinical picture in
these cases (unilateral vestibular schwannoma, meningioma).

Schwannomas

Schwannomas (neurilemomas, neurinomas, perineural fibrob-
lastomas) have been subtyped on the basis of their histology,
location, or both. Thus, besides conventional schwannomas,
cellular, melanotic, epithelioid, and plexiform types have been
described (1, 56, 132, 169–171). Because, in general, genetic
alterations do not seem to vary among these tumor types, alter-
ations are addressed to these tumors as a group.

Schwannomas are usually encapsulated benign tumors of
peripheral nerve sheath composed of differentiated schwann
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Table 1.3. NF1 and neurofibromas.

References

Structural differences in the minimal catalytic domains of the GTPase-activating p120GAP protein and
neurofibromin

Ahmadian et al 1996 (415)

Minichromosome formation by excision of 17q in a case of NF1. Andersen et al 1990 (302)
Mutations and other changes of NF1 in tumors other than those of peripheral nerve sheaths. Andersen et al 1993 (303)

Seizinger 1993 (13)
The et al 1993 (304)
Koh et al 1995 (305)
Martinsson et al 1997 (306)
Side et al 1997 (84)
Gran and Safali 2005 (307)

Vascularity of neurofibromas. Arbiser et al 1998 (308)
Doublecortin, a microtubule-associated phosphoprotein involved in neuronal migration and

differentiation, is expressed in neuro- blasts. Its expression was found in neurofibromas but not in
schwannomas.

Bernreuther et al 2006 (428)

In NF with decreased neurofibromin protein, active RAS-GTP protein is increased. Bernards 1995 (120)
Kim et al 1995 (124)
Bollog et al 1996 (413)
Guha et al 1996 (121)
Sherman et al 2000 (130)

Differential regulation of RAS-GAPase and NF1 activity. Bollag and McCormick 1991 (412)
Bollag et al 1996 (413)

Functions of the NF1 gene. Buchberg et al 1990 (157)
Xu et al 1990 (110, 111)

Animal models for NF1. Cichowski et al 1999 (309)
Vogel et al 1999 (310)
Weiss et al 1999 (411)
DeClue et al 2000 (125)

Benign peripheral nerve sheath tumors are very rare in the spinal cord. Chi et al 2006 (430)
Role of growth hormone receptor in neurofibroma development. Cunha et al 2003 (311)
LOH at intron 38 of NF1 in plexiform neurofibromas, but not in dermal neurofibromas. Däscher et al 1997 (74)
Mammalian target of rapamycin (mTOR) signaling pathway is regulated by the neurofibromin

GTPase-activating protein-related domain, and this system may represent a logical and tractable
biologically based therapeutic approach for NF1 tumors (neurofibroma, astrocytoma).

Dasgupta et al 2005 (427)

FISH studies of 21 neurofibromas (11 plexiform, 4 cutaneous, 6 subcutaneous) failed to find somatic
deletions, pointing to mutational mechanisms.

DeLuca et al 2004 (83)

Hedgehogs and their receptors may be involved in tumorigenesis of NF1. Endo et al 2003 (409)
Pigmented (melanotic) neurofibromas must be differentiated from Bednar tumor (DFSP); the latter has

more storiform growth, CD34 positivity, and S-100 protein.
Fetsch et al 2000 (312)

Coexpression of HGF and C-Met high in neurofibromas. Fukuda et al 1998 (313)
GAP-related domain of NF1 does not play a part in tumorigenesis; it does interact with ras p21. Gomez et al 1995 (314)

Ballester et al 1990 (108)
Martin et al 1990 (109)
Xu et al 1990 (110, 111)

Genetics and molecular biology of NF and surgical facets. Gottfried et al 2006 (408)
NF1-associated neurofibromas have markedly elevated levels of RAS GTP and associated with

increased tumor vascularity.
Guha et al 1996 (121)

NF1-related loci on chromosome 22, 14 and 2. Hulsebos et al 1996 (315)
Growth response of neurofibromas to PDGF-BB and TGF-�1. Kadono et al 1994 (316)
Interaction of PDGF and PDGF-�R and not TGF-� and CTGF may play a role in neurofibroma

development.
Kadono et al 2000 (316A)

Aberrant splicing caused by environmental factors may reduce tumor suppressor mRNA of NF1 and
NF2 in neurofibromas, schwannomas, and meningiomas.

Kaufmann et al 2002 (317)

p53 mutations rare in neurofibromas, especially in plexiform type. Kluwe et al 1999 (77)
Borman et al 1993 (318)
Levine 1997 (319)
Rasmussen et al 2000 (82)

LOH of NF1 in schwann cells (not in fibroblasts) responsible for NF. Kluwe et al 1999 (78)
Fibroblasts from cafe-au-lait lesions and from neurofibromas of NF1 patients showed increased

tolerance to ionizing radiation.
Kopelovich and Rich 1986 (320)

Benign epithelioid peripheral nerve sheath tumors of soft tissue have to be differentiated from
neurofibromas and schwannomas.

Laskin et al 2005 (321)

Merlin is involved in the regulation of ubiquitination and degradation of transactivation-responsive
RNA-binding protein.

Lee et al 2006 (432)
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Table 1.3. Continued

References

The putative tumor suppressor GTP-binding protein that interacts with merlin in suppressing cell
proliferation has been reported.

Lee et al 2007 (429)

Enhanced levels of some growth-stimulating (midkine and stem cell factor) may contribute to diffuse
tumorigenesis in NF1.

Li et al 1992 (113)

Aberrant Notch signaling may play a role in the conversion of neurofibroma to MPNST. Li et al 2004 (322)
NF are not generally p53 immunoreactive as compared with MPNST in which p53 mutations may be a

factor in the poor prognosis of these tumors.
Liapis et al 1999 (410)

Microsatellite instability and promoter methylation are not major causes of NF1 inactivation in
neurofibromas, although instability in chromosome 9 has been reported.

Luijten et al 2000 (61)
Fargnoli et al 1997 (323)

HGF/MET role in nerve sheath tumors. Ma et al 2003 (324)
Rao et al 1997 (325)
Zhang and Vande Woude 2003 (326)

Epidermal growth factor receptor and aberrant proliferation in the CNS in children with NF1. Mangoura et al 2006 (407)
Estradiol binding in neurofibromas. Martuza et al 1981 (327)
Midkine, angiogenic factor, may play role in neurofibromas. Mashour et al 2001 (328)
Growth factor levels and diffuse tumorigenesis in NF1. Mashour et al 2004 (329)
Deletion of both copies of NF1 in schwann cells combined with NF1 heterozygosity in the tumor

promotes NF formation in mice.
McLaughlin and Jacks 2002 (406)

Progesterone may play a role in neurofibroma development. McLaughlin and Jacks 2003 (330)
Role of progesterone in neurofibroma growth. McLaughlin and Jacks 2003 (330)
NF1 and unexplained iron deficiency: is it related to NF growth? Moczygemba and Bhattacharjee (405)
Matrix metalloproteinase expression and differences in proliferation and invasion of normal,

transformed and NF1 schwann cells.
Muir 1995 (331)

Transformation of neurofibromas in NF1 associated with CDKN2A/p16 inactivation. Nielsen et al 1999 (154)
Deletion or allelic loss of varying nature of the NF1 gene have been demonstrated in a number of

different tumors other than neurofibromas (e.g. rhabdomyosarcoma, optic glioma, pilocytic
astrocytoma).

Oguzkan et al 2006 (425)

Role of p16 and p14 or p14 alone in neurofibroma. Petronzelli et al 2001 (332)
Possible role of 9p21 in plexiform neurofibroma Petty et al 1993 (333)
LARGE, located at 22q12.3-q31.1, member of glycosyltransferase family, and its possible role in

neurofibroma.
Peyard et al 1999 (334)

CD44 and schwann cells. Ponta et al 2003 (335)
Mutation of HPNCC gene may predispose to mild form of NF1. Raevaara et al 2004 (336)
Loss of allelic synchrony in the replication of RB1, AML1 and CMYC genes is seen in lymphocytes of

NF1 cases as compared with normals studied by FISH.
Reish et al 2003 (337)

EGF genetic polymorphism may be associated with aggressive clinical features of NF1, but not with a
malignant phenotype.

Ribeiro et al 2007 (337A)

De novo NF1 changes in children with MLH1 deficiency. Ricciardone et al 1999 (338)
Wang et al 1999 (339)

Cytogenetic deletion at 17q11.2 in a case of NF1 and contiguous gene syndrome. Riva et al 1996 (340)
Clinical and diagnostic implications of mosaicism in NF. Ruggieri and Husoh 2001 (28)
Merlin interacts with Ral guanine nucleotide dissociation stimulator and inhibits its activity, including

its oncogenic signals.
Ryu et al 2005 (431)

An inverse pattern of ERBB2 expression in neurofibromin in non- neoplastic schwann cells but not in
schwannomas.

Schlegel et al 1998 (414)

Besides Ras-dependent growth inhibition, neurofibromin can exert a tumor suppressive effect via a
Ras-independent pro aptotic effect.

Shapira et al 2007 (426)

NF1 and malignancy. Shearer et al 1994 (44)
The plasminogen activators, urokinase (uPA) and tissue type (tPA) and their inhibitor PAI-1 were

prominently expressed in the schwann cell component of neurofibromas, but not in the mast cells,
macrophages, and endothelial cells of these tumors.

Sirn et al 2006 (433)

NF1 mutations and other changes in NF1. Skuse et al 1989 (66)
Ponder 1990 (341)
Wallace et al 1990 (342)
Hoffmeyer et al 1994 (343)
Kehrer-Sawatzki et al 1997 (104, 344)
Upadhyaya et al 1997 (345)
Messiaen et al 1999, 2000 (346, 347)
Toliat et al 2000 (348)
Zou et al 2004 (349)

Genetics of NF1-associated peripheral nerve sheath tumors. Stephens 2003 (404)
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Table 1.3. Continued

References

Mitotic recombination resulting in a reduction to homozygosity of a germline NF1 mutation in an
NF1-associated GIST has been reported. The authors hypothesized that the LOH of NF1 and lack of KIT
and PDGFRA mutations constitute evidence of an alternative pathogenesis in NF1-associated GIST.

Stewart et al 2007 (424)

The interaction of merlin with cellular proteins may be a crucial factor for tumor suppression by merlin. Takeshima et al 1994 (168D)
NF1 mutations in neuroblastoma. The et al 1993 (304)
Neurofibromin regulation of adenyl cyclase. Tong et al 2002 (350)
Clinical manifestations and management of NF1. Tonsgard 2006 (402)
An interesting observation was the absence of cutaneous neurofibromas in NF1 cases with a 3-bp deletion

of exon 17 of the NF1 gene.
Upadhyaya et al 2007 (423)

hMLH1-deficient children and NF1 development and early onset of extracolonic cancer. Wang et al 1999 (339)
NF1 is the most frequent tumor predisposition syndrome. Wimmer 2005 (403)
Fornesyltransferase inhibitors block the NF1 malignant phenotype. Yan et al 1995 (351)
Interaction of schwann cells with mast cells in neurofibroma formation. Yang et al 2003 (287)
The genetic and molecular pathogenesis of NF1 and NF2. Yohay 2006 (401)
22q12 and possible genes. Zucman-Rossi et al 1996 (252)
A general overview of NF1, as related to the cellular microenvironment, including the role of mast cells and

their interaction with schwann cells has been presented. This review included cogent studies in mice and
a sympathetic expression and understanding of NF1 patients’ vicissitudes.

Le and Parada 2007 (455)

Figure 1.3. Histology of plexiform cellular schwannoma from the
plantar subcutaneous tissue of an 8-month-old boy not affected
by NF. A low-power view is shown on the left (A) and a high-
power view is shown on the right (B). The plexiform multinodular
architecture of the tumor consists of fascicular proliferation of
spindled cells forming interconnecting, compact nodules separated
by eosinophilic extracellular material (192). The tumor demon-
strated diffuse staining for S-100 and an abnormal karyotype, i.e.,
47,XY,+17/48,XY,+17,+18.

cells (Figure 1.3). All ages are affected, but there is a peak
incidence in the fourth to sixth decades. Generally, there
is no sex predilection, the exception being a female:male
ratio of 2:1 among patients with intracranial tumors. In the
absence of NF2, multiple, often subcutaneous schwannomas
are indicative of schwannomatosis, a rare and genetically
distinct disorder (172, 173).

NF2 schwannomas present at an earlier age than the
sporadic type, including the diagnostic hallmark of NF2,
i.e., bilateral vestibular schwannomas. Schwannomas are
benign tumors, and they rarely, if ever, undergo malignant
transformation (170). Unilateral vestibular schwannoma may
be accompanied by other NF2-related tumors (intracranial,
spinal) (170A).

In addition to schwannomas of the vestibular division of the
eighth cranial nerve, other sensory nerves may be affected,

including the fifth cranial nerve and spinal dorsal roots. Motor
nerves such as the 12th cranial nerve also may be involved.
Cutaneous schwannomas occur, and they may be plexiform in
type. The incidence of sporadic forms of schwannoma is esti-
mated as 2 in 100,000 individuals, although the incidence is
being revealed to be higher partly because of the development
of MRI scanning with gadolinium enhancement (174).

Of interest is the description of two cases in which a
conventional schwannoma was contiguous with a deep plex-
iform schwannoma (174A). Cavernous malformation in a
schwannoma (which may also occur in gliomas) has been
described previously (174B); the possibility that loci on 7q21-
q22, 7p15-p13, and 3q25-q27 may harbor cerebral cavernous
malformation genes was discussed therein.

Description of clinical and pathologic aspects of schwan-
noma of the gastrointestinal tract has been published previ-
ously (175).

Chromosome Changes in Schwannomas

Schwannomas with karyotypic changes are shown in
Table 1.4. The changes for some schwannomas, thought not to
be complete in some reports, have been presented in Table 1.4
as our interpretation of the findings in the original publications
(89,176–180). Except for monosomy 22 (-22), seen in various
types of schwannoma, other changes have not been consistent
or recurrent. Indications of loss of chromosome 22 (based on
cytogenetic analysis) in schwannomas, including vestibular,
were obtained in the 1970s (181, 182). Molecular studies a
decade later (183, 184) established the involvement of chro-
mosome 22 as characteristic of vestibular schwannomas.

In an early study (181), the cytogenetic findings in seven
schwannomas and 1 MPNST were described; karyotypi-
cally, normal (diploid) and hypodiploid stemlines in the
schwannomas were seen. Chromosomal loss was seen in the
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Table 1.4. Chromosome changes in schwannomas.

Karyotype References

-Y** Rey et al 1987 (185)
-17,-22** Rey et al 1987 (185)
-18,13q+** Rey et al 1987 (185)
-22** (three tumors) Rey et al 1987 (185)

44,?,t(X;1)(p11p13;q35),t(3;8)(p13;p11) Teyssier and Ferre 1989 (177)
44,?,t(X;1)(p11p13;q35),t(3;8)(p13;p11) Teyssier and Ferre 1989 (177)
44,X,-Y,del(3)(q12),-6* Teyssier and Ferre 1989 (177)
45-46,?,inv(1)(p36q11) Teyssier and Ferre 1989 (177)
46,X,-Y* Teyssier and Ferre 1989 (177)
47,?+5* Teyssier and Ferre 1989 (177)

44,?,-18,-22* Rogatto and Casartelli 1989 (176)
45,?,dic(X;6),inv(9) Rogatto and Casartelli 1989 (176)
45,?,15q+,-22* Rogatto and Casartelli 1989 (176)
46,?,inv(9)(p13q21) * Rogatto and Casartelli 1989 (176)

<44,X,-Y,-22* Courturier et al 1990 (178)
<45,X,t(X;1;13),-22 Courturier et al 1990 (178)
45,XY,-22 Courturier et al 1990 (178)
45,XX,-22* Courturier et al 1990 (178)
45,XY,-22* Courturier et al 1990 (178)
45,XY,-22/46,XY,ipsuidic(22) Courturier et al 1990 (178)

44-46,X,-X,del(3)(cen),-15,-22 Lodding et al 1990 (179)

¡<43-46,X,-X,-7,-15,-22 Stenman et al 1991 (180)
¡<43-46,XY,-10,-12,+20,-22 Stenman et al 1991 (180)
44-46,X,-X,-12 Stenman et al 1991 (180)
45-46,XY,del(9)(p11-p13) Stenman et al 1991 (180)
45-46,X,-X,+5,del(6)(q21) Stenman et al 1991 (180)
45-46,XY,-15,-21 Stenman et al 1991 (180)
45-48,XY,t(2;5)(q33-q34;q21-q22) Stenman et al 1991 (180)
45-46,XY,-22 Stenman et al 1991 (180)
46-48,XX,+13,+20 Stenman et al 1991 (180)

46,XY/45,XY,-22/44,X,-Y,-22* Webb and Griffin 1991 (187)

39,X,-Y,-7,r(8)(p23q24),-10,-15,-17,-19,-22/ 44,XY,-19,-22/45,XY,-22* Bello et al 1993 (188)
43-46,XX,t(1;6)(q21;p13),t(6;13)(q25;q12),-17, del(22)(q11) Bello et al 1993 (188)
44,XX,-17,-22* Bello et al 1993 (188)
44,XY,-19,-22/45,XY,-22 Bello et al 1993 (188)

44,XX,-20,-22/44-45,XX,-14/46,X,-X,del(1)(q24), del(4)(q22),t(15;19)(q22;q13),-22,+2mar* Bello et al 1993 (188)
45,X,-Y Bello et al 1993 (188)
45,XX,ins(13;?)(p12;?),-18* Bello et al 1993 (188)
45,XX,-14/45,XX,-22/46,XX,del(9)(q32) * Bello et al 1993 (188)
45,XY,-16/45,XY,-17/45,XY,-22 Bello et al 1993 (188)
45,XY,-16/45,XY,-22 Bello et al 1993 (188)
45,XY,-22 (two cases) Bello et al 1993 (188)
45,XY,-22* (three cases) Bello et al 1993 (188)
45,XX,-22 Bello et al 1993 (188)
45,XX,-22* (five cases) Bello et al 1993 (188)
45,XX,-22/47,XX,+7/58-106,XXXX,-10,-13,-14,-17* Bello et al 1993 (188)
47,XX,+7/47,XX,+der(7)hsr(7)(p13)/46,XX,del(9)(q11) * Bello et al 1993 (188)

46,Y,(X;7)(q22;q36),t(1;6)(q32;p23),t(3;16)(q11;p11),9p+ Neumann et al 1993 (353)

45,X,-Y,t(1;17)(p12;q11.2) Rao et al 1996 (191)
45,XX,-13,-22,+mar Rao et al 1996 (191)

46,XY,add(1)(q44),add(4)(p16),add(11)(p15),der(16) t(15;16)(q15;q24),tas(1;1)(p36.3;q44),tas(1;16)(q44;q24),
tas(1;20)(q44;q13.3),tas(1;22)(q44;p13),tas(4;4)(p16;p16),
tas(4;16)(p16;q24),tas(4;22)(p16;q13),tas(11;17)(p15;p13), tas(13;17)(q24;p13)*

Sawyer et al 1996 (354)

44-46,X,del(X)(q24),add(1)(q11),der(2)t(1;2)(q11;q31), der(4)t(2;4)(q11;q35),add(10)(p11) Mertens et al 2000 (95, 96)
44-46,X,-X,del(1)(p32),add(2)(p11),add(12)(p13),inc Mertens et al 2000 (95, 96)
45,X,-Y Mertens et al 2000 (95, 96)
45,XY,-19 Mertens et al 2000 (95, 96)
45,XY,-22 Mertens et al 2000 (95, 96)
45,XY,-22/45,X,-Y Mertens et al 2000 (95, 96)
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Table 1.4. Continued

Karyotype References

45,XY,-22/46,XY,del(22)(q12) Mertens et al 2000 (95, 96)
45,XY,-22/46,idem,+7 Mertens et al 2000 (95, 96)
46,XX,del(15)(q22),add(22)(q12) Mertens et al 2000 (95, 96)
46,XX,del(22)(q11) Mertens et al 2000 (95, 96)
46,XY,der(12)(t(12;17)(q24;q21)/45,X,-Y Mertens et al 2000 (95, 96)
46,XX,der(22)t(13;22)(q14;q13) Mertens et al 2000 (95, 96)
46,XX,t(11;14)(q14q12) Mertens et al 2000 (95, 96)
46,XY,-22,+mar/47,idem,+X Mertens et al 2000 (95, 96)
47,XX,+r/48,idem,+r/49,idem,+2r Mertens et al 2000 (95, 96)
47,XY,+7 Mertens et al 2000 (95, 96)
47,XX,+8/45,XX,add(14)(p11) Mertens et al 2000 (95, 96)
47,XX,+20/45,X,-X Mertens et al 2000 (95, 96)
47,XY,+17/48,idem,+18 Joste et al 2004 (192)
46,XX,t(9;22)(q22;q13) Hameed et al 2006 (192A)

*Vestibular schwannoma.
**Study contained vestibular and spinal schwannomas, but no indication was given for as to which tumors underwent the changes.

B, C, E17-18, and G groups, and one to three marker chro-
mosomes were present in several of these tumors. Some
years later (185), three acoustic (vestibular) and four spinal
schwannomas were evaluated, and karyotypically abnormal
clones found in six schwannomas. Monosomy 22 was seen in
four tumors. Subsequently, other investigators have described
numerical losses or structural rearrangements of chromosome
22 as the predominant anomaly in schwannoma (Table 1.5).

Total loss of chromosome 22 (-22) in schwannomas has
varied among studies, ranging from <20% to >50% of the
cases (176, 178, 180, 185–189) (Figure 1.4). The -22 occurs
in about the same frequency in the various histologic types of
schwannoma, including vestibular tumors. Loss of one of the
sex chromosomes, trisomy 7, or other numerical changes also
may be seen in schwannoma (95, 96).

The frequency of normal karyotypes in schwannoma is
difficult to evaluate accurately, because the articles generally
do not report such cases. However, in studies on large numbers
of schwannomas, it is not unusual for a substantial number,
often >50%, to have normal karyotypes (178, 187, 188). This
may be related to overgrowth of the tumor cells by normal
elements or to cryptic genetic changes not detectable cytoge-
netically. Studies have shown that karyotypically normal cells
may harbor submicroscopic deletions when examined with
molecular techniques, particularly those of chromosomes 17
and 22 (178, 190).

The cytogenetic changes in cellular schwannoma are
similar to those in other benign peripheral nerve sheath tumors
(95, 96, 179, 180, 191). The cytogenetic changes of the less
common plexiform variant of cellular schwannomas have been
reported previously (192).

Cytogenetic examination of 56 schwannoma was reported
in abstract form (193). Both sporadic and NF1- and NF2-
associated acoustic schwannomas, spinal schwannomas, or
a combination were evaluated. Monosomy of chromosome
22 (-22) was present in 21 tumors (as a sole anomaly in
15). Losses of chromosomes 14, 16, 17, 18, and Y were

seen in at least one specimen each. Structural abnormalities
involving chromosome 22 were identified in two samples:
i(psu?)dic(22) and del(22)(q11). The authors concluded that
abnormalities of chromosome 22 are characteristic of schwan-
noma, irrespective of location, and that chromosomal loss as
opposed to structural rearrangement of 22 is the most frequent
event (193).

In a subsequent study (189), cytogenetic and molecular
methods were compared in 18 schwannomas for the determi-
nation of the sensitivity and consistency of each technique in
detecting anomalies of chromosome 22. With the exception of
a few cases, the cytogenetic and the molecular data were in
agreement.

The cytogenetic findings (194) in a schwannoma and
MPNST of the thigh of a 24-year-old male with NF1 showed
the MPNST to have a very complex karyotype, whereas the
schwannoma was diploid.

In a retroperitoneal schwannoma with many and very
complex chromosome changes and intratumoral hetero-
geneity, 18p11 was involved in eight rearrangements with
different chromosomes. Although the cytogenetic hetero-
geneity in this tumor included 58 chromosomal breakpoints
and many numerical changes, chromosome 22 was spared
relatively by these anomalies. A scheme for these unusual
cytogenetic changes in this schwannoma was presented
(195, 196).

Partial or complete monosomy 22 was seen by molecular
studies in 22% of vestibular schwannomas and in 55% of
the nonacoustic type (197). Because of the frequent loss of
chromosome 22 in meningiomas, a pathogenesis similar to
vestibular schwannomas has been proposed (178, 197, 198).

Seven of 17 schwannomas (various types) had abnor-
malities of chromosome 22 manifested as loss (-22),
deletions, additions, or translocations (95,96). Except for sex-
chromosome changes, i.e., –Y (two cases), –X (two cases), +X
(one case), and del(X)(q24) (one case) and +7 in two cases,
the other changes were inconsistent.
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Table 1.5. NF2 and schwannomas.

References

Survivin, member of the inhibitor of apoptosis (IAP) gene family has multifaceted functions related to
apoptosis and cell division.

Altieri 2003 (249)

Changes of NF2 genes in cancers not related to NF (breast, colon, brain, head, and neck). Arakawa et al 1994 (390)
Ng et al 1995 (391)
Huang et al 2002 (391A)

Genotype-phenotype correlations for NF2 tumors. Baser et al 2004 (296)
Deletion of 1p in 2/23 schwannomas. Bello et al 1995 (356)
Claudin-1 expression present in meningiomas but not in schwannomas. Bhattacharjee et al 2003 (357)
Mutations of the NF2 gene are frequently found in meningiomas and occasionally in other types of tumors,

e.g., mesothelioma.
Bianchi et al 1994 (211)

Ruttledge et al 1994 (211A)
Changes of NF2. Bijlsma et al 1992 (197)

DeVitis et al 1996 (241)
Hung et al 2000 (358)

Mutations of SCH gene in schwannomas. Bijlsma et al 1994 (219)
Glial growth factor may play a role in vestibular schwannoma. Brockes et al 1986 (359)
Heregulins/neuregulins, including glial growth factor, regulate schwann cell growth. Burden and Yardin 1997 (360)

Levi et al 1995 (361)
Kim et al 1997 (362)
Pinkas-Kramarski et al 1997 (363, 364)

Merlin inhibits mixed-lineage kinase 3 (MLK3) regulation of �/B-Raf. Chadee et al 2006 (363A)
Complete inactivation of NF2 may not be required for tumor formation, e.g., G→A transition is sufficient. De Klein et al 1998 (364A)
Schwannoma cells express EGFR (not present in normal schwann cells), which may play a role in tumor

development.
DeClue et al 2000 (125)

Cavernous malformation within schwannomas is rare; it has been hypothesized that it may be related to loss
of chromosome 7 (7q22) affecting the Ras oncogene or mutation of the Ras-GAP- protein of the NF1 gene.

Feiz-Erfan et al 2006 (443)

Calretinin staining positive in schwannomas but not in meningiomas. Fine et al 2004 (365)
Several genes were overexpressed and some underexpressed in schwannomas versus normal schwann cells. Hanemann et al 2006 (388A)
Neuregulin expression and activation of ERBB receptors in vestibular schwannoma. Hansen and Linthicum 2004 (395)
An autocrine pathway of vestibular schwannoma growth stimula- tion involving neuroregulin and ErbB2

receptors has been described.
Hansen et al 2006 (437)

Merlin inhibits the Rac/CDC42-dependent Scr/Thr kinase PAK1, the latter is essential for the malignant
growth of NF2-deficient cells. PAK1-blocking agents could be potentially useful in the treatment of NF2
and related tumors.

Hirokawa et al 2004 (440)

S-100 protein-positive granular cells containing tumors (schwannoma, MPNST) express osteopontin; the
biological significance of this finding awaits elucidation.

Hoshi et al 2005 (454)

Ploidy pattern (DNA levels) and FISH may be useful in differentiating benign from malignant schwannomas. Hruska et al 2004 (394)
Somatic mutations of NF2 seen in familial and non-familial vestibular schwannomas. Irving et al 1994 (220)
Human schwannomas (and meningiomas) are clonal in nature and arise from a single cell. Jacoby et al 1990 (366)
The possibility has been raised that dendritic cell neurofibroma with pseudorosettes may be associated with

NF2 gene changes, thus representing a fourth type (in addition to neurofibroma, schwannoma and
perineurioma) of peripheral nerve sheath tumor.

Kazakov et al 2005 (434)

c-AMP-dependent protein kinase A, neuregulin/tyrosine kinase interactions. Kim et al 1997 (245)
Calpain-dependent proteolysis of merlin. Kimura et al 1998 (367)
Calpain proteolysis of merlin in schwannomas. Kimura et al 2000 (368)
Merlin inhibits p21-activated kinase. Kissil et al 2003 (369)
HGF is a mitogen for schwann cells and is present in neurofibromas. Krasnoselsky et al 1994 (370)
Merlin and ERM proteins interact with N-WASP and regulate its actin polymerization function. Increasing

evidence has been accumulating for the role of merlin in actin cytoskeleton reorganization.
Manchanda et al 2005 (370A)

Estradiol binding in schwannomas. Martuza et al 1981 (327)
Angiogenic factor, midkine, is aberrantly expressed in NF1-deficient schwann cells and may serve as a

mitogen.
Mashour et al 2001 (238)

Factors playing a role in apoptosis, i.e., the Fas-Fas-L system, Bcl-2 and Bax were investigated in vestibular
schwannomas. None of these factors appeared to play a role in these tumors. Thus, apoptosis was not
mediated via the Fas-Fas-L system, because Fas expression is deficient in vestibular schwannoms whereas
Fas-L is present in the majority of these tumors.

Mawrin et al 2002 (441)

A review of the mechanisms of merlin action and effects, including results in experimental animals, in tumor
development has been published. The role possibly played by merlin in coordinating the process of
growth-factor receptor signaling and cell adhesion was emphasized.

McClatchey and Giovannini 2005 (438)

Matrix metalloproteinase expression may play a role in the proliferation and invasion of schwann cells. Muir et al 1995 (331)
Merlin and cell cycle control. Muranen et al 2005 (371)
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Table 1.5. Continued

References

A case with multiple cutaneous schwannomas was shown to be associated with an NF2 gene mutation in two
separate tumors, confirming the case as one of NF2 mosaicism.

Murray et al 2006 (435)

The significance of regulated Rac (a small GTPase of the Rho family) signaling in mediating schwann cell-exon
interaction has been described. Controlling Rac activity may be a possible therapeutic approach.

Nakai et al 2006 (439)

Cytokines and apoptosis in schwann cells. Oliveira et al 2005 (392)
Overexpression of fibroblastic growth factor 1 has a positive correlation with the incidence and growth rate of

sporadic vestibular schwannomas.
O’Reilly et al 2004 (400)

Cell proliferation and actin organization aberrant in schwannomas. Pelton et al 1998 (235)
An evaluation of the epidemiology of vestibular schwannomas indicated a possible increase in its incidence as

compared to that of schwannomas at other sites.
Propp et al 2006 (389)

Synergistic regulation of schwann cell proliferation by heregulin and forskolin. Rahmatullah et al 1998 (399)
Expression of RAS and nuclear oncogenes may lead to schwann cell proliferation and transformation.‘ Ridley et al 1988 (372)
Improved culture conditions for neurofibroma-derived schwann cells make them readily available for appropriate

studies.
Rosenbaum et al 2000 (453)

Role of NF2 in the development of CNS tumors. Ruttledge and Rouleau 2005 (398)
CGH studies showed undifferentiated GIST to be genetically different from schwannomas and leiomyomas. Sarlomo-Rikala et al 1998 (373)
Merlin interacts with hepatocyte growth factor-regulated tyrosine kinase substrate. Scoles et al 2000 (393)
Merlin requires HRS (tyrosine kinase substrate) interaction to be fully functional and to inhibit STAT (signal

transducers and activators of transcription) activation.
Scoles et al 2002 (375)

Loss of gene at 22q11 in bilateral vestibular schwannoma. Seizinger et al 1987 (184)
Decreased p27 and aggressive vestibular schwannoma behavior. Seol et al 2005 (397)
Constitutional activation of erbB2 may initiate immortalization and transformation of immature schwann cells. Sherman et al 1999 (376)
Possible role of activated neu/erbB2 in schwannoma cell transformation. Sherman et al 1999 (376)
Structure and mutation of NF2. Shimizu et al 2002 (377)

Kluwe et al 2005 (378)
Schwann cells of NF proliferate in culture when exposed to a number of agents, e.g., cAMP analogs,

PDGF and TGF-�.
Sobue et al 1985 (395A)

Muir et al 2001 (62)
Mutations of p53, common in sarcomas and other cancers, have have been described in 4/12 malignant

schwannomas.
Stock et al 1997 (374)

EGFR expression in vestibular schwannoma growth Sturgis et al 1996 (379)
Effect of merlin (product of NF2) on phosphorylation of NF2. Surace et al 2004 (380)
In addition to the actin cytoskeleton, merlin has been shown to associate with cell membrane domains and proteins

of varying nature (ERM-ezrin, radixin, moesin proteins, CD44, F-actin, N-WASP, Rac1 and others).
Takeshima et al 1994 (168D)

Neff et al 2006 (371A)
Pak protein in schwann cell transformation. Tang et al 1998 (381)
Role of Pak protein kinases in schwann cell transformation. Tawk et al 2005 (382)
Melanotic schwann expressed CD117 (KIT). Tawk et al 2005 (382)
Altered expression of integrins and pathological ensheathment of extracellular matrix in schwannomas. Utemark et al 2003 (383A)
Basal apoptosis rate of primary schwannoma cells is reduced in comparison with normal schwann cells. Utemark et al 2005 (383A)
Schwannoma cells show enhanced integrin-dependent adhesion and activation of the small Rho GTPase Rac1.

Also, the glial fibrillary protein is confined to the perinuclear area instead of being well spread throughout the
cytoplasm. The cytoskeletal rearrangement is accompanied by changes in cell shape and increased cell motility.

Utemark et al 2005 (383B)

ABCA2 protein expression in vestibular schwannoma and peripheral nerve. Wang et al 2005 (384)
Mutations of NF2 have been found not only in NF2-associated tumors but also in sporadic unilateral schwannomas

and cystic schwannomas.
Welling et al 1996 (384A)

Welling 1998 (384B)
cDNA microarray studies of vestibular schwannomas have suggested several potentially important tumorigenic

pathways associated with development of these tumors, e.g., underexpression of the apoptosis-related LUCA-15
gene and down-regulation of ezrin, a relative of merlin.

Welling et al 2002 (442)

Schwannomas may form part of the tumors seen in the Carney complex. Wilkes et al 2005 (451)
Histological differentiation of congenital and childhood plexiform (multinodular) cellular schwannoma from

MPNST.
Woodruff et al 2003 (385)

A “three-hit” model appears to fit better the development of vestibular schwannoma than the “two-hit” model. Woods et al 2003 (452)
p21-activated kinase (PAK-1) and merlin. Xiao et al 2002 (386)

Kissil et al 2003 (369)
Effect of merlin on actin cytoskeleton, localization of merlin with F-actin at cell membrane and along paranodal

incisures in sciatic nerve.
Xiao et al 2003 (210)

Gonzalez-Agosti et al 1996 (387)
Scherer and Gutmann 1996 (388)

A study of 23 trigerminal neurinomas (schwannomas) found that the immunoglobulin-like domain 1 (LRIG-1) may Xiong et al 2006 (436)
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Table 1.5. Continued

References

inhibit the malignant differentiation and proliferation of these tumors by a negative feedback loop of epidermal
growth factor receptor (EGFR).

Farnesyltransferase and neurofibromin interaction. Yan et al 1995 (351)
An array-CGH study of 21 schwannomas revealed 12 to have loss of chromosome 22. Mantripragada et al 2003 (370B)
Two genes, NF2 and Expanded, have been shown to be part of the Hippo signaling pathway involved in growth

regulation. The tumor suppressor merlin and expanded function cooperatively in cell regulation.
Hamaratoglu et al 2006 (437A)

Chromogenic in situ hybridization demonstrated NF2 gene deletions in 60% of meningiomas and 65% of
schwannomas.

Begnami et al 2007 (296A)

Neurofilament protein staining demonstrated intratumoral axons in many sporadic schwannomas. Nascimento and Fletcher 2007 (439A)

Of interest have been the results of studies (199) on 47
sporadic schwannomas, two neurofibromas (one NF1-related
and one NF2-related), and three schwannomas (one NF1-
related and two NF2-related). Deletions on chromosome 22
were present in 82% of the schwannomas, indicating the
fundamental role of genes located on this chromosome in their
development. Partial deletion of chromosome 22 was present
in a substantial fraction of these tumors (27%). In addition
to the NF2 locus, the authors (199) detected multiple regions
with terminal or interstitial deletions on chromosome 22,
some of them probably harboring genes involved in schwan-
noma tumorigenesis. The findings (199) indicate a hetero-

geneity in the mechanisms leading to the development of
schwannoma.

DNA methylation was determined in 16 tumor-related
genes in schwannoma (sporadic and NF2-associated) (199A).
The results indicated that DNA methylation may be involved
in the process of schwannoma development and that a clearer
understanding of the epigenetic mechanisms that cause tran-
scriptional repression may contribute to the establishment of a
possible relationship between the genetic changes of varying
nature and the clinical and pathologic parameters in schwan-
noma (199B). LOH on chromosome 22 related to NF2 was
found in 23/54 (42.6%) of schwannomas (36 vestibular and

Figure 1.4. Karyotype of a cervical nerve schwannoma showing a t(X;1;13) (arrows) and -22, the latter being a common finding
in schwannomas (178).
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18 spinal), with LOH being significantly more frequent in
vestibular than in the spinal tumors (199C). The prolifera-
tive index (Ki-67 and proliferating cell nuclear antigen) was
considerably higher in the schwannomas with LOH. Using
tiling path profiling, 53% of schwannomas showed heterozy-
gous deletions of chromosome 22, predominantly as mono-
somy 22 (199D). The authors observed a correlation between
the breakpoint position, present in tumor DNA, constitutional
DNA, or both, and the location of segmental duplications.
This association implicates these unstable regions in rear-
rangements occurring both in meiosis and mitosis (199D).

The inhibition of schwannoma cell proliferation by over-
expression of the NF2 gene was thought to operate through
promotion of PDGFR degradation (200).

NF2 Gene

An elucidation of the exact function of NF2 as a TSG and its
protein product merlin has remained elusive despite the many
descriptions of its interaction with and effects on an array
of signaling systems and cellular pathways and other regu-
latory activities. The molecular and physiologic anatomy of
merlin is described in an extensive literature on the subject. It
is beyond the scope of this chapter to comprehensively cover
the aforementioned areas; hence, descriptions are confined to
facets of NF2 and merlin that may bear more directly on tumor
formation.

The NF2 gene, located at 22q12.2, spans 110-kb (201–203)
and comprises 17 exons encoding a 595-amino acid protein. A
translocation, t(4;22)(q12;q12.2), in an NF2 helped to locate
the NF2 gene (204–206) at 22q12.2. The protein product
of NF2, termed merlin (or schwannomin), has homology in
the first 13 exons to the ezrin, radixin, and moesin (ERM)
family of proteins, which are thought to play a role in linking
cytoskeletal components to cell membrane glycoproteins, e.g.,
CD44 (207, 208). However, unlike other ERM proteins (209,
210) that bind strongly to the actin cytoskeleton, merlin asso-
ciates weakly with actin in vitro (8).

The various characteristics and functional aspects of NF2
and its product merlin as they are related to neural tumors
(schwannomas) and to non-neural tumors (e.g., mesothe-
lioma) (211) and other tumor types unrelated to NF2
(melanoma, breast cancer), have been reviewed previously
(210). Studies have emphasized the role of merlin in cell
motility and proliferation (210), highlighting the involve-
ment of merlin in Rac signaling. Rac plays an important
role in regulating actin cytoskeletal dynamics (212, 213).
Merlin activity is regulated by phosphorylation in response
to Rac/Pak expression. Merlin acts as a tumor suppressor, at
least in part, through inhibition of Ras/Rac signaling (210)
and effects on membrane ruffling (214). In addition, merlin
has been shown to induce G0/G1 arrest and pRB phosphory-
lation (209, 215, 216). It has been demonstrated that merlin
deficiency destabilizes cadherin-mediated cell–cell junctions,
thus promoting tumorigenesis and metastases (217).

Mutations occur throughout the coding sequence of the
NF2 gene and at intronic sites, although they have not been
described in exons 16 and 17 (190). In most cases, such muta-
tions are accompanied by loss of the remaining wild-type
allele on 22q. Still other cases demonstrate loss of 22q in
the absence of detectable NF2 gene mutations. Nonetheless,
loss of merlin expression, demonstrated by Western blotting
or immunohistochemistry, seems to be a universal finding in
schwannomas, regardless of mutation or allelic status. This
suggests that loss of merlin function is an essential step in
schwannoma tumorigenesis (210).

Germline NF2 mutations differ somewhat from somatic
mutations in sporadic schwannomas and meningiomas in that
they frequently are point mutations that alter splice junctions
or create new stop codons, and although found in all parts of
the gene, they occur preferentially in exons 1-8. A possible
hot spot for these mutations seems to be position 169 in exon
2, in which a C-to-T transition at a CpG dinucleotide results
in a stop at codon 57; other CpG dinucleotides in NF2 are also
commonly targets for C-to-T transitions(218).

Mutations of the NF2 gene in schwannomas may consist of
a single site mutation or larger mutations (79, 190, 219–226),
mostly in the first 13 exons that lead to a truncated and
nonfunctional merlin (227). Mutations that result in premature
protein termination are associated with a more severe clinical
course of NF2, with symptoms starting before age 20 and the
development of two or more central nervous system (CNS)
tumors before age 30. Single amino acid changes (missense
mutations) are associated with a milder clinical disease
(38, 39).

Merlin

Deficiency of merlin, secondary to changes of the NF2 gene
(228), has been reported for almost all tumors associated with
NF2, and in many sporadic schwannomas and meningiomas
(229–233). Regulated overexpression of merlin in schwan-
noma cells and viral transduction of the NF2 gene into menin-
gioma cells result in growth suppression in vitro and reduced
tumor growth in vivo, independently of the endogenous NF2
status (225, 234).

Loss or modifications of merlin expression in NF2-
associated schwannoma cells are associated with dramatic
alterations in the actin cytoskeleton (235, 236) and in cell
physiology (237).

Some data suggest that merlin may integrate a number
of intracellular signaling pathways (8, 238). In this regard,
merlin binds to CD44, a hyaluronic acid receptor impor-
tant in growth regulation, and promotes growth arrest (239).
Additionally, merlin associates with the hepatocyte growth
factor (HGF)-regulated tyrosine kinase substrate, HRS. HGF
is one of the most powerful stimuli for schwann cell prolif-
eration and motility, suggesting that the association of merlin
with HRS and other factors might inhibit cell growth and
movement (239A). Merlin binds Ral guanine nucleotide
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dissociation stimulator (RalGDS), a protein that acts as down-
stream regulator of Ras (240). This interaction could be an
important pathway for regulating oncogenic transformation
of cells. The findings suggest that merlin may function as a
tumor suppressor by inhibiting RalGDS-mediated oncogenic
signals (240B).

Merlin mediates contact inhibition of growth by
suppressing recruitment of Rac to matrix adhesions (240A).
Merlin suppressor signaling by the small GTPase Rac by
interacting with an inhibiting the Rac target effector p21-
activated kinase (PAK) (240A). Merlin may function as a
tumor suppressor by inhibiting the RalGDS, a downstream
molecule or Ras, oncogenic signals (240B).

A p110 subunit of the eukaryotic initiation factor 3 (elF3c)
interacts with merlin and thus plays a role in cellular prolifer-
ation. High levels of elF3c were found in meningiomas with
NF2 mutations and lost merlin expression and vice versa in
tumors retaining merlin. Thus, elF3c can serve as a prognostic
marker in meningioma (239A).

Merlin is present in a wide range of metazoans (240C) and
interferes with Ras- and Rac-dependent signal transfer; thus,
it is tumor suppressive in its action (240D).

Merlin is involved in the regulation of transactivation-
responsive RNA-binding protein (TRBP) level by facilitating
its ubiquitination in response to such cues as cell-cell contacts
(240E). Merlin affects the integrity of HEI-10, a cell cycle
regulator, and thus acts as a tumor suppressor (240F).

The most consistent phenotype associated with merlin defi-
ciency in cultured cells is loss of contact-dependent inhibition
of proliferation (240G). Merlin is activated by dephosphory-
lations and its inhibition (by suppression of the appropriate
phosphatase) causes Ras activation and cellular transforma-
tion (240H).

The high proportion of schwannomas in which inactivating
mutations (nonsense, frameshift, or special donor site muta-
tions) of NF2 have been found indicates that the product of
this gene, merlin, which is truncated and rendered nonfunc-
tional, plays a fundamental role in controlling the growth
of the schwann cells that give rise to this tumor type (190)
(Figure 1.5). Complete inactivation of NF2 occurs in >60%
of schwannomas, either by mutations in both alleles or by
mutation in one allele and loss of the other allele, strongly
supporting the tumor suppressor model in which loss or inac-
tivation of both copies of the NF2 gene underlies schwan-
noma formation (190). This event is thought to be critical in
the formation of both sporadic and inherited schwannomas
(8, 95, 96, 176, 178–180, 185, 191, 192). A similar spectrum
of NF2 mutations occurs in sporadic tumors and in those
of patients with germline NF2 mutations (226, 241). Merlin
levels were markedly reduced in 50% of sporadic schwan-
nomas (242).

No alterations of the NF2 gene were seen in seven of 58
schwannomas (190). No unique or striking clinical features
were evident in these seven cases. Because two of the tumors
were from patients with a clinical diagnosis of NF2, it is likely

Figure 1.5. Molecular demonstration of mutations of the NF2 gene
in schwannomas. In each tumor, full-length cDNA was synthesized
from total cytoplasmic RNA followed by nested PCR of overlapping
quadrants of the cDNA, including exons 1–5 (A), exons 4–9 (B),
exons 8–13 (C), and exons 12–17 (D). RNA from a spinal tumor
without a mutation in an NF2 patient (S68T) served as a control
in each case (190). Except for S101T, which was a schwannoma
of the femoral nerve of an adult patient with NF2, all other tumors
were sporadic vestibular schwannomas. The abnormalities of the
NF2 gene in each tumor are demonstrated by the different mobilities
of the tumor products and/or the presence of more than one compo-
nent compared with the control.

that these tumors possessed NF2 mutations outside the exon
sequences that were scanned or that they were missed by the
technique used, rather than being due to mutations at an inde-
pendent locus (190).

The distribution of NF2 mutations indicates that merlin’s
tumor suppressor function can be eliminated by truncations
beginning in any region of the protein, except possibly in the
alternative COOH termini encoded by exons 16 and 17 (190).
Despite the paucity of missense mutations of NF2 in schwan-
nomas, mutation analysis has established that inactivation of
merlin is the critical event leading to the formation of both
inherited and sporadic schwannomas.

Correlation between NF2 methylation status and expression
in schwannomas has been reported previously (243); the data
suggested that although additional factors may be involved
in the complete silencing of the NF2 gene (by LOH at 22q,
mutations, μ-calpain expression), aberrant methylation of
certain CpG sites in the 5′ flanking region would significantly
contribute to the reduced expression of NF2 mRNA. Both
methylation-specific and nonmethylation-specific bands in
some tumors were found. NF2 expression was not detected by
Northern blot analysis, suggesting that methylation occurred
in certain schwannoma tissues or that there may have been
some heterogeneity in the methylation status of the CpG sites,
as could be demonstrated by sequencing analysis (243).

Additional genes, in cooperation with the NF2 gene, may
be involved in the causation of schwannomas (172, 199)
and point to the heterogeneity in the mechanisms leading
to schwannoma development. Schwannomas (sporadic) show
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mutations at exons 2, 7, and 12 of NF2; allelic loss at 1p
may contribute to the pathogenesis of a small group of these
tumors; no losses at 14q were seen (244).

Stimulation of schwann cells with glial growth factor in
vitro leads to increases in Ras-GTP, demonstrating a link
between Ras regulation and schwann cell proliferation (238,
245). Survivin, an inhibitor of apoptosis protein (246), is
expressed by benign CNS tumors (e.g., meningioma, schwan-
noma, pituitary adenoma) (247, 248), and in other different
types of tumors (249). Survivin overexpression may be an
early event in tumorigenesis, and it also could be responsible
for progression of malignant and benign neoplasms, including
schwannoma (250). Using a microarray approach with high-
resolution and high-throughput detection of deletions in NF2
(251, 252), heterozygous deletions were found in 45% of
sporadic schwannomas (251) involving a continuous 11-Mb
segment of the NF2 gene.

Various signaling systems are supported by multiple
neuroregulin growth factors in the development of schwan-
nomas (253). The ErbB receptors for the neuregulin factors
are sensitive to a number of molecular inhibitors, and they
deserve consideration in the treatment of schwannomas (253).

Somatostatin, a neuropeptide with a variety of effects in the
central and peripheral nervous systems, has several receptors
that may be expressed in tumoral tissues (254). Thus, the
receptor sst2A is expressed in 89% of schwannomas, in 22%
of neurofibromas, and in 15% of MPNSDT. The receptor sst4
was found in 32% of MPNST and not in the other tumors; this
receptor is subject to agonist (254).

The majority of retroperitoneal schwannomas (90%) and
a minority of peripheral tumors are glial fibrillary protein
(GFAP) positive (255). Keratin expression parallels that
of GFAP, possibly representing crossreactivity. However,
keratin-positive schwannomas should not be confused with
sarcomatoid carcinoma, mesotheliomas, or keratin-positive
sarcomas (255).

Vestibular Schwannomas

The majority of vestibular schwannomas (>95%) are sporadic
and unilateral and manifest themselves in the fourth and fifth
decades of patients. When bilateral, these tumors represent a
characteristic manifestation of NF2 (56, 256), a condition in
which they often occur. Mutations of NF2 and especially dele-
tion of exon 4 are common in these tumors (257). Vestibular
schwannomas (called acoustic neuromas in the past) occur
at a younger age in NF2 patients than in sporadic cases
(257A), they are more invasive than the sporadic tumors, and
they differ in labeling index (higher in NF2-related tumors),
histology (258), and morphology (259, 260). A review of the
molecular biology of vestibular schwannomas presented the
complex events underlying the development of these tumors
(371A).

Chromosome 22 allelic loss is frequent in sporadic
vestibular schwannomas, with the minimal region of LOH
involving the NF2 gene (261, 262). Some other tumor
suppressor genes (VHL, p53, NF1, and WT1) do not seem to
be important in the pathogenesis of these tumors.

In >50% of vestibular schwannomas, three CpG sites were
methylated in a site-specific manner leading to suppressed
expression of the NF2 gene (243), and they may constitute
one of the mechanisms for inactivation of this gene (263).
Vestibular and peripheral schwannomas show consistent loss
of merlin but not for other factors encoded by NF2 (264).
These somatic mutations, loss of merlin seen in schwan-
nomas, or both (172, 190, 210, 221, 222, 226) contrast with
the persistence of merlin in ependymomas and meningiomas
(265).

Changes of NF2 are present in bilateral vestibular schwan-
nomas (183, 184, 220, 223, 266), although the mechanisms
for NF2 inactivation differ from those in nonfamilial tumors.
Young patients with unilateral vestibular schwannoma should
be suspected of having NF2; however, if neither NF2-related
diagnostic clinical features are found nor a family history of
NF2-related problems, it is highly unlikely that the affected
patients will develop bilateral disease (267). A basis for
the aforementioned statement was a study (267) in which
45 patients aged 30 years or less with unilateral vestibular
schwannomas were analyzed molecularly for changes in the
NF2 gene in peripheral blood cells (constitutional changes)
and in 28 vestibular schwannomas (acquired changes). No
changes were identified in the blood cells of the 45 patients,
whereas NF2 point mutations and LOH were found in 21/28
tumor samples. Thus, these patients are thought unlikely to
develop bilateral disease or to pass on a pathogenic NF2 muta-
tion to their offspring.

In a study of proliferation indices (Ki-67 and PCNA)
(260, 260A), NF2-associated vestibular schwannomas were
shown to have higher indices than the sporadic type. This was
also true for spinal MPNST versus spinal cellular schwan-
nomas.

The incidence of LOH and mutation rate of NF2 in
vestibular schwannomas of Chinese patients were shown to
be similar to those of previous studies (268). In contrast
to the germline NF2 mutations whose nature may have an
effect on the phenotype (269, 270), an examination of 91
sporadic vestibular schwannomas (262), revealed no associ-
ation between the nature of the NF2 mutation and tumor
biology, pointing to other factors besides the NF2 inactivation
as determinants of tumor behavior. Similar conclusions were
reached by others (251) in which array-comparative genomic
hybridization (CGH) was used.

A study of families with unilateral vestibular schwannomas
failed to reveal any germline mutations of the NF2 gene, indi-
cating that either a chance somatic mutation of NF2 or a sepa-
rate genetic locus may be responsible for familial vestibular
schwannomas (270A).



18 1. Benign Peripheral Nerve Sheath Tumors

Unilateral vestibular schwannoma may be associated with
other NF2 tumors, and such cases should be closely followed
for possible tumor development (260A).

Recurrence of vestibular schwannoma after radiosurgery
may be associated with an alternative mechanism of NF2
inactivation that may correlate with radioresistance in these
tumors (270A).

Cystic vestibular schwannomas are an aggressive group
of unilateral, sporadic tumors that invade the surrounding
cranial nerves (270B). An age-dependent phosphorylation of
p53 protein, higher in younger patients, may play a role in
vestibular schwannoma development (270C). Some differ-
ences in the gene expression profiles of cystic tumors versus
those of sporadic and NF2-associated vestibular schwan-
nomas have been described (270D, 270E). Constitutive
neuregulin-1 and ErbB pathways contribute to proliferation of
vestibular schwannoma (271A).

Aggressive vestibular schwannomas were found to have
a decreased expression of p17, a cyclin-dependent kinase
inhibitor, in contrast to unremarkable alteration of other
factors (p21, p53, Bcl-2, Fas-L, and caspase-3) (397). The
aggressiveness of these tumors may be due to the p27 changes.

The expression of epidermal growth receptor (EGFR)
and leucine-rich repeats and immunoglobulin-like domain-
1 (LRIG-1) in vestibular schwannoma was investigated in
relation to the biology of these tumors (270F). The high
expression rate of the latter (78%) suggested that LRIG-1 may
inhibit the malignant differentiation and proliferation of these
tumors, possibly by a negative feedback loop of EGFR.

Recurrence of vestibular schwannomas after radiosurgery
may possibly due to mechanisms of NF2 inactivation other
than those described to date (270B). ABCA2, a member of
the A subclass of the ATP-binding cassette (ABC) transporter
superfamily, is expressed in the cytoplasm of schwann cells
(384). ABCA2 was expressed in benign vestibular schwan-
nomas, but showed phenotypic heterogeneity depending on
the cellular makeup of these cells.

Genetic aspects and those of other factors and substances
that may play a role in schwannoma development and biology
are presented in Table 1.5.

CGH of NF Tumors

Improvements and standardization of CGH techniques (271)
have led to a more reliable comparison of results between
laboratories, and those on neurofibromas and schwannomas
fall into this category. Note that balanced translocations,
including those of chromosome 22, would not be ascertained
by the CGH technique; hence, the results should be interpreted
with this caveat in mind.

CGH studies have in essence shown that changes either
are not present or are minimal in sporadic neurofibromas
compared with NF1-associated neurofibromas and MPNST
(98,99,272,273) (Figure 1.6). CGH studies in a small number

of neurofibromas or schwannomas revealed either no changes
or a small number of alterations (e.g., those of 3p and 4q), in
contrast to the complex changes seen in MPNST (272).

CGH was used to detect changes in the relative chromo-
some copy number in 50 cases of peripheral nerve sheath
tumors: nine MPNST, 27 neurofibromas (three plexiform),
and 14 schwannomas (99). Chromosome imbalances were
frequently detected in the benign and malignant tumors. In
neurofibromas and schwannomas, the number of losses was
higher than the number of gains, suggesting a predominant
role of TSG in their tumorigenesis. Both sporadic and NF1-
associated neurofibromas exhibited losses of 22q in >50% of
the cases. These chromosomal regions may contain common
chromosomal abnormalities characteristic of both types of
neurofibromas. Gains were found in plexiform neurofibromas.
The significance of the losses of chromosome 19 in these
cases is not clear at present, but in NF1-associated neurofi-
bromas, the presence of some as yet unknown TSG on chro-
mosome 19 cannot be ruled out (98).

Figure 1.6 shows that neurofibromas associated with NF1
have losses of 17p, 19p, 17q, 19q, 22q, 4p, 16p, and chromo-
some 16 in the order listed, whereas significant losses are seen
only at 19q and 22q of the sporadic tumors. The losses in chro-
mosome 17 in NF1-associated neurofibromas often involved
17p11.2-p13 and 17q24-q25 (99); those in chromosome 19
involved 19p13.2-qter. Gains were seen at 4q, 5q, and 13q in
the former group; no significant gains were seen in the latter
group (98, 99). In another CGH study (272), gains of chro-
mosome 7, 8q, 15q, and 17q were characteristic of MPNST,
whereas neurofibromas showed no distinct pattern, although
gains of 4q and 11q, not seen in MPNST, may be significant.

In a CGH study of six neurofibromas and three schwan-
nomas, none of the former tumors showed genetic imbalances
but two of the latter did (no details given in the publica-
tion) (274). In other CGH studies (273, 275), in contrast to
the significant changes in MPNST, NF1-associated neurofi-
bromas were essentially normal.

A CGH study of eight NF2-related and 13 sporadic schwan-
nomas (276), almost all vestibular, nine (36%) showed loss
of 22q harboring the NF2 gene. In another CGH study of 76
schwannomas (66 sporadic and 10 NF2-related) (277), loss of
22q was found in 18 (24%) of the cases.

These findings are compatible with the demonstration of
LOH of 22q at the NF2 locus in other studies (183, 202, 203)
and mutations of the NF2 gene found in about half of the
tumors (190, 221, 270, 278).

In a study of 17 (13 vestibular, one facial nerve and three
cervical nerve) sporadic schwannomas (174) based on CGH
and on fluorescence in situ hybridization (FISH) and muta-
tion search of the NF2 gene, the results suggested that most of
these tumors (>80%) have two-hit mutations of this gene, and
this seems to be the only major causative gene in the genesis
of schwannomas. As part of a study of orbital benign tumor
(279), two of four schwannomas were found to have losses at
chromosome 16 and 22q.
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Figure 1.6. CGH analyses of NF1-associated neurofibromas (a) and of sporadic neurofibromas (b). Loss of chromosomal material is shown
to the left of each chromosome and gains to the right. Chromosomal imbalances were more common in NF1-associated neurofibromas than
in the sporadic tumors. Besides loss of 22q, losses on chromosomes 17 and 19 were frequent in the NF1-associated tumors (98).
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Schwannomatosis

Schwannomatosis, either isolated or familial, without an
NF2 background is a very rare and distinct condition
(172, 173, 218, 260, 280, 281), and it has been proposed to be
a separate form of NF, with fundamental clinical and genetic
differences from NF2 (281–283). Familial schwannomatosis
is thought to be a very rare occurrence (276) either as sporadic
or NF2-associated. Because patients with schwannomatosis
develop tumors later in life, their life expectancy is longer than
that of NF2-related patients. Nor do such patients develop
meningiomas, ependymomas, or astrocytomas, as observed
in cases with NF2. Schwannomatosis is rarely familial, and
when inherited, it commonly demonstrates incomplete pene-
trance and variable expressivity (283). Based on diagnostic
criteria for NF2, patients with schwannomas and NF2 were
readily differentiated from those with sporadic schwanno-
matosis or meningiomatosis, both rather rare conditions
(283A). Approximately one third of patients with schwanno-
matosis had tumors in an anatomically limited distribution,
such as a single limb, contiguous segments of the spine, or
one side of the body (168C).

In schwannomatosis, the NF2 in the tumors is inactivated
by truncating mutations, but in a pattern that differs from
that seen in patients with NF2. Furthermore, patients with
schwannomatosis do not harbor a heterozygous NF2 mutation
(germline) in their normal tissues, indicating that the tumors
in schwannomatosis arise as a result of acquired or somatic
mutations in the cells directly involved in tumor formation
(281). Examination of multiple tumors form the same patient
revealed that some schwannomatosis patients were somatic
mosaics for NF2 gene changes. By contrast, other individuals,
particularly those with a positive family history, seemed to
have an inherited predisposition to formation of tumors that
carry somatic alterations of the NF2 gene (281). Patients with
schwannomatosis are likely to have a variant form of NF2
and up to a 50% risk of passing on a gene predisposing to
multiple schwannomas (284). Examination of samples from
sporadic and familial schwannomatosis revealed genetic aber-
rations outside the NF2 locus on chromosome 22 (281A).

Several genetic aberrations were found in sporadic
and familial schwannomatosis (281A). Rearrangements of
the immunoglobulin locus were restricted to schwanno-
matosis/schwannoma samples. Missense mutations in the
CABIN1 locus were also observed in schwannomatosis and
NF2, and they make this gene a plausible candidate for
contributing to the pathogenesis of these disorders (281A).

Gene Expression Studies

To gain insight into the molecular events and to determine
whether peripheral nerve sheath tumors can be classified
according to gene expression profiles, a study was performed
on nine dermal neurofibromas, 10 PNF, 10 MPNST, and
two MPNST cell lines (164, 285). All tumors (except for

six sporadic MPNST) were obtained from NF1 patients.
Significant differences in gene expression patterns between
neurofibromas and MPNST and between dermal neurofi-
bromas and PNF were detected. NF1-associated and sporadic
MPNST could not be distinguished by their gene expres-
sion patterns. The authors (164, 285) presented a panel of
discriminating genes that may assist in the subclassification
of peripheral nerve sheath tumors. Studies based on cDNA
array analysis and on RT-PCR (286) showed a differential
expression of a number of genes in schwannomas versus
control schwann cells. Thus, seven genes were overexpressed
and seven genes were underexpressed in the schwannomas
versus the control cells.

Of some meaning in relation to the genesis of neural tumors
in NF1 is a report of GIST in NF1 patients that differed in
their clinical, pathologic, phenotypic, and mutational status
of KIT and PDGFRA genes from GIST in non-NF1 patients
(132). Studies have demonstrated that haplodeficiency, rather
than total deficiency, of neurofibromin is important for the
development of neurofibromas in NF1 (287), augmenting KIT
ligand signals in mast cells. It is also possible that such a state
of haplodeficiency of neurofibromin promotes the growth of
a specific subtype of the interstitial cells of Cajal, expressing
both KIT and S-100 protein, in the small intestine. Such a
hypothesis might explain why GIST develops in NF1 patients
without gain-of-function mutation of the KIT gene. Further
study is required to clarify the precise mechanism of KIT over-
expression in NF1-associated GIST and its tumorigenesis.

Perineuriomas

Perineuriomas are exceedingly rare and benign tumors
composed of neoplastic perineurial cells without a schwann
cell component (288). Perineurial cells compose the connec-
tive tissue sheath surrounding each bundle of fibers in
a peripheral nerve. Perineuriomas have been described
according to their location as either intraneural or of soft
tissue, the latter including the sclerosing type. Sclerosing
perineuriomas occur as circumscribed, small (usually <2 cm),
painless nodules in the fingers and hands. The tumor has
a strong predilection for young adults in the third and
fourth decades with a 2:1 male predominance (35). Although
perineuriomas are generally benign tumors, occasional malig-
nant examples have been described (289), but no genetic data
are available on these tumors. The rare occurrence of hybrid
tumors, i.e., schwannoma-perineurioma and neurofibroma-
perineurioma (290), has been documented.

Immunohistochemically, the various perineuriomas show
a similar picture, i.e., positivity for vimentin and epithe-
lial antigen (EMA), laminin, and collagen IV, and nega-
tivity for S-100 protein (289), CD34, desmin, and muscle-
specific actin (52). Staining for glucose transporter-1 has been
reported to have diagnostic utility in sclerosing perineurioma
(291). Staining for p53 may be seen in some perineuriomas
(292).
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Perineuriomas may arise in the intestine, principally in
the colon, as polypoid intramucosal lesions with distinctive
histologic features including entrapment of colonic crypts,
but also more rarely as large submucosal masses. Distin-
guishing perineuriomas from other spindle-cell neoplasms of
the gastrointestinal tract, which is important for proper clinical
management, can be facilitated by immunostaining for EMA
and claudin-1.

Soft tissue perineuriomas occur most commonly in the
subcutis of the extremities and trunk of young to middle-aged
adults, and they show a morphologic spectrum ranging from
hypercellular lesions with collagenous stroma to hypocellular
tumors with myxoid stroma. In addition to EMA, soft tissue
perineuriomas are often positive for CD34, which may lead
to difficulties in the differential diagnosis. Soft tissue perineu-
riomas behave in a benign fashion and rarely recur. Atypical
histologic features (including scattered pleomorphic cells and
infiltrative margins) seem to have no clinical significance and
seem to be akin to those seen in schwannomas and atypical
(bizarre) neurofibromas (293).

The histology of perineuriomas shows some distinct differ-
ences between the intraneural versus the soft tissue types, and
their descriptions can be found in several sources (35, 43, 52,
56, 293, 294) (Figure 1.7).

Figure 1.7. Histological picture of a perineurioma showing multiple
fascicles to be involved by pseudo-onion bulb formation. Spindled
perineurial cells form a wedge-shaped infiltrate in the extrafasci-
cular tissue (arrow). This tumor was characterized by an abnormality
of chromosome 22, i.e., add(22)(q11.2). (From reference 292, with
permission.).

Intraneural perineuriomas typically occur in adolescence
or early adulthood and show no sex predilection. Peripheral
nerves of the extremities are primarily affected; cranial nerve
lesions are rare. Central nervous system perineuriomas are
exceedingly rare (295). Soft tissue perineuriomas occur in a
variety of sites in adults of all ages, predominantly females
(2:1), and they are not associated with nerves.

A case of a 30-year-old man with NF2 and bilateral
vestibular schwannomas (diagnosed at age 19), parasagittal
meningioma, an intraspinal ependymoma and other
neoplasms, was found to have a perineurioma of the thigh
(295A). The diagnosis was established by immunohistochem-
ical and ultrastructural analysis.

Genetic Changes in Perineuriomas

The karyotypes of the six perineuriomas reported to-date
are shown in Table 1.6. The neoplastic nature of perineuri-
omas is indicated by the clonal and some recurrent genetic
changes reported in these tumors. Loss of the whole or part
of chromosome 22 was established with FISH in four of five
soft-tissue perineuriomas (296). Cytogenetically, three of the
perineurinomas shown in Table 1.6 had loss of part or of a
whole chromosome 22. These findings are in keeping with
chromosome 22 loss, as seen in nerve sheath tumors and
meningiomas. The possibility that the gene involved is NF2,
located at 22q11.2, is supported by results in a cutaneous scle-
rosing perineurinoma of the finger in a 14-year-old girl with
a karyotype: 46,XX,del(10)(q22q24),der(10),del(22)(q11-
q12?)/47,idem,+der(10) (95, 96, 297). Changes of chromo-
some 10 seen cytogenetically have been proposed as possibly
playing a role in the genesis of perineurioma in addition to
that of chromosome 22 (NF2) (298). Using markers for the
5′ BCR and NF2 loci, cryptic deletion of these loci in the
abnormal metaphases was demonstrated (295). In another
study, NF2 was shown by PCR to be mutated in four of eight
sclerosing and soft tissue perineuriomas (299), in three of
which LOH of the NF2 locus was also found.

Loss of chromosome 13 (-13) in a soft tissue perineuri-
noma in a 26-yr-old woman as the sole karyotypic changes
has been reported (300). No changes in chromosome 22 could
be detected by FISH.

Besides the well-defined types of tumors arising from
peripheral nerves, i.e., schwannomas, neurofibroma and
perineurioma, there exists a group of soft tissue tumors

Table 1.6. Chromosome changes in perineuriomas.

Anatomic site Histology Karyotype References

Index finger Sclerosing 46,XY,t(2;10)(p23;q24), t(der)(10;10)(2p25;q24) Brock et al 2005 (298)
Index finger Sclerosing 47,XX,add(3)(q23), add(6)(q21),-5,-9,-10,-22, +mar1,+mar2,+mar Brock et al 2005 (298)
Elbow Intraneural 46,XX,add(2)(q11.2),add(3)(q12) Brock et al 2005 (298)
Intra-abdominal Soft tissue 46,XX,t(8;9)(q13;q22) Brock et al 2005 (298)
Finger (left middle finger, volar) Sclerosing 46,XX,del(10)(q22q24),der(10), del(22)(q11-12q?)/ 47,idem,+der(10) Mertens et al 2000 (96)
Posterior interosseous nerve Interneural 45,XX,add(14)(p13),-22,add(22)(q11.2) Emory et al 1995 (292)
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wherein characteristic features of perineurinoma and schwan-
noma or neurofibroma can occur within a single tumor (290).
Such tumors may be underrecognized, probably due to the
failure to recognize the perineurinomatous component. None
of the patients with these tumors had NF. In one case, a point
mutation of the NF2 gene was detected (290).

Some Facets of Schwann and Mast Cells
in NF Neoplasia

The key role played by schwann cells in neoplasia of periph-
eral nerve sheaths warrants some comments regarding the
background and role of these cells. Schwann cells are the prin-
cipal support cells throughout the peripheral nerve system,
providing each axon with either ensheathment or a series of
myelin segments. Schwann cells originate from the neural
crest tissue early in embryonic development (48), migrate
into the periphery along with growing axons and undergo
rapid cell division (49) to accommodate an increasing number
of peripheral axons (50). After their final differentiation, the
schwann cells cease dividing and remain essentially quiescent
for the life of the individual (49). However, the schwann cells
can be reactivated to enter the cell cycle under pathological
conditions, including tumor formation (51).

Schwann cell–axon interaction is characterized by
processes of the schwann cells extending and migrating on
developing axons before differentiation, and requiring coor-
dinated regulation of the schwann cell cytoskeleton. This
interaction is lost by the schwann cells of schwannomas due
to NF2 mutations. Because the gene is normally involved in
Rac signaling, it is not surprising that schwannoma cells have
elevated levels of active Rac. Thus, it seems that control of
Rac signaling is essential for schwann cell–axon interaction
(416).

Schwann cells, the myelin-forming cells in the periph-
eral nervous system, have their proliferation and differen-
tiation controlled by intracellular signaling systems respon-
sible for integrating stimuli from cytokines and other factors
and controlling the transcriptional activities of genes regu-
lating mitosis or differentiation. Schwann cell proliferation is
under control of cyclic adenosine monophosphate signals and
mitogen-activated protein kinase pathways. Differentiation of
these cells is influenced by PDGF, neuregulin, and ILGF-
I, who serve as ligands to receptor-type tyrosine kinase and
activate common intracellular signaling cascades, mitogen-
activated kinase pathways, and phosphatidylinositol-3-kinase
pathways (417). The latter pathway promotes myelin forma-
tion. The balance of activities between the differentiation and
proliferation pathways holds a key to schwann cell biology
and abnormal growth.

Neurofibromas are benign tumors, particularly the dermal
type, that have no predilection for malignant transformation.
Neurofibromas are caused and their development initiated by

loss of the NF1 gene in schwannoma cells, but their full devel-
opment seems to be related to NF1-haploinsufficient cells that
ultimately constitute an integral part of the make-up of these
tumors. One of these cell types are the mast cells.

The literature on the cellular origin, composition, and
role in neurofibroma formation has a long history that have
been succinctly reviewed (418, 419). These complex tumors
are composed of schwann cells, mast cells, fibroblasts, and
peripheral cells embedded in collagen produced by the fibrob-
lasts. Total loss of NF1 in schwann cells and haploinsuffi-
ciency of NF1 in non-neuronal cells are required for neurofi-
broma tumorigenesis. The latter aspect consists of a compli-
cated series of events in which mast cells seem to play a key
role (418, 420). Thus, the inciting factor for mast cell infil-
tration of neurofibromas is Kit ligand hypersecreted by the
NF1-deficient schwann cells (129, 420).

The basic components of an evolving neurofibroma are
NF1-deficient schwann cells, which act as tumorigenic insti-
gators, and haploinsufficient mast cells acting as inducers, and
haploinsufficient fibroblasts, schwann cells, perineurial cells,
and endothelial cells that act as responders (62, 78, 86, 128,
419). The pathways involved in neurofibroma formation are
complex (287,418,420), including the effects of the mast cells
after they have migrated to the Kit ligand-secreting schwann
cells. Fibroblasts and mast cells interact directly to contribute
to the neurofibroma phenotype. Furthermore, the haploinsuf-
ficient mast cells secrete high concentrations of the profibrotic
transforming growth factor-� (TGF-�), causing fibroblasts to
proliferate and synthesize collagen in neurofibromas (420).
The latter action occurs via hyperactivation of a novel Ras-
c-abl signaling pathway. Inhibition of c-abl (genetic or phar-
macologic) reverse the fibroblasts proliferation and collagen
synthesis to normal levels (420).

Although mast cells with total or partial loss of NF1 are
necessary in the pathogenesis of neurofibromas, they are not
sufficient for tumor formation per se in the neural environ-
ment, pointing to the importance of the presence of other
heterozygous supporting cells in the neurofibroma environ-
ment (129). This includes the haploinsufficient fibroblasts
which in neurofibromas demonstrate abnormal response to
cytokines, increased collagen deposition, and increased prolif-
eration.

The complexity of the molecular events in the haploin-
sufficient mast cells in neurofibroma is demonstrated by
the following: hyperactivation of the extracellular signal-
regulated kinase (ERK) via the hematopoietic-specific Rho
GTPase Rac2 directly contributes to the hyperproliferation of
NF1-deficient mast cells in vitro and in vivo (421). Further-
more, Rac2 functions as mediator of cross-talk between phos-
phoinositide 3-kinase and the p21ras-ERK pathway to confer
distinct proliferative advantage to NF1-deficient mast cells
(421).

Schwann cells of NF1-related neurofibromas are deficient
in neurofibromin, which contains a GAP-related domain
(NF1-GRD) leading to Ras activation, increased proliferation
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in response to certain growth stimuli, increased angiogenic
potential, and altered cell morphology. Reconstitution of NF1-
GRD in NF1-deficient cells led to amelioration of the changes
described except for the angiogenic potential (422).

Informative reviews on the molecular, genetic, and cellular
the aspects of the neurofibromatoses and pathogenesis of
neurofibroma and schwannoma, are avialable (408,444–450).
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M., and Johansson, B. (2001) Extensive cytogenetic hetero-
geneity in a benign retroperitoneal schwannoma. Cancer
Genet. Cytogenet. 127, 148–154.
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Glover, T.W., Dracopoli, N.C., Housman, D.E., and Collins,
F.S. (1993) Mutations in the neurofibromatosis 1 gene in
sporadic malignant melanoma cell lines. Nat. Genet. 3,
118–121.

304. The, I., Murthy, A.E., Hannigan, G.E., Jacoby, L.B., Menon,
A.G., Gusella, J.F., and Bernards, A. (1993) Neurofibro-

matosis type 1 gene mutations in neuroblastoma. Nat. Genet.
4, 62–66.

305. Koh, T., Yokota, J., Ookawa, K., Kina, T., Koshimura, K.,
Miwa, S., Ariyasu, T., Yamada, H., Osaka, M., Haga, H.,
Hitomi, S., Sugiyama, T., and Takahashi, R. (1995) Alter-
native splicing of the neurofibromatosis type gene correlates
with growth patterns and neuroendocrine properties of human
small-cell lung-carcinoma cells. Int. J. Cancer 60, 843–847.
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2
Malignant Peripheral Nerve Sheath Tumors

Summary Chapter 2 deals with malignant peripheral nerve sheath tumors (MPNST), which are highly aggressive tumors
with a poor prognosis. MPNST commonly originate in plexiform neurofibromas of patients with neurofibromatosis 1 (NF1),
but they also may be sporadic. The NF1 gene is often altered in both forms of MPNST, and it seems to be the initiating
genetic event in the tumorigenesis of these tumors. The genetic molecular changes subsequent to that of the NF1 gene have not
been clearly defined. Thus, here we present studies on cell cycle genes, the TP53 gene, the MDM2 gene, the retinoblastoma
protein pathway, and several other genes, proteins, and factors have have attempted to define the sequence of genetic alterations
responsible for or affecting MPNST development and biology. Results obtained with studies on changes at 9p and 17q may
reflect on important aspects of MPNST biology.

Keywords malignant peripheral nerve sheath tumors (MPNST) · NF1 gene · plexiform neurofibroma · molecular changes

Introduction

Malignant peripheral nerve sheath tumors (MPNST), referred
to also as malignant schwannomas, neurofibrosarcomas, and
neurogenic sarcomas, are uncommon neoplasms, accounting
for about 5% of malignant tumors of the soft tissues (1–4).
Two thirds arise from neurofibromas, most often of the plex-
iform type (PNF) and in the setting of neurofibromatosis 1
(NF1), and seldom, if ever, from schwannomas or dermal
neurofibromas (4–6). The remaining one third of MPNST
arise de novo as sporadic tumors (7), thought to originate
in the schwann cells of nerve sheaths. Although MPNST is
very rare (1:100,000) in the general population, about 10–20%
of NF1 patients develop MPNST (8–10). Very rare instances
of MPNST originating in a schwannoma or ganglioneuromas
have been reported previously (5, 11).

MPNST primarily occur in adults in the third to the sixth
decades of life. The mean age of patients with NF1-associated
MPNST is approximately a decade younger (28–36 years)
than that of sporadic cases (40–44 years). Childhood and
adolescent cases are uncommon, and they are rare in children
under the age of 6 years (12, 13). MPNST are slightly more
frequent in females. Although histologically and immunophe-
notypically NF1-related and sporadic MPNST are very
similar, the tumors in NF1 patients tend to be multifocal (14)

and more aggressive, and they show some differences in the
genetic molecular events (4).

MPNST show a wide range of biological behavior, ranging
from low to high malignancy, a variety of clinical mani-
festations, a wide spectrum of histologic appearances (15),
and differences in their etiologic background (NF1-related vs.
sporadic); hence, it is not surprising to find that the genetic
and molecular findings in these tumors reflect a gallimaufry
of these various aspects of MPNST (16).

Large- and medium-sized nerves are more prone to involve-
ment by MPNST than small nerves. The most common sites
are the nerves of the buttock and thigh, brachial plexus and
upper arm, and the paraspinal region (17, 18). The sciatic
nerve is frequently affected. Cranial nerve MPNST are very
uncommon, with the fifth cranial nerve being more often
involved than the eighth cranial verve. With rare exceptions,
MPNST of cranial nerves seem to arise de novo (3, 19).
MPNST may develop at the site of prior irradiation, and radi-
ation may accelerate the development of MPNST in patients
with NF1.

There is no statistical difference in the final outcome for
patients with MPNST with or without NF1 (Figure 2.1), but
patients with NF1 have a high risk for developing a second
MPNST (9, 20).

MPNST are highly aggressive tumors with a poor prog-
nosis. About 60% of patients die of the disease, with an even
higher mortality (80%) in individuals with paraspinal lesions

From: A. A. Sandberg and J. F. Stone: The Genetics and Molecular Biology of Neural Tumors
c© 2008 Humana Press, Totowa, NJ
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Figure 2.1. Kaplan–Meier analysis of survival of patients with NF1-
related or sporadic MPNST (p = 0.09). The 5-year survival from
diagnosis was 21% for NF1-related cases and 42% for sporadic cases
(from ref. (9), with permission).

and those (100%) with divergent angiosarcomas (3). The local
recurrence rate is high, and metastases develop in more than
half the patients, most commonly to the lungs, bones, pleura,
and liver; spread by the meningeal route is also possible.

Histologically, most MPNST are high-grade tumors with
a high mitotic rate and necrosis. The most common histo-
logic pattern includes a high-grade fibrosarcomatous element
composed of densely packed sheets of plump but relatively
uniform spindle- or oval cells (Figures 2.2 and 2.3). Many
tumors show necrosis and vascular proliferation resembling
that commonly seen in glioblastoma multiforme; some tumors
have plump, slightly epithelioid spindle-cells. MPNST consist
primarily of schwann cells, but they may include fibroblasts
and mast cells (2–4).

MPNST may be difficult to differentiate with certainty
from some tumors, particularly leiomyosarcoma, malignant
melanoma, synovial sarcoma, and fibrosarcoma. This may
account, in part, for the spurious finding of chromosome

Figure 2.2. Histological appearance of an MPNST showing the
wavy or buckle-shaped nuclei of the cells. Cytoplasmic borders are
indistinct.

Figure 2.3. Histologic appearance of a malignant triton tumor
(176). Shown is a spindle cell component of this tumor with a fasci-
cular growth pattern and high cellularity with numerous mitoses.

abnormalities characteristic of some tumors, e.g., t(X;18) of
synovial sarcoma in MPNST (21).

The high proliferative activity of MPNST is indicated by
the Ki-67 (MIB-1) index of 5–65% versus <1% in schwan-
nomas and neurofibromas. This index may correlate with
prognosis (22). The MIB-1 index was 1 and 72% in PNF and
high-grade MPNST, respectively (23).

MPNST reported to have a t(X;18), or SYT-SSX transcripts,
changes characteristic for synovial sarcoma (24, 25), are not
included in the discussion or tabulations here. This decision is
supported by the failure to demonstrate the t(X;18) in the large
number of MPNST (NF1-associated and sporadic) studied
cytogenetically or molecularly (26,27) and by the lack of NF1
gene changes in synovial sarcoma, a change that is seen in the
preponderant number of MPNST (28). Nevertheless, excep-
tional and unusual cases may exist (29). Immunohistochemi-
cally, it was shown that staining for HMGA2 can differentiate
MPNST from synovial sarcomas (29A).

Sensitive and specific immunohistochemical markers are
lacking for MPNST, particularly in diagnostically challenging
cases, where MPNST is part of the differential diagnosis.
A significant part of the findings presented here is a reflection
of the continuing search for such markers.

Publications dealing with the cytogenetic and/or molecular
genetics of MPNST, except for their locations and differ-
entiating them from malignant triton tumors, have gener-
ally not indicated the subtype of the MPNST examined.
Hence, this chapter is concerned with MPNST as a group of
tumors without breakdown into subtypes, i.e., epithelioid (not
usually associated with NF1), glandular (usually associated
with NF1), plexiform, or other types (3, 4). Clinical, histo-
logic, epidemiologic, and other aspects of MPNST may be
found in previous publications (20, 30–42,42A).

We present the genetic and molecular pathways that have
been shown to play a role or at least are implicated in MPNST
causality and biology and, importantly, may be cogent targets
for the development of successful therapy affecting MPNST.
For more information on NF1, the NF1 gene, neurofibromin,
and neurofibromas, see Chapter 1.
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Cytogenetics of MPNST

Complete karyotypes have been published on <100 MPNST
(Table 2.1). The chromosome numbers in MPNST have
ranged from hypodiploidy of <35 chromosomes to near-
tetraploidy. MPNST tend to have complex karyotypes and
extensive and variable cytogenetic heterogeneity (Table 2.1;
Figures 2.4–2.9).

Extremely complex karyotypes in MPNST have been
described previously (43–45). In >50% of MPNST transloca-
tions, marker and derivative chromosomes or dicentrics were
present, indicative of high frequency of structural changes
associated with these tumors. In >10% of MPNST, dmin were
present; ring chromosomes were rare (43, 46, 47).

Sporadic and NF1-associated MPNST have complex kary-
otypic abnormalities both numerical and structural. No consis-
tent karyotypic pattern characteristic of MPNST has been
seen. Near-triploid or hypodiploid chromosome numbers are
often present, as are chromosomal losses (46); loss of genetic
material related to structural aberrations and recombinations
involve almost all chromosomes.

In a study of 10 tumors (48), structural abnormalities of
chromosome 17 possibly involving the NF1 and TP53 loci
were common (49). Chromosome 22 loss also has been noted
frequently (48). No specific cytogenetic differences have been
observed between sporadic and NF1-associated tumors.

Frequent gains of chromosome 7, 8q, 15q, and 17q were
found exclusively in MPNST and not in neurofibromas (50).
Gains of 15q and 17q tend to discriminate between hered-
itary and sporadic MPNST, whereas gains of 20q occur
more frequently in sporadic than in NF1-associated MPNST,
a finding that could be used for differentiating these tumors.

In a computer-assisted cytogenetic review of 47 MPNST
and four malignant triton tumors (MTT), the most common
breakpoints were 1p13, 1q21, 7p22, 9p11, 17p11, 17q11, and
22q11 (43). In another study of 20 MPNST, common break-
points were 1p11, 5p15, 5q13, 6p21, 8q10, 11q13, 11q21,
14q24, 17q21, 17q25, and 20q13 (47). It would seem that
1p, 7p22, 11q13-q23, 20q13, and 22q11-q13 emerge as chro-
mosomal regions with a high frequency of involvement in
MPNST (45), and genes located in these regions may play a
crucial role in the biology of these tumors.

In another cytogenetic study (including SKY) (45), struc-
tural changes frequently seen in 19 MPNST and two MTT
were 1p31-p36, 4q28-q35, 7p22, 11q22-q23, 19q13, 20q13,
and 22q11-q13. Loss of chromosomal material was much
more common than gain. Thus, loss involved 1p36, 3q21-qter,
9p23-pter, chromosome 10, 11q23-qter, 16/16q24, chromo-
some 17, and 22/22q in about 50% of the MPNST, with gains
of 7/7q and 8/8q in about 30%. These changes seemed to be
of similar incidence in MPNST and MTT.

In a study of 27 MPNST, seven cases (26%) had normal
karyotypes (51). Twenty cases (74%) showed clonal aberra-
tions, most often with complex karyotypes. The most frequent
abnormalities were losses or rearrangements of 10p, 11q, or

17q (nine cases each) and losses or rearrangements of 1p,
9p, 17p, or 22q (eight cases each). Seven cases each showed
a ring chromosome, trisomy 7, or rearrangement of 11p.
Only two cases showed rearrangement of 12q13-q15. Eigh-
teen cases showed a variety of other less frequent aberrations
affecting multiple and different chromosomes. Complex rear-
rangements were more common in NF1-associated MPNST
and in tumors showing heterologous differentiation. Among
the cases with 17q rearrangements, three of nine had NF1.
There were no evident correlations between any karyotypic
abnormality and clinical parameters in these patients (51).

Although cytogenetic studies have shown complex clonal
abnormalities in most MPNST (43, 47, 48), rare cases
of MPNST with single abnormalities, such as +7 and
+22, neither of which is diagnostically specific, have been
described. Apropos the origin of MPNST from PNF is the
observation (7) that schwann cells from dermal neurofibromas
are diploid (cytogenetically normal), whereas most of the
schwann cells originating in PNF are abnormal, some with
complex karyotypes. Diploid MPNST have been reported
occasionally, including one of the spinal type (17). Intratu-
moral chromosomal heterogeneity in MPNST may be exten-
sive (52). Triploidy or tetraploidy in MPNST, often in the
presence of a high Ki-67 index is associated with a poor prog-
nosis (22,43,46,47,53). The type and complexity of the chro-
mosome changes seen in NF1-associated MPNST (and MTT)
did not seem to differ from those in sporadic tumors.

Losses of two chromosomes may reflect involvement of
two tumor suppressor genes, NF1 located at 17q11.2 and NF2
located at 22q12. Losses of heterozygosity (LOH) at these
sites and at the loci of other tumor-associated genes seem to
be involved in a complex multistep process of tumor develop-
ment.

To determine meaningful cytogenetic changes observed
in MPNST and to discern possible cytogenetic patterns,
a computer-assisted cytogenetic analysis was performed
(Table 2.2) (43). A database was constructed that permits the
detection of statistically significant nonrandom chromosomal
aberrations and allows direct comparison of different kary-
otypes. This new approach was used to discover nonrandom
changes in chromosomal material and to detect frequently
involved breakpoints in MPNST. Furthermore, this approach
was used to analyze cytogenetic differences between NF1-
associated and sporadic MPNST.

These studies did not reveal specific structural cytoge-
netic abnormalities, which could be of diagnostic importance
in MPNST. However, the finding of a complex karyotype
showing loss of 9p21 in combination with gain in 7q13 in a
tumor histologically resembling an MPNST could be of diag-
nostic importance (43). This approach indicated cytogenetic
differences between NF1-associated and sporadic MPNST in
chromosomal regions 1p3, 4p1, 21q−p2, and 15p1−q1. Addi-
tional studies, combining different cytogenetically based tech-
niques might detect differences between NF1-associated and
sporadic MPNST that could be helpful in clarifying the onco-
genesis of MPNST.
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Figure 2.4. Complex karyotype of an MPNST
containing 63 chromosomes, including 8 unidentified
markers (mars 1-8), as well as a number of abnormal
chromosomes (some pointed to by horizontal arrows)
and a missing chromosome 17 (upward pointing
arrow) (48).

Figure 2.5. Complex karyotype of an MPNST
of the thigh containing a −17, a change possibly
affecting the NF1, and/or TP53 genes (49).

Comparative Genomic Hybridization
(CGH) Studies in MPNST

Similar to chromosome banding analysis, CGH has revealed
a broad spectrum of chromosomal imbalances in MPNST
(54,54A). Despite this complexity, several nonrandom chro-
mosomal changes, predominantly representing DNA gains,
were identified. It should be pointed out that the CGH tech-

nique is probably less sensitive to losses, especially in poly-
ploid tumors, which MPNST often are; a high proportion
of these are intermingled with diploid stromal cells, which
among other factors may also play a role (44). It should be
reiterated that CGH offers a global view of the en masse chro-
mosomal changes in all the cells of the tumor, and the method
is not capable of revealing balanced changes, such as translo-
cations. An early CGH study of two MPNST showed gain of
1q21−q22 in one tumor and gain of 12q14 in the other tumor
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Figure 2.6. Karyotype of an MPNST (A) of the
skull base showing two translocations as the only
anomalies (180). The translocations (arrows) are
(2;4)(q35;q31) and (X;12)(q22;q24). Neither translo-
cation is specific for or common in MPNST, as is true
of other changes in this type of tumor. Fish staining
of the two translocations is shown in B.

Figure 2.7. G-banded karyotype of an MPNST with
a t(3;16)(p2?;p13.3) (arrows) as the only cytogenetic
anomaly (courtesy or Dr. Kathleen E. Richkind).

(55). Except for high-level amplifications that were confined
to occasional tumors, no differences between sporadic and
NF1-associated MPNST were found (54). In both, the number
of gains was significantly higher than the number of losses,
suggesting a predominant role of proto-oncogene activation
during MPNST progression. Candidate regions with poten-
tially relevant proto-oncogenes included chromosomal bands

or regions: 17q24−q25, 7p11−p13, 5p15, 8q22−q24, and
12q21−q24; those with putative tumor suppressor genes
(TSG) were 9p21−p24, 13q14−q22, and 1p. High-level
amplifications were restricted to sporadic tumors and affected
eight different chromosomal subregions. In three of these
MPNST, identical subregions on chromosomal arms 5p and
12q were coamplified.
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Figure 2.8. G-banded karyotype of an MPNST
from a 22-year-old male with a hypodiploid number of
33 chromosomes. A composite karyotype consisted of
33,X,−Y,add(2)(q31),add(3)(q21),−4,add(4)(p16),
dic(5;12)(p13;p13),add(7)(p22),−10,−11,add(11)
(p15),−13,−14,−15,add(16)(p13.3),−17,−18,−20,
−21,−22 (courtesy or Dr. Kathleen E. Richkind).
Comparison of the karyotypes in Figures 2.4–2.9
shows the range of chromosomal changes that may be
seen in MPNST, i.e., from pseudodiploidy (see Figure
2.7) with only one cytogenetic event to the complex
and many changes seen in the severe hypodiploid
karyotype (this figure).

Figure 2.9. Karyotypic alterations in MPNST. Solid
lines indicate loss, broken lines indicate gain, and black
oval symbols indicate breaks (53). Alhough the findings
were variable, loss of chromosomes 22, 14, and 17 are to
be noted.
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Table 2.2. Computer-assisted cytogenetic analysis of MPNSTa .

Significant losses: 9p2, 11p1, 11q2, 18p1
Other losses: 1p3, 9p1, 11q1, 12q2, 17p1, 18q1−q2, 19p1, 22q1,

X,22q1, X, Y
Loss of 17q1 on which the NF1 gene is located

(17q11.2) is not a common cytogenetic finding in
NF1-related MPNST.

Sporadic MPNST
vs. NF1-related
MPNST: Relative loss in NF1-related MPNST: 1p3, 4p1,

21p1−q2 and relative gain in 15p1−q1

The differences between NF1-related and sporadic
MPNST might reflect different oncogenetic
pathways.

9p2 losses and 7q1 gains could be of oncogenetic
importance in MPNST

Gains: chromosome 7 (especially 7q1)
Chromosomal

breakpoints: 1p21−p22 (28% of NF1 vs. 0% of sporadic)
1p32−p34 (17% of NF1 vs. 0% of sporadic)
8p11−p12 ( 7% of NF1 vs. 27% of sporadic)
17q10−q12 (24% of NF1 vs. 7% of sporadic)

Most involved
breakpoints: 1p13, 1q21, 7p22, 9p11, 17p11, 17q11, 22q11

aBased on data of Plaat et al. (43).

One study (56) investigated 31 MPNST from 23 patients,
including nine with NF1, by means of CGH (Figure 2.10). The
MPNST in 21 of the 23 patients revealed changes, with a mean
value of 11 aberrations per sample (range 2–29). The minimal
common regions of the most frequent gains were 8q23−q24.1
(12 cases), 5p14 (11 cases), and 6p22-pter, 7p15-p21, 7q32-
q35, 8q21.1-q22, 8q24.2-qter, and 17q22-qter (10 cases each).
Seventeen high-level amplifications were detected in 8 of
the 21 samples. In three cases, the high-level amplifica-

tions involved 8q24.1-qter, and in 2 cases each regions 5p14,
7p14-pter, 8q21.1-q23, and 13q32-q33. The minimal common
region of frequent losses was 14q24.3-qter (five cases). The
gain of 8q as a single common anomaly in a primary tumor,
its recurrence, and metastasis suggests that this aberration is
an early change in the tumorigenesis of MPNST. Compa-
rable aberrations were observed in separate tumors of the
same patients affected by NF1, indicating a limited number
of random secondary changes. In sporadic MPNST, the most
frequent gains were narrowed down predominantly to 5p,
chromosome 6, 8q, and 20q, whereas in MPNST from patients
with NF1, gains in 7q, 8q, 15q, and 17q were frequent. The
occurrence of gain of both 7p15-p21 and 17q22-qter was asso-
ciated with a statistically significant poor survival rate.

Metaphase-CGH and microarray-CGH was used to delin-
eate the changes in eight MPNST and eight schwannomas by
the former and in five MPNST in the latter (56A). Gains were
found at 3q13-qq26, 5p13-p14, and 12q11-q23, and losses
were found at 1p31, 10p, 11q24-qter, 16, and 17. Microarray-
CGH revealed gains of the EGFR, DAB2, MSH2, KCNK12,
DDX15, CDK6, and LAMA3 genes and losses of CDH1,
GLTSCR2, EGR1, CTSB, GATA3, and SULT2A1 genes,
pointing to the complexity of the genetic changes in MPNST.

In a CGH study of MPNST (57), gains of chromo-
somal material exceeded losses, suggesting oncogene activa-
tion during tumor progression. Thus, gains of 17q and the
X-chromosome were found in two of four of NF1-associated
MPNST and of 4q in three of five sporadic tumors. This
contrasts with a higher rate of losses in neurofibromas and
schwannomas indicative of TSG playing a key role in these
tumors. Losses of 17p were rare in these benign tumors as
based on CGH (54, 56), only 3/52 showing this change. It
seems that genomic alterations at 8q, primarily gains, in NF1-
related MPNST is a recurrent finding (47, 50, 54, 58).

Figure 2.10. Gains (shown by lines to the right
of the chromosomes) and losses (to the left) of
chromosomal material in MPNST determined by
CGH. The findings of primarily gains reflect the
hyperdiploidy often seen in MPNST. High-level
amplifications are shown by thick lines. Gains at
7p and 17q were stressed by the authors (from ref.
(56), with permission).
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Molecular Genetics of MPNST

The complexity of the genetic changes and their mechanisms
of action in MPNST are recurring themes in this chapter, and
they are partially reflected in the range of studies presented.
The information constitutes at least some of the pieces in
the puzzle of the stepwise process in MPNST development
and progression. However, it is still unknown where these
pieces fit into the puzzle. Undoubtedly, some of the pieces are
still missing; nevertheless, an attempt has been made here to
present as many of the puzzle pieces as are available in the
literature.

In keeping with the diversity of the cytogenetic changes,
it is not surprising that the results of molecular studies in
MPNST have shown similar variability. Also, this variability
reflects the range of the histology and biology of these
tumors, the different methodologies and approaches used, and
the state of the tumors examined (e.g., archival vs. nonpre-
served tissue). Other factors, e.g., intratumoral heterogeneity,
anatomic site of the tumor, and previous therapy, may play a
role in the nature and diversity of the findings obtained. Never-
theless, a consensus on the molecular findings in MPNST may
help in the understanding of the biology of these tumors.

MPNST, like most tumors, require an orchestrated and
successive chain of genetic events for full development and
progression. These genetic pathways may not be similar
among MPNST, and they may account for the biologic and
clinical variability among these tumors. Thus, the molecular
events responsible for and associated with MPNST pathogen-
esis are presented for NF1-related MPNST and the sporadic
types of these tumors, whenever such data are available.

Based on FISH studies, NF1 deletions and losses, often
due to -17, are common in MPNST whether of NF1 origin
or sporadic; these changes are less common in PNF, and they
are not seen in cellular schwannomas (28). Changes occur-
ring at 17p are next in significance in that they involve the
TP53 gene located on that chromosome arm. However, stress
must also be put on changes at 9p21, a region that harbors
a number of genes (INK4B, ARF, INK4A, and CDKN2A)
controlling the cell cycle and often affected in MPNST. It
is not surprising that some of the molecular changes seen
in NF1-related MPNST, e.g., those of NF1, p53, p16, and
others, are seen in some neurofibromas, especially of the plex-
iform type, because they may serve as precursors of MPNST
(28, 58–61).

The NF1 Gene in MPNST

The key gene in MPNST tumorigenesis is the NF1 gene
located at 17q11.2. MPNST originating in NF1 patients all
have alterations of the NF1 gene (62–66); most sporadic
MPNST probably start out with NF1 changes as well (58). For
example, no detectable levels of NF1 transcripts were found
in 26 NF1-related and 18 sporadic MPNST (77). These NF1

alterations per se seem not to be sufficient for the progres-
sion and full development of MPNST, which require an array
of additional genetic changes, many of which have been
examined (see below); however, these have not revealed a
consistency within either of the aforementioned categories of
MPNST. A search for possible genes involved (other than
NF1) in the development of MPNST (sporadic and NF1-
related) has shown some genes to be involved often and others
to play a minor (if any) role, but none has been demonstrated
to be consistently involved (67).

The NF1 gene has been discussed in the previous chapter
in relation to neurofibroma pathogenesis. NF1 is a TSG nega-
tively regulating p21ras and RAS, which probably play a key
growth role in MPNST development (68). The NF1 product,
neurofibromin, has a GTPase-like enzymatic activity whose
inactivation leads to constitutive activation of the RAS onco-
gene and its effects in the pathway in the development of
MPNST (68–71), especially of NF1-related tumors (72). The
increased levels of active Ras proteins lead to the activa-
tion of numerous Ras-dependent signal transduction pathways
including the microtubule-associated protein kinase (MAPK)
pathway. An additional role in MPNST development is the
inactivation of the CDKN2A/p16 pathway (73, 74) located at
9p21. Reflecting this aspect of NF1 was the finding of highly
elevated Ras∼GTP levels in NF1-related MPNST and to a
lesser extent in NF1-neurofibromas (70), but not in schwan-
nomas. Neurofibromin was absent in the MPNST. There is
evidence that malignant progression in MPNST is related to
alterations of genes controlling cell cycle regulation (58–61).
A clearly implicated gene is TP53. Both TP53 gene muta-
tions and alterations of protein expression have been found in
MPNST (75, 76).

In NF1-related MPNST, inactivation of both NF1 alleles
has been demonstrated, implicating changes of this gene as
an initial event in MPNST tumorigenesis (64); microsatellite
results are consistent with the occurrence of somatic inac-
tivation by LOH of the second NF1 allele (71). Further-
more, sporadic MPNST also show alterations at the NF1 locus
(58, 77). NF1 gene inactivations are involved in the early
stages of nerve sheath tumorigenesis, i.e., in the formation of
neurofibromas, which are precursors of MPNST.

A possible explanation for the lack of LOH or mutations
of NF1 in MPNST and the heterogeneity of molecular results
could be the presence of normal cells, clonal heterogeneity
of the tumors per se, or both. For example, these factors may
account for the results in a study of MPNST of NF1 cases
(78), in which LOH for NF1 was found in only two of seven
tumors (no hypermethylation present in any of these tumors),
microsatellite instability was observed in five of 11 MPNST
(not present in all 70 neurofibromas), and no subtle mutations
of TP53 and CDKN2A in seven MPNST, although LOH of
these genes was shown in four of 11 tumors. The results led
the authors to state that NF1 tumorigenesis is a complex multi-
step process involving a variety of different types of genetic
defects at multiple loci (78).
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The demonstration of NF1 inactivation or alteration in
neurofibromas (58–61, 79–82), especially of the plexiform
type from which MPNST originate, made the search for
similar changes in MPNST logical. In an early study (65),
LOH at the locus of NF1 was demonstrated in three of six
MPNST, findings which were confirmed by other investiga-
tors (63, 76, 83). The results of these studies did not neces-
sarily reflect an inactivation of the normal NF1 allele (in
NF1 patients), because LOH is often confined to 17p only
(76,83). An indication of inactivation or alteration of the NF1
gene in MPNST was obtained with somatic cell hybrids in
an established cell line containing two cytogenetically iden-
tical der(13)t(13;17)(p11.2;q11.2) (84). A specific deletion of
the NF1 was demonstrated subsequently in a MPNST from an
NF1 case (75). Another study (63) also pointed to inactivation
of NF1 from a patient from NF1. Mutations of the NF1 gene
were found in 75% of NF1-associated MPNST (75). These
authors (75) stated that inactivation of the NF1 gene initiates
MPNST tumorigenesis but that tumor progression occurs by
an accumulation of additional genetic abnormalities.

The prevalence of NF1 deletions in MPNST (NF1-related
and sporadic), regardless of S-100 protein expression or NF1
clinical status, has been noted (58). The interpretation is that
S-100 protein-negative tumor cells within MPNST (sporadic
and NF1-related) represent dedifferentiated schwann cells that
still harbor NF1 deletions, i.e., the loss of NF1 represents
an early tumorigenic event that is still detectable in high-
grade neoplastic clones no longer manifesting immunohisto-
chemical evidence of schwann cell differentiation (23). The
finding of divergent epithelial differentiation, mesenchymal
differentiation, or both in some MPNST (e.g., MTT) and
complete lack of S-100 protein expression in others would
further support this dedifferentiation hypothesis (58). The
decreased CD34 reactivity found in these cells parallels that of
S-100, and it is related to loss of fibroblast-like cells in high-
grade MPNST (23, 85). LOH studies of MPNST have been
largely limited to examples from NF1 patients (59, 60, 64–66,
79, 81, 82), where NF1 loss has been common. Monosomy
22 was identified in one sporadic MPNST (49), suggesting
that NF1 may be implicated in some of these cases as well.
Another study found no mutations in nine sporadic MPNST
within the GAP-related domain by a polymerase chain reac-
tion (PCR)/single-strand conformational polymorphism (86).
It also was shown (64) that results obtained by molecular
DNA analysis and interphase cytogenetic supplement each
other when interpreting genetic events during tumor develop-
ment. The variability in NF1 involvement in sporadic MPNST
points to a possible heterogeneity in the genetic pathways
leading to the development of some of these tumors (62, 86),
although in general NF1 changes are present in most MPNST
of sporadic origin.

The mechanisms of the effects, interactions, and compo-
nents of the pathways of p53, retinoblastoma protein (pRb),
and other cell cycle controllers are discussed in Chapter 9.

Here, we present the changes of some members of these path-
ways in MPNST.

Although NF1-related and sporadic MPNST showed equiv-
alent involvement of the NF1 gene (58, 63, 77), some studies
(86) pointed to the possibility of different genetic pathways
leading to MPNST. In NF1-associated MPNST, microsatel-
lite results are consistent with somatic inactivation by LOH of
the second allele of NF1 in MPNST (71). The disagreement
regarding lack of LOH of NF1 in neurofibromas found by
some workers (71,76,83), but found by others (79,80,82,87),
may be due to the type of neurofibromas examined (plexiform
vs. others), because LOH of p53 may be an early event in
some of these tumors destined to become MPNST. LOH of
17q (where NF1 is located) is consistent with a somatic inac-
tivation of the second NF1 allele in MPNST (65,71,72). Cyto-
genetic and LOH studies have shown loss of 17p in MPNST
(46,64,75,76). In a CGH study, gain of material at 17q24-qter
was found (87A). Only a subpopulation of schwann cells in
neurofibromas, most often of the plexiform type, exhibited
LOH at the NF1 gene (59), supporting the hypothesis that
schwann cells are the progenitor cells of these neurofibromas.

Cell Cycle Genes and Their Proteins
in MPNST

The genes and their protein products affecting the cell cycle
at various stages and studied in MPNST are involved in hier-
archical pathways consisting of an array of components. The
specific functions (at least of some) of these components have
not been entirely deciphered and their causal or contribu-
tory roles in MPNST are still in the process of being clar-
ified. Presented here are those genes and their proteins that
have been studied in MPNST. These findings underline the
importance of disturbed cell cycle control as a critical step in
MPNST tumorigenesis (88).

To a large extent, molecular studies in MPNST have
reflected and expanded those obtained by cytogenetics, FISH,
and CGH. This expansion has been primarily due to the
higher sensitivity of the molecular techniques used in the
studies. The bulk of these investigations have addressed the
changes in NF1-associated MPNST versus those obtained in
sporadic MPNST. In the former tumors, the NF1 gene is
almost invariably involved by mutations; thus, it is an initial
causal event in MPNST tumorigenesis. In sporadic MPNST,
changes affecting the NF1 gene are common (approx 50%),
but other genetic alterations seem to play a key role in initi-
ating tumorigenesis. Thus, the exact genes involved remain
unknown. The initial genetic event in MPNST, i.e., NF1 inac-
tivation, is insufficient for the full development of MPNST,
which then requires a series of additional changes often (but
not always) involving genes and their products operative in the
control of cell cycle events. Together, the findings on cell cycle
controllers indicate their frequent, but not absolute, involve-
ment in MPNST biology and point to other possible pathways
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in the causation, progression, or both of MPNST tumorige-
nesis (23, 89–91). Examples of the results of some of these
studies are presented.

TP53 Gene and Its Protein p53 in MPNST

Under normal conditions, the low detectable levels of p53
in cellular nuclei are due to its short half-life. These levels
rise during cellular DNA damage and in tumors, including
MPNST, and they may be due to gene mutations leading to
stabilization and inactivation of p53 (92). The many functions
of TP53 and its protein product p53 are listed in Chapter 9.
A global map of p53 transcription binding sites in the human
genome has been published previously (92A).

Results related to TP53 mutations, p53 expression, or both
in MPNST are subject to methodological vicissitudes, aside
from the variability of the histology, biology, and the state of
the tumors examined. This is particularly true of the immuno-
histochemical evaluation of p53 status with antibodies that
lack specificity and may account for some of the divergent
results obtained (16, 93–95).

Thus, the p53 changes in MPNST have ranged from lack
of p53 mutations to LOH in 50–75% of these tumors, both
sporadic and NF1-associated (62, 63, 66, 71, 88, 96–102).

The involvement of p53 and its gene TP53 is the most
common change, next to that of NF1, described in MPNST
(93,100). A frequent manifestation is overexpression or accu-
mulation of p53 in the nuclei of these tumors. In general, over-
expression of p53 in MPNST, usually determined immuno-
histochemically and confirmed by molecular means (67), was
found to be much more frequent than mutations of TP53, indi-
cating other causes for the accumulation of nuclear p53 than
mutations. This overexpression has been associated in a small
percentage of MPNST with mutations of TP53, leading to
the production of an abnormal p53, which apparently is not
metabolized as readily as normal p53. Other possible causes
for p53 accumulation may be a faulty system for its metabolic
breakdown, possible excessive or abnormal mRNA produced
by TP53 resulting in accumulation of p53, or a block in the
use of p53 by the cell. Other mechanisms may be responsible
for stabilization and accumulation of p53 in MPNST, e.g.,
binding to viral or cellular oncoproteins (103).

In early studies on p53 and TP53 in MPNST, mutations or
LOH were found in the few tumors (NF1-associated) exam-
ined (75, 76, 96, 104, 105). These changes were not seen in
the neurofibromas of the affected patients. Subsequent inves-
tigations on larger series of MPNST, both NF1-associated and
sporadic, indicated that mutations in these tumors are rela-
tively rare. In fact, biallelic inactivation of the TP53 rarely
contributes to MPNST development (98).

Expression of p53 was shown in 29–100% of MPNST,
whereas p53 levels were low or absent in neurofibromas
(71, 90, 91, 95). Using a more sensitive method than immuno-
chemistry, i.e., Western blot, 14 of 15 MPNST were shown

to have a moderate expression of p53 (67). As mentioned,
a few mutations of p53 have been reported previously (71,
75, 76, 96, 106), although biallelic inactivation of p53 is rare
(98). The presence of p53 overexpression or mutation lends
support to the notion that p53 alterations play a role in the
development of MPNST from NF1-associated neurofibromas,
but their late appearance precludes their use as a predictive
marker of malignant transformation (98A).

Two MTT (one sporadic and one NF1-related) showed
strong nuclear reactivity for p53 and high Ki-67 indices.
LOH for the p53 locus was shown in the sporadic MTT. The
sporadic tumor did not contain any changes of the NF1 gene,
whereas it was lost in the NF1-related MPNST (102).

The number of firmly established TP53 mutations in
MPNST is very small, with several different sequence changes
having been reported. p53 mutations and 17p deletions were
found in MPNST with NF1 mutations (76, 96).

After the involvement of NF1 and its protein product
neurofibromin, in MPNST, that of TP53 (located at 17p13)
and its protein product p53 seem to be next in frequency. In
general, p53 changes in MPNST have ranged from lack of p53
mutations to LOH in 50–75% of these tumors, both sporadic
and NF1-associated (62, 63, 66, 71, 73, 88, 96–102).

An example of studies showing a high incidence of TP53
changes in MPNST is a study (71) in which TP53 mutations
coupled with LOH at the 17p13 locus were found in 43 versus
9% in sporadic versus NF1-associated MPNST; p53 overex-
pressions not associated with TP53 mutations or mdm2 over-
expression were present in 71 versus 25% in sporadic versus
NF1-associated MPNST (71). No LOH of TP53 was found in
the neurofibromas of the MPNST of NF1 patients or in the
one neurofibroma of a patient with sporadic MPNST. Reflec-
tions on the variability of TP53 and p53 results in MPNST,
for example, is the lack of mutations in one study of NF1-
associated and sporadic MPNST (98) and results obtained by
others (71).

The p53 reaction was found to be more common in NF1-
associated MPNST versus sporadic tumors, i.e., 88 versus
43% (23). This contrasts with the findings of others whose
results were opposite of the ones just cited (6, 71, 95).

In contrast to MPNST, neurofibromas, including PNF, show
no accumulation of p53 (Figure 2.11) (6, 23).

In 15 neurofibromas and seven MPNST from nine indi-
viduals (seven with NF1, six of whom developed MPNST)
(64), genetic alterations at nine polymorphic loci on chro-
mosome 17 were examined. Allelic imbalance was detected
only in the malignant tumors from NF1 patients (four of six
MPNST). Complete LOH of 17q loci was found in three of
these tumors, including loci within the NF1 gene. Two of the
malignant tumors also showed deletions of 17p. No muta-
tions were detected within exon 5–8 of the TP53 gene in any
MPNST; none of the tumors was p53-positive. The number
of chromosomes 17 present in each tumor was evaluated by
FISH on interphase nuclei with a centromere-specific probe.
A deviation from the disomic status of chromosome 17 was
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Figure 2.11. Results of a study on p53 in neurofibromas and MPNST (95). Intensity and extent of p53 protein immunoreactivity was graded
as absent (0), weak (1), moderate (2), or strong (3). Percentage of nuclei stained was graded as A (<20%), B (20–60%), or C (>60%). The
results show much higher intensity of p53 staining in MPNST vs. neurofibromas. It is not surprising that some of the molecular changes seen
in NF1-related MPNST, e.g., those of NF1, p53, p16, and others, are seen in some neurofibromas, especially of the plexiform type, because
they may serve as precursors of MPNST (28, 58, 59, 61).

observed in two of the MPNST from NF1 patients. These
results support the hypothesis of inactivation of both NF1 gene
alleles during development of MPNST in patients with NF1.
No evidence for a homozygous mutated condition of these
tumors was found (64).

To assess the presence of p53 accumulation in MPNST
and its correlation with clinical and pathologic features, 12
neurofibromas and 10 MPNST of pediatric patients were
studied (6). Six MPNST were associated with NF1, all of
which developed within PNF. Nuclear p53 staining detected
by immunohistochemistry was present in 60% of MPNST,
regardless of their origin (6). In contrast, the neurofibromas
were p53 immunonegative. Rare p53-positive nuclei were
detected in the transitional zone in two of six MPNST arising
in PNF. Half of the NF1 patients with p53-positive MPNST
developed recurrence or metastases or a second malignancy
within 2 years of diagnosis, whereas patients with p53-
positive sporadic MPNST were free of disease 1 to 7 years
later. Mutations and accumulation of p53 were more frequent
in NF1-associated MPNST (6) and may be factors accounting
for the poor prognosis in these cases. In contrast to neurofi-
bromas, there was a correlation between p53 immunoreac-
tivity and Ki-67 expression in high-grade MPNST.

A high Ki-67 or MIB-1 proliferation index, present in
almost all MPNST, p53 positivity in >60% of these tumors
and changes in other genes, tended to distinguish MPNST of
even low-grade from neurofibromas (6). The p53 expression
in high-grade MPNST is associated with concomitant expres-
sion of the proliferation marker Mib-1, and it seems to be
more frequent in NF1-related MPNST than in the sporadic
type. However, the lack of significant alterations of the cell
cycle regulators in PNF adjacent to high-grade MPNST, or in
the majority of low-grade MPNST, indicates that these alter-
ations are unlikely to be initial events in the malignant process.

The occurrence of TP53 and p16 I N K 4A gene deregula-
tion and the presence of microsatellite alterations at markers
located at 17p, 17q, 9p21, 22q, 11q, 1p, or 2q loci in MPNST
either related (14 cases) or unrelated (14 cases) to NF1
was investigated (71). The results indicate that, in MPNST,
p16I N K 4A inactivation almost equally affects both groups.
However, TP53 mutations and LOH involving the TP53 locus
(43 vs. 9%), and p53 wild-type overexpression, related or not
to mdm2 overexpression (71 vs. 25%), seem to mainly be
restricted to sporadic MPNST.

LOH for all chromosome 17 polymorphisms tested was
found in a MPNST (62). On the remaining chromosome
17 homolog, a 200-kb tumor-specific deletion of NF1 was
demonstrated.

Mutations of the CDKN2A and TP53 genes were not seen
in a study of 7 MPNST(78). Four of these tumors had LOH of
either CDKN2A or TP53.

MDM2 Pathway in MPNST

MDM2 transcription is activated by functional TP53. MDM2
is one of the central components of the negative regulation of
p53 in cells, and it interacts with and prevents p53 from further
stimulating transcription of downstream genes and targets p53
for degradation (107). MDM2 activity is inhibited by p14ARF,
one of the two transcripts of the CDKN2A locus (108–110).

Changes in CDKN2A, as seen in most MPNST (67), prob-
ably alter the expression of p14 and the absence of p14
would lead to high levels of MDM2. However, MDM2 is only
expressed in a minority of MPNST (67, 71, 111), indicating
that p14 expression is not absent in these tumors.

Immunoreactivity for MDM2 was found in 13/49 MPNST,
especially in tumors of the extremities. No correlation with
prognosis or nuclear p53 was found. Coexpression of p53 and
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MDM2 was seen in 11 of 49 of the tumors, with no corre-
lation to survival (16). No MDM2 amplification was found
in two MPNST studied (106). In contrast to other sarcomas
(111A, 112) coexpression of p53 and MDM2 did not have a
prognostic significance in MPNST (16).

Although no amplification of MDM2 was encountered in
one study (106), 33 of 49 MPNST showed expression of
mdm2 by immunoreactivity (22), but they carried no prog-
nostic value. The overexpression of MDM2/p53 was thought
to carry a poor prognosis (111A,112), but others disagree (22).

The pRB Pathway in MPNST

The p53 and RB tumor suppressor genes play an impor-
tant role in the development of the malignant phenotype
in a significant subset of both sporadic and NF1-associated
MPNST, whereas alterations in the PTEN tumor suppressor
gene seem not to play a significant role in these tumors.
The disturbances in the p53 and pRb pathways resulting in
the inhibition of apoptosis in MPNST should be taken into
account in the development and planning of therapy for these
tumors (113). These authors (113) stated that current therapy
of MPNST by DNA-damaging drug-based schemes, which
disregard the alterations of the genetic profiles of MPNST,
could make these drugs ineffective, because they depend on
apoptosis-mediated cell killing mechanisms.

There seems to be an inverse relationship between pRb and
p16INK4A, i.e., cells (presumably including those of MPNST)
showing loss of p16INK4A expression tend to retain pRb (wild-
type) expression, whereas cells without pRb expression gener-
ally express wild-type p16 (114,114A). Both by immunohis-
tochemistry (71, 90, 91, 111, 115) and molecular means (67),
MPNST have been shown to express pRb, even though some
of the MPNST examined showed 13q-, a chromosomal region
where the RB1 gene is located.

In a study of 12 MPNST, it was found that disruption of
the RB1 pathway was common in MPNST and that alteration
of CDKN2A was particularly frequent (89). CDKN2A encodes
p16INK4A and p14ARF, which have an impact on the RB1 and
TP53 pathways, respectively. Homozygous deletions of exon
2 of CDKN2A, thus affecting p16INK4A and p14ARF, have
been identified in MPNST (74, 90, 91). These results are in
line with the finding that none of six soft tissue sarcomas with
TP53 and RB1 alterations had mutations in CDKN2A (116),
findings also reflected in some neuroblastomas (117, 118).

Although only a few recurrent cytogenetic changes of
chromosome 9 in MPNST have been reported, particularly
rearrangements of 9p, FISH studies with 9p21-p23 markers
in nine familial and three sporadic MPNST (89) showed
interstitial deletions that supported CDKN2A as a possible
target gene (74,89,119). Nine MPNST showed aberrations of
CDKN2A by Southern blot analyses as well, and in four of
these MPST, expression of CDKN2A could not be detected
by Northern blot analysis. Neither mutations of CDKN2A

were identified by sequencing of the coding region nor gene
inactivation by promoter methylation. Analyses of additional
markers excluded mismatch repair deficiency as an impor-
tant mechanism in the genesis of these tumors. Almost all
of the MPNST showed DNA changes in one or more of
the cell cycle-associated genes, i.e., CDKN2A, CDKN2B,
RB1, CDK4, MDM2, and CCND2. Hence, disruption of the
pRB pathway is common in MPNST, and the reduction of
CDKN2A expression is particularly frequent and probably
contributes to MPNST development (89).

LOH for the RB gene was found (88) in a substantial
proportion (44%) of MPNST, including two cases with NF1.
This alteration was associated with loss of expression of the
RB protein in one case; in another case, loss of pRb occurred
without LOH. These findings point to the important role of
RB gene products in MPNST tumorigenesis. In another study,
loss of immunohistochemical expression of pRb in 11% of
MPNST was described (90, 91); this loss of pRb was found
to be significantly associated with tumor recurrence. It was
demonstrated that frequent occurrence of homozygous dele-
tions of the CDKN2A gene in these tumors may precede the
transformation from benign neurofibroma to MPNST in NF1
(74). Because the CDKN2A gene and its gene product p16 are
intimately linked to the RB pathway by preventing pRb protein
phosphorylation (and subsequent inactivation allowing cell
division) via inactivating cyclin-dependent kinases 4 and 6, a
loss of pRb function either due to allelic or protein loss or both
may further distort cell cycle deregulation resulting in highly
malignant phenotype of MPNST. Thus, frequent aberrations
in the CDKN2A and RB genes occur in MPNST, and they
suggest that disruption of the RB pathway may be common in
MPNST (89).

The phosphorylation status of the pRb protein has been
shown to be controlled in part by the PTEN tumor suppressor
gene; the PTEN gene is mutated in various human cancers,
but no mutations have been found within the complete coding
region of this gene in MPNST (88).

Even if all MPNST share a common initiating genomic
event, it is likely that individual tumors may progress via
alterations along several different molecular pathways. This is
reflected in the heterogeneity of the cytogenetic and molec-
ular changes among MPNST, for example, in the EGFR posi-
tivity in only 35% of tumors (both NF1-related and sporadic)
(28, 77). The molecular diversity within MPNST seems to
characterize several subgroups (77). Thus, a small subset
of MPNST of nonaggressive nature expresses markers of
neurological and schwann cell differentiation, e.g., S-100
and L1CAM, while lacking expression of Ki67, CCNB1, and
CCNB2 (77).

Inactivation of p16INK4A is sufficient for abnormal stimula-
tion of the cell cycle and MPNST tumorigenesis, and altered
expression of other central components of the cell cycle is
usually not necessary for the development of MPNST (67).
Thus, only 2/15 MPNST examined (67) had p16 expression,
as shown by Western blotting, with NF1-related and sporadic
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tumors showing equally the lack of p16 expression. This is in
agreement with previous studies based on other methodolo-
gies (23,71,74). Apparently, methylation of p16 does not seem
to be a mechanism for its inactivation in MPNST (67, 89).
Neither has methylation of the CDKN2A locus been observed
in the 12 MPNST studied (89). Although methylation of the
genes of p14 and p16 was observed in a few MPNST (113),
it would seem that such methylation is not a common mecha-
nism for p14 and p16 inactivation. The inactivation of p16 is
associated with gross gene alterations of the CDKN2A locus
(67), including homozygous deletions in 15% of MPNST
(74, 89–91). These findings were confirmed by I-FISH and
PCR (28, 113). Because neurofibromas, including the plexi-
form type, express p16, the alterations of p16 seen in MPNST
must play a role in malignant transformation.

Inactivation of p16INK4A was found equally in NF1-
associated and sporadic MPNST (71). Hemizygous or
homozygous p16 deletion was present in 75% of MPNST, but
it was not observed in neurofibromas (28).

Studies on MPNST of p27, p53, pRb, CD1, p21, cyclin
D, p15, p16, p14, CDKN2A, INK4A, and INK4B have been
presented previously (23, 67, 68, 71, 88–91, 114, 119, 120).

Studies on genes or their products involved in cell cycle
control (p53, mdm2, pRb, p16, cyclin D, and cdk4) in series of
soft tissue sarcomas (STS), including MPNST, showed signif-
icant expression of cdk4 (93%), none for p16 and significant
levels for the others (approx 30%) (111). In a previous study,
all six MPNST examined showed p53 nuclear accumulation
(93).

In another study (113), p14, p15, and p16 (all located at
9p21), and all cell cycle regulators were frequently inactivated
in MPNST (NF1-assoiated and sporadic) and led to impaired
(through LOH or promoter methylation) apoptosis. The close
relation of p14ARF and TP53, and of p15INK4B and p16INK4A

and Rb, point to the key role of the inactivation of the p53 and
pRb pathways in the pathogenesis of MPNST (113). Similar
observations and conclusions have been made in other studies
of a similar nature (67, 71, 88).

Frequent alterations of cell cycle regulators p53, p16, and
p27 are present in high-grade MPNST (23). These alterations
plus decreased S-100 protein, Leu 7, and CD34 immunoreac-
tivity patterns, and increased proliferation markers Mib-1 and
TopoII� in high-grade MPNST, support the concept that these
altered cell cycle regulators influence tumor progression in the
PNF to MPNST sequence. However, the lack of significant
alterations of these cell cycle regulators in PNF adjacent to
high-grade MPNST, or in the majority of low-grade MPNST,
indicates that these alterations are unlikely to be early events
in malignant transformation. Epithelial growth factor receptor
(EGFR), which regulates the cell cycle through both pRB-
dependent and pRB-independent pathways, also might play an
important role in NF1 tumorigenesis and schwann cell trans-
formation (121). The question remains as to whether there
are as yet unidentified genetic events that initiate progres-
sion from PNF to MPNST. A study provided genetic evidence

that the NF1 haploinsufficient state of the somatic tissues
surrounding peripheral nerve heath tumors, including fibrob-
lasts and mast cells, provides a functional contribution to
tumor formation, either through initiation or progression of
tumorigenesis (23).

INK4A, p16, and p19 in MPNST

The INK4A gene, a candidate tumor suppressor gene located
on 9p21, encodes two protein products, p16INK4A and p19ARF;
p16 is a negative cell cycle regulator capable of arresting
cells in the G1 phase by inhibiting cyclin-dependent kinases
CDK 4 and CDK6, thereby preventing pRb phosphorylation,
and p19ARF prevents mdm2-mediated neutralization of p53.
Loss of INK4A is a frequent molecular alteration involved in
the genesis of a number of neoplasms, including tumors of
neuroectodermal origin, and it has been observed in 60–75%
of MPNST (both NF1-related and sporadic) (28, 71, 89–91,
116, 119). The absence of cyclin-dependent kinase inhibitor
of p16INK4A and alterations in the CDKN2A gene have been
described in NF1-related MPNST (67). The absence of p16
activates the cell cycle in most MPNST (67). Normal expres-
sion of RB1, TP53, cyclin D3, CDK2, CDK4, p21CIP1, and
p27KIP1 were found in these tumors. Thus, INK4A dele-
tions are frequent events in MPNST, and they may partici-
pate in tumor progression. Silencing of p16 by methylation,
which occurs often in several tumor types, was uncommon in
MPNST (90, 91).

Deletions of the gene INK4A, whose protein products are
p16INK4A and p19ARF, located at 9p21, of a homozygous
nature have been reported in MPNST (91, 116). These dele-
tions involved exon 2 of the gene, thus affecting both p16 and
p19, and they were present in most of the tumor samples, both
NF1-related and sporadic. The elimination of p16 and p19
activities leads to a curtailing of both pRb and p53 pathways
and a role in MPNST tumorigenesis (91). These changes, in
concert with those of p27 underexpression and cyclin-E over-
expression, facilitate G1- and S-phase progression in the cell
cycle and participate in the progression from neurofibroma to
MPNST (91).

Homozygous deletions of the CDKN2A gene, which
encodes the p16 cell cycle inhibitory molecules, occur in
the progression of neurofibromas to MPNST, being found in
50% of MPNST but not in neurofibromas (74). Mutations or
methylation of this gene were not observed in three studies
(74, 90, 91). It seems likely that additional oncogenes and
tumor suppressor genes probably play a role in malignant
transformation of neurofibromas. The karyotypic complexity
seen in MPNST lends support to this notion (64). Other
studies have shown that alterations of the CDKN2A gene do
not contribute to the oncogenesis of the majority of soft tissue
tumors (STS) (122).
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EGFR in MPNST

The epidermal growth factor receptor (EGFR), which
regulates the cell cycle through both pRb-dependent and
pRb-independent pathways, may play an important role
in NF1 tumorigenesis and schwann cell transformation
(121,122A,BC). The question remains as to whether there
are yet unidentified genetic events that initiate progression
from PNF to MPNST. A study provided genetic evidence
that the NF1 haplo-insufficient state of the somatic tissue
surrounding peripheral nerve sheath tumors, including fibrob-
lasts and mast cells, provides a functional contribution to
tumor formation, either through initiation or progression of
tumorigenesis (123). Studies are needed on genetic factors
that, if detected, could provide insight into critical events that
initiate tumor progression and malignant transformation. In
the meantime, histologic criteria, although imperfect, remain
the basis for clinically distinguishing PNF from MPNST, and
determination of p53 reactivity may help to discriminate low-
grade and high-grade MPNST in a small biopsy (23).

EGFR expression is associated with the development of
the schwann cell-derived tumors characteristic of NF1 and
in animal models of this disease (121). This is somewhat
of a paradox, since schwann cells normally lack EGFR
and respond to ligands other than epidermal growth factor
(EGF). Nevertheless, immunoblotting, Northern analysis, and
immunohistochemistry revealed that each of three MPNST
cell lines from NF1 patients expressed EGFR, as did seven
of seven sporadic MPNST, a non-NF1 MPNST cell line,
and the S-100 cells from each of nine benign neurofibromas.
All of the cells or cell lines expressing EGFR responded to
EGF by activation of downstream signaling pathways. Thus,
EGFR expression may play an important role in NF1-related
MPNST.

Cyclins-D in MPNST

Cyclin-D1 (a labile factor) was weakly expressed in 11/15
MPNST by Western blot (67). Conversely, cyclin-D3 was
highly expressed in all 15 MPNST examined. Findings with
immunochemistry with antibodies to cyclin-D1 were similar
to those of the molecular studies mentioned above (90, 91,
111). Cyclin-D2 was found to be amplified in 1/15 MPNST
(89). No amplification of cyclins D1 and D3 was found. This
may possibly be related to lack of specificity and sensitivity
of the antibodies used (67).

D3 is the most widely expressed cyclin. It may have roles
other than cell cycle regulation, e.g., differentiation (124).

CDK4 and CDK2 Proteins in MPNST

Using Western blot, CDK4 and CDK2 proteins were
expressed in 15 of 15 MPNST (67). Similar findings had been

reported by others (111). In contrast, another study detected
CDK4 expression in only one of 26 MPNST (71). An over-
expression of CDK2 or CDK4 could be an indicator of an
accelerated cell cycle. In addition to their association with
corresponding cyclins, these kinases need the proper phos-
phorylations and dephosphorylations at conserved threonine
residues to accelerate the cell cycle (125). Compared with
CDK2, amplification of CDK4 is rare in MPNST (89). Over-
expression or amplification of CDK2 and CDK4 may not be
necessary for tumorigenesis if p16 is nonfunctional (67).

Deletions of the CDKN2A gene (74, 90, 91) together with
alterations of the expression of p27 (KIP1) (90) are additional
evidence of an altered cell cycle control of MPNST (88).
Furthermore, the close relationship in the activities between
p53 and p14ARF and between p15INK4B/p16INK4A and pRb is
a further indication of the interactions of the various pathways
in cell regulation.

CDK Inhibitors p21CIP1 and p27KIP1

in MPNST

Both p21 and p27 were found to be highly expressed in all 15
MPNST examined by Western blot (67). It has been suggested
that p27 is involved in malignant transformation of neurofi-
bromas, based on the observation of decreased immunos-
taining of nuclear p27 in high-grade MPNST versus neurofi-
bromas, and a strong cytoplasmic p27 staining in the MPNST
(23, 90, 91). Increased expression of p27 may protect cells
from untoward effects of high levels of cyclins E and D1
(126); high levels have been found for p27 and cyclin E in
MPNST (90, 91). These events are a reflection of the inhibi-
tion of cyclins D, E, and A exhibited by p21CIP1 and p27KIP1

(62, 65, 79).
Because p27 is sequestered in the cytoplasm, it cannot

inhibit cyclin E/CDK2 located in the nucleus of the cancer
cells (126). Neurofibromas express nuclear p27 and lack
cyclin E; MPNST have no nuclear p27, acquire cytoplasmic
p27 expression and high levels of cyclin E. Thus, dysregula-
tion of the G1 transition occurs and contributes to the neurofi-
broma to MPNST progression. The presence of cytoplasmic
p27 is associated with a poor prognosis (90, 91).

Transcription of p21 is activated by p53 in response to
cellular DNA damage or stress (114A). Immunohistochem-
ically, 16/35 MPNST were found to express p21 (90, 91).
Using Western blot, 15 of 15 MPNST expressed p21, eight
of these tumors showing a moderate to high expression (67).
Some p21 is necessary for the association of CDK4 and cyclin
D and target the complex to the nucleus; high p21 activity
inhibits the CDK4/cyclin D activity and arrests the cell cycle
(127). Levels of expression of p53, p16, and p27 are not reli-
able indices of MPNST progression (23), nor is the expres-
sion of p21WAF1/cip1 (22,68). However, p27 expression (cyto-
plasmic) was found to be associated with a poor prognosis of
MPNST (91).



Changes at 9p21 Locus in MPNST 63

Table 2.3. Immunohistochemical expression of cell cycle regula-
tors and Ki-67 indices in MPNST (35 tumors) and neurofibromas (16
tumors). Data shown as percentages of tumors involved.a

Parameter
examined

p53 pRb p21 p27N p27C Cyclin D Cyclin E Ki-67

MPNST 29 89 46 9 54 29 42 59
NF 0 94 69 94 75 31 31 0

N, nuclear expression; C, cytoplasmic expression.
aBased on Kourea et al. (91).

Increased p53 expression and decreased expression of p16
and p27 may be involved in progression of PNF to MPNST
(23). No differences in the expression of p16 (located at 9p21)
and p27 (located at 12p13) were seen in NF1-related versus
sporadic MPNST (23, 71). Findings related to some of the
pathways discussed above are shown in Table 2.3 for one
study in which neurofibromas and MPNST were analyzed
(91). Table 2.4 lists genetic parameters related to MPNST
that either have not been explored or whose role in MPNST
biology is still uncertain.

Gene Expression in MPNST

Gene expression studies based on cDNA arrays in MPNST
showed these tumors to differ significantly from neurofi-
bromas; of the latter, PNF, the precursor for MPNST, had
a pattern that was distinctly different from that of dermal
neurofibromas (128). The gene expression profiles of NF1-
related and sporadic MPNST were similar. In another expres-
sion profiling study of MPNST (77), by using several previ-
ously reported statistical approaches, the authors were unable
to identify a molecular signature for distinguishing NF1-
asasociated from sporadic MPNST. However, based on a
somewhat different approach, nine of 42 tumors showed a
relative overexpression of transcripts associated with differ-
entiation and down-regulation of proliferation and growth
factor-associated transcripts. All of these nine tumors lacked
expression of EGFR, and they were mostly from NF1 patients.
No correlation was found with a number of histologic and
clinical parameters (77).

It was shown (77A) that although MPNST cell lines are
heterogeneous in cellular growth, a common gene expres-
sion profile in MPNST cell lines and primary MPNST distin-
guishes them from normal schwann cells. The MPNST cell
lines thus provide a valuable resource for generating in vitro
evidence to support preclinical and clinical trials. Overex-
pression of TWIST1 is constant across all tested MPNST
cell lines and primary tumors, and it is necessary for cell
migration. Further investigation into the functional roles of
TWIST1 and its transcriptional targets may help to uncover
novel biomarkers or drug targets for improved diagnosis and
treatment of MPNST.

Changes at 9p21 Locus in MPNST

A significant percentage (40%) of MPNST has been found
to show changes at 9p cytogenetically (53); chromosomal
instability played a more important role than microsatellite
instability in MPNST. The inactivation of the 9p21 chromo-
somal locus is a frequent and unique hallmark of the genetic
profile of MPNST, both NF1-related and sporadic (46, 89,
113, 129). Such inactivation usually affects the p14ARF and
p15 NK4B/p16INK4A pathways, with the former having a close
relationship with p53 and the latter with pRb (113). Inactiva-
tion of the 9p21-related pathways occurs in 75% of MPNST,
equally distributed among NF1-related and sporadic tumors.
This inactivation of 9p21 is achieved through homozygous
deletions (46% of tumors) and promoter methylation (18% of
tumors) (113).

PCR analysis (113) indicated that the inactivation of 9p21
gene cluster in 77% of MPNST represents the most frequent
hallmark of NF1-related and sporadic MPNST gene profile.
This inactivation is mainly achieved through homozygous
deletion (46%) and to a lesser extent through promoter methy-
lation (18%), and it is additionally supported by loss of
expression (80%) of one or more of the three tumor suppressor
genes p15I N K 4b, p14ARF , and p16I N K 4a located at 9p21
(113). Because of the close relationship between p14ARF

and TP53, and between p15 I N K 4b, p16I N K 4a , and pRb, the
DNA analysis results and the mRNA expression data strongly
support a coinactivation of the TP53 and Rb pathways in these
tumors (75%). A failure of a balanced and coordinated func-
tion of p53 and pRb in cell growth control and apoptosis is
thus expected in most MPNST and, in particular, in TP53
mutation carrying sporadic MPNST (71).

Using real-time quantitative RT-PCR, 14 plexiform NF and
nine MPNST were examined for expression of 489 genes
(113A). The expression of 28 (5.7%) of the genes was signif-
icantly different between MPNST and plexiform neurofi-
bromas; 16 genes were up-regulated and 12 were down-
regulated in MPNST. The altered genes were mainly involved
in cell proliferation, senescence, apoptosis, and extracellular
matrix remodeling. Other genes were involved in the Ras
signaling pathway and the Hedgehog-Gli signaling pathway.
Several of the down-regulated genes were schwann cell- or
mast cell-specific, pointing to a depletion, dedifferentiation,
or both of schwann and mast cells during malignant transfor-
mation of plexiform neurofibromas (113A).

It was shown that although MPNST cell lines are heteroge-
neous in cellular growth, a common gene expression profile in
these cell lines and primary MPNST distinguishes them from
normal schwann cells (113B). Overexpression of TWIST1 was
constant for all tested cell lines and primary MPNST and
seems to be necessary for cell migration (113B).
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Table 2.4. Genetic and related aspects in MPNST.

References

Superficial MPNST have to be differentiated from spindle-cell or epithelioid neoplasms and spindle-cell
melanoma in cases.without an association with nerves or NF1.

Allison et al 2005 (150B)

LOH within the TP53 region found in the one MPNST examined. Andreassen et al 1993 (104)
Cell lines were established from three MPNST (two from NF1 cases) and their karyotypic

characteristics established. The findings in the cell lines resembled those of the primary tumors, but
were different from each other. Involvement of 17q was present in two of the cell lines.

Aoki et al 2006 (203)

Schwann cells in MPNST overexpress PDGF receptors and are induced to proliferate by PDGF BB. Badache and De Vries et al 1998 (150)
In MPNST of NF1 origin, the ras proteins are in a constitutively aberrant state. Basu et al 1992 (69)
INK4A altered or inactivated in 50–75% of MPNS (sporadic and NF1-related). Berner et al 1999 (89)

Kourea et al 1999 (90)
Nielsen et al 1999 (74)

Reduction of CDKN2A expression and disruption of the pRb pathway related to 9p21 anomalies in
MPNST.

Berner et al 1999 (89)

One of eight MPNST had a mutation of TP53. Castresana et al 1995 (105)
Inactivation of NF1 and TP53 required for transformation of Cichowski et al 1999 (117)

Vogel et al 1999 (118)
Schwann cells of MPNST respond abnormally to PDGF BB. Dang and DeVries 2005 (151)
c-Kit expression is high in MPNST, in contrast to normal adult schwann cells in which such expression

is not detectable.
Dang et al 2005 (204)

The NF1 gene has homology with a small region of GTPase- activating protein (120GAP).
Neurofibromin is a TSG that negatively regulates p21ras; ras plays a role in NF1 tumor formation.

DeClue et al 1992 (68)

LOH of NF1, p53 and p16 characterize MPNST cells which can be used to differentiate MPNST cells
from others.

Frahm et al 2004 (182)

Genetic analysis is effective and essential for the verification of MPNST tumor cells in culture, if such
are to be used for investigations of the biology and pathogenesis of MPNST.

Frahm et al 2004 (182)

Midkine, a heparin-binding growth factor, has been implicated in the tumorigenesis of benign and
plexiform neurofibromas and MPNST. Midkine is angiogenic, mitogenic and anti apoptotic in its
activities and thus promotes tumorigenicity. However, overexpression of midkine in a cell line of
MPNST increased cell viability and protected cells from apoptosis but did not induce cell
proliferation.

Friedrich et al 2005 (205)

TGF-�1, HGF-�, and p53 may be involved in transformation of NF1-neurofibromas to MPNST. Fukuda et al 1996 (133)
Watanabe et al 2001 (16)

Aberrant CpG island methylation of tumor-related genes in some neurofibromas and MPNST may play
a role in tumorigenesis

Gonzalez-Gomez et al 2003 (169)

CpG island methylation but no LOH at RB1 locus found in 1/2 MPNST. Gonzalez-Gomez et al 2003 (169)
In view of the significant differences in the biology of NF1- associated vs. sporadic MPNST, i.e., NF1

cases were significantly younger, had a shorter survival time, were associated with a shorter time
interval to local recurrence or metastasis, had tumors with a significantly higher cellularity and
difficult to grade with existing systems, vs. the observations in sporadic MPNST. The authors
suggested the necessity of a separate grading scheme for NF1-related MPNST.

Hagel et al 2007 (211)

CD34 reacts with endoneurial fibroblasts; EMA/GLUT-1 positivity in perineurial and other cells in
MPNST.

Hirose et al 2003 (183)

Gene protein product 9.5 is a more sensitive marker for MPNST (particularly epithelioid vs. spindle-cell
type) than S-100, EMA, SMA and cytokeratin.

Hoang et al 2001 (164)

In a study of molecular changes in MPNST, frequent mutations of PDGFRA in MPNST were often
associated with coamplification of KIT. In vitro growth of an MPNST cell line could be inhibited by
the tyrosine kinase inhibitor imatinib which is known to target both PDGFR� and c-Kit. PDGFR�

should therefore be considered as candidate for targeted therapy of MPNST.

Holtkamp et al 2006 (206)

In a study based on cDNA microarray analysis, it was shown that the gene products differentially
upregulated in MPNST, such as survivin and tenascin C, may be associated with the malignant
potential of MPNST. Because MPNST is an aggressive cancer for which no consensus treatment
exists, these molecules could potentially be used as targets for novel treatments.

Karube et al 2006 (207)

Of 5 MPNST examined, 2 had decreased expression of PTEN gene (through methylation). Kawaguchi et al 2005 (184)
A report of molecular, cytogenetic and gene array analyses in a malignant

intracranial ectomesenchymoma (MEM) showed it to have a complex karyotype
(84-87,XXX,-X,-1,der(2)t(1;2) (q12;q14.1),-4,-5,-5,der(5)t(5;?;5)t(5;?;5)(p15;?;q12)x2,-9,-9,
del(11)(q22)x2,-17,-19,-21,der(21)t(17;21)(q21;q22),-22,-22, +4,+mar1,+mar2,+mar3) without any
of the specific changes associated with rhabdomyosarcoma or Ewing sarcoma. Despite the presence
of malignant skeletal muscle differentia- tion in the MEM, a finding that may be seen in some
MPNST, gene array testing showed no overlap with rhabdomyosarcoma, medulloblastoma, or AT/RT,
but rather with MPNST. This suggested to that authors, a common cell origin or embryonic gene
recapitulation of MEM and MPNST.

Kleinschmidt-DeMasters et al 2007 (216)

Rodriguez et al 2007 (217)
Kleinschmidt-DeMasters et al 2007 (216)
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References

NF1 mutations in MPNST patients show a variety of changes, with megabase deletions being more
frequent in the MPNST cases than in unselected NF1 cases.

Kluwe et al 2003 (221)

Cytoplasmic p27kip expression points to a poor prognosis in MPNST. Kourea et al 1999 (91)
Zhou et al 2003 (23)

Multiple molecular pathways and some cellular mechanisms acting to reduce the normal immune
system molecules involved in antigen processing and presentation in MPNST.

Lee et al 2006 (214)

CD117 expression in NF1-related MPNST. Leroy et al 2003 (185)
Utilizing molecular profiling, based on large-scale real-time RT-PCR, the data suggested a limited

number of signaling pathways in NF1-related MPNST and particularly the Hedgehog-Gli pathway, in
the malignant transformation of plexiform neurofibromas to MPNST.

Lévy et al 2004 (113A)

Involvement of Tenascin C and Tenascin XB genes in NF1- associated MPNST originating from
plexiform neurofibromas has been described. Antibodies directed at the protein products of these
genes may be an affective therapeutic approach.

Lévy et al 2007 (129)

An inhibitor of MEK, CI-1040, has been tested for its antitumor activity in malignant schwann cells and
although effective, its effects on normal schwann cells may limit its usefulness in the clinic.

Mattingly et al 2006 (219)

PTEN/MMAC1 mutations not found in MPNST. Mawrin et al 2002 (88)
Saito et al 2003 (188)

MPNST often express at least one functional somatostatin receptor, the sst4 form being the most
frequent. The authors suggested that a potential clinic role for somatostatin receptor agonists in tumor
imaging and/or treatment of schwannomas and MPNST.

Mawrin et al 2005 (209)

Gene expression profiling may be useful in identifying genes and molecular pathways as potential
biomarkers and/or therapeutic targets in MPNST. The value of MPNST cell lines as a primary
analytic tool is stressed by the authors.

Miller et al 2006 (218)

MPNST were p16- and pRb-negative, independent of the p53 status. Meye et al 1998 (185A)
All 8 MPNST examined by immunohistochemistry were positive for neural cell adhesion molecule

(N-CAM) which mediates homophilic adhesion between N-CAM-positive cells. Other adhesion
molecules include integrins, selectins and cadherins.

Miettinen and Cupo 1993 (186)

Two “epithelioid malignant schwannomas” in a patient with NF1 displayed aneuploidy by DNA
measurement, whereas a neuro- fibroma of the patient was diploid.

Molenaar et al 1989 (14)

A MPNST in a patient with NF1 had some neuroendocrine features and schwann cells which may be
related to its tumor origin.

Morioka et al 1990 (31)

Established cell line from a case with an epithelioid malignant schwannoma (MPNST). Nagashima et al 1990 (190A)
High MDR1 and MRP3 mRNA expression in MPNST possibly related to poor drug response. Oda et al 2005 (187)
MPNST showed high levels of MDR-1 (multidrug resistance protein) and also of MRP3 protein. p53

may be one of the regulators of the transcriptional aspects of the MDR gene.
Oda et al 2005 (187)

Deletions of p16INK4A and p19ARF are associated with poor survival. Orlow et al 1999 (116)
INK4A and INK4B alterations or deletions present in MPNST. Orlow et al 1999 (116)
Inactivation of p14ARF, p15INK4B and p16INK4A (all located at 9p21) found in 77% of MPNST as

homozygous deletions, leading to inactivation of TP53 and RB pathways. No mutations were seen.
Perrone et al 2003 ((113)

Studies of a cell-line originating from a MPNST with a complex hyperdiploid karyotype with
der(13)t(13;17)(p11;q11.2) revealed equivocal results regarding NF1.

Reynolds et al 1992 (84)

Synergy of NF2 and p53 mutations has been described in mice with MPNST. Robanus-Maandag et al 2004 (220)
The p16 gene, located on 9p21, was found to be underexpressed in MPNST and to be associated with

allelic imbalance (LOH) at that locus, findings observed in both NF1-associated and sporadic
MPNST.

Sabah et al 2006 (210)

EGFR expression in MPNST. Salomon et al 1995 (189)
DeClue et al 2000 (121)
Perry et al 2002 (28)

Gains of 15q and chromosome 17 in hereditary MPNST but not in sporadic. Gain of 20q more common
in sporadic.

Schmidt et al 2000 (50)

In contrast to soft tissue tumors in which CDKN2A alterations are not common, they are common in
MPNST.

Schneider-Stock et al 1998 (122)

An autocrine and/or paracrine neuregulin-1/ErbB2 signaling promotes neoplastic schwann cell
proliferation and may be an important therapeutic target in neurofibromas and MPNST.

Stonecypher et al 2005 (164B)

MPNST show amplification of the TOP2A (located on 17q) and ErbB2 genes has been described in
MPNST. Amplification of the BIRC5/SURVIVIN gene, also located on the distal 17q, has been
demonstrated in these tumors.

Storlazzi et al 2006 (212)

Using MPNST cell lines it was shown that elevated CD44 expression and cell invasion are dependent on
Src kinase activity but are independent of MAPK kinase (MEK) activity. Src contributes in part to
MPNST cell invasion in vitro, suggesting that Src contributes in part to MPNST cell invasion by
increasing CD44 levels, in which EGFR may play a role.

Su et al 2003 (222)

An HGF/c-MET autocrine loop can promote MPNST invasion through a CD44-independent
mechanism; C-met, HGF and HGFA are potential targets for inhibiting MPNST mutation (see
Fukuda et al. (133)).

Su et al 2004 (135)
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NF1 patients with subcutaneous neurofibromas are three times more likely to have internal plexiform
neurofibromas or MPNST than patients without subcutaneous tumors. Also, individuals with internal
plexiform subcutaneous neurofibromas were 20 times more likely to have MPNST than those without
such neurofibromas.

Tucker et al 2005 (223)

Examination of the lymphocyte DNA of patients with MPNST and NF1 revealed an array of NF1 gene
mutations, which did not bear a relationship between the mutation type (nonsense, missense,
frameshift, splice site mutation and multi-exonic deletions), gene location of the mutations and the
clinical manifestation of MPNST.

Upadhyaya et al 2006 (213)

Genes located at distal 1p may play a role in MPNST. Van Roy et al 2003 (181)
Ki-67 proliferation index is a reliable marker for progression in MPNST. Watanabe et al 2001A (22)
Survival after diagnosis of MPNST is less than 5 years. Ducatman et al 1986 (166)

White 1971 (166A)
Ghosh et al 1973 (166B))
Wong et al 1998 (166C)

No specific germline mutations of NF1 were found in patients with MPNST, though large deletions
were more frequently found in this group than in others.

Wu et al 1999 (224)

Tumor cell line from a spontaneous MPNST in rats. Yamate et al 2003 (190)

Growth Factors and Their Receptors
in MPNST

Hepatocyte Growth Factor Activator (HGFA),
c-Met, and CD44

It seems from the findings presented above that TSG muta-
tions and alterations of oncogenes play an important role in
MPNST pathogenesis; nevertheless, it is likely that dysregu-
lated signaling by as yet unidentified growth factors and their
receptors also contribute to the formation of these tumors.
Some of these changes will be presented in the following para-
graphs.

Although numerous genes have been implicated in aberrant
cell growth and metastasis in MPNST (6,36,74,76,90,91,95,
121, 129, 130), their specific contribution to MPNST progres-
sion is not clear. The combined expression of two such genes,
the receptor tyrosine kinase c-Met and its ligand, HGF, also
called scatter factor, has been implicated in the growth and
metastasis of many cancers (131). Normal rodent schwann
cells express c-Met but not HGF; also, HGF promotes
schwann cell mitogenesis (131). However, HGF and c-Met
are concomitantly expressed in MPNST (49), in neurofi-
bromas (16, 49, 133), and in schwannomas (134). These find-
ings suggest that HGF and c-Met together form an autocrine
signaling loop that promotes the phenotypes of MPNST and
other peripheral nerve sheath tumors. This autocrine loop does
not contribute to cell proliferation, but it does contribute to
cell invasion (metastases) in MPNST (135).

HGF is a heparin-binding protein that is normally produced
by a variety of mesenchymal cells, and it acts as a paracrine
mitogen for epithelial cells that express c-Met (135A). Cells
secrete HGF as an inactive zymogen that is activated by prote-
olytic cleavage at residues Arg494-Val495 (136, 136A, 137).
A specific serine protease (urokinase) that induces HGF acti-
vation, called HGFA, was purified from serum (137–139).

Thus, tumor cells with HGF/c-Met autocrine activity would
need either to express HGFA or to be in the vicinity of
cells that express HGFA or a related protease. In this regard,
the activation of c-Met in colorectal carcinomas seems to
depend on the aberrant expression of HGFA by the carci-
noma cells themselves (140). Eight neurofibromas were nega-
tive for HGF. Reactivity for c-Met was higher in MPNST
than in neurofibromas, and it may help to distinguish low-
grade MPNST from atypical neurofibromas (49). Expres-
sion of CD44 is also tied to MPNST cell invasion (141).
Because CD44 (a transmembrane glycoprotein) does not
influence c-Met phosphorylation (135), other mechanisms for
the CD44 effects probably exist. In contrast to CD44, an
HGF-neutralizing antibody that blocked c-Met phosphory-
lation almost completely blocked cell invasion in MPNST
(135). These results differ from those of previous studies
(142, 143). At present, the influence on and inactivation of
CD44 with c-Met in MPNST cells are not clear.

HGF, c-Met, and CD44 are coexpressed in MPNST, but
their localization did not correlate with increased cell prolif-
eration (135). A MPNST cell line that expressed all of these
proteins, converted pro-HGF to active HGF, and it exhibited
constitutive c-Met phosphorylation. Blocking c-Met activity
or expression inhibits the invasive behavior of these cells
but not their proliferation. Although a CD44 splice variant
contributes to MPNST cell invasion and interacts with c-
Met and HGF, it is not required for c-Met activation. These
data indicate that the HGF/c-Met autocrine loop can promote
MPNST invasion through a CD44-independent mechanism
and suggest that c-Met, HGFA, and HGF are potential molec-
ular targets for agents to inhibit MPNST metastasis (135).

The cellular effects of HGF are dependent on its binding
to the transmembrane tyrosine kinase receptor encoded by the
proto-oncogene C-MET, which is expressed predominantly in
epithelial cells. HGF is secreted by mesenchymal cells, and it
has pleiotropic biological activities on several cell types.
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HGF has been shown to be present in schwann cell tumors
(132); eight of 14 MPNST were positive for both HGF and c-
Met, possibly indicative of an autocrine-mediated signal trans-
duction, and it may be involved in tumor progression. The
HGF/c-Met autocrine loop could serve as a target for thera-
pies aimed at preventing metastatic spread of MPNST (135).
For example, a combination of monoclonal antibodies against
HGF inhibited the growth of tumor lines in mice (144), and
other approaches inactivating HGF and c-Met showed tumor
inhibition (145).

Another protein that has been implicated in promoting c-
Met activation by HGF is the CD44 transmembrane glycopro-
tein. CD44 plays roles in cell–cell and cell–matrix adhesion,
activation of high-affinity growth factor receptors, and tumor
growth and metastasis (146). Several signaling molecules,
such as c-Src (147, 148) and ras (149) have been shown to be
part of the HGF/c-Met signaling pathways. Src kinase has no
influence on MPNST cell proliferation. However, in MPNST
cell lines elevated CD44 expression and cell invasion were
dependent on Src kinase activity, but independent of MAPK
and MEK (141). Thus, Src and CD44 could be putative targets
for therapy against MPNST invasion or metastases. Src kinase
inhibitors may block MPNST invasion through several path-
ways that include lowering CD44 expression, preventing HGF
synthesis and blocking downstream signaling by c-Met (135).
Tumor cells, including MPNST (130), express a large number
of distinct CD44 proteins as a result of alternative RNA
splicing. It is possible that HGHF/c-Met autocrine signaling
in tumors also may require the presence of particular CD44
splice variant-encoded proteins.

Platelet-Derived Growth Factor (PDGF)

PDGF BB, and to a lesser extent fibroblast growth factor 2
(FGF2), were mitogenic for two MPNST-derived schwann
cell lines, but not for a schwann cell line derived from a
schwannoma (from a non-NF1 patient) or for transformed rat
schwann cells (150). Levels of expression of PDGF recep-
tors � and �, to which PDGF BB binds, were significantly
increased in the two MPNST-derived cell lines compared
with the non-NF1 schwann cell lines. The level of tyrosyl-
phosphorylated PDGF receptor � is strongly increased upon
stimulation by PDGF BB. In comparison, only modest levels
of tyrosyl-phosphorylated PDGF receptor � were observed,
upon stimulation by PDGF AA or PDGF BB. Hence, it
would seem that PDGF AA is a weak mitogen for the
MPNST-derived cells by comparison with PDGF BB. These
results indicate that the mitogenic effect of PDGF BB for the
MPNST-derived schwann cell lines is primarily transduced
by a PDGF receptor �. New differentiation factor (NDF)
�, a potent mitogen for normal schwann cells, was unable
to stimulated proliferation of the transformed schwann cell
lines, due to a dramatic downregulation of the erbB3 receptor.
Therefore, aberrant expression of growth factor receptors by
schwann cells, such as the PDGF receptors, could represent

an important step in the process leading to schwann cell
hyperplasia. The activation of signal transduction pathways
by PDGF-� and -� receptors has been reviewed previously
(150A).

A study (151) characterized PDGF-� receptor expres-
sion levels and signal transduction pathways in NF1-related
MPNST cell lines and compared these levels with the expres-
sion of PDGF-� receptors in normal human schwann cells.
Based on Western blotting, PDGF-� receptor expression
levels were similar in schwann cells and NF1-related MPNST
cell lines. MAPK and Akt also were phosphorylated in
both cell types to a similar degree in response to PDGF-�
chains (PDGF BB). However, increased intracellular calcium
(Ca2+) levels in response to PDGF BB were observed only
in the NF1-related MPNST cell lines; schwann cells did
not show any increase in intracellular calcium when stimu-
lated with PDGF BB. Calmodulin kinase I, II (CAMKII) is
phosphorylated in response to PDGF BB in the NF1-related
MPNST cell lines, whereas no phosphorylation of CAMKII
was observed in schwann cells. The decreased growth of
NF1-related MPNST cell lines after treatment with CAMKII
inhibitor is consistent with the view that aberrant activation
of the calcium-signaling pathway by PDGF BB contributes to
the formation of MPNST in NF1 patients.

Overexpression of growth factors, their receptors, or both
is thought to play an important role in cellular transfor-
mation. Neurofibromas, which fail to grow when implanted
under the skin of nude mice, do grow when implanted into
peripheral nerves, implicating nerve growth factors in their
growth (151A). However, the growth factors and their recep-
tors promoting neurofibroma growth, MPNST growth, or
both remain unknown. It has been shown that, in contrast
to normal schwann cells or non-NF1–transformed schwann
cells, MPNST-derived schwann cell lines expressed high
levels of c-Kit, the tyrosine kinase receptor for stem cell factor
(SCF) (152,152A). Moreover, SCF was able to stimulate the
proliferation of MPNST-derived cell lines. Because the effect
of SCF on MPNST-derived schwann cells was only moderate,
the possibility was investigated (150) that in a manner similar
to what has been described in a hematopoietic system (153),
SCF has a modest mitogenic effect on its own, but it may act
synergistically with other factors to induce cell proliferation.
Several potential co-factors for SCF were tested, including
NDF�, a member of a family of growth factors called neureg-
ulins, which are potent mitogens for both human and rat
schwann cells (154, 155,155A); PDGF-BB, and FGF2, and
forskolin, an agent that increases the levels of intracellular
cAMP, known to potentiate the mitogenicity of FGF2, PDGF
BB, and NDF�, by inducing increased expression of their
receptors (156).

SCF had no synergistic effect on cell proliferation when
combined with either NDF�, PDGF BB, FGF2, or forskolin
(150). However, PDGF BB and to a lesser extent FGF2
seemed to be strongly mitogenic on their own. NDF�, the
most potent mitogen for normal schwann cells, had no effect



68 2. Malignant Peripheral Nerve Sheath Tumors

on MPNST-derived schwann cell proliferation. Further studies
(150) revealed drastic changes in the pattern of growth
factor receptors expressed by the MPNST-derived schwann
cells. Results (150) revealed that growth factors, PDGF
BB in particular, may play a significant role in the aber-
rant growth of schwann cells that leads to tumor formation
in NF1.

Schwann cell lines derived from NF1-related MPNST have
numerous growth-factor receptors that are aberrantly regu-
lated. It was reported that MPNST cell lines derived from
NF1 patients overexpressed c-Kit, the tyrosine kinase receptor
from stem cell factor, and PDGF-� receptors (150, 152).
Schwann cells derived from MPNST overexpress PDGF
receptors, and they can be induced to proliferate by PDGF BB
(150, 151), but not by PDGF AA (157). Schwann cells from
NF1-related MPNST, and thus deficient in neurofibromin,
can be induced to proliferate by the c-Kit ligand (152). In
addition, EGFR are highly expressed in NF1-related MPNST
cell lines (28, 121). Furthermore, it has been reported that
transforming growth factor (TGF)-� receptors and HGFA
levels were elevated in cells derived from NF1-related
MPNST (16).

In addition to aberrant growth factor receptor expres-
sion, the gain-of-function of several signal transduction path-
ways has been linked with the conversion of benign neurofi-
bromas to MPNST. In some cases, these activated path-
ways are Ras-dependent. For example, one study (141)
suggested that hyperactivated Ras increases CD44 expres-
sion, which contributes to the invasive behavior of MPNST.
Other pathways involved in the development of MPNST are
Ras-independent. A study demonstrated that cells derived
form NF1-related MPNST signal through the Notch pathway,
contributing to the lethal phenotype of the tumors (158,
159). Other studies indicated that increased activities of the
G protein-stimulated adenylyl cyclase and cAMP pathway
might also contribute to the progression of the disease
(160–162). Clearly, several pathways are abnormally acti-
vated and contribute to the formation of NF1-related
MPNST.

Topoisomerase-II (TopoII)

TopoII� is a nuclear enzyme whose activity has been linked
with cellular dedifferentiation and a potentially aggressive
tumor phenotype in epithelial neoplasms (23). TopoII� has
been shown to be present in 16 of 27 MPNST, with all 16 posi-
tive tumors being high grade; although negative results may be
seen in an occasional high-grade MPNST, such negativity is
usually associated with low-grade tumors. The MIB-1 results
paralleled those of TopoII�.

Apolipoprotein D (ApoD)

ApoD, a member of the lipocalin superfamily of protein
expression, known to be associated with cell cycle inhibi-

tion, increases as neurofibromas are formed, followed by a
marked decline in neurofibromas undergoing malignant trans-
formation into MPNST. These changes coincide with those
in cell cycle inhibition mediated by cyclin-dependent kinase
inhibitors (163). The specific mechanisms remain to be eluci-
dated.

Protein Gene Product 9.5 (PGP9.5)

PGP9.5 is a broad neural marker expressed in nerve fibers
and neurons of both peripheral nerves and central nervous
system. It is a more sensitive marker than S-100 for MPNST
(94 vs. 38%), including epithelioid and conventional MPNST
(“spindle-cell sarcoma”) (164).

Checkpoint with Forkhead-Associated Domain
and Ring Finger (CHFR)

CHFR has been identified as defining an early mitotic check-
point (164A). Abnormalities of CHFR and related substances
may result in mitotic abnormalities leading to chromosomal
instability and aneuploidy. An investigation of CHFR levels in
96 MPNST showed 66% to have low levels, which correlated
with a high mitotic count; a high Ki-67 labeling index; and
a poor prognosis (164A). MPNST with a normal karyotype
showed strong CHFR activity.

Neuregulin-1 (NRG-1)

It is hypothesized that NRG-1 family of growth and differenti-
ation factors contribute to the pathogenesis of peripheral nerve
sheath tumors. NRG-1 proteins stimulate the proliferation,
survival, and migration of schwann cells, and activating muta-
tions of the NRG-1 receptor subunit ErbB2 promote MPNST
formation (164B).

Malignant Triton Tumors

MTT is the designation for MPNST with rhabdomyosarcoma-
tous differentiation (3, 4, 165, 166). The name is derived from
triton salamander, in which development of both myoid and
neural elements from transplanted sciatic nerve were experi-
mentally demonstrated.

Triton tumors are clinically similar to MPNST, except that
they are more often associated with NF1 (60–70%). MTT
also occur at a younger age (mean, 33 years) when associ-
ated with NF1 compared with patients without NF1 (mean, 42
years). MTT present a variety of locations, with the head and
neck and trunk being among the most common. Clinicopatho-
logic series show a highly malignant behavior, with the 5-year
survival being 10–29%.
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Characteristic of MTT tumor is focal rhabdomyosar-
comatous differentiation occurring in the background of
a high-grade spindle-cell or pleomorphic MPNST. Well-
differentiated rhabdomyoblastic components are scattered
between the spindle-cells or seen in clusters. MTT are posi-
tive for desmin, myoglobin, and MyoD1. S-100 protein posi-
tivity is variable, and remnants of neurofibroma can often be
demonstrated. Electron microscopy is also useful in verifying
the skeletal muscle differentiation.

In MTT arising outside of the clinical setting of NF1, other
genetic mechanisms may be operative. A molecular analysis
of a non-NF1 triton tumor revealed retention of NF1 gene
expression, suggesting that loss of NF1 expression is not
required for the development of this tumor (102). Unfortu-
nately, LOH analysis was uninformative; therefore, allelic loss
of NF1 expression could not be shown (102). NF1 protein was
identified in protein extracts form this tumor (102), comple-
menting the NF1 mRNA findings. As with other MPNST,
mutant p53 accumulation likely heralds or is associated with
aggressive MTT.

Nuclear accumulation of p53 protein and Ki-67 immunore-
activity in two MTT (one not associated with NF1) was noted
(102). This abnormal expression of p53 protein, confirmed
by p53 LOH in a non-NF1 tumor, is in agreement with find-
ings in other histologic types of MPNST. Ki-67 immunore-
activity in both MTT in parallel with p53 nuclear staining
further supports the proposed association of p53 mutations
with increased cellular proliferation in vivo. As with other
MPNST, mutant p53 accumulation likely heralds or is associ-
ated with aggressive tumors.

Cytogenetic studies of MTT (Table 2.5; Figures 2.12–
2.14) have revealed complex karyotypes in most cases,
akin to those already presented for MPNST, varying from
case to case without recurrent changes. However, it has
been suggested (167) that genes located at 7p22 and 11p15
and perhaps those at 7q36, 12p13, 13p11.2, 17q11.2, and
19p13.1 may play a role in a stepwise process of involve-
ment of a succession of these genes in the genesis of MTT.
MTT and p53-positive MPNST in children were high-grade
tumors (6).

Table 2.5. Chromosome changes in MTT.

Karyotype References

(1;2)(p13;p25),t(3;14)(p12;q31),ins(4;?5)(q28;?q22q32),-5,add(9)(p24),add(15)(p26),
add(22)(q13),+mar1,+mar2/47,XX,add(6)(p25),t(7;8)(p11;p11),t(12;21)(q21;q21),+22/
47,XX,t(2;10)(q31;p15),t[(3,(der7)][p13;q36)],der(7)t(7;?7)(p22;?q?)+mar

Travis et al 1994 (191)

63,XX,-X,+dic(1;22)(p36;p10),+del(2)(q33),t(2;?12)(p25;?),-3,add(4)(p34),+5,
dic(7;?11)(p22;?),-10,-11,der(110t(5;11)(q11;q23),-12,-12,-14,add(14)(p11),-15,-16,
add(16)(p13),-17,-18,-19,-20,del(20)(q13),?add(21)(q22),+mar1,+mar2,+mar3,+mar4, +2-3dmin

Travis et al 1994 (191)

*64,XX,del(X)(q22),+del(X)(q22),-1,-2,der(5)t(5;?9)(p13;?q13),+7,-9,+10,-11,-12,-16,-17, -18,+mar1x2 McComb et al 1996 (176)

*69,XX,-X,del(1)(p21),-3,der(5)t(5;?9)(p13;q13),+der(5)t(5;?9)(p13;?q13),+der(5)t(5;?9)
(p13;?q13),+7,+8,+8,-9,-9,-9,-10,-10,dup(11)(p11.2p15),del(12)(q15),del(12)(q15), -13,-14,-16,-17,-18,+21,+22,+
mar1x2,+mar2,+mar3,+3mar

McComb et al 1996 (176)

59-60,XX,t(1;13)(q21;q22),add(1)(q21),der(2)t(2;17)(q36;q11)x2,+2,+6,-8,-8,-9,
+der(11;13)(q10;q10),+12,+16,+add(16)(p13),-17,-18,+20,+20,+21,+21,-22,+1-4mar

Pauwels et al 1999 (178)

*59-72,X,-X,add(X)(q23),-1,add(1)(p11),add(1)(p23),del(1)(q21),der(1)t(1;22)(p13;q11),
add(2)(q21),add(2)(q31),+del(2)(q14-q21),+3,-4,-4,-4,+5,der(6)t(6;17)(p11;q21),
+der(6)t(6;17)(p11;q21),+add(7)(p22)x2,+add(8)(p11),+i(8)(q10),+der(9)t(1;9)(q12;p13),
-10,add(10)(p12),+add(10)(p12),-11,der(12)t(4;12)(q13;p12),+der(12)t(4;12)(q13;p12),
+13,-14,-14,+15,+15,+add(16)(q23),-17,-17,+18,-19,-20,add(20)(p12),-21,-21,-22,-22,-22,
+der(?)t(?;1)(?;p22),+1-5mar

Plaat et al 1999 (43)

46,XX,i(8)(q10),der(13)t(1;13)(q10;q10) Hennig et al 2000 (192)

48-55,XY,der(7)add,7(p?)dup(7),der(7)t(7;20)(p22;?)ins(20;19),der(7)ins(8;7)(?;p22q36)
t(3;8)t(8;20),-8,-8,r(8)dup(8),+der(8)r(8;22),-9, der(11)t(11;20)(p15;?)ins(20;19)
der(12)t(8;12)(q21;p13),der(13)t(13;13)(q25;p11),-17,-19,der(19)t(17;19)(q11.2;q13.1) -20,-22,+4-7r

Haddadin et al 2003 (167)

44,XX,-2,-3,del(3)(p13),-4,add(6)(q27),der(7)t(7;?7)(p22;?q?),-10,der(12)t(12;21)(q24;q21),
add(13)(q34),add(15)(q26),-16,-17,-21,+mar1,+mar2,+mar3,+mar4,+mar5/
45,XX,-2,-3,del(3)(p13),ins(4;?5)(q28;?q22q32),add(6)(q27),der(7)t(7;?7)(p22;?q?),
add(13)(q34),add(15)(q26),-16,-17,-21,+mar1,+mar2,+mar3,+mar4

Bridge et al 2004 (45)

64,XX,-X,+1,der(1)t(1;15)(p11;q11.2)x2,+2,-3,-4,+5,-6,+7,+8,-9,-10,-11,-12,-13,-14,
-15,-15,-15,-16,+17,+18,+20,+21

Bridge et al 2004 (45)

*49,XY,der(14;15)(q10q10),+i(8q)x4 Magrini et al 2004 (193)

46,XY,t(7;9)(q11.2),der(16)t(1;16)(q23;q13) Velagaleti et al 2004 (194)

*NF1-associated..



70 2. Malignant Peripheral Nerve Sheath Tumors

Figure 2.12. Karyotype of a malignant triton
tumor (MTT) with four i(8q) chromosomes as an
outstanding anomaly (193). A t(14;15) was also
present. However, no consistent or characteristic cyto-
genetic anomaly has been found to characterize MTT.

Figure 2.13. Pseudodiploid karyotype with 46 chromosomes in a malignant triton tumor (MTT) with an i(8q)(q10) and
der(13)t(1;13)(q10;q10). Inset shows enlarged normal and derivative chromosomes 1, 8 and 13 in this MTT (192).
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Figure 2.14. Karyotype (A) of a malignant triton
tumor (MTT) (194). Shown is at t(7;9)(q11.2;q24)
and an unbalanced der(16)t(1;16)(q23;q13). In (B) is
shown a partial karyotype of the derivative chromo-
some 16 with breakpoints and in (C) a partial kary-
otype of the balanced t(7;9) with the breakpoints.

Summarizing Comments: Neurofibromas,
NF1 Gene, Schwann Cells, and
MPNST/MTT

Neurofibromin is a Ras-GTPase-activating protein, i.e.,
absence of neurofibromin leads to increased levels of Ras-
GTPase, these being high in MPNST, moderate in NF1-related

neurofibromas, and absent in non-NF1 schwannomas. Thus,
RAS plays an important negative regulatory role in the patho-
genesis of peripheral nerve tumors (70).

Inactivation of tumor-related genes is an essential mech-
anism of tumorigenesis and most likely includes the malig-
nant transformation of neurofibromas to MPNST. Such inac-
tivation, in combination with aberrant growth factor recep-

Table 2.6. Some features of and studies on schwann cells.

References

Factors influencing schwann cell development and apoptosis include NRG, TGF-�, FGF, PDGF, and
insulin-like growth factor-I, MAPK, and a kinase of MAPK (MEK). Schwann cells express receptors for
these trophic factors.

Badache et al 1998 (152)

PDGF and FGF are mitogenic in rat schwann cells. Davis and Stroobant 1990 (195)
Insulin-like growth factor-I (IGF-I), rescues schwann cells from apoptosis via PI3 kinase. Delaney et al 1999 (196)
Glial growth factor (GGF), one of the products of the neuregulin gene, is mitogenic for schwann cells.

Neuregulin and its receptors regulate schwann cell apoptosis.
Grinspan et al 1996 (197)

Based on studies in neurofibromin-deficient mice, though Ras-GTP is regulated by neurofibromin, mutations of
NF1 by itself is unlikely to explain the hyperplasia observed in schwann cell tumors in NF1.

Kim et al 1995 (170)

Cyclin-D1 mediates response of schwann cells to the proliferative effects of cAMP and NF1. K im et al 2001 (161)
HGF is mitogenic for schwann cells and is present in neurofibromas. Krasnoselsky et al 1994 (132)
Forskolin and heregulin/glial growth factor (GGF) are stimulators of schwann cell growth. Levi et al 1995 (155)
Heregulins may affect schwann cell proliferation through p185erbB2, an EGF-like receptor tyrosine kinase that

is encoded by the erbB2 proto-oncogene.
Levi et al 1995 (155)

Morrissey et al 1995 (198)
Gas6, a ligand for protein tyrosine kinase receptors of the Axl/Rse family, supports schwann cell proliferation. Li et al 1996 (199)
Notch intracellular domain signaling may contribute to the trans- formation of neurofibromas to MPNST. Li et al 2004 (159)
An inhibitor of MAPK was shown to be effective against MPNST, but not against normal schwann cell

proliferation.
Mattingly et al 2006 (208)

The role and mechanisms of signaling involving erbB receptors and EGF-like ligands has been discussed. Pinkas-Kramarski et al 1997 (200)
Endogenous neuregulins may function in an autocrine/paracrine loop or in a juxtacrine (cell-to-cell)-mediated

signal.
Raabe et al 1996 (201)

CD44, a transmembrane glycoprotein, enhanced neuregulin Signaling in schwann cells. Sherman et al 2000 (202)
Activation of the neuregulin-1/ErbB signaling pathway promotes the proliferation of schwann cells in MPNST. Stonecypher et al 2005 (164B)



72 2. Malignant Peripheral Nerve Sheath Tumors

tors expression levels and increased signal transduction activ-
ities, plays critical roles in the tumor progression from benign
neurofibromas to MPNST in NF1 patients. Hypermethyla-
tion, which generally occurs at CpG islands located at the
promoter/exon 1 regions of tumor-related genes, results in
their silencing (168), and it also may play a role in progression
of neurofibroma to MPNST (169).

Nevertheless, the actual mechanisms leading to the forma-
tion of neurofibromas and MPNST remain unclear. Both
epigenetic events and multiple genetic changes have been
proposed to contribute to the formation of the peripheral nerve
sheath tumors in NF1 (149A). Mechanisms by which benign
neurofibromas transform into MPNST involve several genetic
alterations. The process requires the inactivation of the NF1
gene, but additional genetic mutational inactivations, such as
of TP53 and INK4A genes and other cell cycle controllers,
also may be involved (71, 76, 170). However, animal models
with the loss of normal Nf1 and p53 alleles developed soft
tissue sarcomas but did not develop MPNST (117, 118, 123).
These studies suggest that a combination of genetic mutations
in concert with other variable abnormalities leads to the devel-
opment of different types of NF1 malignancies.

Although MPNST may contain fibroblasts and mast cell
(38), the tumors consist primarily of cells derived from
schwann cells (31,149A). Schwann cells derived from NF1-
related MPNST have numerous growth-factor receptors that
are aberrantly regulated. Thus, these cells may overexpress
c-Kit, the tyrosine kinase receptor for a stem-cell factor, and
PDGF-� receptors (150, 152), and EGFR (28, 121). Also, the
transforming growth factor-� receptors and HGF-� recep-
tors are elevated in NF1-related schwann cells derived from
MPNST (16). Schwann cells have to be reactivated from their
dormant state to reenter the cell cycle on their route to MPNST
development. Some of the factors and substances listed in
Table 2.6 may be involved in the transformation of neurofi-
bromas to MPNST. Table 2.6 also presents some aspects of
schwann cells of relevance not only to MPNST but also to
neurofibromas and meningiomas.
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113A. Lévy̧, P., Vidaud, D., Leroy, K., Laurendeau, I., Wechsler, J.,
Bolasco, G., Parfait, B., Wolkenstein, P., Vidaud, M., and
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Meningioma

Summary Meningioma is the subject matter of Chapter 3. Cytogenetically, meningioma is characterized by loss of
chromosome 22 (-22) or less often by changes of the long arm of this chromosome (22q). The changes of chromosome 22
affect the gene NF2, which probably constitute the original tumorigenic events leading to meningioma development. In addi-
tion to changes of chromosome 22, those of chromosomes 1, 14, 10, 9, 17, and 18 (shown in the order of frequency) may play
a role in full tumor genesis and biology. Comparative genomic hybridization and loss of heterozygosity studies have gener-
ally confirmed those of cytogenetics. The alterations of the NF2 gene, already mentioned as a key molecular genetic event in
meningiomas, and its protein product merlin (schwannomin) are presented in Chapter 3. Other areas presented are those of
pediatric, radiation-induced, multiple and familial meningiomas. Molecular facets that have been investigated in meningiomas
are included in Chapter 3.

Keywords meningiomas · loss of chromosome 22 (-22) · NF2 gene · radiation-induced meningiomas.

Introduction

Meningiomas are neoplasms that arise from the
leptomeningeal covering of the brain and spinal cord, and
they account for 15–20% of all central nervous system (CNS)
tumors (1). Meningiomas constitute 18–25% of all primary
intracranial tumors and 25% of intraspinal tumors; >80%
of meningiomas are benign in nature. About 12% of all
meningiomas recur within 5 years and 19% within 20 years
of surgical treatment (2, 3). The current World Health Orga-
nization (WHO) grading system comprises three grades. The
most common meningiomas (80–90%) are slow-growing and
considered benign tumors, and they correspond to grade I
(typical meningiomas). About 5–15% are classified as grade
II (atypical) and 1–3% as grade III (anaplastic/malignant)
tumors. Grades II and II tumors exhibit more aggressive
clinical behavior, with a higher risk of recurrence compared
with typical grade I meningiomas (Table 3.1) (4, 5). Brain
invasion may constitute one of the criteria for the diagnosis
of atypical meningioma (MII) (6). Meningiomas are usually
sporadic, but a few families have been described with multiple
tumors inherited in an autosomal dominant manner (8–10).
Meningiomas occur in as many as half of the patients with
the dominantly inherited familial neurofibromatosis-2 (NF2)
syndrome (11). Most NF2 patients who develop meningiomas

do so earlier in life than the patients with sporadic tumors,
and the meningiomas are multiple in 1–8% of the cases (9,10)
and mostly fibroblastic in histology (12). The NF2 gene,
responsible for NF2, is located at 22q12 (13, 14). Germline
mutations of this gene are present in almost all meningiomas
in NF2 patients and somatic mutations of NF2 in about 30% of
sporadic meningiomas (15–24). These findings indicate that
inactivation of the NF2 gene is important in the development
of a significant number of sporadic meningiomas, which also
display loss of heterozygosity (LOH) for markers located on
chromosome 22 (25). Thus, NF2 acts as a tumor suppressor
gene (TSG) in at least a significant subgroup of sporadic
meningiomas. A classification of meningiomas according to
histologic type and grade is shown in Table 3.2 and Figure 3.1.
The frequency of various grades of meningioma and their
recurrence rates are shown in Table 3.3.

Rhabdoid meningiomas are rare (Figure 3.1b) but aggres-
sive in nature (26, 27). They are usually grade III tumors and
may have to be differentiated from malignant rhabdoid tumors
and atypical teratoid-rhabdoid tumors (see Chapter 9). The
latter tumors show consistent loss of INI1 nuclear expression
immunohistochemically, whereas composite rhabdoid menin-
gioma retain such expression (28). The authors (28) concluded
that determining the INI1 status in meningiomas by immuno-
histochemistry is a relatively simple, sensitive, and specific
technique for distinguishing rhabdoid meningioma from other
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Table 3.1. WHO grading criteria for meningioma.

Benign meningioma (grade I)
Histologic variant other than clear cell, chordoid, papillary, and rhabdoid
Lacks criteria of atypical and anaplastic meningioma

Atypical meningioma (grade II) (any of 3 criteria)
Mitotic index ≥4/10 high-powered fields (HPF)
At least three of five parameters:

Sheeting architecture (loss of whirling and/or fascicles)
Small cell formation (high N/C ratio)
Macronucleoli
Hypercellularity
Spontaneous necrosis (i.e., not induced by embolization or radiation)
Brain invasion

Anaplastic (malignant) meningioma (grade III) (either of two criteria)
Mitotic index ≥20/10 HPF
Frank anaplasia (sarcoma, carcinoma, or melanoma-like histology)

tumors. A rhabdoid meningioma arising in the setting of a
preexisting ganglioglioma has been described previously (29).
A presentation on 15 meningiomas with rhabdoid features
indicated that these tumors are highly aggressive and that the
rhabdoid phenotype represents a marker of malignant trans-
formation in meningiomas (30).

The revised WHO classification of brain tumors of 2000
(1, 4, 5) includes genetic findings in addition to patholog-
ical and immunohistochemical features. This classification of
meningiomas has added considerable stringency and objec-
tivity to this area, although still containing subjective aspects
in some of the criteria, according to some (1). Alterations in
relation to histologic grade have led to a model in which early
changes that are presumably involved in meningioma forma-
tion could be distinguished from later changes that are asso-
ciated with tumor progression (1). A summary of some of the
clinical and laboratory findings in meningioma is shown in
Table 3.17.

Table 3.2. Histologic types of meningioma and associated grades.

Meningiomas with low risk of recurrence or aggressive growth (grade I)
Meningothelial meningioma
Fibrous (fibroblastic) meningioma
Transitional (mixed) meningioma
Psammomatous meningioma
Angiomatous meningioma
Microcystic meningioma
Secretory meningioma
Lymphoplasmacyte-rich meningioma
Metaplastic meningioma

Meningiomas with likelihood of recurrence and/or aggressive behavior
(grade II)
Atypical meningioma
Clear-cell meningioma (intracranial)
Chordoid meningioma

Anaplastic (malignant) meningioma (grade III)
Rhabdoid meningioma
Papillary meningioma
Anaplastic (malignant) meningioma

Table based on Louis et al (1) where relevant information on the histology
of each subtype of meningioma may be found.

Figure 3.1. Histology of various types of meningioma demon-
strating the variability in the cellular architecture among these
tumors. Genetically, either cytogenetically or molecularly, a possible
correlation between changes and histology has not been clearly
established. (a) A, meningothelial; B, fibrous; C, transitional; D,
psammomatous; E, chordoid, and F, angiomatous. A, B, and C are
the commonest meningiomas. (b) Rhabdoid meningioma showing
typical large tumor cells with eccentric nuclei (from ref. 1, with
permission).

Table 3.3. Incidence of various types of meningioma and their
recurrence rates.

WHO classification Frequency (%) Recurrence rate (%)

Benign WHO Grade I 80–90 7–20
Atypical WHO Grade II 5–15 29–40
Anaplastic WHO Grade III 1–3 50–86

(malignant)

Based on Perry et al (6).
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In addition to genetic alterations, other biologic features
of meningiomas also have been investigated. Since the late
1970s, hormone receptors have received much attention (34),
although, more recently, progress has somewhat stagnated as
receptor expression profiles are now relatively well character-
ized and therapeutic efforts targeting these receptors have so
far been largely disappointing. Another field that has attracted
interest, especially since the advancement of imaging tech-
niques in the 1990s, is mechanisms of edema formation.
Edemas seem to be closely related to tumor angioarchitecture,
and a variety of growth factors have since been analyzed for
their contribution to peritumoral edema formation and menin-
gioma angiogenesis (35, 36).

Information on the clinical, epidemiologic, histologic, and
genetic aspects of meningioma may be found in reviews,
chapters, and books dealing with these tumors (1, 4, 31–33,
37–54). For discussions regarding the WHO classification of
meningiomas, a number of cogent articles may be consulted
(4, 5, 55).

Chromosome Changes in Meningioma

Cytogenetic investigations of meningiomas began almost four
decades ago (56), and they have led to the recognition of loss
of chromosome 22 (-22) as a genetic event closely tied to this
tumor (44, 57–64). The cytogenetic changes in meningioma
are similar regardless of their site, e.g., brain, cerebellum,
or spinal cord. Table 3.4 shows selected cytogenetic changes
in meningiomas gathered from >80 publications containing
karyotypes of approximately 900 tumors. To make the table
less complicated and to save space, tumors in which the only
anomaly affected chromosome 22 (lost, deleted, or dicentric),
and those with only numerical autosomal and sex chromo-
some changes (with and without -22) were not included. Cases
with marker chromosomes were included, even though their
provenance was often unknown.

Sixty percent of meningiomas are hypodiploid, 33%
diploid, 4.5% hyperdiploid, and 2.5% hypotriploid (65, 66).
Complex karyotypes with hypodiploidy, and structural rear-
rangements with ring chromosomes, dicentrics, dmin, and
association between satellites were associated with aggressive
tumor characteristics (67,68). Identification of a microsatellite
instability in meningioma has been described previously (69).

Several changes of chromosome 22 (duplication and
translocation of sequences from chromosome 22, deletion of
original sequences resulting in disomy again and loss of 22)
were revealed by fluorescence in situ hybridization (FISH) or
spectral karyotyping (SKY) in meningiomas with apparently
normal karyotypes (70).

Cytogenetic analysis of meningiomas has provided
evidence of the nonrandom involvement of chromosome
22 in about 60% of these tumors (Figure 3.2), suggesting
that inactivation of tumor suppressor loci (the NF2 gene is
now identified as one of them) located in this chromosome

might represent an early step in meningioma tumorigenesis
(72–74). Nonrandom loss of chromosome 14 (-14) and struc-
tural rearrangements of chromosome 1, generally leading to
loss of its short arm (1p-), are recurrent cytogenetic features
of meningiomas; to a lesser degree, abnormalities of chro-
mosomes, 7, 8, 10, 18, 19, and 20 also have been found
(67, 73–80). The accumulation of chromosome abnormalities
in addition to those of chromosome 22, frequently in parallel
with the genesis of grade II and III tumors, indicated that
this accumulation was responsible for or at least associated
with meningioma progression, in which monosomy or other
changes of chromosome 22 would represent an early step
in tumorigenesis (73, 76). Molecular genetic studies also
have explored the association between the allelic loss at
genomic regions other than those of chromosome 22 with
tumor progression of meningiomas, and they suggest that
LOH at 1p, 14q, and chromosome 10 seems to be recurrently
associated with grade II and grade III meningiomas (81–85).
A multistep mechanism similar to that described for other
neoplasms (86) might thus explain the origin and evolution
of aggressive meningiomas. For example, to determine the
relationship between NF2 gene inactivation and the genomic
regions harboring “progression loci” potentially involved in
the neoplastic evolution of meningiomas, NF2 gene muta-
tions and the allelic constitution of 1p, 14q, and 22q were
examined in a series of 81 sporadic meningiomas (87). The
data confirmed the association between losses of 1p, 14q,
or both and the genesis of grade II–III tumors, and these
associations provide insight into their relationship with some
specific inactivating NF2 gene mutations (87).

Over the past decade, advanced techniques, such as auto-
mated sequencing, microsatellite analysis, FISH, SKY, and
comparative genomic hybridization (CGH) have further facil-
itated rapid identification of alterations in meningiomas at the
molecular genetic level (33).

Most articles dealing with karyotypes in meningioma were
published before 2000, and subsequent publications have had
a tendency to report primarily cases with complicated kary-
otypes. The -22 is such a well-recognized change in menin-
gioma that there may be a reluctance on the part of authors
to publish cases with this anomaly as the only cytogenetic
anomaly. These considerations may account for the finding of
-22 in approximately 60% of more recently published cases
versus the incidence of approximately 75% in the past (44).

Of >850 karyotypes available on meningiomas, >30% had
monosomy 22 (-22) as the sole abnormality, and an equal
number of tumors had -22 associated with other karyotypic
changes (Figures 3.3 and 3.4). Slightly >20% of menin-
giomas showed structural changes of chromosome 22, such as
translocations, additions, deletions, dicentrics including isodi-
centrics, telomere associations, and derivative 22. Except for
involvement of chromosome 22, the other changes associ-
ated with either -22 or structural changes of this chromo-
some were not recurrent or specific. More than 75% of the
meningiomas listed in Table 3.4 had karyotypes with -22 or
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Table 3.4. Karyotypes of meningioma with structural chromosome changes.

Karyotype References

43,XX,−1,−6,−7,−11,−22,+2mar/42,idem,−9 Mark et al 1972 (58)
44,XY,−1,−17,−22,+mar/43,idem,−8,−19,+mar Mark et al 1972 (58)
45,XX,−22/44,idem,−8/44,XX,−8,der(12)t(12;21)(p?;q?),−21 Mark et al 1972 (58)
47,XX,+12,del(22)(q11)/46,idem,−8 Mark et al 1972 (58)
41−42,XY,−1,−5,−8,add(9)(q?),−14,−18,−22,+r Mark 1971, 1973 (60, 66)
45,XY,−22/45,idem,del(12)(q?) Mark 1973 (59, 396)
45,XX,−22/45,XX,−8,del(22)(q?) Mark 1973 (59, 396)
45,XX,−22/48,XX,+6,+14,del(22)(q?) Mark 1973 (59, 396)
38,X,−Y,del(1)(p?),−4,−9,−10,−13,−14,−17,−21,−22,+mar Zankl et al 1975 (397)
41,X,−X,del(1)(p?),−10,−15,−18,−22 Zankl et al 1975 (397)
44,Y,−X,−14,−22,+mar/43,idem,−10,−11,−15,+2mar Zankl et al 1975 (397)
45,XX,del(20)(q11),−22/44,XX,−20,−22 Zankl et al 1975 (397)
45,XX,del(1)(p?),del(2)(p?),del(4)(p?),−15,−22,+mar Zankl et al 1979 (398)
45,XX,1p−,2p−,4p−,−15,−22,+mar Zankl et al 1982 (115A)
41−43,XX,−1,2−,3−,4−,6,−8,−9,−15,−19,−22,+5−7mar Battersby et al 1986 (8)
40,XY,−1,−6,−12,der(14;15)(q10;q10), −16,−22 Katsuyama et al 1986 (398A)
41,XX,−1,−10,der(11)t(1;11)(p11;p15),−14,−18,−22 Katsuyama et al 1986 (398A)
42,XY,−1,−6,−8,−14,del(22)(q?) Katsuyama et al 1986 (398A)
38−39,X,−X,−3,−13,−14,−18,−21,−22,+3−4mar Al Saadi et al 1987 (71)
41,X,−X,−1,−22,inc/46,XX,−1,−22,+r,+mar,dmin Al Saadi et al 1987 (71)
43,XX,−14,−19,−22/44,idem,+r Al Saadi et al 1987 (71)
43−45,XX,t(9;11),add(20)(p?),−22,+2−5mar Al Saadi et al 1987 (71)
44,XX,del(1)(p?),−7,−18, −20,t(22;22) Al Saadi et al 1987 (71)
44,XX,t(1;22),t(15;17)/43,idem,t(14;15)/42,idem,t(6;8), t(6;15;17), t(14;15) Al Saadi et al 1987 (71)
44,X,−X,−6,−7,−11,−12,−12,−13,−13, −17,−18,+19,+20,+22,+5mar Al Saadi et al 1987 (71)
44,XX,−7,−22,dmin Al Saadi et al 1987 (71)
45,XY,t(4;14),−22 Al Saadi et al 1987 (71)
46,XY,add(7)(q?) Al Saadi et al 1987 (71)
46,XY,del(2)(q24) Al Saadi et al 1987 (71)
46,XX,t(1;3)(q?;q?) Al Saadi et al 1987 (71)
46,XX,t(3;7)(p13;q36) Al Saadi et al 1987 (71)
48,XX,+17,+mar Al Saadi et al 1987 (71)
41,XX,−1,−2,−4,−9,−15,−19,−22,+der(1)t(?1;15)(?::1q42→p11::15q11→qter),del(3)(p13),+der(9)t(9;?)(p11;?) Maltby et al 1998 (72)
41−43,XX,der(1)t(1;15)(p11;q11)add(1)(q42),add(2)(p23),del(3)(p13),der(4)t(4;8)(p11;q11),−6,−8,add(9)(p11),

−15,dic(19;?),−22
Maltby et al 1998 (72)

42,XY,del(1)(p34),del(3)(p11), add(6)(q21), dic(14;?),−17,?der(19)t(17;19)(q21;q12),−20,−21,−22,?add(22)(q11) Maltby et al 1998 (72)
44,XY,der(1)t(1;?;19)(p22;?q12), add(7)(p11),−19,−22 Maltby et al 1988 (72)
44,XX,dic(1;9)(p?;q?),−22 Maltby et al 1988 (72)
45,XX,add(1)(p11),−22/44,idem,dic(9;14)(q34;p11) Maltby et al 1988 (72)
45,XY,der(1)t(1;7)(q32;p13),del(6)(q21),der(15)t(15;17)(q22;q21),−17,der(19)t(15;19)(q22;q13) Maltby et al 1988 (72)
45,XX,−22/45,idem,add(12)(q11)/46,XX,t(17;22)(q23;q12) Maltby et al 1988 (72)
40,XX,der(1;11)(q10;q10),−8,−13,−15,−18,−22 Rey et al 1988 (73)
42,XY,del(1)(p22),add(3)(q27),del(11)(p13),−13,−14,−18,−21,−22,+mar Rey et al 1988 (73)
43,X,−Y,der(1)t(1;1)(p34;q21),−14,−22 Rey et al 1988 (73)
44,XX,del(1)(p32),−4,−5,−14,−22,+2mar Rey et al 1988 (73)
45,XY,add(1),−22 Rey et al 1988 (73)
45,XY,add(8)(p12),−22 Rey et al 1988 (73)
45,XX,dic(19;22)(p13;q11)/45,XX,der(19)dic(19;22)del(19)(p13),−22/45,XX,del(1)(p34),der(3)t(1;3)(q12;q29),

−19,−22,+mar/45,XX,r(1)(p34q43),−19,−22,+mar/44,XX,r(1),−11,−15,−19,−22,+2mar
Rey et al 1988 (399)

45,XY,+1,der(1;6)(q10;p10)×2,t(3;10)(q21;p13),+6,−22 Rey et al 1988 (399)
45,XX,−1,+r(1)(p34q43)M7,−19,−22,+M1 or M2/44,XX,−1,+r(1)(dupM7)M8,−11,−15,−19,−22, +M1 or

M2,+markers involving 11p(Marker9−Marker10)
Rey et al 1988 (399)

45,XX,r(19),−22 Rey et al 1988 (399)
45−46,Y,dic(X;1)(q28;p11),+1,del(1)(p11)×−2,−4,der(6;11)(p10;q10),−14,−22,+r,+mar Rey et al 1988 (399)
49,XX,inv(1)(p12−13q24)1,del(2)(q33)2,del(6)(q21)3,+7,−8,+11,+12,del(13)(q21)4,−16,−17,+19,+20,

−22,+2mar
Rey et al 1988 (399)

44,X,−Y,del(4)(q31q35),del(5)(q?),−22 Rogatto and Casartelli 1988 (400)
45,XX,del(12)(p12p13),del(19)(p13),−22 Rogatto and Casartelli 1988 (400)
78−82,XX?,del(22)(q?),inc Rogatto and Casartelli 1988 (400)
32,X,+del(3)(p13),+5,+8,+9,+del(13)(q21),+15,+19,+22, +mar Rönne et al 1988 (401)
41−45,X,−Y,+del(1)(p32),del(2)(q31), dic(6;22)(p12;q13), inv(6)(p21q12), −13,−14,−18,−20,−21,−22 Casartelli et al 1989 (75)
40,X,−Y,−10,−12,−13,−14,−22/39,idem,der(17)t(17;22)(p13;q11), −22 López−Ginés et al 1989 (402)
45,XX,−22/44,idem,del(X)(q26),+4,−9,−14 Poulsgård et al 1989 (403)
42,XY,der(l)t(l;?)(p12;?),-6,der(12;15)(ql0;ql0),-18,-22 Woo et al 2008 (620)
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Table 3.4. Continued

Karyotype References

45,XX,−22/44,idem,der(1)del(1)(p33)del(1)(q43),+der(1)t(1;1)(p33;q44)dup(1)(q24q31),−4,−6,−8,+19 Poulsgård et al 1989 (403)
44,X,+der(3)(p?),−13,+t(13;15),−15,−22 Strachan et al 1989 (131)
44,XX,−6,+add(7),−16,−22 Strachen et al 1989 (131)
45,XY,−22/46,XY,del(22)(q?) Strachan et al 1989 (131)
46,X,?der(4)t(4;15)(q28;q11),t(4;14)(q22;q32) Teyssier and Ferre 1989 (404)
44−45,XX,−1,del(7)(q11),−22,−22 Westphal et al 1989 (132)
45,XX,−22/45,idem,t(21;22) Westphal et al 1989 (132)
46,XY,del(4)(q24),t(4;7)(q24;q36) Westphal et al 1989 (132)
46,XX,+del(14)(q22q32),−22 Wullich et al 1989 (405)
52,XX,+8,+9,+12,+15,+16,+20,+21,−22 Wullich et al 1989 (405)
44,XX,del(1)(p21),−14,−19,−22,+2mar Casalone et al 1990 (74)
44,XY,−14,−22/44,idem,del(1)(p2?2) Casalone et al 1990 (74)
44,X,−Y,−22/44,idem,add(9)(q34) Casalone et al 1990 (74)
46,XY,add(1)(p?) Casalone et al 1990 (74)
46,XX,del(1)(p2?1) Casalone et al 1990 (74)
46,XX,del(7)(q22q32) Casalone et al 1990 (74)
46,XY,t(1;7;14)(q25;q32;q22),t(18;22)(q12;q11) Casalone et al 1990 (74)
46,XY,t(2;7;14)(q23;q36;q22) Casalone et al 1990 (74)
??,X?,add(7)(q31),add(9)(p?),add(22)(q11) Casalone et al 1990 (74)
??,X?,der(X)(p22),+2mar Casalone et al 1990 (74)
41,X,−Y,del(1)(p?),der(6),−14,−15,−22 Logan et al 1990 (406)
43,XY,−10,−14,−22/43,idem,del(1)(p?) Logan et al 1990 (406)
44,XY,−6,t(6;19),−19,−22 Logan et al 1990 (406)
45,XY,−22/45,idem,add(1)(q?)/44,idem, add(1),−22 Logan et al 1990 (406)
45,X,−Y/45,XX,inv(X)(p11q12) Berra et al 1991 (133)
45,XX,−22/45,idem,der(22)t(1;22)(q12;p12) Berra et al 1991 (133)
45,XY,−22/46,idem,+7/45,idem,add(11)(p15) Berra et al 1991 (133)
46,XX,+i(4)(p10) or i(5)(p10),−22/45,idem,−X Berra et al 1991 (133)
46,XY,t(Y;1)(q12;q31)/46,X,der(Y)t(Y;1) Berra et al 1991 (133)
47−50,XY,+Y,+5,+8,+12,+13,der(17),−18,+20,−22 Chadduck et al 1991 (407)
43,XX,−9,−22/41,idem,r(?1),−3,−11,+mar Chio et al 1991 (408)
45,XX,−22/46,idem,+mar Chio et al 1991 (408)
45,XY,−1,t(1;22)(p11;q11),t(4;22)(p16;q11)/44, idem,add(13)(p?),

−14/44,idem,−10,+12,add(13)(p?),−14/45, idem,−10,+12,add(13)(p?),−14,+16
Lekanne Deprez et al 1991 (237)

46,XX,add(1)(p36),add(2)(q31),inv(2)(q22q33) Meloni et al 1991 (409)
46,X,−Y,der(1),+3,+7,+8, −9,−17,+19,−21,−22,+mar Vagner−Capodano et al 1991 (410)
45,XY,t(15;22)(p?;q?) Cho et al 1992 (411)
44,XY,add(1)(p13)x2,add(2)(p11), del(4)(q31), del(6)(q21),−14,−16,del(17)(q21),−22,+mar Karnes et al 1992 (412)
46,XX,del(22)(q11q13)/45,XX,−22 Tonk et al 1992 (413)
42−44,XY,del(1)(p13p22),tas(4;21)(p16;p13), tas(8;22)(p23;p13), inc Vagner−Capodano et al 1992 (414)
45,XX,tas(5;12)(p15;p13),tas(12;13)(p13;p13),−22 Vagner−Capodano et al 1992 (414)
46,XY,t(1;3)(q42;q21),t(2;16)(p23;p13),inv(9)(p13q34) Bello et al 1993 (415)
46,XX,t(2;3)(q35;q11) Bello et al 1993 (415)
48,X,−Y,t(1;4)(q21;q15),+7,+20,+21 Bello et al 1993 (415)
50−52,X,−X,+5,+6,+12,−14,−16,+18, +19,+20,+21,+2mar Bello et al 1993 (415)
36,X,−Y,+2,del(2)(p14)x2,−5,−6,−7,add(8)(q?),+add(9)(p?), −10,−10,−11,+14,+14,−16,add(17)(q?),

−20,−20,−21,−22,−22/41,XY,del(2),dic(3;?)(q26;?),−8,add(10)(p?),−13,−17,add(17),+18,−19,−21,
−22/43,XY,del(2),add(8)(p?),add(10),i(12)(q10),add(14)(q?),−17,add(17),−19,−20,−22,+mar/
45,XY,−1,+3,−7,−8,add(8)(q?),−17,add(17),−19,+21,+2mar/71,XY,−X,+Y,del(2),dic(2;?)(q37;?),+4,+7,
−8,add(8)(p?),+9,add(10)(p?),+11,+12,add(14),−15,−16,add(17),−18,−18,+21,−22,+2mar

Doco−Fenzy et al 1993 (106)

39,X,−Y,−2,−10,add(11)(p?),+add(15)(q?),−19,−20,−21,−22/42,XY,−1,der(3)t(1;3)(q11;q19),
add(11),−18,−19,−22/43,XY,der(1)t(1;11)(q11;p11),−10,add(11),−19,−22//43,XY,−1,add(11),
−19,−22/44,XY,−1,−11,add(11)

Doco−Fenzy et al 1993 (106)

43,X,−X,−13,−22/43,X,−X,t(3;7),del(4)(q35),add(5)(q?),t(8;11)(p21;p12),der(9)(q31),−11,−22/
43,X,−X,der(1)(p?),+del(4)(q2?),dic(7;15)(p11;p11),−15,−21,−22

Doco−Fenzy et al 1993 (106)

44,XX,t(2;9)(p12;q?),−12,−19/45,XX,−13/45,XX,−14/92,XXXX,add(15)(p?) Doco−Fenzy et al 1993 (106)
44,XY,−1,t(1;5;6)(p12;q23;q25),−14,−22,+r/43,idem,−18/40,idem,+2,−3,−4,−18,−18,−r/82,idemx2,−5,

−9,−15,−17,−18
Doco−Fenzy et al 1993 (106)

44,X,−X,−22/43,idem,−15/43,idem,−10/44,idem,t(4;10)(p13;q26)/44,idem,t(4;14)(q13;q31)/42,idem,−9,
−20/42,idem,−13,−16/43,idem,−13/43,idem,−4/43,idem,−12

Doco−Fenzy et al 1993 (106)

45,XX,der(1)t(1;2)(q43;q12),−22/79,idem,+1,+3,+4,+5,+11,+12, +14,+16,−17,+18,+19,+20,+21 Doco−Fenzy et al 1993 (106)
45,XY,−11/45,XY,t(6;8)(q?;p?),−8 Doco−Fenzy et al 1993 (106)
45,XX,−19/45,XX,−22/45,XX,del(11)(p14),−17 Doco−Fenzy et al 1993 (106)
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45,XX,−22/43,idem,t(8;19)(p23;q13),−19,t(19;20)(q13;p13),−20,add(22)(q?)/43,idem,t(4;19)(q35;q13),
−8,t(14;21),add(22)/44,idem,t(4;17)(q25;q25),−17,add(22)/44,idem,+t(2;19)(p25;q13)t(14;21)(q?;q?),−19,
−21,add(22),45,idem,add(22)

Doco−Fenzy et al 1993 (106)

45,XX,−22/45,idem,r(19)/45,idem,+8,−10,r(19)/45,idem,add(6)(q?),+8,−10 Doco-Fenzy et al 1993 (106)
46,XX,add(5)(q?)/45,XX,−9/45,XX,−21 Doco-Fenzy et al 1993 (106)
46,XY,del(2)(q22) Doco-Fenzy et al 1993 (106)
46,XX,del(4)(q?),t(4;15)(q28;q11),der(14)t(4;14)(q22;q32) Doco-Fenzy et al 1993 (106)
46,XY,del(22)(q12)/44,idem,−8,−13 Doco-Fenzy et al 1993 (106)
46,XY,t(1;2)(q42;q13)/46, XY,t(1;13)(q22;q22)/46,XY,add(3)(q?) Doco-Fenzy et al 1993 (106)
57,XX,+3,+4,+8,+9,+12,+14,+15,+15,+17,+19,+20/58, idem,+3,+10,+14,−19, +21/58,idem,+3, +8,−19,−21,

+mar/59,idem, −X,+3,+5,+7, +10,−12,−19,+21
Doco-Fenzy et al 1993 (106)

47,XY,del(11)(q?13q?21),+r Dressler et al 1993 (416)
46,XX,del(1)(p32) López-Ginés et al 1993 (417)
45,XX,t(1;15),t(7;11),−22 Pagni et al 1993 (256)
46,XX,t(1;19)(q21;p13) (2 cases) Prempree et al 1993 (418)
39,XX,−1,−4,−6,+der(7),−8,−10,−12,+der(14),−17,−18,−22 Vagner-Capodano et al 1993 (77)
40,X,−Y,der(1),+3,−5,−8,−9,−12,−14,−18,+19,der(21),−22 Vagner-Capodano et al 1993 (77)
42−44,XY,del(1)(p13),−22,−22 Vagner-Capodano et al 1993 (77)
44,X,−X,−1,−22,+mar Vagner-Capodano et al 1993 (77)
46,X,der(X),t(3;7)(q11;q11) Vagner-Capodano et al 1993 (77)
46,XX,inv(2) Vagner-Capodano et al 1993 (77)
46,XX,t(1;5)(q22;q35) Vagner-Capodano et al 1993 (77)
47,XX,+mar Vagner-Capodano et al 1993 (77)
47,XY,−4,−4,+5,+12,−16,+der(19),+mar Vagner-Capodano et al 1993 (77)
50,XX,del(1)(q25),+3,+17,+2mar Vagner-Capodano et al 1993 (77)
50,XX,+3,+5,der(9),+12,+20 Vagner-Capodano et al 1993 (77)
44−46,XX,t(1;5)(p13;q?),add(2)(q31),der(2)t(2;14)(p24;q24),t(5;9)(q11;q32),del(6)(q13q26),

t(7;8)(p21;q22),−14,−15,add(20)(q13),add(22)(q13), del(22)(q13),+2mar
Albrecht et al 1994 (419)

42,X,−Y,−1,−6,−8,−18,+20,−22,+r Biegel et al 1994 (420)
45,XY,der(2)t(2;3)(q37;p23),dic(3;22)(p14−p21;q13),del(22)(q?) Biegel et al 1994 (420)
45,XX,dic(1;6)(p31;q14−q16),der(19)add(19)(p13)add(19)(q13),add(22)(q13) Biegel et al 1994 (420)
45,XY,r(6),add(22)(q11),add(22)(q13) Biegel et al 1994 (420)
42−44,XY,del(1)(p13p32),−22 Figarella-Branger et al 1994 (421)
47,XY,+mar Figarella-Branger et al 1994 (421)
44,XX,add(3)(q26),der(17)t(17;21)(p11;q11),add(18)(p11), −19,−21,−22,+mar Gollin and Janecka 1994 (422)
45,XX,−22/46,idem,+mar Gollin and Janecka 1994 (422)
39,X,−Y,add(1)(p32),−10,−14,−16,−18 Griffin et al 1994 (134)
39−43,XX,del(1)(p31),+del(1)(q22),−6,der(11)t(6;11)(q11;p14),−18,add(19)(q13.4),−21,−22 Griffin et al 1994 (134)
40,X,−X,der(1)t(1;2)(p11;p11),−2,der(6)t(1;6)(p11;p11),der(10)t(2;10)(q21;q21),+der(17)

t(17;19)(p11;p11),−19,−22,inc
Griffin et al 1994 (134)

41−42,XX,del(11)(q13q21),−22,+mar,inc Griffin et al 1994 (134)
43−44,X,−Y,del(1)(p12),der(7)t(7;12)(q11;p13), inv(22)(q11q13), inc Griffin et al 1994 (134)
45,XX,del(2)(p16),add(11)(q24),−22 Griffin et al 1994 (134)
45,XX,−1,−6,−7,der(10)t(1;10)(q25;q26),der(11)t(11;22)(p15;p11),t(15;22)(q10;q10) Griffin et al 1994 (134)
45,XX,−22,46,XX,del(22)(q12) Griffin et al 1994 (134)
46,XY,add(11)(p15) Griffin et al 1994 (134)
46,XX,ins(5;?)(?q11;?),r(21) Griffin et al 1994 (134)
60−63,XXX,−1,−2,+5,−6,−7,inv(9),−11,−15,+21,−22,inc Griffin et al 1994 (134)
41,X,-X,del(1)(p22),-4,6q+,8q+,10q+,11p+, der(12)t(1;12)(q11;q24)×2,-14,-15,-22, del(22)(q11)/44,XX,-14,-22 Yamada et al 1994 (135)
45,XX,-22/idem,r(11)(p15q25) Yamada et al 1994 (135)
50,XY,del(1)(p32),+3,+13,+13,+15,-22,+mar Yamada et al 1994 (135)
56,XY,+3,+4,+5,+8,+9,+14,+15,+17,+18,+20/58, XY,+X,+3,+5,+7,+8,+10,+14,+14,+15,

+17,+19/59,XY,+X,+3,+4,+5,+8,+9,+13, +14,+15,+17, +18,+19,+20
Yamada et al 1994 (135)

70,XY,-X,-4,-7,+9,+15,+17,+18,+19,+20,+21,-22/70, idem, add(19)(p13) Agamanolis and Malone 1995 (423)
42,XY,del(1)(p12), add(6)(q12),-14,-16, add(16)(q24),-19,-22 Henn et al 1995 (424)
45,X,-Y/46,XY,add(13)(q34) Henn et al 1995 (424)
45,XY,del(1)(p12),t(14;19)(q22;q13),-22/44,XY,del(1)(p12),-14,-22/44,del(1)(p?),-14,-22 Henn et al 1995 (424)
45,XY,del(1)(p13),-22 Henn et al 1995 (424)
45,XX,-1,+t(1;4)(p11;q11),+t(3;7)(p12;q21),-4,-6,-7,+mar Henn et al 1995 (424)
45,XX,-22/47,XX,+der(X) Henn et al 1995 (424)
60-77,XXX,del(1)(p12),2-3dmin,inc Henn et al 1995 (424)
39,X,-X,del(1)(p?),-6,-7,del(8)(q?),add(9)(p?),add(11)(p?)×2,-13,-14,add(20)(p?),-21,-22 Lekanne Deprez et al 1995 (78)
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41,XX,add(1)(p12),der(1;2)(p10;q10),-3,-4,der(6)t(1;6)(q12;q14),der(8)t(8;?13)(q24;?q14),del(11)(q11),
-13,der(16)t(4;16)(q21;p13),der(18)t(11;18)(q12;q12),der(19)t(3;19)(q11;q12),-22/42,idem,+r/84,idem×2,+2r

Lekanne Deprez et al 1995 (78)

42,XY,i(1)(q10),-4,-14,-18,-22 Lekanne Deprez et al 1995 (78)
42,X,-X,-1,-12,-14,-17,-18,-19,-20,-22,+r Lekanne Deprez et al 1995 (78)
42-43,XY,dic(1;19)(p12;p13),del(11)(p12), dic(11;21)(p11;p12),tas(11;21)(p15;p13),-14, tas(19;21)(q13;p13),-21,-22 Lekanne Deprez et al 1995 (78)
43,XX,der(1)t(1;16)(p11;q11),dic(6;16)(p12;q11) or dic(6;22)(p12;q11),-14,-16,-22 Lekanne Deprez et al 1995 (78)
43,XX,-14,-19,-22/42,idem,tas(7;19)(p22;q13) Lekanne Deprez et al 1995 (78)
44,X,del(X)(q13),trc(1;22;19)(p12;q11;q10),inv(7)(p14-p15q34-q35),der(15),der(16)t(16;22) (q24;q?),i(18)(p10),inc Lekanne Deprez et al 1995 (78)
44,Y,der(X),del(1)(p?),t(1;6)(p32;p21),del(2)(q?),-4,del(5)(q?),add(6)(p?),+del(6)(q?),

der(7),add(10)(q?),del(12)(q?),der(12;17)(q10;q10),-15,-19,del(22)(q?),der(22)t(2;22)(q11;q11)./
44,dem,add(9)(q?) or -9,add(11)(p?) or –11,-21

Lekanne Deprez et al 1995 (78)

44,XX,dic(1;19)(q10;p13),add(2)(p21), der(2)t(2;8)(q1?4;q21), add(4)(q21),der(8)t(2;8)(p21;q21), Lekanne Deprez et al 1995 (78)
del(12)(p12),t(14;16)(q11;q11-12),der(18)t(2;18)(q14;p11),-22
45,XX,del(1)(q?),add(3)(q?),-10/44,XX,del(2)(q?),-6,-7,add(10)(p?),add(11)(p?),add(13)(q?),add(19)(q?),

-22,add(22)(q?)/45,XX,del(2),-6,-7,add(10),add(11),-13,add(19),-22,add(22),+r
Lekanne Deprez et al 1995 (78)

45,XX,dic(1;19)(p13;q11),del(13)(q13q21),+20,-22/46,idem,+20./45,idem,+20,-21 Lekanne Deprez et al 1995 (78)
45,XX,dic(19;22)(p1?2;q1?1)/42-44,idem,del(1)(p?),del(6)(q?),add(11)(p?),-21,-22 Lekanne Deprez et al 1995 (78)
45,XX,-22/44,idem,dic(13;22)(p11;p11) Lekanne Deprez et al 1995 (78)
45,XX,-22/45,idem,r(17) Lekanne Deprez et al 1995 (78)
46,XX,add(2)(q22) Lekanne Deprez et al 1995 (78)
46,XX,t(3;7)(1?2;q35) Lekanne Deprez et al 1995 (78)
46,XX,t(7;14)(q25;q11-q12) Lekanne Deprez et al 1995 (78)
47,XX,+?del(13)(q14q22) Lekanne Deprez et al 1995 (78)
47,XX,+7,+21,-22/47,idem,add(9)(q?) Lekanne Deprez et al 1995 (78)
54-59,X,-X,+1,del(1)(p?)×2,+3,+5, add(6)(q?), +13,+17,+18,+29,+20,+22,+markers Lekanne Deprez et al 1995 (78)
??,XY,t(1;2)(q4?1;q2?2),-19,add(19)(q?),add(22)(q?),+hsr(?),inc Lekanne Deprez et al 1995 (78)
46,XX,-15,+mar López-Ginés et al 1995 (67)
37-41,X,add(Y)(p11),add(1)(q23),-6,-8,add(11)(p13),-14,-22,+mar/45,X,-Y Perry et al 1996 (80)
40-44,X,add(X)(p?21),der(1)add(1)(p13)dup(1)(q23q42),-2,-3-4,-6,add(9)(q14),-10,dic(11;?)(p11;?),

-15,-17,add(17)(q2?5),-18,add(19)(p13),+r,+5-6mar
Perry et al 1996 (80)

41,X,-X,der(1)t(1;12)(p?13;q1?1),dic(3;7)(p12;p11),dic(6;22)(q12;q11),-18/40,idem,-13,-21,+mar/41,
idem,-4,add(19)(p13),add(20)(q13),+mar

Perry et al 1996 (80)

42,XY,del(1)(p13),t(1;3)(q44;q12),-3,-4,add(6)(q13),add(11)(p15),-14,add(16)(p13),-18,-22,+r Perry et al 1996 (80)
44,XX,der(1)t(1;10)(p22;q11),dic(3;10)(p12;q11),dic(6;13)(q13;p11),del(7)(p13p15) Perry et al 1996 (80)
42,XY,add(1)(p13),-6,-8,-14,-22/42, idem,add(17)(q23),add(18)(q12) Bhattacharjee et al 1997 (425)
46,X,-X,r(1),t(3;10)(p14;q22),der(16)add(16)(p13),add(16)(q23),add(17)(q23),add(20)(q13)add(22)(q11),

add(22)(q12),+r/46,idem,-r(1),+der(1)(add(1)(p31)add(1)(q41)
Bhattacharjee et al 1997 (425)

46,X,inv(X)(p22q26),t(3;5;17) (p22q13; q11;q22)/46,XX,t(7;11)(p15;q14,add(9)(q31)/46,XX,del(6)(q22),
add(8)(q22),t(12;17)(q14;q23)/46,XX,t(12;13;13)(q24;p1?;q33;q14)

Chauveinc et al 1997 (108)

44,XY,t(3;9)(q13;q22)c,-14,-22/50,idem,+3,+5, +der(9), t(3;9),+19,+20,+mar/66,XY,-X,+1,+2,+der(3)t(3;9),
t(3;9)c,-4,+7,-8,-13,-14,-14,i(15)(q10),+17,-19,-20,-22,-22,+2mar/85,XXYY,der(3),t(3;9)c,-5,-10,-14,-14,
-15,i(15)(q10),-16,-18,-18,-20,-22,+3mar

Niazi et al 1998 (426)

34-59,XY,del(1)(p22p33),t(10;11)(p15;p15), del(11)(p13), -19,-22 Zattara-Cannoni et al 1998 (427)
35-44,XY,-1,add(9)(p24),i(11)(q10),add(15)(q26),-22 Zattara-Cannoni et al 1998 (427)
39,X,-Y,del(1)(p13),-4,-6,-13,-14,+17,-22,+3mar,dmin Zattara-Cannoni et al 1998 (427)
39-43,XX,-14,-18,-22,+mar Zattara-Cannoni et al 1998 (427)
39-44,X,-Y,t(1;7)(p11;q11),-22 Zattara-Cannoni et al 1998 (427)
40,X,-Y,-1,-4,-10,-14,-22,+2mar Zattara-Cannoni et al 1998 (427)
40-45,XX,t(1;5)(p12;p15) Zattara-Cannoni et al 1998 (427)
41,X,-Y,del(1)(p13),-4,-14,-16,+17,-19,-20,add(21)(p13) Zattara-Cannoni et al 1998 (427)
42,X,-Y,del(2)(p12),+5,del(11)(q14),10-,15,-22 Zattara-Cannoni et al 1998 (427)
43,XX,-4,-5,-12,-17,-22,+2mar Zattara-Cannoni et al 1998 (427)
44,XY,del(1)(p13),-5 Zattara-Cannoni et al 1998 (427)
44,XY,-7,-10,-18,-22,+2mar/45,XY,del(1)(p12),del(7)(p11),t(10;10)(p15;p15) Zattara-Cannoni et al 1998 (427)
44-45,XX,+mar Zattara-Cannoni et al 1998 (427)
45,X,-Y/41,X,-Y,del(1)(p13),-4,-14,-16,+17,-19,-20,add(21)(p13),-22/41,X,-Y,del(1),-4,-14,

-16,+17,-19,-20,add(21),-22,dmin,inc
Zattara-Cannoni et al 1998 (427)

45,XX,del(1)(q32),+7,-10,-11,t(22;22),+mar Zattara-Cannoni et al 1998 (427)
45,XX,del(5)(q23q34),-22/52-90,XX,inc Zattara-Cannoni et al 1998 (427)
45,XX,-1,del(7)(p12)/45,idem,dmin Zattara-Cannoni et al 1998 (427)
45,XY,-1,t(2;19)(p11;p13) Zattara-Cannoni et al 1998 (427)
45,XX,+7,-10,tas(14;22)/44,XX,-1,-2,-3,-14,-15,-21,+mar Zattara-Cannoni et al 1998 (427)
45,XX,+7,-11,der(11)t(11;11)(p11;q12) Zattara-Cannoni et al 1998 (427)
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45,XX,-22/40-42,idem,-1,-2,add(11)(p15) Zattara-Cannoni et al 1998 (427)
45,XX,-22/46,idem,+mar Zattara-Cannoni et al 1998 (427)
46,XX,add(11)(p15) Zattara-Cannoni et al 1998 (427)
46,XX,del(1)(q32),der(11) Zattara-Cannoni et al 1998 (427)
46,XY,del(11)(q14) Zattara-Cannoni et al 1998 (427)
46,XY,+der(1),-22 Zattara-Cannoni et al 1998 (427)
46,XX,dmin Zattara-Cannoni et al 1998 (427)
46,XY,t(3;7)(p11;q36)/47-94,XY,inc Zattara-Cannoni et al 1998 (427)
47,XY,+mar Zattara-Cannoni et al 1998 (427)
48,XX,+2mar Zattara-Cannoni et al 1998 (427)
39-44,XY,add(1)(p34),der(1;2)(p10;q10),-5,add(6)(q16),inv(7)(p12q21),-8,-13,del(19)(q13), -22,r(22),+2mar Chauveinc et al 1999 (257)
40-45,XX,t(3;4)(q21;q25),del(5)(p11),-14,add(22)(q11)×2 Debiec-Rychter et al 1999 (428)
41-43,XY,-1,-10,-14,-18,der(20)t(1;20)(q21;q13),-22 Debiec-Rychter et al 1999 (428)
42-44,X,-Y,-6,der(15;22)(q10;q10) Debiec-Rychter et al 1999 (428)
44-45,XY,-11,add(11)(p13),-21,t(21;21)(p11;p11),-22 Debiec-Rychter et al 1999 (428)
45,XY,add(1)(p32),-10,-18,+mar,inc Debiec-Rychter et al 1999 (428)
45,XX,-21,-22,+mar Debiec-Rychter et al 1999 (428)
45,XX,-22/46,idem,r(12)(p13q24) Debiec-Rychter et al 1999 (428)
45-46,XX,del(2)(p11),der(11)t(6;11)(q11;p14),-21 Debiec-Rychter et al 1999 (428)
45-46,XX,del(10)(q22),+del(11)(p11),dic(13;22)(p11;p11),-22 Debiec-Rychter et al 1999 (428)
45-46,X,-Y,+8,del(10)(q23),-14,+2mar Debiec-Rychter et al 1999 (428)
48-57,XY,+3,+5,+7,+der(7)t(1;7)(p13;q12),del(9)(p13),add(17)(p11), add(19)(q13),+20,+20 Debiec-Rychter et al 1999 (428)
55-118,XXX,der(1)t(1;11)(p11;q11),+12,+17,+18 Debiec-Rychter et al 1999 (428)
78-96,XXYY,del(1)(q21),-2,-2,-6,-8,add(8)(p21)×2,-10,add(11)(p11)×2,del(12)(p11)×2,-14,

-15,del(17)(q25)×2,del(18)(p11)×2,der(18)t(12;18)(p11;p11)×2,add(19)(q13)×2, del(22)(q11),+4mar
Debiec-Rychter et al 1999 (428)

81-90,XY,-X,-Y,-1,der(1)t(1;1)(p13;q21),-2,add(2)(p16),-8,-10,-14,-18,-19,add(19)(q13),dic(21;22)(q11;q11)×2 Debiec-Rychter et al 1999 (428)
82-94,XXYY,+3,+5,+7,-8,+9,+13,-14,-15,-17,-18, -19,+20,-22,del(22)(q11)×2,+2mar Debiec-Rychter et al 1999 (428)
40,XX,der(1)t(1;3)(p12-13;q11),-3,-6,-10,-11,-18 Steilen-Gimbel et al 1999 (429)
45,XY,der(1)t(1;3)(p12-13;q11),-3 Steilen-Gimbel et al 1999 (429)
45,XY,der(1)t(1;3)(p12-13;q11),-3,-22 Steilen-Gimbel et al 1999 (429)
40,X,-Y,-10,-12,-13,-14,-22/39,idem,dic(17;22)(q25;p11) Cerdá-Nicolás et al 2000 (104)
41,XY,t(1;14)(p11;p13),-5,+dic(6;?)(q22;?),del(7)(p11),-9,-10,-12,tas(14;22)(p13;p13),-16,-18, +r,+mar Cerdá-Nicolás et al 2000 (104)
43,XX,der(1)t(1;14)(p11;q11),-6,add(7)(p11),-14,-22 Cerdá-Nicolás et al 2000 (104)
44,X,-Y,der(2)del(2)(p24)del(2)(q33),-22 Cerdá-Nicolás et al 2000 (104)
44,XX,-7,der(14)t(7;14)(p11;p11),-17,der(18)t(7;18)(q11;q23) Cerdá-Nicolás et al 2000 (104)
45,XX,del(1)(p13),-22 Cerdá-Nicolás et al 2000 (104)
45,XX, der(1)t(1;4)(p22;q12), der(4;5)(q10;q10), der(4)t(4;5)(q31;q11),-17,+18 Cerdá-Nicolás et al 2000 (104)
45,XX,-14,+mar,inc Cerdá-Nicolás et al 2000 (104)
46,XX,del(14)(q22) Cerdá-Nicolás et al 2000 (104)
46,XY,der(4)t(4;6)(p16;p21),der(17)t(17;17)(p11;q11q22),del(22)(q13), +mar Cerdá-Nicolás et al 2000 (104)
46,XX,-22,+mar Cerdá-Nicolás et al 2000 (104)
47,XY,del(1)(q11),-7,+8,+9,-10,+13,-15,-19,-22,+2mar Cerdá-Nicolás et al 2000 (104)
46,XX,t(1;4)(q44;q21) Go et al 2000 (430)
38-42,X,-X,der(1;8)(q10;q10),der(1)add(1)(q32)del(1)(p13p21),der(1)t(1;14)(p36;q11),-2,-3,-4,-5,

der(6)t(6;7)(q11;q11),+?inv(6)(p25q13),der(7)t(2;7)(q?11;q11),+add(9)(q11),der(10)t(X;10)(q11;q26),
-11,-11,-12,?del(13)(q13q31),-14,add(16)(q22),-17,der(17)t(12;17)(q24;p11),-18,add(19)(q13),
der(19)t(1;19)(q12;q13),add(22)(q12),+r,+2mar,dmin/47,XX,del(11)(q12),t(3;15)(p11;p11),add(19)(q13.4),
inv(20)(p13q11.2),+r/46-47,X,-X,add(3)(q27),add(7)(q22),del(11)(q22q23),del(13)(q14q31)/46,XX,
der(3)t(3;?14)(p21;?q24),add(5)(q35)

Sawyer et al 2000 (107)

39,X,-Y,der(1)t(1;1)(p22;q21),-8,t(9;22)(q12;q12),-10,add(11)(p11),-11,-16,-18,-22 Sawyer et al 2000 (107)
39-40,X,-X,der(1;2)(q10;q10),-2,-3,der(7)t(3;7)(q?12;p14),-22/46,XX,t(9;12)(p21;q23) Sawyer et al 2000 (107)
40,X,der(Y)t(Y;1)(q21;q10),-1,-10,-14,-15,-18,-22/40,idem,tas(7;20)(p22;q13) Sawyer et al 2000 (107)
40,XY,der(1;2)(q10;q10),-4,-8,-13,-14,-22/80,idem×2 Sawyer et al 2000 (107)
40,XY,-1,der(1)t(1;13)(q44;q14),der(1;16)(q10;q10),-6,-8,r(8),der(9)t(9;12)(p11;q11),-14, -16,-18,-22 Sawyer et al 2000 (107)
40,X,-X,-1,-6,-14,-18,der(19)t(1;19)(q10;p13.3),-22/39-40,XX,der(19)t(1;19)(q10;p13.3),add(19)(q13.4)/39-40,

idem,der(19)(q10;p13.3),dic(19;20)(p12;q13)
Sawyer et al 2000 (107)

40,X,-Y,-1,-10,add(11)(p15),-14,-18,-22,der(22)t(1;22)(q10;p11) Sawyer et al 2000 (107)
40-42,XY,der(1) t(1;14)(p32;q11) del(14)(q13q22), t(1;13)(p32;p12),-4 , der(6) t(4;6)(q12;q13),

-10,-11, tas(11;20)(p15;q13.3),der(12)t(1;12)(p32;p13),del(14)(q13q22),der(14)t(11;14)
(q13;q24),dic(17;22)(p11;q13),del(22)(q12)/46,XY,t(1;7)(q25;q32),t(1;13)(p32;p12),
add(5)(q35),del(5)(q15q21),del(13)(q12q22),del(17)(q12q21)

Sawyer et al 2000 (107)
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41-46,XY,del(1)(p32p34),t(1;15)(q10;q25),?t(2;15)(p25;q25),del(3)(p23),del(5)(q22q31),der(10)t(10;11)
(q22;q13),-10,del911)(q21q23),+15,-16,?del(16)(q22),-19,del(20)(p11),-22,add(22)(q13),+r

Sawyer et al 2000 (107)

41-47,XY,der(1)t(1;11)(q10;p15),del(6)(q21),del(10)(q25),-14,add(19)(p13.3),+20,add(20)(q13),-22 Sawyer et al 2000 (107)
43-44,XY,add(1)(p11),-4,-6,-17,der(22)t(1;22)(q10;q12)/43-44,idem,der(11)t(1;11)(q10;q25) Sawyer et al 2000 (107)
44,XX,der(1)t(1;18)(p13;?;q11),del(6)(q13),-18,-22/45,X,-X Sawyer et al 2000 (107)
44,Y,t(X;12)(p10;p10),der(1;17)t(1;17)(p32;p13)del(1)(p13p21),add(2)(q24),?del(3)(q?27),

del(4)(q32),t(5;6;7)(p15;p16;q11),ins(8;2)(q11;q13q37),add(15)(q25),del(16)(q22),
add(18)(q23),dic(19;22)(p11;q11),-20,add(20)(q11)

Sawyer et al 2000 (107)

44,XX,-1,inv(3)(q13q23),t(4;7)(q31;q31),t(8;22)(q22;q11),tas(11;13)(p15;p11),-19,der(19)t(1;19)(q10;p13)/41-43,
idem,der(4)t(4;7)(q31;q31),-7,-18

Sawyer et al 2000 (107)

44-45,XY,der(1)add(1)(p22)del(1)(q42),add(2)(q33),der(6)add(6)(p23)t(6;16)(q13;q11.2),
-8,add(9)(q22),-12,-14,-16,tas(17;22)(p13;p13),add(19)(p13.3),del(22)(q11),der(22)t(14;22)(q13;q13)
ins(22;?)(q13;?)add(14)(q32),+mar1,+mar2

Sawyer et al 2000 (107)

44-45,XX,der(1)t(1;3)(p11;p21),del(3)(p21),add(4)(p11),der(10)t(4;10)(q11;q11.2),-19,add(21)(q22) Sawyer et al 2000 (107)
44-45,XX,der(1)t(1;4)(p13;p12),-4,der(8)t(8;15)(q24;q22),-9,tas(14;22)(p13;p13),-15,der(22)t(3;22)(q11;q13),+r Sawyer et al 2000 (107)
45,X,dic(X;22)(q11;q12)/45,idem,del(6)(q15q23) Sawyer et al 2000 (107)
45,XY,dic(19;22)(p13;q11)/45,XY,dic(19;22)(p11;q11) Sawyer et al 2000 (107)
45,XX,tas(1;11)(p36;p15),tas(11;16)(p15;q24),-22/45,XX,der(8)t(8;11)(p23;q12),

tas(8;16)(p23;p13),-22/45,XX,tas(8;16)(p23;q24),tas(11;19)(p15;p13)/45,XX,tas(8;12)(p23;p13),r(16),-22
Sawyer et al 2000 (107)

45,XX,tas(2;20)(q37;q13),tas(5;20)(q35;q13),-22 Sawyer et al 2000 (107)
46,XY,der(1)inv(1)(p21p?36)inv(1)(p?36p31),t(6;7)(p?23;q?23),del(7)(p12p12)/46,Y,t(X;17)(q13;q21),

t(2;6)(p21;q13),del(7)(q34),inv(7)(p22;q11.2),t(15;17)(q10;q10),t(18;19)(q11.2;q13.3)
Sawyer et al 2000 (107)

46,XX,der(2)t(2;12)(q33;q13) Sawyer et al 2000 (107)
46,XX,inv(4)(p15q12),t(4;11)(q21;p15),del(5)(q13q31),der(11)t(11;14)(p15;q11),add(14)(q13)×2,t(16;20)(p11;q13),

add(18)(?p11)/46,XX,t(14;20)(q24;q13.3)/46,X,?del(X)(p11p11),t(7;13)(q32;q34)
Sawyer et al 2000 (107)

46,XX,tas(19;22)(q13;q13)/46,XX,del(22)(q12)/45,XX,-22 Sawyer et al 2000 (107)
46,XX,t(2;7)(q24;p14)/46,idem,add(20)(q13) Sawyer et al 2000 (107)
46,XX,t(2;14)(q33;q22) Sawyer et al 2000 (107)
46,XX,-1,+5,der(10)t(1;10)(q10;q26),-14,+20/46,idem,der(21)t(1;21)(q10;p11) Sawyer et al 2000 (107)
52-55,XX,der(1;3)(q10;p10),+5,+5,tas(9;11)(q34;p15),+11,+12,+19,+20,+21,+21,-22 Sawyer et al 2000 (107)
46,XX,del(1)(p32) López-Ginés et al 2001 (68)
38-75,X,-Y,der(1)t(1;22)(p11;q12),add(13)(q34),-22 Zattara-Cannoni et al 2001 (258)
43-47,XY,der(1)t(1;22)(p11;q12),-10,-18,-22 Zattara-Cannoni et al 2001 (258)
44-45,XY,der(1)t(1;22)(p11;q12),del(7)(p12),-22 Zattara-Cannoni et al 2001 (258)
44-45,XY,der(1)t(1;22)(p11;q12),-22,+mar Zattara-Cannoni et al 2001 (258)
45-66,XX,der(1)t(1;22)(p11;q12),add(6)(p25),-22 Zattara-Cannoni et al 2001 (258)
45-84,XX,der(1)t(1;22)(p11;q12),-7,-11,-22,+2mar Zattara-Cannoni et al 2001 (258)
44-45,XX,t(1;19)(q21;q13),tas(3;9)(p26;p24),dic(18;22)(p11;p11),tas(3;9)(p26;p24) Sawyer et al 2002 (431)
38,X,-Y,del(1)(p12),der(4)t(4;7)(p11;q11),-6,-7,-9,-10,der(11)t(6;11)(p11;p11),-13,-14,-17,-18,-22,+3mar Henn et al 2003 (102)
40-42,XX,del(1)(p34),+dic(1;9)(p12;q34),-5,i(6)(p10),del(7)(q32),-9,-10,der(12),-14,-16,-22 Henn et al 2003 (102)
41,X,-Y, der(1)t(1;7)(p32;p12),der(5)(p14),-7,-14,-18,-22 Henn et al 2003 (102)
41,XX,-1, der(7) t(1;7)(q11;p11),-10,der(11),-14,-19,-22 Henn et al 2003 (102)
43,XX,-1,der(7)t(1;7)(q11;p11),der(4),der(6),-13,-14,-15,der(18),+20,+20,-21,-22 Henn et al 2003 (102)
43,XY,-1,der(7)t(1;7)(q11;p11),der(11)t(11;21)(p11;q11),del(18)(q21),-22 Henn et al 2003 (102)
44,XX,der(1)t(1;3)(p32;q11),-3,der(7;11)(q10;q10) Henn et al 2003 (102)
45,XX,del(7)(p12),-14,-22,+mar/45,idem, del(1)(p32) Henn et al 2003 (102)
45,XX,dic(7;22)(p11;q11)/46,idem,+mar Henn et al 2003 (102)
45,XX,-1,del(7)(q11),+der(7)t(1;7)(q11;p11),-22 Henn et al 2003 (102)
45,XX,-1,der(7)t(1;7)(q11;p11),-2,+mar Henn et al 2003 (102)
46,XY,dup(7)(q11q36) Henn et al 2003 (102)
46,XY,i(7)(q10) Henn et al 2003 (102)
46,XY,inv(7)(p22q21) Henn et al 2003 (102)
43,XX,der(1)t(1;11)(p11;q11), del(2)(p12), del(6)(q28), dic(7;22)(p12;q11), -11,-13,-22 Ketter et al 2003 (432)
38-41,XX,der(1;7)(q10;q10),-4,del(6)(q15q23),t(6;11)(p?23;p11),inv(9)(p11q13),-10,-14,

der(19)t(11;19)(q11;p13.3),-22
Sawyer et al 2003 (99)

39-40,X,-X,dic(1;12)(p11;?p12),-10,inv(13)(q22q26),-14,-18,-22 Sawyer et al 2003 (99)
39-42,X,-X,dic(1;12)(p13;p11),der(2)add(2)(q11),add(2)(q?31),?t(3;5)(q?25;q35),t(4;15)(q?23;q?26),

?del(6)(q23q23),add(8)(q?13),t(8;10)(q24;q?23),t(9;19)(p?13;q?13),t(10;16)(q11;p13),del(13)(14q22),-22
Sawyer et al 2003 (99)

40-46,X,t(X;1)(q22;q21),add(1)(p?22),der(1)t(1;6)(p?22;p12),add(2)(p11),t(2;22)(p11.2;q11.2),-6,
dic(7;22)(p11;p11.2),del(11)(q14),der(12)t(6;12)(p11.1;p13),-16,-19,add(20)(p13)

Sawyer et al 2003 (99)

41-43,X,-Y,dic(1;4)(p13;p11),-13,-14,-22 Sawyer et al 2003 (99)
42,X,-Y,del(1)(p13),der(2)t(2;4)(p11;?),-4,t(6;9)(q15;?),-18,-22 Sawyer et al 2003 (99)
42,X,-X,dic(1;7)(p13;p11),der(2;4)(q10;q10),-6,+9,der(9;15)(q10;q10),dic(22;22)(q11;q11) Sawyer et al 2003 (99)
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42-44,XX,-8,-22/44,idem,r(11)(p15q25)/41-43,idem,dic(1;11)(p32;p13),-11/41-43,
idem,dic(1;11)(p32;p13),tas(9;16)(p24;p13.3)/42,idem,dic(1;11)(p13;p13),
dic(9;16)(p24;q11.2)/46,XX,tas(9;16)(p24;p13)

Sawyer et al 2003 (99)

43,X,-Y,der(3)t(3;5)(q29;p13),dup(5)(p12p13),der(12)t(5;12)(p13;p13),-14,-22 Sawyer et al 2003 (99)
43-45,XY,der(1)t(1;16)(p13;q13),-10,?add(14)(q?12),-16,add(16)(q12.1),del(22)(q13), der(22)t(16;22)(q11;q13) Sawyer et al 2003 (99)
43-45,XY,dic(1;22)(p11;q12-q13),-18,add(22)(q11.2),+mar/43-45,idem,tas(2;12)(p11;p11),43-45,idem,del(2)(p11) Sawyer et al 2003 (99)
43-45,XY,dic(19;22)(p13;q11)/43-45,idem,tas(1;19)(p36;q13/43-44,idem,dic(1;19)(p22-p32;q13.3)/43-44,

idem,dic(1;19)(p11;q13.1)/43-44,idem,dic(1;19)(p11;q11)/43-44,idem,dic(1;4)(p11;q21),der(19)t(4;19)(q12;q13.4)
Sawyer et al 2003 (99)

44,XY,der(1;9)(q10;q10),dic(4;9)(p?13;q11),-22/44,XY,der(1;4)(q10;q10),-22/44,XY,dic(4;18)(p?13;q11.1),-22 Sawyer et al 2003 (99)
44-45,Y,?X;10)(p22.1;q25),-1,?t(5;13)(q15;q14),-6,der(7)t(7;7)(p12;q32),der(7)del(7)

(p11.2p15)del(7)(q11.2q22),del(8)(q13),?t(18;22)(q11.2;q13),-22,+mar1,+mar2
Sawyer et al 2003 (99)

45,X,der(X)t(X;22)(q21;q12),add(5)(q?34),del(8)(p11.1p12),add(12)(p11.2),-22,add(22)(q11.2) Sawyer et al 2003 (99)
45,XY,add(1)(p36.3),inv(1)(p22q25),der(5)t(5;?12)(p14;p13)der(5)(q35),add(6)(p22),?add(8)(p21),

der(12)t(5;12)(p14;p13),del(17)(p12),?dic(19;22)(q13.1;q11.2)/44,idem,tas(19;inv1)(q13;p22)
Sawyer et al 2003 (99)

45,XY,der(3;7)(q10;q10) Sawyer et al 2003 (99)
45,XX,der(4)t(4;22)(q28;q11)ins(4;?)(?q28),der(7)t(7;22)(p12;p11),der(12)t(7;12)(p13;p12.2)del(7)(p21),

der(22)t(7;22)(p21;q13.2),-22/45, idem,-der(7), +i(7)(q10)
Sawyer et al 2003 (99)

45,XX,dic(1;22)(p34-35;q13)/45,XX,dic(1;22)(p31-32;q12-13)/45,XX,(p11;q12-13) Sawyer et al 2003 (99)
45,XY,?dic(3;12)(q12;q13),der(4)t(4;12)(p16;q13),add(7)(q36),t(10;11)(q24;p15) Sawyer et al 2003 (99)
45,XX,i(1)(q10),der(3)(q29;p11),?inv(2)(p15q37),der(3)t(3;6)(q29;p11),-4,add(6)(q11),

add(11)(q23),-22,del(22)(q12),+mar
Sawyer et al 2003 (99)

45,X,tas(Y;22)(q12;p11),dic(1;11)(p13;p13),+5,-7,+15,+20,-22 Sawyer et al 2003 (99)
45,t(X;12)(q?13;q?13),-Y,t(1;1)(p?13;q?13),t(3;22)(p26;q?11),t(10;11)(p10;p10) Sawyer et al 2003 (99)
45,XY,t(7;10)(p10;p10),t(12;19)(p13;q13),dic(19;19)(p13.3;q13.3),add(12)(p13)/43,

idem,der(1)t(1;2)(p11;p13),-2,-dic(19;19),+trc(19;19;22)(p13.3;q13p13;q12.2)
Sawyer et al 2003 (99)

45,XX,-22/45,idem,r(X)/44,idem,-X/45,idem,tas(19;22)(q13;p11) Sawyer et al 2003 (99)
45,XX,-22/45,idem,tas(1;11)(p36.3;p15.5)/45,idem,dic(1;11)(p32;p15.5)/45,idem,del(1)(p22)/45,idem,

del(1)(p13)/45,idem,tas(1;22)(p36.3;q13)/45,idem,tas(1;14)(p36.3.q13)/45,idem,tas(1;13)(p36.3;q34)/45,
idem,tas(1;19)(p36.3;q13.4)

Sawyer et al 2003 (99)

45,XX,-22/45,idem,tas(1;19)(p36.3;p24),tas(10;19)(p15;q13.4),tas(15;19)(p11.2;q13.4),tas(17;18)(p13;q23),
tas(17;19)((p13;p13.3)

Sawyer et al 2003 (99)

45,XX,-22/45,idem,tas(8;22)(?;p13) Sawyer et al 2003 (99)
45-46,XX,der(1)t(1;9)(q44;q11)/46,XX,dic(1;12)(q44;p11) Sawyer et al 2003 (99)
46,XY,der(2)t(2;9)((p21;p22),del(14)(q22),dic(17;22)(p11.1;q11.2),inv(19)(p13.3q13.4),der(22)t(2;22)(p23;q11)/46,

idem,dic(17;22)×2
Sawyer et al 2003 (99)

46,XX,del(17)(q11.1)/46,XX, dup(17)(q23-q24)/46,XX,der(11)t(11;17)(p15/q11.1)/46,XX,
tas(11;19)(p15;q13.4)/46,XX,dic(11;19)(p11;q11)

Sawyer et al 2003 (99)

46,XX,der(1)t(1;12)(p36;q12),t(2;4)(q35;q21) Sawyer et al 2003 (99)
46,XX,der(7;16),t(7;11)(q11;q11),del(11)(q11),t(15;22),t(16;22) Sawyer et al 2003 (99)
46,XX,der(8)t(6;8)(?;p23),der(12)t(11;12)(q13;p13) Sawyer et al 2003 (99)
46,XX,der(22)t(7;22)(q11;q11) Sawyer et al 2003 (99)
46,XY,dic(3;7)(p11;p?13),+r(7),der(14)t(7;14)(q11;q32) Sawyer et al 2003 (99)
46,XY,tas(1;8)(q44;p23)/46,XY,add(1)(q44)/46,XY,del(1)(q11) Sawyer et al 2003 (99)
46,XX,t(2;12)(p25),del(4)(p16),?add(6)(q27),ider(22)(q10)del(22(q11)/46,idem,t(7;12)(q10;q10),-12,

dic(19;19)(p13;q11),add(22)(q13)
Sawyer et al 2003 (99)

47,XY,+12,-14,+15,+20,-22/46,idem,dic(7;19)(p11;p11) Sawyer et al 2003 (99)
41,XY,der(1)t(1;14)(p11;q11),-10,-14,-18,-22 López-Ginés et al 2004 (96)
43,X?,del(1)(p13),del(10)(q21),-13,-14,+21,-22 López-Ginés et al 2004 (96)
43,XY,del(1)(p21),-14,-18,-22 López-Ginés et al 2004 (96)
43,XY,del(1)(p32),i(3)(q10),-15,-18,-20, del(22)(q12-q13) López-Ginés et al 2004 (96)
43,XY,der(1) t(1;11)(p22;q24),der(6)t(6;9)(q15;q22),der(9)t(9;13)(q13;q12),?del(11)(p11),del(11)(q14),-13,-14 López-Ginés et al 2004 (96)
45,XX,add(1)(q21),der(4)t(1;4)(?;q21),der(6)t(1;6)(?;q23),-14,+15,-22 López-Ginés et al 2004 (96)
45,XY,del(1)(p13),-22 López-Ginés et al 2004 (96)
45,XX,der(1)t(1;22)(p32;?),del(4)(q25),t(8;11)(q24;q21),der(14)t(14;22)(q32;q11)-22,del(22)(q11) López-Ginés et al 2004 (96)
46,XX,der(1)t(1;3)(p32;p21),der(3)t(3;7)(p13;q11),add(7)(q11) López-Ginés et al 2004 (96)
42,XY,del(1)(p13),-4,t(4;7)(q12;q11),-6,t(6;7)(p12;p12),del(7),-14,der(17),-22 van Tilborg et al 2005 (101)
42,X,-X,dic(1;22)(p11;p11),der(6)t(6;13)(q13;q13),-13,-14,der(16)t(13;16)(?;p13),-22 van Tilborg et al 2005 (101)
42,X,-X,-14,-19,-22,many tas van Tilborg et al 2005 (101)
42-43,XY,dic(1;19)(p21;p13),del(11)(p12),tas(11;21)(pter;pter),-14,-21,-22 van Tilborg et al 2005 (101)
42,der(X),Y,1p-,t(1;6)(p32;p21),2q-,-4,-5,6q+,der(7),10q+,12q-,der(12)t(12;17)(q10;q10),-15,-19,22q- van Tilborg et al 2005 (101)
44,X,del(X)(p13),t(1;22;19?)(q534→p12::cen(22)→q11::cen(19)→qter) van Tilborg et al 2005 (101)
44,XX,der(1)t(1;6)t(2;3)(p24;q32),del(6)(q16),add(7)(q36)add(8)(p12),del(11)(q13),-11,del(17)(q21q24),-18,-20,-22 van Tilborg et al 2005 (101)
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Table 3.4. Continued

Karyotype References

44,XX,i(1)(q10),der(6)t(6;9)(q21;q13),der(15)t(6;15)(p11;p12),-18,-22 van Tilborg et al 2005 (101)
+44,XY,-1,del(7)(p14p21),add(22)(q12) van Tilborg et al 2005 (101)
+44,XX,-22,markers van Tilborg et al 2005 (101)
45,XX,-1,add(6)(q10),-16,der(22),t(1;22),+mar van Tilborg et al 2005 (101)
45,XY,del(2)(p23),-4,add(5)(q34),-14,add(19)(p12),add(22)(q11),+mar van Tilborg et al 2005 (101)
46,XX,t(2;7)(q32;q35) van Tilborg et al 2005 (101)
46,XX,t(7;14)(q35;q12) van Tilborg et al 2005 (101)
92< n4>,XXYY,-1,-1,-1,add(1)(q)×3,-2,-2,add(2)(p),del(5)(p13)×2,-9,-9,-9,-9,add(9)(p13)×2, -14,-

14,del(14)(q2)×2,+4mar/62-69<3>,XYY,-1,-2,-2,dic(2;?)(q2?1;?),-3,-3,+del(3)(p)×2,-4,add(4)(q)×2,-6,-6,-6,+7,
+add(8)(q),-9,-9,i(9)(q10),+11,+12,-13,-14,-15,-16,-16,-17,i(17)(q10)×2,-18,-19,-22,-22,del(22)(q11),+10-19mar

Pelz et al 2007 (103A)

50,XX,+3,+5,+12,+17,+20,-22 Ketter et al 1987 (587)
50,XX,+4,+12,+17,+20 Ketter et al 1987 (587)
51,XX,+3,+5,+12,+13,+mar Ketter et al 1987 (587)
51,XX,+12,+13,+16,+17,+20 Ketter et al 1987 (587)
52,XX,+3,+5,+9,+10,+12,+17,-22 Ketter et al 1987 (587)
52,XX,+5,+10,+12,+15,+17,+20 Ketter et al 1987 (587)
53,XX,+3,+5,+8,+9,+12,+13,+20 Ketter et al 1987 (587)
53,XX,+5,+7,+10,+10,+12,+16,+17 Ketter et al 1987 (587)
54,X,-Y,t(4;5)(q35;q12),+5,+7,+9,+11,+12,+13,+17,+18,+20 Ketter et al 1987 (587)
54,XX,+3,+4,+5,+9,+12,+13,+15,+20 Ketter et al 1987 (587)
54,XX,+3,+8,+9,+12,+13,+15,+20,+20 Ketter et al 1987 (587)
56,XY,+3,+4,-7,+10,+12,-13,+16,+19,+20,+20,+4mar Ketter et al 1987 (587)
56,X,-X,+4,+5,+8,+12,+14,+15,+17,+18,+19,+20 Ketter et al 1987 (587)
56,XXX,+3,+4,+5,+8,+9,+12,-13,-16,+dic(13;16)(p13;p13),+17,+20,+20 Ketter et al 1987 (587)
59,XX,+4,+5,+5,+6,+7,+11,+12,+13,+16,+17,+18,+19,+20 Ketter et al 1987 (587)
62,XX,+5,+5,+6,+7,+8,+9,+11,+13,+13,+16,+17,+18,+18,+19,+20,+22 Ketter et al 1987 (587)

*Not included in this table are meningiomas with only numerical changes (including -22) or those tumors with i(22) or del(22q)(414A, 414B).
+Corrected karyotypes.

structural changes (deletions, additions, and translocations)
involving chromosome 22. The number given may be higher
than that given, based on the possibility that marker chromo-
somes in some of the karyotypes may have harbored abnormal
chromosomes 22.

Of interest is loss of sex chromosomes observed in menin-
gioma. Nearly 15% of meningiomas in male patients showed
loss of the Y (-Y), with 5% of the tumors showing -Y as
the sole anomaly. In one series of 70 meningiomas, FISH
studies revealed loss of the Y in >45% of the male cases

Figure 3.2. The karyotype is that of a meningioma from a 63-year-old male containing as the sole anomaly the most common change in
meningioma, i.e., a lost chromosome 22 (-22) (karyotype supplied by Dr. Kathleen E. Richkind).
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Figure 3.3. A complex karyotype in a meningioma of a 30-year-old male showing: 44,XY,t(1;13) (p32;q32),-2,?del(2),del(6)(q21),t(8;18)
(q13;q23),del(10)(p11.2) or add(10)(p11.2), del(10)(q24),add(12)(p13),add(19)(p13.3),-22,add(22)(p11.2). The karyotype in this tumor had
a chromosome number ranging from 43 to 46, with cells showing variable losses: -1, -7, -18, -19, and two to three markers (karyotype
courtesy of Dr. Kathleen E. Richkind).

Figure 3.4. Karyotype of a meningioma from a 54-year-old male showing three of the most common cytogenetic changes in addition to -22,
i.e., 1p-, -14, and -18 (96). Other changes involve chromosomes 4, 8, and 11. The meningioma was grade II and the chromosome changes
reflect the atypical nature of the tumor.
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Figure 3.5. Numerical chromosome changes in 70 meningiomas.
Loss is shown by a black bar and gains by an white bar. Xf, X-
chromosome in females; Xm, X-chromosome in males. Of note are
losses of chromosomes 22, 14, and sex chromosomes, frequent cyto-
genetic anomalies in meningioma (from ref. 88, with permission).

(Figure 3.5) (88). Loss of the Y chromosome in meningiomas
did not seem to be age related (89). About 5% of meningiomas
in female patients showed loss of an X-chromosome (-X),
which was usually associated with other karyotypic anoma-
lies. In about 18% of meningiomas, changes other than those
mentioned above were encountered, but none was recurrent or
specific.

The loss or involvement of chromosome 22 thus seems
to be a key event associated with a preponderant percentage
of meningiomas. It is possible that tumors without apparent
involvement of chromosome 22 could contain changes in
this chromosome not discernible cytogenetically and require
molecular approaches. Even the latter may be in some cases
insufficient for the establishment of subtle changes in chro-
mosome 22.

Some meningiomas are associated with complex kary-
otypic changes, usually in addition to -22 or structural changes
of that chromosome (Figure 3.6). These cases may represent
atypical or aggressive meningiomas (grades II and III). The
presence of a complex karyotype in benign meningiomas was
thought by the authors (90) to be indicative of an intrinsically
malignant potential.

Figure 3.6. Partial karyotype of chromosome changes in a recurrent
transitional meningioma in a 61-year-old female (431). The complete
karyotype of this case is shown in Table 3.4. The two changes
shown in this figure are t(1;19)(q21;q13.3) and dic(18;22)(p11;p11).
Although this meningioma did not show loss of chromosome 22 or its
long arm, changes seen in most meningiomas, the short arm of chro-
mosome 1 (1p) was involved in a translocation with chromosome 19
and the short arm of chromosome 22 was translocated to the short
arm of chromosome 18.

In the progression from typical to atypical and then malig-
nant meningiomas, the karyotypic changes may be witness
to, if not the cause of, these progressions (91). Thus, it is
not surprising to find that the most complex karyotypes were
often associated with atypical or malignant meningiomas
(80, 90, 92).

As mentioned previously, in addition to the crucial role
played by chromosome 22 changes in meningioma, allelic
loss of material at 1p, 14q, and 10q has been estab-
lished with CGH analyses as recurrent events in the genetic
pathway of meningioma development and progression (68,
84, 93–97). However, some meningiomas may show these
changes without an apparent involvement of chromosome 22
(68, 98). A role for telomeric fusion in the formation of dele-
tions, dicentrics and unbalanced translocations of 1p in menin-
giomas has been advocated previously (99).

Even though it is often difficult to ascertain whether normal
(diploid) karyotypes in meningioma cultures are the result
of overgrowth by normal cells or are truly representative
of the tumors, the latter is a possibility as reflected by the
rather frequent finding of such cytogenetically normal cells in
primary meningiomas (59,63,71,100). In fact, the percentage
of such cells has ranged from 20 to 65% among the studies
cited. It is possible that molecular genetic changes, particu-
larly of the NF2 gene, may be present in some of these cells,
although studies to that effect have not been published to date.

A study apropos diploid meningiomas is one in which
55 meningiomas of varying anatomic sites were successfully
karyotyped (101). The meningiomas were divided into two
groups: those with -22, LOH, or both for the NF2 gene and
others without either anomaly. Of the latter group, 23 of 27
tumors had normal karyotypes; two had -Y; and two had
translocations, one with a t(2;7)(q32;q35) and the other with a
t(7;14)(q35;q12), as the only changes. In the former group of
28 meningiomas with either -22, LOH, or both of NF2, eight
tumors had -22 as the sole change, one tumor had changes in
addition to -22, and one tumor with LOH of NF2 was not asso-
ciated with changes of chromosome 22 (46,X,-X,+7). Translo-
cations and other structural changes affecting chromosome 7
in meningioma are shown in Figure 3.7 (102).

Although no family histories were presented, including that
for the nine vestibular meningiomas, the findings in the afore-
mentioned study (101) are of interest because half of the
meningiomas had no changes of chromosome 22 or to NF2,
indicating that other mechanisms were responsible for their
genesis. Even though the findings in this study do not exclude
the possibility of cryptic changes of chromosome 22 and NF2
being responsible for the development of meningiomas, they
strongly point, as have others, to a variety of genetic mecha-
nisms underlying meningioma development.

Trisomy or tetrasomy of chromosome 22 is relatively
rare in meningioma (103), and it almost always is associ-
ated with hyperdiploidy and complex cytogenetic changes
(Figure 3.8). A malignant meningioma with pseudotetraploid
and pseudotriploid clones with very complex karyotypes has
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Figure 3.7. Changes of chromosome 7 associated with meningioma progression (102). Each partial karyotype (with the normal chromosome
shown on the right) represents a tumor with its grade indicated by I–III. Although changes of chromosome 7 shown in this Figure are not
as frequent as other cytogenetic changes in meningioma, they seem to play a role in the progression of some meningiomas. Note that the
changes are represented by translocations, deletions, and other structural changes of chromosome 7.

been described previously (103A). FISH and CGH studies
confirmed the complexity of the changes.

Chromosome changes in addition to -22 are usually asso-
ciated with atypical features and increased aggressiveness of
meningiomas (104). Complex karyotypes were observed in
34% of grade I, 45% of grade II, and in 70% of grade III
meningiomas, associated with losses of chromosomes 10, 14,
18, and 22 and structural changes affecting chromosomes
1, 4, 7, 14, and 22 (104). In rare tumors telomere association
and dmin were seen.

The participation of more than two chromosomes in
translocations in meningiomas has been described in six
cases, i.e., t(1;7;14)(q25;q32;q22), t(2;7;14)(q23;q36;q22)
(74, 105), t(1;5;6)(p12;q23;q25) (106), t(5;6;7)(p15;p16;q11)
and der(1)t(1;6;7;22) (107), and in one radiation-induced
meningioma with t(3;5;17)(q22q13;q11;q22) (108).

The presence of marker chromosomes, whose origin could
not be determined with conventional cytogenetic techniques,
has been described in at least 65 meningiomas. Such markers
may occur singly or as many as 15 in rare tumors. The
origin of the markers should be resolved by newer approaches,
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Figure 3.8. Cumulative survival of 88 patients with meningioma after surgery as related to chromosome 22 status in the tumors. Solid line,
no loss of 22 (43% of patients); broken line, loss of 22 (49% of patients), and dotted line, polysomy of 22 (8% of patients). The poor survival
in patients with trisomy or tetrasomy of chromosome 22 was related by the authors to the hyperdiploid karyotypes present in these cases
(from ref. 103, with permission).

e.g., SKY, but no such studies have been published to date.
Ring chromosomes are relatively rare in meningiomas; only a
dozen tumors containing rings have been described. Although
they have been described in only a dozen meningiomas,
dmin or hsr are usually indicative of gene amplification. A
small number of meningiomas contained telomere associa-
tions (78, 99, 109).

About one fourth of meningiomas contained either
balanced or unbalanced translocations, but none was
sufficiently recurrent or characteristic; some meningiomas
contained more than one translocation.

Nearly all chromosomes previously thought to be lost by
cytogenetic or CGH studies of grade III meningiomas were
shown by SKY to be part of marker chromosomes, thus
presenting a more balanced karyotype than previously thought
(110). The majority of meningiomas of all grades showed
loss of one chromosome 22 as determined by SKY as well
as involvement of chromosomes 8 in a number of unbalanced
translocations with different partners (110).

Meningiomas are genetically heterogeneous and display
different patterns of chromosomal changes (determined by
multiplex-FISH), with the presence of more than one tumor
cell clone detected in about half of cases, including atyp-
ical/anaplastic cases (111). The pathways of intratumoral
clonal evolution observed in the benign tumors were different
from those observed in atypical/anaplastic meningiomas,

suggesting that the latter tumors might not always represent a
more advanced stage of histologically benign meningiomas.

A correlation between the chromosome changes in menin-
gioma and recurrence has been reported (112), including the
observation that such recurrence is particularly high for those
tumors with deletion of 1p.

Nucleolar organizer regions of chromosomes have received
some attention in the past (115A, 113–115) as prognostic
indicators, but no recent studies with newer techniques have
been published. The cytogenetic classification and findings
in meningioma can serve as criteria for clinical management
(116).

Regional genetic heterogeneity within meningiomas, as is
true of other tumors, was studied for chromosome 1, 14,
and 22 in 77 meningioma samples from 72 patients (117).
Table 3.5 and Figure 3.7 show the percentages of single
and combined chromosomal aberrations as they relate to
the grade of meningioma. Combined changes were more
frequent in grades II and II meningiomas, with grade III
being devoid of diploid cells. In addition, these authors (117)
demonstrated that molecular genetics may be an important
adjunct to standard pathology. The appearance of multiple
chromosomal aberrations in different regions of meningiomas
showed the importance of regional heterogeneity in the
biological behavior of meningiomas. When detecting chro-
mosomal aberrations in subtotally resected meningiomas, it
is reasonable to assume that residual portions likely possess
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Table 3.5. Percentages of single and combined chromosomal aberrations determined by interphase-FISH in 77 meningiomas.

Chromosomal aberrations Grade 1 (n = 59)b Grade II (n = 13)b Grade III (n = 5)b

(homogeneous or heterogeneous)a

1p deletion alone 8.5 0 0
14q deletion alone 6.8 0 0
22q deletion alone 8.5 0 0
1p deletion + 14q deletion 6.8 23.1 0
1p deletion + 22q deletion 5.1 0 0
1p deletion + 14q deletion + 22q deletion 13.6 46.2 20
1p deletion + 14q deletion + 22q trisomy 1.7 23.1 80

aDeletion of 22q alone, deletion of 1p + trisomy of 22q, deletion of 14q + deletion of 22q, and deletion of 14q + trisomy of 22q were not
found in any cases.
bChromosomal aberrations were found in 51% of grade I, 92.4% of grade II, and 100% of grade III meningiomas.
From Pfisterer et al 2004 (117).

Table 3.6. Chromosome and other changes (%) in meningioma.

NF2 mutations Grade I Grade II Grade III Total

24 35 44 27
Loss of 22 48 64 58 52
Loss of 1p 14.7 62 77 24
Loss of 14q 19.7 50 57 38
Loss of 10q 5 29 49 22
Loss of 9p 11 37 48 31
Del p16 13 12 33 16
Amplification of 17q 8 20 51 31
Telomerase changes 8 68 90 28

Based on Dezamis and Sanson 2003 (241).

chromosomal aberrations. Thus, it would seem helpful for
genetic studies of a subtotally resected meningioma to be
done using tissue obtained as close as possible to the margin,
remaining tumor mass, or areas of suspected tumor. Because
of the high incidence of regional heterogeneity in the distribu-
tion of genetic aberrations in low-grade meningiomas, well-
designed FISH studies need to incorporate studies of regional
heterogeneity.

If, as indicated in some publications (76, 118–122), with
rare exceptions (123, 124) meningiomas are of monoclonal
origin (whether single, multiple, recurrent, or as a result of
irradiation), the karyotypic heterogeneity pointing to an epige-
netic effect as a possibly responsible cause of this hetero-
geneity. Some features related to the most common chro-
mosomal changes in meningioma (Tables 3.5 and 3.6) and
some of the consequences of these changes are presented in a
number of the following sections.

Chromosome 22 Changes in Meningioma

As mentioned, chromosome 22 plays a crucial role in menin-
gioma tumorigenesis, and its anomalies hold the key to deci-
phering the genesis and biology of this tumor. Loss of chro-
mosome 22 (Table 3.7), including the NF2 gene at 22q12,
in approximately 50% of sporadic meningiomas has been
reported previously (15,16,125–127). LOH studies in menin-
giomas were in agreement regarding chromosome 22 changes

Table 3.7. Changes (%) affecting 22q and NF2 in meningiomas
according to grade and histology.

Histology LOH at 22q No. of cases with
NF2 mutations

WHO grade I tumors 24/61 (39) 11/61 (18)
WHO grade II tumors 16/24 (67) 8/24 (33)
WHO grade III tumors 3/3 (100) 2/3 (67)
Transitional tumors 23/57 (40) 10/57 (18)
Meningotheliomatous tumors 15/22 (68) 9/22 (41)
Other histological subtypes 5/9 (56) 2/9 (22)

Based on Lomas et al. 2005 (165).

(128), although discrepancies were observed in several cases.
Isochromosomes 22 may be present in meningiomas and
although they may be involved in tumor progression, they do
not seem to play a part in the genesis of these tumors (129).
Indications that the gene for meningiomas is on chromosome
22 were obtained in a patient with multiple tumors (130).

Monosomy 22 (-22) may be accompanied in some menin-
giomas by changes affecting the other chromosome 22, i.e.,
deletions, translocations, and telomeric associations (60, 72,
99, 131–135). These changes may be indicative of the vulner-
ability of chromosome 22 to alterations, a pathway to its loss
from the meningioma genome, or both (136, 137). The ulti-
mate result is loss of merlin expression in meningiomas.

Merlin (schwannomin) the protein product of NF2, is a
member of the 4.1 structural protein family (including moesin,
radixin, and ezrin) that links cytoplasmic membrane proteins
to the cytoskeleton (138–140). Merlin is encoded by 17 exons
of the NF2 gene with alternate splicing of the 16th exon
resulting in two highly similar isoforms with comparable
functions. No inactivating mutations have been observed at
codon 16 (138). The mechanisms by which merlin exerts a
tumor-suppressive activity and inhibits meningeal cell prolif-
eration are not completely established (141), but they may
include protein interactions that effect Ras signaling, phos-
phatitidylinositol 3-kinase activation and cyclin D1 expres-
sion (138). The disruption of the signaling cascade that
leads to cytoskeletal reorganization is considered to be crit-
ical to tumor formation. Overexpression of merlin in both
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NF2-negative and NF2-positive human meningiomas signif-
icantly inhibited their proliferation in vitro, which provides
further evidence for a role of merlin as a negative regulator of
tumor growth (142). Merlin functions as a tumor and metas-
tasis suppressor by controlling cadherin-mediated cell–cell
contact; merlin deficiency promotes tumorigenesis and metas-
tasis by destabilizing adherens junctions (143). More details
regarding merlin may be found in the section on schwannomas
in Chapter 1. Mutations in NF2 and loss of merlin may or may
not be associated with increased mitotic activity and aggres-
sive tumor growth (144–146). Mutations of NF2 play an
important role in the development of sporadic meningiomas
as well as indicating a different tumorigenesis of meningioma
variants (147). It was hoped that discovery of the NF2 gene
might provide major clues about the pathogenesis of sporadic
meningiomas as well. However, it is now recognized that dele-
tions of the putative tumor suppressor NF2 gene at 22q12.2
with loss of merlin expression occur primarily in benign,
fibrous, or transitional subtypes of meningioma (148, 152). In
contrast, in sporadic meningiomas, which are more commonly
meningothelial, inactivating mutations of the NF2 gene occur
in only 27% of the tumors (148, 152), and complete loss of
merlin immunoreactivity occurs in only 60% of cases (137).
Thus, in sporadic meningiomas, the importance of NF2 muta-
tions is less certain and does not seem to be essential for devel-
opment of some tumor variants.

The changes affecting chromosome 22 in meningiomas are
closely tied to those of the NF2 gene (22). Thus, truncating
mutations of the NF2, represent the most frequent gene alter-
ation in meningioma. LOH at 22q12.2 has been described
in 40–70% of all NF2-associated and sporadic meningiomas
(1, 144, 149–151), and in 60% of sporadic tumors (15, 25,
152, 153). The protein product of NF2 is merlin, a nega-
tive regulator of tumor growth (138, 142), and its inactivation
by mutations of NF2 seems to be important for meningioma
development. Thus, the majority of meningiomas show absent
or reduced immunoreactivity to merlin (154–156), which is
strongly associated with LOH of 22q (25). In patients with
NF2, almost all of the meningiomas have deletions of 22q
(146, 157).

Molecular genetic and protein studies showed that the
frequency of NF2/merlin alterations differs among the three
most common benign meningioma variants. Whereas fibrob-
lastic and transitional meningiomas harbor NF2 mutations
in approximately 70–80% of cases, meningothelial menin-
giomas carry mutations in only 25% of cases (16, 148). A
close correlation between the fibroblastic variant and LOH at
22q also was found (15). As a consequence, reduced merlin
expression was observed in the majority of fibroblastic and
transitional meningiomas but rarely in meningothelial tumors
(154, 156), suggesting that the genetic origin of these latter
tumors is largely independent of NF2 gene alterations. More-
over, the similar frequency of NF2 gene mutations in atyp-
ical and anaplastic, and in benign fibroblastic and transitional
meningiomas, suggests that NF2 mutations are an early alter-

ation involved in the formation of most benign meningiomas,
but other genetic events, reflected in additional chromosome
changes, are involved in the tumorigenesis of or progression
to higher grade meningiomas (33, 83). Quantitative analysis
of NF2 mutation transcripts in meningiomas led the authors
(152) to conclude that molecular differences existed among
the histologic subtypes of these tumors and that there is
likely an NF2-independent pathogenesis for meningiomas of
meningothelial histology. Thus, loci other than that of NF2 on
chromosome 22 may play a role in meningioma tumorigen-
esis, as has been amply demonstrated previously (1,158–162).

NF2 mutations or LOH often associated with loss of merlin
seem to represent an early alteration in most meningiomas
(21,23,136,137,163–165), with NF2-associated tumors devel-
oping along the same genetic pathway as sporadic menin-
giomas (146), which includes inactivation of the NF2 gene
followed by LOH of 1p, 10q, 6q, and 14q. LOH of 19q
and 17p is very rare in either type of meningioma. The
NF2 changes in familial meningioma resemble those seen in
sporadic cases (166). Proliferative activity is similar in both
types of meningioma.

In some meningiomas, no NF2 mutation or LOH of 22q
could be detected despite a lack of merlin. An alternative
mechanism that involves merlin degradation by the protease
�-calpain, a calcium-dependent neutral cysteine protease,
was proposed to account for this phenomenon (163, 314).
Studies have demonstrated activation of �-calpain in >50%
of meningiomas (314), although no association between acti-
vation of the �-calpain and merlin status could be established
(25, 156). Instead, concordance of LOH of 22q and merlin
loss suggested that other mechanisms, such as homozygous
deletions or methylation as well as undetected NF2 mutations,
may account for the loss of merlin (25).

Because the frequency of LOH on chromosome 22 exceeds
that of NF2 mutations in meningiomas, and because intersti-
tial deletions of 22q did not include the NF2 locus in some
tumors (15), the possible role of other genes in meningioma
genesis has been addressed (33). A large number of candi-
date genes located on 22q has been investigated in regard to
their role in meningioma pathogenesis. These genes include
ADTB1, RPP22, and GA22 (located at 22q12.2) (167), MN1
(located outside of 22q12.1) (78, 159), hSNF5/INI1 (located
at 22q11.23) (168), CLTCL1/CLH-22 (located at 22q11.21
(160), BAM22 (located at 22q12) (169), and LARGE (located
at 22q12.3) (162). Although some of the candidate genes may
be involved in meningioma genesis (33), the findings to date
do not offer an unequivocal role for any of these genes.

Among sporadic tumors, 11 of 14 schwannomas, three of
eight ependymomas, and 16 of 19 meningiomas were shown
to have significantly reduced or absent merlin expression,
suggesting that NF2 may be involved in the pathogenesis of
these sporadic tumors (136).

In a study of sporadic meningiomas, the NF2 status and that
of 22q were evaluated in relation to the tumor site (170). In
keeping with previous results, meningothelial meningiomas
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Table 3.8. Salient genetic and molecular changes in meningioma
tumorigenesis.

Benign meningioma (grade I)
Inactivation or loss of NF2 (merlin), -22 and/or 22q-

Loss of proteins 4.1B (DAL-1) and 41.R
Gain of PR

Recurrent meningioma (grade I)
-14 or 14q-, loss of NDRG2

Atypical meningioma (grade II)
1p-, 10q-, -14 or 14q-, loss of NDRG2, 9p- (loss of p16),

loss of PR, loss of TSLC-1

Anaplastic (malignant) meningioma (grade III)
6q-, mutations of TP53 (rare), mutations of PTEN (rare),

17q+, 9p- (loss of p16), loss of p14ARF, -14 or 14q-,
loss of NDRG2, loss of PR

The changes shown in the table are cumulative. Some of the changes, e.g.,
-14 or 14q-, are shown for more than one grade of meningioma, because they
may appear either at an early or late stage of the tumors. For details, see text.

showed almost no NF2 mutation and intact 22q in contrast to a
high frequency of changes in transitional and fibrous tumors.
Because meningothelial meningiomas are often located in the
anterior skull base, this localization may be related to the
histogenetic and genetic findings in these tumors. A high
frequency (74%) of large alterations (deletions and duplica-
tions) in the NF2 gene was found in sporadic and familial
meningioma using multiplex ligation-dependent probe ampli-
fication (MLPA), a technique that has proven to be accu-
rate and simple for detecting alterations that escape other
screening methods. In the specific case of tumor samples, in
which the cytogenetic and molecular alterations are usually
abundant, it was confirmed that the MLPA technique can
discriminate between various possible losses present simulta-
neously in both alleles of a gene (171).

Next to those of chromosomes 22, the changes of chro-
mosomes 1, 14, 9, 10, 17, and 18 (shown in order of their
frequency) and parameters associated with these changes
(Tables 3.5 and 3.6) may play a key role in tumor progres-
sion (31, 82, 87, 94, 95, 172–174). Some of these changes are
presented here. An example of the experience of one group
of investigators with chromosome 22 and the NF2 gene in
meningioma is shown in Table 3.5.

NF2-associated meningiomas are relatively rare; the
majority of these tumors occur as isolated and sporadic events.
Nevertheless, deletions of chromosome 22 are found in all
NF2-associated meningiomas and in 54–78% of sporadic
tumors (19–21, 32, 56, 62, 78, 129, 148, 150, 151, 175–177).
Table 3.8 shows the frequent cytogenetic changes and the
associated molecular alterations in various grades of menin-
gioma.

Chromosome 1 Changes in Meningioma

Next to those of chromosome 22, the changes affecting chro-
mosome 1, especially 1p, are the most common in menin-
gioma (Figures 3.9 and 3.10) (178). Deletions in 23 of 50 of

1p36 and in 33 of 50 of 22qter were observed in meningiomas
by using FISH (179). Deletions or alterations of 1p possibly
affecting genes at 1p22 and 1p21.1-p13 are events associ-
ated with meningioma progression (31, 68, 82, 84, 87, 94, 95,
97, 172–174, 180, 181), with the deletions spanning 1p34-pter
(172). Telomeric fusion may be another mechanism for loss
of 1p in meningiomas (99).

Deletions of 1p and 3p determined by CGH may contribute
to meningioma tumorigenesis, and they have been suggested
as an alternative to loss of chromosome 22 (98). The possi-
bility of a gene on 3p, e.g., RASSF1A, located at 3p21.3,
playing a role in meningioma development in some cases has
been indicated in studies (98, 182).

Deletion of 1p32 is not associated with involvement of
RAD54 (98, 182), p73 (185, 186), and p18 (125, 188) and
other genes (189, 190). In contrast, loss of 1p seen in 30%
of sporadic meningiomas was associated with inactivation of
NF2 in most of these cases (87, 126, 164, 187, 191–194).

Figure 3.9. The results reveal several karyotypic features in menin-
gioma, i.e., loss of 1p, although present in a small percentage of
grade I tumors, increases with progression so that 100% of the grade
III tumors contain this change. In parallel with those of 1p, are
losses of 14q and chromosome 22. The presence of trisomy 22q in
>75% of grade III meningiomas is probably related to the hyper-
ploidy commonly encountered in these tumors (from ref. 117, with
permission).
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Figure 3.10. Telomeric fusions involving chromosome 1 (1p) in meningioma (99). These fusions may play a role in the formation of clonal
deletions, dicentrics and unbalanced translocations involving 1p in meningiomas.

Together, the analyses of individual genes on 1p do not
support a significant meningioma suppressor function of
any of the genes investigated (33). A report (195) provided
comprehensive ordering and identification of transcripts in
the smallest region of overlapping deletion at 1p34 in menin-
gioma and presented 17 likely candidate genes. This may
serve as an important step toward the eventual elucidation of
the 1p TSG.

Deletion at 1p36.1-p34, a locus for the alkaline phosphatase
(ALPL) gene, leading to loss of activity of this enzyme, may
play a role in meningioma biology (196, 491), especially in
recurrence (197).

LOH of 1p, observed in >25% of meningiomas (82, 84,
189), was associated with deletions of chromosome 22 and
with changes in NF2 in meningiomas (189). LOH of 1p may
serve as an important indicator based on its ability to predict
a greater likelihood of recurrence than other indicators (189).
Schemes for the clonal evolution of meningiomas based on
chromosome changes, i.e., the presence or absence of 1p-,
have been presented (32) along with mechanisms involving
chromosome 22.

Allelic loss at 1p and 22q or at 1p alone may lead to DNA
methylation of multiple promoter-associated CpG islands
in meningioma corresponding to genes THBS1, TIMP3,
p16INK4A , p14ARF , and p73 (198). This methylation status
may be related to the dichotomous TP53 expression in menin-
giomas, i.e., suppressed or reduced expression as a result of
CpG methylation in grades I and II tumors and enhanced
expression in some grade III meningiomas (199).

Using tiling path microarray, the authors (200) found an
association between the presence of segmental duplications
and deletion breakpoints in 1p in meningiomas, suggesting
their role in the generation of tumor-specific aberrations.

Monosomy 7p in meningiomas, seen in tumor progres-
sion, is associated with loss of 1p. Hence, it represents a
cofactor rather than an independent feature of meningioma
progression (102).

The search for a TSG at 22q12 in addition to the NF2
gene led to the study of two genes, GAR22 and RRP22, but
neither was found to be mutated in 12 meningiomas. Half of
the meningiomas had LOH at 22q12-q22, with none showing
NF2 mutations (167).
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Chromosome 14 Changes in Meningioma

The third most common cytogenetic change affecting menin-
giomas consists of loss, alterations (32), or deletions of chro-
mosome 14 (31,32,79,84,85,87,94,95,173,201,202). Based
on the collective findings in meningioma (Table 3.4), >100
of these tumors had monosomy 14 (-14), with a much lesser
number of meningiomas containing structural changes (dele-
tions or translocations) affecting this chromosome. In 20
meningiomas, -14 was the only other change in tumors with
-22 and in some with -22 and -Y/-X. Only one meningioma
had monosomy 14 (-14) as the sole cytogenetic anomaly
and another a del(14)(q22). About six meningiomas with
+14 or add(14) have been reported previously (Table 3.4).
No particular TSG or consistent and commonly deleted
region in chromosome 14 has been established, although they
seem to be related to meningioma progression and prognosis
(94, 95, 203).

Based on cytogenetic findings (96), it seemed that the pres-
ence of deletions of 1p and alterations of chromosome 14 were
associated with aggressive meningiomas. Of interest was the
presence of -22 (or other abnormalities of 22) in these cases,
i.e., only one of six meningiomas had -22 and 1p changes,
whereas all eight tumors with chromosomes 1 and 14 changes
also had -22 or other changes of chromosome 22.

In a study based on the numerical changes of eight chromo-
somes in meningioma, it seemed that those of chromosome 14
(especially gains) were an adverse prognostic factor (203).

Based on interphase FISH and CGH studies (204), 40.3 and
14.5% of 124 meningiomas showed loss or gain of 14q32,
respectively. As in other studies, monosomy 14 was associ-
ated with an adverse prognosis. Other clinical correlations
between chromosome 14 changes were presented in the study
(204). The question raised some years ago (131) as to whether
the results of chromosome analysis of meningiomas would
predict recurrence has been partially answered by -14 and
14q- being such changes.

The possible role of the gene N-myc downstream-regulated
gene 2 (NDRG2) located at 14q11.2 in meningioma progres-
sion has received attention (205). Inactivation of this gene may
result from loss of 14q, a cytogenetic event not uncommon in
the transformation of benign meningiomas to the more aggres-
sive grades II and III. In aggressive meningiomas without such
chromosomal loss, hypermethylation of the CpG island within
the NDRG2 promoter region may be a likely mechanism
of inactivation in the majority of meningiomas with loss of
NDRG2 expression (205). Using high-density oligonucleotide
microarrays, NDRG2 lacked detectable mRNA expression in
all five anaplastic meningiomas examined (205). NDRG2 is
normally expressed in brain, heart, and muscle cells, and it
is one of four members of the NRDRG family (206, 207).
The precise functions of this protein family are unknown.
NDRG2 has been implicated in cell growth (208), differentia-
tion (209), apoptosis (210), and response to mini-alocorticoid
stimuli in the kidney (211). NDRG2 is up-regulated in the

brain in Alzheimer disease (212), suggesting a role in both
cell growth and neurodegeneration (47). Further studies on
this gene should clarify its role in meningioma biology.

The findings regarding chromosome 14 changes in menin-
gioma are particularly apropos, indicating that a tumor
suppressor gene, NDRG2, located at 14q11.2 is frequently
inactivated as determined by gene expression microarray
and immunohistochemical assays in aggressive meningiomas
(primarily grade III) (205). This gene may play a key role in
meningioma progression and serve as a useful and function-
ally relevant biomarker in predicting the behavior of menin-
giomas (205). Strong promoter hypermethylation may be one
mechanism of transcriptional downregulation of NDRG2 in
aggressive meningiomas (205).

Chromosome 10 Changes in Meningioma

Deletions of chromosome 10 (10q-) are not infrequent in
meningioma (Table 3.4), and they are seen in more than half of
grade III tumors and may not be necessarily related to tumor
progression (31, 81, 84, 213–216). The PTEN and DMBT1
genes, located on 10q, are not affected by these deletions
(213, 217, 218). The allelic losses of chromosome 10 thus
seem to be complex, and LOH of this chromosome has an
unfavorable clinical aspect (215, 216). No mutations of the
DMBT-1 gene, located at 10q26.1-q26.2, in atypical or malig-
nant meningiomas were encountered (214).

Chromosome 9 Changes in Meningioma
and Their Consequences

Changes of chromosome 9 occur primarily in grade III menin-
giomas (Table 3.4) (31, 174). These changes, e.g., -9 or
del(9p21), are more likely to be revealed by FISH (219)
than by other methodologies. Genes located on 9p (CDKN2A,
p14ARFand CDKN2B) often show aberrations in grade III
meningiomas, but they are infrequent in grade I meningiomas
(173, 220). The same applies to the pRB and p53 pathways.
Alterations of CDKN2A are associated with a relatively short
survival (219).

Chromosome 17 Changes in Meningioma

The TP53 gene located on 17p (17p13.1) is rarely involved
in meningioma (30, 173, 174, 218, 221–225), even in malig-
nant tumors (224), although some studies indicated a role of
p53 mutations in meningioma aggressiveness (226). Methyla-
tion may play a part in the TP53 status in meningioma (199).
CGH studies have shown amplification at 17q (q22-q23) in
42% of anaplastic meningiomas, but no such amplification
was seen in grade I meningiomas (31). A study using 17q
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microsatellite markers identified copy number increases as
follows: 14% in grade I, 21% in grade II, and 61% in grade
(31, 227). The PS6K gene and possibly others located at the
site of 17q amplification may play a role in tumor progression
(33, 227, 228). Allelic imbalance of 17q is a frequent event in
anaplastic meningioma (228). The role played by the erbB-2
gene, located at 17q12-q21.32 (229), in meningioma has not
been elucidated.

Chromosome 18 Changes in Meningioma

The differentially expressed in adenocarcinomas of the lung-1
(DAL-1) protein, whose gene is located at 18p11.3, shares
homology with merlin as part of the 4.1 family of membrane-
associated proteins (230). Expression of DAL-1 is lost in
about three fourths of meningiomas, and it seems to be an
early event (231, 232). LOH at 18p11.3 was seen in 71% of
meningiomas (233), with combined loss of merlin and DAL-1
in 50%. Loss of 18q determined by CGH was encountered
in the more advanced tumors (31, 233). A study (126) based
on CGH of sporadic meningiomas showed that LOH of 18p
was not as common in these tumors as reported previously
(231), acting more as a progression event than an early event
in meningioma formation. An analysis of TSG genes located
on the long arm of chromosome 18, i.e., MADH2, MADH4,
APM-1, and DCC, showed that they are not inactivated in
meningiomas (233).

CGH Studies in Meningioma

Several CGH analyses of meningiomas have been performed
with the results not too divergent among these studies
(Figures 3.11 and 3.12) (31,32,98,164,181,192–194,204,234,
235). One of the first CGH studies limited itself to changes in
chromosomes 1 and 3 (98), which was performed on menin-
giomas without chromosome 22 deletions, based on LOH

analysis (98). In two of 25 tumors, deletions of 1p and 3p
were demonstrated. The authors (98) concluded that these
findings may represent changes that are an alternate to those
of chromosome 22 in the genesis of some meningiomas. The
next CGH analysis addressed the full chromosome comple-
ment of meningiomas from 62 patients (31). An overview
of the results is shown in Table 3.9. LOH studies of 17 loci
confirmed the CGH results in 95% of the cases (31), including
all changes at 22q. Not shown in Table 3.9 are the changes
affecting a larger number of chromosome arms in grades II
and III meningiomas, i.e., losses in <25% and gains in <40%
of the tumors. Some of these unlisted changes may, in fact,
play an important role in meningioma biology.

The results of other CGH studies are essentially variations
on the themes presented in Table 3.8, i.e., loss of chromosome
22 or 22q is seen in about 50% of meningiomas; loss of 1p
increases with tumor grade, as does loss of 14q and 18q; and
in grade III loss of chromosome 10 becomes significant. Gains
of chromosomes and their amplification probably reflect the
hyperploidy of grades II and III meningiomas. CGH studies
in radiation-induced meningiomas (RIM) resembled those in
other types of meningiomas (234, 235).

CGH was applied (164) to 20 meningiomas (13 typical,
four atypical, and three anaplastic) to investigate the genetic
pathways underlying their development. Typical menin-
giomas displayed only a few genetic changes, i.e., mono-
somy 22. Anaplastic meningiomas manifested more aberra-
tions than typical meningiomas, frequently exhibiting losses
of 1p, 2p, 6q, chromosome 10, and 14q, and gain of 20q, in
addition to monosomy 22. The average number of alterations
increased significantly with grade progression. These CGH
findings suggest that losses of 1p, 2p, 6q, chromosome 10,
and 14q and gain of 20q are genetic changes implicated in the
malignant progression of meningioma.

A CGH study (32) of 35 meningiomas showed frequent loss
at 1p, 6p, and chromosomes 14, 18, and 22. Loss of the Y and
to a lesser extent an X also was noticed. The results reflect
those of others.

Figure 3.11. Results of CGH analysis of
chromosome losses and gains in
meningioma. Losses are shown to the left
and gains to the right of each chromosome.
Shading of the bars indicates grade of the
tumors: white, grade I; hatched, grade II;
and black, grade III. Losses of 22q, 1p,
chromosome 6 and 18 are the most
common (from ref. 164, with permission).
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Figure 3.12. Possibility of recurrence based on the alkaline
phosphatase (Pal) reaction in meningiomas. In the normal group Pal
expression (as determined histochemically) was uniform in all tumor
cells, whereas in the abnormal group such expression was heterogenous
or completely lacking (from ref. 197, with permission).

In a study of meningioma in Turkish patients (193, 194),
15 grade I, seven grade II, and three grade III tumors were
examined with CGH. The most frequent abnormality in grade
I tumors was loss of 22q (47%) followed by loss of 1p (33%).
In grade III tumors, loss of 1p was present in three of three

Table 3.9. CGH results (%) in meningioma.

Grade I (19 tumors) Loss Gain
(68% with abnormalities) 22q (53)
(2.9 ± 0.7)* 1p (26)
(Ki-67 index 1.3 ± 0.4) 14q (21)

Grade II (21 tumors)
(94% with abnormalities) 1p (76) 20q (48)
(9.2 ± 1.2)* 22q (57) 12q (43)
(Ki-67 index 5.9 ± 1.0) 14q (43) 15q (43)

18q (43)
10q (29)
18p (29)

Grade III (19 tumors)
(100% with abnormalities)
(13.3 ± 1.9)* 1p (79) 17q (63)
(Ki-67 index 9.5 ± 1.6) 14q (63) 20q (58)

10q (58) 17p (47)
6q (53) 1q (42)

10p (47) 12q (42)
18q (47) 15q (42)
22q (42)
18p (37)

9p (32)
6p (26)

X (26)
4p (21)

11p (21)

This table contains only chromosome arm losses of > 0% of
the tumors and gains of >40% of the tumors.
*Mean number of genomic aberrations per tumor.
Based essentially on findings of Weber et al. (31).

tumors, with losses of 1p, 10q, 14q, 15q, 18q, and 22q and
gains of 12q, 15q, and 18p also present. Combined loss of 1p
and 14q was seen in two of 15 grade I, three of seven grade
II, and two of three grade III tumors. Amplification of 17q
was seen in grades II and III meningiomas. A CGH study of
changes of chromosome 14 in two meningiomas confirmed
changes observed by FISH (204).

In a CGH analysis (31) of sporadic meningiomas, the
number of genomic aberrations was 2.9 ± 0.7 for grade I (19
tumors), 9.2 ± 1.2 for grade II (21 tumors), and 13.3 ± 1.9
for grade III (19 tumors) meningiomas, indicating that tumor
progression is associated with an increase in the genomic
changes. The most frequent alteration in grade I meningiomas
was loss of 22q (58% of tumors), 71% in grade II, and 42% in
grade III tumors.

Based on array-CGH results, the number of chromosome
aberrations per tumor was higher in invasive meningiomas
than in noninvasive tumors, i.e., 67.4 versus 40.5 (395A).
Furthermore, loss of 1p, 6q, and 14q and gain of 15q and chro-
mosome 20 were frequent in invasive tumors, findings previ-
ously described in similar studies.

Array-CGH of the original tumor showed loss of chromo-
somes 4 and 17, 9p24-p21, 11q23-qter, and 13q12-q21. One
of the cell lines had similar changes, indicating origin from at
least part of the original tumor.

LOH Studies in Meningioma

LOH methodologies, being more sensitive than CGH, have
revealed a somewhat higher percentage of allelic losses
in meningiomas, but qualitatively the changes with both
techniques have been similar (Tables 3.10–3.13). Thus, the
commonest LOH was encountered for chromosome arms 22q,
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Table 3.10. Examples of results (%) on allelic changes in menin-
gioma.

Grade I Grade II Grade III

LOH
1p- 11 40 70
10q- 12 27 40
14q- 0 47 55

Simon et al 1995 (84)
LOH

1p- (29/51) 14 83.3 100%
9p- (10/51) 7 29 33
10q- (14/51) 9.5 24 100
14q- (15/51) 29 25 100

Leuraud et al 2004 (187)
CGH

1p- 26 76 79
9p- 5 10 32
10q- 5 38 58
14q- (15/51) 21 43 63

Weber et al 1997 (31)

1p, 10q, 14q, and 9p in the order shown, with the percentage
of tumors involved by changes of 1p, 10q, 14q, and 9p being
progressively higher with increasing grades of meningiomas
or recurrence. Generally, LOH or other changes of 22q served
as background for the appearance of anomalies for the afore-
mentioned chromosomes. LOH of chromosome 2 is common
in benign meningiomas of the elderly (236).

The discrepancy between the higher incidence of chro-
mosome 22 LOH and the lower frequency of NF2 gene
mutations has led to the search for other TSG on chromo-
some 22 in proximity to but distinct from the NF2 gene
(15, 16, 130, 144, 158, 176, 237–239). Other possible TSG
candidates have been proposed, including BAM22, LARGE,
MN1, and INI1 genes (159, 162, 168, 169).

In a comprehensive allelotype and genetic analysis (214),
using the determination of LOH with a large number of
microsatellite markers, of the 86 meningiomas examined 58%
had mutations of NF2. Common regions of LOH were seen at
1p, 10q, 14q, and 22q. Those of 10q and 14q were seen more
frequently in grades II–III meningiomas and LOH of 6q, 13q,
and 18q were common in grade III tumors.

Studies on LOH of various chromosomal alleles in menin-
gioma have revealed some variability, possibly related to
differences in the methodologies used, the nature of the
tumors examined, and the purposes of the studies. However, in
general the findings on LOH have been in agreement with, and
often expanded, the results obtained by CGH, cytogenetics,
and FISH. Tables 3.10–3.13 contain a representative listing of
the LOH findings and other changes in meningioma.

Observations on LOH and those with CGH have demon-
strated an array of changes in meningioma of all three grades
(126,192,194). In these studies, losses of chromosomal mate-
rial outnumbered gains.

LOH at 22q12.2 was found in 40–70% of meningiomas
(150, 151). Truncating mutations of NF2 and associated LOH

at 22q have been encountered in up to 60% of sporadic menin-
giomas (15, 16, 25, 148, 176), findings indicative that inacti-
vation of merlin, the protein product of NF2, plays an impor-
tant role in meningioma development. This is reflected in
the absent or reduced immunoreactivity to merlin seen in the
majority of meningiomas (138, 142, 154–156).

LOH of chromosome 22 exceeds the number of NF2 muta-
tions in meningioma, possibly indicating that LOH may affect
loci that do not include that of NF2 (15,16,153). Several other
genes with locations on 22q12.2 have been investigated as
to their possible role in meningioma development, with the
results being either negative or equivocal (78, 159, 160, 162,
167–169). Relatively early LOH studies (151, 175, 238) did
not show the nonrandom changes seen in subsequent analyses
(31, 82, 84, 97, 146, 174, 187).

Table 3.8 shows some of the salient events that occur after
NF2 inactivation and probably responsible in some measure
for the biologic and clinical progression of meningiomas.
Included in these events are loss of chromosomal material
at 1p, 14, 10q, and 9p, reactivation of telomerase, inactiva-
tion of the p16/CDKN2A gene, changes particularly promi-
nent in grades II and III meningiomas (33,187,240,241). LOH
study of meningiomas was found to be a useful method of
predicting atypia and anaplasia in these tumors (242). Besides
confirming previously described LOH on 1p, 9p, 10q, and
14q, these authors (242) also found LOH on 11q, possibly
involving the multiple endocrine neoplasia type 1 gene. A
study has shown that meningiomas are not an infrequent
occurrence in MEN1, and loss of function of the MEN1 gene
may play a role in meningioma pathogenesis (242A).

Pediatric Meningiomas

Pediatric NF2-associated meningiomas are uncommon and
poorly characterized in comparison with sporadic menin-
giomas in adult cases. Rhabdoid meningioma, a subtype
of malignant meningioma, is apt to occur in children (27).
To elucidate their molecular features, MIB-1, progesterone
receptor (PR), NF2, merlin, DAL-1, DAL-1 protein, and chro-
mosomal arms 1p and 14q in 53 meningiomas from 40 pedi-
atric patients were analyzed (157) by using immunohisto-
chemistry and dual-color FISH. Fourteen pediatric (42%)
patients and the seven adult cases had NF2. Meningioma
grading revealed 21 benign (40%), 26 atypical (49%), and
six anaplastic (11%) examples. Other aggressive findings
included a high mitotic index (32%), a high MIB-1 LI (37%),
aggressive variant histology (e.g., papillary, clear cell) (25%),
brain invasion (17%), recurrence (39%), and patient death
(17%). FISH analysis demonstrated deletions of NF2 in 82%,
DAL-1 in 82%, 1p in 60%, and 14q in 66%. NF2-associated
meningiomas did not differ from sporadic pediatric tumors
except for a higher frequency of merlin loss in the former
and a higher frequency of brain invasion in the latter. Thus,
although pediatric NF2-associated meningiomas share the
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Table 3.11. LOH and other studies in meningiomas.

References

LOH of 1p and 22q in 1/33 and 9/33 grade I meningiomas; Bello et al 1994 (82)
10/15 and 12/15 grade II meningiomas;
2/2 and 2/2 grade III meningiomas,
1q not involved

Specific chromosomal regions or bands involved in meningioma, shown by LOH, CGH, or other
methodologies have shown variability and these are listed for some of the chromosomes:

1p: 1p36, 1p32-p35 Bello et al 1995 (191)
1p34-pter Boström et al 1998 (217)
1p32 Sulman et al 1998 (189)
1p22-p13 Leone et al 1999 (87)
1p36.21-p23 Murakami et al 2003 (97)

14q: 14q24.3-q31, 14q32.1-q32.2 Simon et al 1995 (84)
Menon et al 1997 (85)
Tse et al 1997 (202)

14q21 Weber et al 1997 (31)
14q22-q24, 14q32 Leone et al 1999 (87)

Allelic gain and amplification of 17q22-q23; loss of 18q21 Büschges et al 2002 (227)
11/36 meningiomas with changes in chromosomes: 1, 2, 3, 6, 7, 10, 11, 14, 17, 18, X Dumanski et al 1987 (150)
LOH at 17p and 22q correlates with aggressive and malignant behavior of meningiomas Kim et al 1998 (434)
LOH of five aggressive, recurrent meningiomas revealed loss of 22q and ultimately 1p- in all five tumors;

loss of 14q was not observed, but 10q- was seen in two.
Lamszus et al 1999 (174)

LOH study of 22 NF2-associated meningiomas showed 30/30 to have anomalies of 1p, 10q, 6q, 14q,
chromosome 18, and 9p in the frequency shown. These changes are similar to those in sporadic tumors.

Lamszus et al 2000 (146)

LOH of 10q or 10q- shown in meningioma, Rempel et al 1993 (81))
Mihaila et al 2003 (215)
Leuraud et al 2004 (187)

although the PTEN located on 10q is not involved in meningioma Boström et al 1998 (217)
10q- may be associated with a poor prognosis Mihaila et al 2003 (215)

Allelic loss (not statistically significant) at 1p, 3p, 5p, 5q, 11p, 13p, 17p Schneider et al 1992 (238)
8/40 meningiomas had LOH at chromosomes 4, 10, 11, 13, 14, 19: No changes at chromosomes 1, 12, 17,

18, 21
Seizinger et al 1987 (151)

High rates (40–60% in grades II and III meningiomas) of LOH at 14q32.3? Simon et al 1995 (84)
Menon et al 1997 (85)
Tse et al 1997 (202)
Weber et al 1997 (31)
Leone et al 1999 (87)

LOH changes at 1p, 10q, and 14q in grade I meningiomas could be indicative of recurrence or progression Simon et al 1995 (84)
LOH of 1p was seen in 50% of sporadic meningiomas with chromosome 22 changes, whereas only 10%

had 1p changes in the absence of chromosome alterations
Sulman et al 1998 (189)

LOH of 9p (also shown by CGH), containing a number of genes involved in cell cycle regulation, may be
necessary for meningioma progression from grade II to III and is found in 32% of sporadic grade III
tumors and only rarely in grades I and II.

Weber et al 1997 (31)

In sporadic tumors, LOH or loss of 22q has been shown to be present in at least 65% of meningiomas, Zang and Singer 1967 (56)
Westphal et al 1989 (132)
Ruttledge et al 1994 (15, 16)

with 1p- loss being next in frequency. Jiménez-Lara et al 1992 (178)
Bello et al 1995 (191)
Simon et al 1995 (84)
Weber et al 1997 (31)
Leone et al 1999 (87)

These changes are followed by those of 10q- and 14q- Rempel et al 1993 (81)
Simon et al 1995 (84)
Weber et al 1997 (31)
Boström et al 1998 (217)
Peters et al 1998 (213)
Leone et al 1999 (87)

and then 6q- and 18q-. Weber et al 1997 (31)
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Table 3.12. Some facets of LOH changes in meningioma.

References

1. LOH changes and MIB-index are similar in NF2-related and sporadic meningiomas. Lamszus et al 2000 (146)
2. Order in which chromosome arms are associated with LOH in NF2-related and sporadic meningiomas is as

follows: 22q > 1p > 10q > 14q > 6q > 18q > 9p.
Lamszus et al 2000 (146)

3. Other chromosome arms may be involved by LOH, but at a lower frequency than that of the chromosome arms
shown above.

Lamszus 2004 (33)

4. Progression of meningiomas to higher grades may be specifically associated with LOH of 9p, amplification or
allelic gain of 17q22-q23 present in anaplastic meningioma, LOH involving both 22q and 17p correlates with
aggressive and malignant behavior.

Weber et al 1997 (31)
Kim et al 1998 (434)

Büschges et al 2002 (227)
5. The specific allelic losses in meningioma appear to be cell lineage-related rather than linked to the loss of the

NF2 gene function.
Weber et al 1997 (31)

6. About 50% of sporadic meningiomas with loss chromosome 22 have a deletion of 1p, in contrast to only10% in
tumors with normal chromosomes 22.

Sulman et al 1998 (189)

7. Changes in addition to those of NF2 may be necessary for progression from grade I to grade II meningiomas,
the so-called stepwise process of tumor development.

Weber et al 1997 (31)

8. LOH shown at 18q21 but gene involved at that locus remains unknown. Büschges et al 2001 (233)
9. Meningiomas with LOH for 1p had a MIB-1 index of 8.6 ± 8.0, whereas those without such a change had an

index of 2.0 ± 2.1.
Lamszus 2004 (33)

10. Generally, LOH of 1p is seen in approx 5–10% of grade I meningiomas, 40–60% of grade II and 80–100% of
grade III.

Lamszus 2004 (33)

11. Allelic loss of 22q in sporadic meningiomas has ranged from 30% to >80% with a mean figure of 50%.
Meningiomas associated with NF2 had allelic loss in 100% of the tumors.

Lamszus 2004 (33)

12. Telomerase activity correlated significantly with allelic loss of 1p and 10q, but not with that of 22q. Leuraud et al 2004 (187)
13. Progression for survival correlated with allelic loss of 1p, 9p, 10q, and telomerase activity. Leuraud et al 2004 (187)
14. Allelic loss or mutations of NF2 are much more common in fibrous, transitional, atypical and anaplastic

sporadic meningiomas than in meningothelial tumors. NF2 change necessary for progression of transitional
tumors to grades II and II.

Lamszus et al 1999 (174)

15. Allelic loss of 14q has been stressed as an important event in meningioma (present in 40–60%) of grades II
and II tumors; others have not found loss of 14q to be frequent. The same applies to allelic loss of 10q.

Table 3.13. Some LOH and other molecular studies of loss of NF2 and/or chromosome 22 or 22q.

References

LOH of 22q: 9/33 in grade I, 12/15 in grade II, and 2/2 in grade III meningiomas Bello et al 1994 (82)
LOH confirmed -22 or 22q- shown by cytogenetics; no LOH of chromosome 22 seen in tumors with a normal Dumanski et al 1987 (150)

karyotype Meese et al 1987 (175)
LOH of NF2 in 2/7 multiple meningiomas; truncating mutations of NF2 in 3/7 Heinrich et al 2003 (326)
LOH in 5/5 recurrent meningiomas Lamszus et al 1999 (174)
LOH of 22q in 30/30 NF2-related meningiomas Lamszus et al 2000 (146)
In sporadic meningiomas 2/3 of somatic mutations occur in exons 1–7 of NF2, 1/3 in exons 8–13, and none in Lekanne Deprez et al 1994 (17)

exons 14 and 15 Ruttledge et al 1994 (15)
Joseph et al 1995 (433)
Wellenreuther et al 1995 (148)
De Vitis et al 1996 (22)

Sporadic meningiomas with LOH of chromosome 22, often had loss of 1p and 14q; this was especially true of
grades II and III tumors

Leone et al 1999 (87)

LOH of 22q in 37/51 meningiomas: 48% in grade I, 87.5% in grade II, and 100% in grade III Leuraud et al 2004 (187)
In germline mutations of the NF2 gene in patients with NF2- related meningiomas, the mutations are spread Merel et al 1995 (19, 20)

over the entire gene Perry et al 1996 (80)
LOH at 22q is sole reason for loss of merlin in meningiomas Ueki et al 1999 (25)
LOH of 22q in 11/17 sporadic meningiomas Weber et al 1997 (31)
LOH or mutations of NF2 in 70–83% of grade I and 60–100% in grade III meningiomas Wellenreuther et al 1995 (148)
Mutation rates of NF2 similar in all histologic types of meningiomas, although a changed NF2 is necessary for

progression of transitional tumors to grades II and III meningiomas
Wellenreuther et al 1995 (148)

LOH of 22q in at least 65% of sporadic meningiomas Zang and Singer 1967 (56)
Westphal et al 1989 (132)
Ruttledge et al 1994 (15, 16)

Extracranial metastatic meningiomas were shown to have LOH at lp, 9p, 10q, 14q and 22q. Gladin et a1 2007 (189A)
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Table 3.14. Some characteristics of pediatric meningiomas.

Uncommon
Occur mostly in males
Associated with NF2
Aggressive, brain invasion
High mitotic and MIB-1 indexes
Papillary or clear-cell histology
Deletions of NF2 in 82% of meningiomas
Loss of DAL-1 in 82% of meningiomas
Loss of 1p in 60% of meningiomas
Loss of 14q in 66% of meningiomas
High frequency of merlin loss

Based on Perry et al. (157).

common molecular alterations of their adult, sporadic coun-
terparts, a higher fraction is genotypically and phenotypically
aggressive. Given the high frequency of undiagnosed NF2 in
the pediatric cases, a careful search for other features of this
disease is warranted in any child presenting with a menin-
gioma.

By the end of follow-up (157), 42% of pediatric patients
qualified for the diagnosis of NF2 and in five of these
14 patients (36%), meningioma was the presenting mani-
festation. Another study (243) similarly found that three
of 22 children presenting with meningioma later developed
typical features of NF2.

An overview of some clinical and genetic findings in pedi-
atric meningiomas is presented in Table 3.14. It has been
stressed (157,243,244) that any child presenting with a menin-
gioma should be carefully evaluated for other features of
NF2 because of the important relationship between pedi-
atric meningiomas and NF2 (245). In young children with
meningioma, the diagnosis of NF2 may be established only
years later (246). Emphasis has been put on the aggressive
nature of these tumors (157), as reflected in some of the
findings in Table 3.14. Somatic mutations of NF2 have been
found in sporadic pediatric meningiomas, akin to findings in
adult sporadic tumors. Two meningioma from a child showed
monosomy 22 (-22), even though there was an excess of other
chromosomes (247).

Radiation-Induced Meningiomas

RIM are encountered after radiation for such conditions as
tinea capitus, pituitary tumors, and other primary brain tumors
or after dental X-rays (248–255). Loss of chromosome 22 has
been described in RIM in several studies (108,256,257). CGH
studies of RIM, although showing some variability of findings
between laboratories, have generally revealed changes similar
to those of sporadic meningiomas (234, 235, 258).

Most of the knowledge about the association of ionizing
radiation and meningioma was obtained from immigrants to
Israel who had been treated with low-dose cranial irradiation
for tinea capitis between 1948 and 1960 (259, 260). Thus,

patients who were treated during childhood developed menin-
giomas after a latency period of 20–40 years (248, 261, 262).
RIM are often clinically and histologically more aggressive
(corresponding to grade II or grade III), are often multiple,
and they have a higher proliferative activity than their sporadic
counterparts (1). Examination of 16 RIM revealed them to
be aggressive tumors with high recurrence rate, to be of high
grade, and almost always associated with complex cytogenetic
changes particularly involving 1p, 6q, and 22 (92).

A few studies addressed the genetic mechanisms involved
in RIM development (256). Mutation analyses of RIM showed
that NF2 mutations are relatively rare and occur in less than
25 % of these tumors, compared with >50% in sporadic
meningiomas (218, 255, 263). Likewise, allelic losses on 22q
were only detected in 2/7 RIM, and a CGH study found mono-
somy for chromosome 22 in only one of five cases (235).
Thus, NF2 alterations seem to play a less important role in
RIM than in sporadic meningiomas.

Several other genes, including some that are prone to devel-
oping radiation-associated mutations, also were analyzed in
RIM. Mutations in the TP53 and PTEN genes were confined
to single cases, and no mutations were observed in the HRAS,
KRAS, and NRAS genes (218).

In a CGH study (234) of 16 radiation-related and 17
nonradiation-related meningiomas, losses of chromosomes 22
(in approx 50%) and chromosome 1 (35–37%) were the most
frequent, and they showed no significant differences as to radi-
ation background. Although these data would seem to favor
the view that the tumorigenic pathways involved in menin-
gioma genesis as detected at the level of chromosome aberra-
tions obtained with CGH are similar, regardless of the nature
of the previous radiation, in another study (263) of seven
radiation-related and eight nonradiation-related meningiomas,
the NF2 gene was not mutated or underexpressed in any of
the former tumors versus 50% of the latter tumors. Allelic
losses at chromosome 22 were detected only in two of seven
radiation-related tumors (263). In a subsequent study (235),
on six RIM and one sporadic meningioma, CGH analysis
revealed loss of 1p (in five of seven) and 7p (in four of seven)
of the tumors, with 6q loss in three of five. Only one of five
RIM had loss of chromosome 22.

Ironically, radiation represents one of the accepted
treatments for meningiomas that are recurrent, clinically
aggressive, or that have failed surgical treatment. It has been
estimated that the relative risk for the development of a subse-
quent meningioma in children receiving low-dose cranial irra-
diation is nearly 10-fold over those without such exposure
(250, 260), suggesting that there may be a critical window of
susceptibility during childhood for neoplastic transformation
of meningothelial cells by radiation. Support for this hypoth-
esis comes from the previously mentioned reports of a signif-
icant increase in the incidence of meningiomas in Israel after
the widespread use of low-dose scalp irradiation to treat chil-
dren with tinea capitis in the 1950s (250, 260).
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There is some debate regarding whether RIM are more
prone to be malignant. RIM present at an earlier age arise
within the prior irradiation field by definition, and they are
more likely to be multifocal. Histologic findings in RIM
include high cellularity, marked pleomorphism/atypia with
numerous giant cells, vacuolated nuclei, vascular hyaliniza-
tion, and increased mitotic activity (249). However, none of
these features are specific and any or all may be encountered
in meningiomas unassociated with prior irradiation.

Genetic studies have shown that the NF2 gene is less
often implicated in radiation-induced than in sporadic menin-
giomas (218, 263). Instead, there are often complex structural
and numerical chromosomal abnormalities (258). A specific
genetic signature in RIM has not been identified. However, in
one study (258) a characteristic derivative chromosome 1 in
six RIM was observed, suggesting that a region on 1p13 may
be critical to the development of these meningiomas.

In a study of seven RIM and eight nonradiation-related
tumors using several techniques (single strand conforma-
tional polymorphism, immunoblotting, and LOH based on
microsatellite analysis), the NF2 gene was not mutated or
underexpressed in any of the RIM versus 50% in the latter
tumors (263). Allelic losses at chromosome 22 were detected
in two of seven RIM.

Telomerase

Telomeres consist of stretches of repetitive DNA sequences
that maintain chromosomal stability. Telomeric DNA is
progressively shortened with each mitosis. When telomeres
reach a critical length, the cells ultimately become senes-
cent. Moreover, shortened telomeres can initiate aberrant
fusion or recombination of chromosome ends; thus, they may
contribute to cancer development. Telomerase is a reverse
transcriptase that stabilizes telomere length, and it is necessary
for unlimited cell proliferation. In contrast to germline cells
and most embryonic cells, telomerase is not active in most
normal adult tissues. However, it is frequently reactivated in
cancer (264). Telomerase activity may help to identify benign
meningiomas that are likely to grow or recur (265). Telom-
erase activation in meningiomas may be a critical step in the
pathogenesis of malignant or atypical meningiomas (266).
Elongation of the telomeres is associated with malignant
potential.

Telomerase activity has been detected in 3–21% of grade I,
58–92% of grade II, and 100% of grade III meningiomas (265,
266, 266A–C). Such activity correlated significantly with the
presence of 1p- and 10q- in meningiomas, but not with 22q-
(187).

The expression of one essential component of telomerase,
a reverse transcriptase subunit (hTERT), may be a more
sensitive index than total telomerase, i.e., all telomerase-
positive meningiomas also expressed hTERT, but not vice
versa (266); recurrent meningioma may express hTERT but

not telomerase. These findings suggest that hTERT may
serve as a more sensitive index for an aggressive course
of meningiomas than telomerase (33). Incidentally, telom-
eric association may be seen in meningiomas (107, 109),
and it accounts for some of the cytogenetic changes in
these tumors. In a study of the gene expression of the
two core components of telomerase, hTERT and the RNA
subunit (hTR), such expression was related to the prolifera-
tion index (Ki-67) (267). Telomerase activity was found in
two of 20 meningiomas, both atypical, with the remaining
18 tumors being benign. hTERT mRNA transcripts were
consistently low or absent in meningiomas. The absence
of a positive correlation between telomerase activity and
hTERT mRNA could not be attributed to the presence of
hTERT spliced variants. Telomerase activity scores correlated
with the Ki-67 index. A positive association was also seen
between the Ki-67 index and the degree of hTERT mRNA
expression.

Human telomerase reverse transcriptase expression is an
early event in meningioma tumorigenesis in contrast to telom-
erase activity of tumors (268).

The mean proliferating cell nuclear antigen (PCNA), Ki-67,
and telomerase reverse transcriptase indices were higher in
relapsing residual meningiomas than in a stable group (269).

Hormones and Their Receptors
in Meningioma

The expression of several hormone receptors, e.g., those for
androgens (AR), estrogens (ER), and PR, has been investi-
gated in meningiomas. References to these studies may be
found in previous publications (34, 270–282).

The higher incidence of meningiomas in females (1, 282A),
the aggravation of symptoms by high progesterone levels (e.g.,
pregnancy and menstruation (283,284)), and nonrandom coin-
cidence with breast cancer (285–288), lent cogency to the
study of certain hormones and their receptors in meningioma
and the genesis of a sizable literature on this area (280).
However, a study has indicated that endogenous hormones
(pregnancy and indirectly smoking) may have protective
effects for meningioma development in premenopausal women
(288A). Estrogen receptor levels are low in meningioma and
occur in about 10% of the tumors (43, 274, 284, 289). PR and
AR are present in about two thirds of meningiomas, and the
latter are more frequently expressed in the tumors of women
than men (272,273,290–293). An inverse relationship between
PR and bcl-2 related to prognosis in meningioma has been
described previously (294). Meningiomas that are progesterone
receptor-positive are less likely to recur (295). Progesterone,
locally synthesized, exerts its actions through PR, and it may
be involved in the regulation of cell growth and development in
neurogenic tumors, including meningiomas (296). The expres-
sion of PR alone is a favorable prognostic sign in menin-
giomas. Absence of both PR and ER or the presence of only ER
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[separated meningiomas into different types according to their
aggressiveness and abnormal karyotypes, especially involve-
ment of chromosomes 14 and 22] (297). Higher frequency and
levels of PR have been found in meningiomas of the optic nerve
sheath than in other benign meningiomas (298). Immunohis-
tochemical localization of PR and heat shock protein 27 and
absence of ER and hormone-induced protein PS2 have been
reported in meningiomas (299). An inverse relation has been
found between the cell proliferation index (Ki-67) and expres-
sion of PR (300,301). Autonomous expression of PR in menin-
giomamaybeduetoERmutantswith lossofexon4arerendered
unable to bind heat shock protein 90 (303). Although some hope
was held for the therapeutic effectiveness of agents affecting the
hormonal parameters of meningiomas, to date that has not been
the case. Meaningful conclusions from the clinical application
of hormone antagonists in the treatment of meningioma await
appropriate trials and evaluation (34, 292, 305).

A relationship between exogenous hormone exposure and
meningioma formation is not strong (306). Immunohisto-
chemical detection of PR and correlation with Ki-67 labeling
indices in paraffin-embedded sections of meningioma has
been reported previously (307, 308).

PR possibly leads to peritumoral edema of intracra-
nial meningiomas by secretion of some substances
(e.g., prostaglandins and biogenic amines) that result in
vagogenic edema (309). Growth hormone receptor expression
and function in meningiomas have been discussed, and a
possible adjuvant to therapy with receptor-specific antagonists
raised (310). Nevertheless, it seems that the many studies on
hormones and their receptors in meningioma in the 1980s and
1990s, although yielding information of some interest, with
some exceptions (34), have not found realistic applicability
therapeutically.

DAL-1 and -4.1 Protein in Meningioma

DAL-1/4.1B is a member of the protein 4.1 superfamily,
which includes the product of the NF2 gene (merlin) and
encompasses structural proteins that play an important role
in membrane processes via interactions with actin, spectrin,
and the cytoplasmic domains of integral membrane proteins.
DAL-1/4.1B localizes within chromosomal region 18p11.3,
which is affected by LOH in various tumors.

The protein 4.1B has been shown to be a tumor suppressor
involved in the molecular pathogenesis of sporadic menin-
giomas (157, 231, 232). Deletions and loss of protein expres-
sion of the 4.1B gene are common in meningioma, regard-
less of histologic grade, suggesting that the 4.1 protein loss,
like NF2 inactivation, is an early genetic event in meningioma
tumorigenesis (315). Similar to merlin, the reexpression of
the 4.1B protein in deficient meningioma cell lines results
in reduced cell proliferation (316). The 4.1B region required
for meningioma cell growth suppression is contained within
a 503-amino acid fragment, termed DAL-1 (315, 317). The

low mutational frequency in meningiomas (318) discounts
sequence variations in DAL-1/4.1B as the main mechanism
underlying participation of this gene in the neoplastic transfor-
mation of meningiomas, and it suggests that other inactivating
mechanisms, such as epigenetic changes, may participate in
DAL-1/4.1B silencing.

Protein 4.1B interacts with tumor suppressor in lung
cancer-1 (TSLC-1), suggesting a common signaling pathway
(315). However, TSLC-1 loss was more frequent in high-
grade meningiomas, and there was no correlation between
TSLC-1 loss and 4.1B protein expression (315).

It would seem that merlin and the 4.1B protein may be
functionally distinct proteins with different mechanism of
action (316). It is of interest that early molecular studies (144)
pointed to a locus different from that of NF2 in the genesis
of meningioma. Another protein 4.1R, may play a role as a
tumor suppressor in meningioma pathogenesis (317). Loss of
this protein was observed in six of 15 meningiomas and two
cell lines.

Loss of expression of protein 4.1B, to which merlin is
structurally related, is an early event in the tumorigenesis of
sporadic meningiomas (315). Because protein 4.1B interacts
with the TSLC-1 protein expressed in leptomeninges, whose
gene is located at 11q23, the status of the latter protein was
investigated in meningiomas (315). In a series of 123 menin-
giomas, TSLC-1 expression was absent in 48% of grade I,
69% of grade II, and 85% of grade III meningiomas. Further-
more, TSLC-1 loss was associated with high proliferative
indices and decreased survival. The authors (315) concluded
that TSLC-1 plays an important role in meningioma patho-
genesis.

Multiple and Familial Meningiomas

Multiple meningiomas (meningiomatosis) occur in 4–10% of
patients with meningioma (10, 37, 318–321, 321A), usually
through subarachnoid spread via the CSF (119–122). This
mode of spread is supported by the identical NF2 gene
mutations in multiple meningiomas (322) and pattern of X-
chromosome inactivation. Familial meningiomas are very rare
(323); they occur in NF2 subjects (321), although rare non-
NF2 familial cases have been reported (239). In both types of
families, the meningiomas are usually multiple.

Alternatively, NF2 mosaicism could underlie some cases.
NF2 mutations and clonal origin were more frequently found
in patients with a larger number of tumors than in patients with
only two tumors, which is compatible with either mosaicism
or with an increased ability of liquorigenic seeding caused by
a mutant NF2 gene.

The introduction of new techniques for visualization of
tumors, such as computed tomography, has afforded a reli-
able assessment of the presence of multiple meningiomas
(37,324). In fact, the question has been raised whether solitary
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meningiomas exist, in view of the finding of additional such
tumors in cases with seemingly solitary tumors (324).

Any child presenting with a meningioma should be care-
fully examined for other features of NF2. The child also
should be closely followed-up for NF2 if no evidence is found
at the time of meningioma diagnosis (157).

A family with predisposition to meningioma development
was found to have a deletion of an Alu sequence in a c-sis
allele (325). This would create a constitutive expression of
platelet-derived growth factor (PDGF)-�. The authors (325)
hypothesized that the change in c-sis could be pathogenet-
ically important in the development of meningiomas. An
identical deletion was found in one of three of sporadic menin-
giomas. Changes of c-sis in another family with meningiomas
and a constitutional t(14;22) have been described previously
(325A). In a family with inherited multiple meningiomas
(8), cytogenetic analysis (Table 3.4) revealed a hypodiploid
karyotype with -22 and several markers.

A study focused specifically on differences between
multiple meningiomas in sporadic versus familial non-
NF2 cases (326). All NF2 mutations that were detected
occurred in tumors from patients with no affected relatives,
suggesting that the NF2 inactivation is frequently involved in
multiple sporadic meningiomas but that it is rare in multiple
meningioma kindreds. In agreement with this observation,
linkage analysis of a family with multiple meningiomas
showed no segregation with the NF2 locus (239). In another
multiple meningioma kindred, immunoreactivity for merlin
was detected, implying that the NF2 gene was not inacti-
vated (166). Interestingly, most non-NF2 meningioma family
members develop meningothelial meningiomas, which is in
line with the observation that this variant seems to arise inde-
pendently of NF2 inactivation.

Examination of multiple and recurrent meningiomas
in an adult patient showed -22 to be an early event
followed by mutations of NF2 and subsequently loss of one
X-chromosome and other changes (322). In a publication
listing risk factors for meningioma recurrence cytogenetic
patterns are mentioned, but no discussion was presented (327).

Meningioma and Meningioangiomatosis

Meningiomatosis are rare seizure-associated, and enigmatic
cortical and leptomeningeal lesions, encountered either
sporadically (328, 329) or in the setting of NF2 (330, 331).
It is thought to be hamartomatous or reactive in nature and
characterized by a perivascular spindle-cell proliferation of
presumed meningothelial origin, based on the presence of
psammoma bodies, occasional epithelial membrane antigen
(EMA) immunoreactivity, and the coexistence of an adjacent
meningioma in some cases (332–335). It has been specu-
lated that such meningiomas arise as a result of neoplastic
transformation in a perivascular meningothelial cell within
the meningioangiomatosis. However, a case was encountered

(336) with identical genetic alterations in both the menin-
gioangiomatosis and meningioma components, suggesting
the alternate possibility that meningiomas may occasionally
spread extensively along perivascular spaces, thus mimicking
the architectural pattern of meningioangiomatosis. In fact,
the resemblance of meningioangiomatosis to brain inva-
sion by meningioma has been emphasized (337). Based on
a study of merlin levels, 4.1B protein, PR, MIB-1, and
NF2 in meningioangiomatosis with and without menin-
gioma (330), the authors suggested that the meningioan-
giomatic part is neoplastic, representing a perivascular spread
form a meningioma (leptomeningeal or intracerebral), rather
than an underlying hamartoma. The cells of “pure” menin-
gioangiomatosis (i.e., perivascular spindle-cells) are geneti-
cally and immunohistochemically similar to non-neoplastic
meningothelial cells (330).

The rare condition known as meningothelial hyperplasia
may have overlapping features with meningioma, which
presents difficulties in the differential diagnosis (330A).
A study showed that the cells in meningothelial hyperplasia
retain both merlin and protein 4.1B expression, and FISH
showed no deletions of NF2 or 4.1B, with some cases having
polysomy of 22q and chromosome 18 and possible poly-
ploidy, changes very different from those seen in meningioma
(330A).

Proliferation Index in Meningioma

The possible value of proliferation indices (e.g., Ki-67,
MIB-1, and PCNA) (338) in the prognosis of menin-
giomas has received much attention (30, 301, 302, 339–346),
although others indicate that these indices may be of minor
value (337).

The possible recurrence of intracranial meningioma was
evaluated on the basis of their MIB-1 index and p53 expres-
sion (304). There was a statistically significant correlation
between the MIB-1 index and tumor grade. The majority
(76%) of meningiomas with a low index did not recur. Posi-
tive p53 expression was present in 26 of 45 meningiomas,
and although such expression was higher in atypical and
anaplastic meningiomas, no significant correlation was found
between the p53 expression and recurrence. Thus, quantitative
MIB-1 labeling is a useful technique in the diagnostic assess-
ment of meningiomas (304).

In the experience of some authors, an increased MIB-1
labeling index may be indicative of recurrence of menin-
giomas (341, 348, 349). This index is also higher in atypical
and anaplastic meningiomas a compared to simple tumors
(350).

The MIB-1 and Ki-67 indices show a significant
increase from benign (mean 3.8%), to atypical (mean
7.2%) to anaplastic (14.7%) meningioma (351). MIB-1
indices may vary considerably among anaplastic menin-
giomas (1.3–24.2%; mean 11.7%) (352). One study found
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that the Ki-67 index was a crucial criterion of differentiating
anaplastic (mean 11%) from atypical (mean 2.1%) and simple
(0.7%) meningioma (352). In Tables 3.15 and 3.16 are shown
the results of studies on the Ki-67 (MIB-1) index and PCNA
index in meningioma.

MIB-1 labeling index, expression of bcl-2 and mitosis
count did not correlate with recurrence of meningioma. Apop-
tosis count was significantly higher in the initial resection
specimens than in recurrent tumors vs. nonrecurrent tumors

Table 3.15. Proliferation indices (%) in recurrent meningiomas.

Nonrecurrent
meningioma

Recurrent
meningioma Reference

Ki-67a 1.0 7.9 Madsen and Schrφder 1997 (342)
Ki-67 0.1–4.56 0.6–6.26 Takeuchi et al 1997 (344)
MIB-1b 1.9 10.9 Ohkoudo et al 1998 (438A)
PCNAc <2.0–4.0 >7.0–38 Cobb et al 1996 (439)
PCNA 0.1–5.44 0.77–7.60 Takeuchi et al 1997 (344)

a Ki-67 is a monoclonal antibody recognizes a cell cycle stage-related protein
selectively expressed in cells that have entered the cell cycle other than the
G0 phase (338). The monoclonal antibody recognizes both Ki-67 and PCNA.
b MIB-1 is a monoclonal antibody that recognizes the nonhistone nuclear
Ki-67. Ki-67 is absent during G0 and early G1 phases of the cell cycle;
reaches a maximum during the G2 and M phases.
c PCNA, a cell cycle-regulated protein is a cofactor of DNA polymerase-�, an
enzyme required for DNA replication; two- to three-fold increases of PCNA
are present between early G1 and early S phases and a plateau through the G2
phase.

Table 3.16. Proliferation indices in meningioma.

Grade I Grade II Grade III References

Ki-67 index
3.4 6.6 11.8 Langford et al 1996 (340)
0.99 8.5 Striepecke et al 1996 (343)
1.0 6.9 12.7 Madsen and Schrφder 1997 (342)
0.6 1.6 3.1 Möller and Braendstrup 1997 (347)
0.75 3.2 6.04 Hsu et al 1998 (345)
1.6 7.4 14.7 Debiec-Rychter et al 1999 (428)
<2 12.00 11.75 Rushing et al 1999 (435)
2.0 8.0 15.4 Murakami et al 2003 (97)

MIB-1 index
2.47 Karamitopoulou et al 1994 (225)
0.73 2.08 10.98 Kolles et al 1995 (352)
1.06 2.75 10.90 Nakasu et al 1995 (436)
2.69 10.58 19.1 Ohkoudo et al 1996 (348)
3.80 7.17 14.71 Maier et al 1997 (437)
2.26 4.49 Antinheimo et al 1997 (145)
1.74 1.89 Antinheimo et al 1997 (145)
1.30 9.30 15.00 Karamitopoulou et al 1998 (438)
1.41 2.13 Lamszus et al 2000 (146)

PCNA index
1.36% 2.52 Striepecke et al 1996 (343)
2.6 9.7 19.9 Mφller and Braendstrup 1997 (347)
1.23 13.38 16.6 Hsu et al 1998 (345)

The numbers represent the percentages of Ki-67-, MIB-1-, or PCNA positive
tumors.
Based on Lamszus et al (146).

Table 3.17. Histologic and molecular findings in meningioma.

No. of cases (%)

Total number of tumors 88 (100)
WHO grade I tumors 61 (70)
WHO grade II tumors 24 (27)
WHO grade III tumors 3 (3)
Transitional tumors 57 (65)
Meningotheliomatous tumors 22 (25)
Other subtypes 9 (10)
LOH 22q 43 (49)
NF2 mutation 21 (24)
NF2 methylation 23 (26)
LOH 22q and NF2 mutation 16 (18)
LOH 22q and NF2 methylation 5 (6)
NF2 mutation and NF2 methylation 1 (1)
LOH 22q and NF2 mutation and NF2 methylation 2 (2)
LOH 22q (sole alteration) 20 (23)
NF2 mutation (sole alteration) 2 (2)
NF2 methylation (sole alteration) 15 (17)
No alterations 27 (31)

Based on Rey et al 1993 (128), Leone et al 1999 (87), and Lomas et al 2005
(165).

(353). Mutations of bcl-2 correlated with higher grade of
meningiomas.

Evaluation of cell proliferation index Ki-67, DNA ploidy,
and AgNOR staining, integrated with standard histopathology
can provide better information for grading meningiomas
(354). The correlation between increasing grades of menin-
gioma, survivin, and Ki-67 index has been described (355).
This also applies to survival. An improved method for Ki-
67 determination in meningiomas was presented (356). Ki-67
index has no advantage over counting mitoses in meningioma
as far as prognosis is concerned. Thus, mitotic activity justi-
fies its role in meningioma grading (357).

It seems that the proliferative indices, e.g., MIB-1, do not
show significant differences in NF2-related versus sporadic
meningiomas (146). An analysis of Tables 3.15 and 3.16
supports this conclusion. A summary of some of the clin-
ical and laboratory findings in meningioma is shown in
Table 3.17.

Miscellaneous Aspects of Meningioma

A symposium on meningioma in 1995, followed by publi-
cation in 1996 of presentations at the symposium, dealt
primarily with the clinical aspects of meningioma and served
as an excellent summary of the status of this tumor at that
time (358). The pathology, genetics, and biology of menin-
gioma were reviewed (33) 9 years after the aforementioned
symposium, containing discussions and references to the very
large body of the molecular and genetic events associated with
meningioma.

Hemangiopericytomatous meningiomas or hemangioperi-
cytomas (HPC) of the meninges have presented a diagnostic
problem to pathologists and clinicians. For example, the six
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Table 3.18. Genetic, molecular, metabolic, and miscellaneous aspects of meningiomas.

References

Use of dermosomal proteins in the differential diagnosis of meningioma versus other brain tumors. Akat et al 2003 (440)
The tumor suppressors p53/p21 signaling pathway and PTEN play important roles in the development of benign

meningiomas.
Al-Khalaf et al 2007 (591)

The p73 protein, which has a high sequence homology with p53 and similar structure, is not involved in Alonso et al 2001 (441)
meningioma tumorigenesis. Lomas et al 2001 (185)

Pediatric (non-NF2) meningioma. Amirjamshidi et al 2000 (442)
Aberrant methylation of the p14ARF gene in grades II and III meningiomas may be a mechanism for the

accumulation of wild-type p53 protein in these tumors and this deregulation of the p14-MDM2-p53 pathway
may contribute to the progression of meningiomas.

Amatya et al 2004 (443)

High expression of EGFR and ERB2-4, epidermal growth factor receptors, in meningiomas. Andersson et al 2004 (444)
Carroll et al 1997 (365)
Johnson et al 1994 (445)

NF2-related meningiomas showed more mitotic figures and nuclear pleomorphism than sporadic meningiomas.
The proliferation potential was much higher in the former than the latter and may be related to earlier onset,
multiplicity and aggressiveness of NF2-related meningiomas than sporadic ones.

Antinheimo et al 1997 (145)

Somatostatin receptor mRNA in meningiomas. Arena et al 2004 (445A)
Connexin proteins (26 and 43) can be useful in differentiating various types of meningiomas (positive) from

hemangiopericytoma (negative).
Arishima et al 2002 (446)

Interphase cytogenetic studies in meningioma. Arnoldus et al 1991, 1992 (447, 448)
Loss of chromosome 22 in 50% or more in meningioma by interphase cytogenetics; loss of Y or X rare. Arnoldus et al 1991, 1992 (447, 448)
The establishment of 3 immortalized meningioma cell lines preserving their meningothelial features and

overcoming their senescence has been described.
Baia et al 2006 (395B)

No mutations of p16 in meningiomas. Barker et al 1997 (449)
Simon et al 1997 (450)

Age-associated increase in the prevalence of 22q LOH in subsets of benign meningiomas has been described. Baser and Poussaint 2006 (584)
Nearly 3/4 of pediatric meningiomas had absent or minimal merlin expression based on in situ hybridization

studies.
Begnami et al 2007 (589)

No loss of chromosome 22; other mechanism? only 6 cases (one with -Y, one with -X). Bello et al 1993 (415)
Hypermethylation of the DNA repair gene MGMT was found in 14/73 meningiomas without significant

TP53 mutations. The role of gene hypermethylation in cancer has been reviewed. Aberrant CpG island
hypermethylation is associated with atypical and anaplastic meningioma.

Bello et al 2004 (198, 311)
Esteller et al 2001 (312)
Liu et al 2005 (313)

MGMT silencing through promoter hypermethylation may lead to TP53 mutations in some meningiomas Bello et al 2004 (311)
Claudin-1 and EMA expression can help to differentiate meningiomas from schwannomas and other tumors. Bhattacharjee et al 2003 (451)

Hahn et al 2006 (452)
Role of pial blood supply in peritumoral edema in meningiomas. Bitzer et al 1997 (361)
A possible role for PDGF in meningioma growth has been proposed. Black et al 1994 (366)

Johnson et al 2002 (368)
Coexpression of PDGF and its receptor in meningiomas indicates an autocrine or paracrine stimulation of

meningioma growth. Following receptor binding, the signals are transduced intracellularly via
phosphorylation of members of the mitogen-activated protein kinase (MAPK) cascade, resulting in enhanced
meningioma cell proliferation. Studies have shown that beside the MAPK signaling pathway, another route
involving the phosphinositol-3 kinase (P13K)/Akt pathway seems involved in the control of meningioma cell
proliferation in response to transforming growth factor-�.

Black et al 1994 (366)
Johnson et al 2001 (367)
Johnson et al 2002 (368)

VEGF-B, placenta growth factor, scatter factor/hepatocyte growth factor, fibroblast growth factor-2, EGF,
PDGR, and ILGF have been investigated as to their role in angiogenesis and malignancy in meningiomas
with equivocal results.

Black et al 1994, 1996 (274, 366)
Sanson and Cornu 2000 (289)

Multiplicity of meningioma development. Borovich et al 1988 (324)
Optic nerve meningiomas have a strong association with NF2, paralleling the occurrence of optic nerve gliomas

in NF1.
Bosch et al 2006 (565)

PTEN (MMAC1) mutations not present in meningiomas with monosomy 10 (-10). Boström et al 1998 (217)
Loss of 61-S phase regulators (CDKN2A and CKN2B and p14ARF) leads to aggressive meningiomas. Boström et al 2001 (173)
PTEN gene mutations involved in low-grade meningiomas. Peters et al 1998 (213)
The lack of membranous �-catenin and/or E-cadherin in meningiomas may indicate an altered interaction

between meningioma cells independent of loss of NF2, -22 and tumor grade
Brunner et al 2006 (375)

The lack of membranous �-catenin and/or membranous E-cadherin in meningiomas may indicate an altered
interaction between meningioma cells independent of loss of NF2 and independent of tumor grade and
chromosome changes, including -22.

Brunner et al 2006 (375)

The lack of membranous beta-catenin and/or membranous E-cadherin in meningiomas may indicate an altered
interaction between meningioma cells independent of loss of NF2 and of tumor grade.

Brunner et al 2006 (592)

NF2 gene expression was studied in different histotypic meningiomas. Such expression was higher in
meningothelial meningiomas than in other types but was not grade-related.

Buccoliero et al 2007 (590)

PS6K (a putative oncogene at 17q23) amplification seen in a small subset of aggressive meningiomas. Büschges et al 2002 (227)
Cai et al 2001 (94)
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References

Multiple meningiomas in the same patient may differ histologically and cytogenetically. Butti et al 1989 (9)
Rönne and Poulsgård 1990 (123)

Response of tumor cells to growth factors and other mitogens is mediated by specific receptors, including
protein tyrosine kinase and G protein-coupled receptors. In response to stimulation, these receptors are
activated and initiate intracellular signaling events. Growth factor receptors, such as epidermal growth factor
receptor (EGFR), are known to be overexpressed in human meningiomas.

Carroll et al 1997 (365)

Estrogen receptors in meningioma. Carroll et al 1999 (453)
Dicentric chromosomes were relatively common in meningiomas, as was telomere association. Telomerase

activity was absent in these tumors.
Carroll et al 1999 (593)

KRAS expression is elevated in meningiomas with a normal karyotype or only –22 (376). No amplification or
major rearrangements of KRAS were found.

Carstens et al 1988 (376)

Higher p53 expression in atypical vs. typical meningiomas; inverse relationship in erbB-2 expression. Chozick et al 1996 (454)
Indices of gliomas and meningiomas in Denmark 1943–1997; in Rochester, Minnesota. Christiensen et al 2003 (455)

Radhakrishnan et al 1995 (456)
Secretory meningiomas. Çolakǒglu et al 2003 (457)
Five novel immunogenic antigens and their genes were identified in meningiomas. Three of the genes reside on

chromosome 6 at q23 and one each on chromosomes 3 and 17, respectively. These antigens may be useful for
diagnosis and possibly therapy of meningiomas.

Comtesse et al 2001 (566)

MGEA6, overexpressed potential gene in meningioma. Comtesse et al 2001 (458)
Notch signaling pathway may be critical in meningioma progression. Cuevas et al 2005 (459)
Expression of extracellular matrix markers in meningioma. Das et al 2003 (335A)
Truncated NF2 proteins are unstable and undergo accelerated degradation in meningiomas (and schwannomas). den Bakker et al 2001 (460)
The aggressive behavior of a pediatric meningosarcoma has been attributed to its genetic instability, deletion of

17 p13 possibly involving p53 and the complexity of the karyotype.
de Mesa et al 2005 (567)

Platelet-activating factor is present in meningiomas, as it is in other tumors, and might act as a tumor-altering
factor by affecting angiogenic and/or cytokine networks.

Denizot et al 2006 (377)

The expression of a number of proto-oncogenes was studied in meningioma and the results indicate a possible
role for MYC and FOS in these tumors. The authors proposed that the nuclear transcription-regulating genes
MYC and FOS are usually under the control of TSG, which are lost in meningiomas. This is supported by
the more than 70% occurrence of proto-oncogene messenger RNA expression for MYC and FOS in
meningiomas.

Detta et al 1993 (378)

High mutation rates (>50%) of NF2 gene in sporadic meningioma have been reported. Dumanski et al 1990 (144)
Trofatter et al 1993 (14)
Merel et al 1995 (19, 20)
Ruttledge et al 1994 (16)
Wellenreuther et al 1995 (148)
Leone et al 1999 (87)

In some meningiomas the NF2 and meningioma locus differ and in anaplastic cases may be outside Dumanski et al 1990 (144)
chromosome 22. Lindblom et al 1994 (83)

The development of recurrence of meningiomas after resection is usually due to regrowth of the primary tumor
and rarely to the emergence of an unrelated meningioma. Such recurrences usually acquire cytogenetic
changes in addition to those seen in the primary tumors.

Espinosa et al 2006 (568)

Multiple meningiomas in adults may have other causes than NF2 mutations; the latter are a common cause in
children with familial meningiomas.

Evans et al 2005 (581)

Disturbance of balanced expression of molecules that promote opposing functions important in the development
of the meningioma phenotype.

Fathallah-Shaykh et al 2003 (461)

Familial meningiomas (non-NF2). Ferrante et al 1987 (462)
Heinrich et al 2003 (326)
Maxwell et al 1998 (166)
McDowell 1990 (463)
Pulst et al 1993 (239)

Neural cell-adhesion molecule isoforms and epithelial cadherin adhesion molecules play a role in the
morphogenesis and histogenesis of meningiomas.

Figarella-Branger et al 1994A (379)

Loss of chromosome 22 in sporadic meningiomas shows no evidence of genomic imprinting; equal parental
origin of -22.

Fontaine et al 1990 (464)

Review of the molecular diagnostics of CNS tumors, including meningioma. Fuller and Perry 2005 (380)
Neither BCL2/bcl2 nor ROS1 expression could be correlated with nor are they concurrent in any of the

histologic types of meningioma
Girish et al 2005 (381)

Tissue plasminogen activator expression not abnormal in meningioma, in contrast to glioblastoma. Goh et al 2005 (382)
The vascular endothelial growth factor-A (VEGF-A) has been found to be expressed in meningioma and related

to the extent of peritumoral edema.
Goldman et al 1997 (359)
Provias et al 1997 (360)
Bitzer et al 1998 (361)
Yoshioka et al 1999 (362)
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Expression of VEGF-A may be related to recurrence of benign meningiomas and their vascularity, though this
was not confirmed in another study.

Yamasaki et al 2000 (363)
Provias et al 1997 (359)
Samoto et al 1995 (364)
Lamszus et al 2000 (364A)

CpG island methylation and mutation of RB1 gene in meningioma. Gonzalelz-Gomez et al 2003 (465)
Genes investigated individually in meningiomas: DAL-1/4.1B, Gutmann et al 2000 (231)

p18, TP53, PTEN, KRAS, NRAS, HRAS, CDKN2A (p16), Boström et al 2001 (173)
CDKN2B (p15), p14ARF CDKN2C. Joachim et al 2001 (218)

Nunes et al 2005 (126)
S100A5: a marker of recurrence in grade I meningiomas. Hancq et al 2004 (466)
Based on the rate of NF2 mutations in meningiomas, it is possible to divide these tumors into subgroups which

overlap with histological variants.
Hartmann et al 2006 (569)

Survivin was present in meningiomas, as it is in high levels of malignant tumors, reducing the tumors’ capacity
to undergo spontaneous and radiation-induced apoptosis.

Hassounah et al 2005 (383)

The protein p62 binds to ubiquitin and thus may affect a number of cellular events. By using p62 labeling, it
was shown that signs of a functioning proteosomal system exist in nonrecurrent meningiomas.

Karja et al 2006 (385)

The involvement of a novel hyaluronidase gene in meningioma development is proposed. Heckel et al 1998 (384)
1p loss and enhanced glucose metabolism in meningiomas. Henn et al 1995 (424)
Mitochondrial and cytoplasmic metabolic energy pathways in meningioma. Herting et al 2003 (467)
Phosphofructokinase and lactate dehydrogenase were significantly increased in anaplastic vs. benign

meningiomas.
Herting et al 2003 (467)

Family history of cancer and meningioma risk. Hill et al 2004 (468)
Platelet-activating factor, which may arise from infiltrating leukocytes, is important in the development of

peritumoral edema in meningioma.
Hirashima et al 1998 (570)

Osteopontin in meningiomas. Hirota et al 1995 (469)
Progesterone and estrogen receptors in meningiomas; but not in high-grade tumors. Hsu et al 1997 (282)

Verhage et al 1995 (470)
Jacobs et al 1999 (471)

Rac2 gene, though underexpressed in some meningiomas, does not seem to play a role in tumorigenesis. Hwang et al 2005 (472,472A)
Transforming growth factor-� in meningioma development. Johnson et al 2004 (473)
NF2 changes distinguish hemangiopericytomas from meningiomas. Joseph et al 1995 (433)
p53 and p21WAF1/CIP1 in meningioma progression and recurrence. Kamei et al 2000 (474)
Meningioma in VHL patients and VHL gene changes. Kanno et al 2003 (475)
Most immunohistochemical markers have shown not to have diagnostic or prognostic relevance in meningioma,

though prostaglandin D synthesase holds promise.
Kawashima et al 2001 (476)

High expression of sis and c-myc in 6/15 and 12/15 sporadic meningiomas and mutations in sis. No other
information on area since these early publications.

Kazumoto et al 1990 (477)
Schmidt et al 1990 (325)

ECM (extracellular matrix)-associated proteins (SPARC, tenascin, stromelysin-3) and invasiveness of
meningiomas. Sclerosing meningioma.

Kilic et al 2002 (478A)
Rempel et al 1999 (370)
Kim et al 2004 (478)

Calpain proteolysis of NF2 in meningioma. Kimura et al 1998 (163)
Epigenetic (e.g., methylation) silencing of merlin and 4.1R Kino et al 2001 (479)
Shifting trend in female:male ratio in meningioma development in patients in the 35–59 year group in

Scandinavian countries may be due to increasing hormone use.
Klaeboe et al 2005 (480)

ODC mRNA as a predictor of meningioma recurrence. Klekner et al 2001 (481)
Apoptosis and meningioma recurrence. Konstantinidou et al 2001 (482)
Proliferation rate of meningioma as reflected in MIB-1, DNA topoisomerase II or cyclin A immunostaining or

other indices predicts prognosis.
Korshunov et al 2002 (483)
Cobb et al 1996 (439)
Hsu et al 1998 (345)
Shibuya et al 1992 (484)

Risk factors and frequency of meningioma in elderly. Krampla et al 2004 (485)
Clonal spread in multiple or recurrent meningiomas. Larson et al 1995 (119)

Stangl et al 1997 (122)
von Deimling et al 1999 (121)

An established cell line from a malignant meningioma had 45–65 chromosomes without -22 or loss of a sex
chromosome.

Lee 1990 (486)

Possible involvement of the gene MN1 in a meningioma with a t(4;22)(p16;q11). Lekanne Deprez et al 1995 (159)
NF2 mutations observed in 32% of sporadic meningiomas, 5% of sporadic vestibular schwannomas and in

100% of meningiomas in NF patients.
Lekanne-Lopez et al 1994 (17)

RAD54L polymorphism as risk factor in meningioma. Leone et al 2003 (184)
COX-2 and tumor grade in meningioma. Lin et al 2003 (487)
Aberrant CpG island hypermethylation in atypical and anaplastic meningioma. Liu et al 2005 (313)
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Study of TP53 in meningiomas showed reduced expression (as a result of CpG methylation) in grades I and II
and increased expression in grade III tumors.

Lomas et al 2004 (199)

HER2 protein overexpressed in 30% of meningiomas with epithelial differentiation. Loussouarn et al 2006 (485A)
Large alterations of the NF2 gene were found in sporadic and familial meningiomas using multiplex

ligation-dependent probe amplification (MLPA), a method thought to be accurate and simple for detecting
alterations that escape other methods.

Martı́nez-Glez et al 2007 (171)

p53 gene mutations are rare, but do occur, in meningiomas. Mashiyama et al 1991 (488)
It was shown that both MAPK and P13K/Akt are activated at different

levels in benign and malignant meningiomas. Such activation contributes to the aggressive behavior of
malignant meningiomas, where MAPK activation is involved in both proliferation and apoptosis.

Mawrin et al 2005 (369)

Nuclear DNA content and recurrence in meningioma. Meixensberger et al 1996 (489)
Kudoh et al 1995 (339)

Role of Ki-67 and PCNA in predicting recurrence of meningioma still uncertain. Möller and Braendstrup 1997 (347)
Reduced tumor alkaline phosphatase as indicator of meningioma recurrence (Fig. 3.14 ). Murakami et al 1993 (490)

Niedermayer et al 1997 (196)
Müller et al 1999 (491)
Bouvier et al 2005 (197)

Meningioma cell lines. Murphy et al 1991 (492)
Lee et al 1990 (242)
Tanaka et al 1989 (493)

Cyclin A expression in meningiomas provides significant clinical information, especially as an independent
prognostic factor.

Nakabayashi et al 2003 (387)

Incidental meningiomas, including at autopsies. Nakasu et al 1987 (320)
Wood et al 1957 (495)

MIB-1 and Ki-67 indices. Nakasu et al 2001 (?)
Sandberg et al 2001 (494A)
Perry et al 1998 (30)

Eicosanoids are lipidmediators produced by cyclooxygenases (COX-1 and COX-2) and lipoxygenases (LO) and
found to be overexpressed in gliomas and meningiomas. Inhibition of eicosanoids cascade may be a useful
approach to the therapy of these tumors.

Nathoo et al 2004 (471A)

Decrease in somastatin receptor as an indicator of response to gamma knife surgery of meningiomas. Nicolato et al 2005 (496)
p73 expression and tumor grade in meningiomas. Nozaki et al 2001 (186)
Rhabdoid meningioma in a 12-yr-old female with Turner syndrome expressing desmin. INI gene was not

changed, whereas NF2 had exon 9 deleted.
Nozza et al 2005 (497)

Meningiomas possess cholecystokinin and its receptors, the activation of which may increase cell growth via an
autocrine/paracrine mechanism.

Oikonomou et al 2005 (498)

Meningioma recurrence and metalloproteinases. Okada et al 2004 (499)
Proteomic analysis of meningiomas revealed protein expression patterns unique to the various grades in these

tumors.
Okamoto et al 2006 (572)

A link between NAT2 (N-acetyltransferase) polymorphism and meningioma development has been postulated. Olivera et al 2006 (386)
Peritumoral edema and VEGF and its receptors in meningioma. Otsuka et al 2004 (36)

Paek et al 2002 (500)
Pistolesi et al 2002 (35)

Cell line behavior (phenotypic change). Pallini et al 2000 (501)
Invasive nature of meningiomas tied to overexpression of matrix metalloproteins (MMP9 and MMP2). Perrett et al 2002 (502)

Nordqvist et al 2001 (503)
Siddique et al 2003 (504)

Growth factors and receptors (PDGF-BB and PDGFR-�; EGF and EGFR; TGF-�; IGF-II, VEGF) and their
role in meningioma.

Perry et al 2004 (48)
Johnson et al 2001 (367)
Yang et al 2000 (505)
Torp et al 1992 (506)
Carroll et al 1997 (365)
Halper et al 1999 (507)
Nordqvist et al 1997 (508)
Yamasaki et al 2000 (363)
Harland et al 1998 (509)
Pagotto et al 1995 (510)

Loss of merlin and tumors in mice; merlin activity. Perry et al 2004 (48)
PTEN gene in meningiomas. Peters et al 1998 (213)
BAM22, a gene of the �-adaptin family (located at 22q12), was inactivated in sporadic meningiomas. Peyrard et al 1994 (511)
Other studies pointed in that direction. Dumanski et al 1990 (144)

Lekanne Deprez et al 1991 (237)
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Sanson et al 1993 (512)
Ng et al 1995 (177)

LARGE gene at 22q12.3-q13.1: possible role in meningioma. Peyrard et al 1999 (162)
The GADD45A gene does not play a role in meningioma tumorigenesis; EPB41 (4.1R protein) does. Piaskowski et al 2005 (513)
Peritumoral edema in meningioma is related to VEGF and Pistolesi et al 2002 (35)

VEGF-R expression in these tumors Otsuka et al 2004 (36)
IL-4 in meningioma. Puri et al 2005 (514)
Meningiomas express IL-4R and its receptors; possible targets Puri et al 2005 (514)

for cytotoxic therapy.
Ets-1 expression may be involved in meningioma recurrence by upregulating matrix metalloproteinases and

may serve as an indicator of high risk of recurrence. Ets-1 expression in typical and atypical meningiomas
has been reported.

Okuducu et al 2006 (388)
Okuducu et al 2006 (389)

Genetic instability in meningioma. Pykett et al 1994 (69)
No elevated expression of CDK4 and MDM2 in meningiomas. Pykett et al 1997 (514A)

Weber et al 1997 (31)
No elevated p53 expression in meningiomas. Pykett et al 1997 (514A)
Predictors of meningioma recurrence: tumor location, atypical or malignant histology and high Ki-67 or MIB-1

index.
Ragel and Jensen 2003 (34)

Potential systemic therapies for meningioma. Ragel and Jensen 2003 (34)
An occupational risk for meningioma (and acoustic neuromas) among a number of occupations has been

reported. Further, polymorphism of the gene for the enzyme �-aminolevulinic. acid dehydratase (ALAD),
which is inhibited by several chemicals, including lead, was postulated to possibly be the background to
meningioma development.

Rajaraman et al 2005 (515)

Occupations associated with an increased risk of meningioma (or acoustic schwannoma) have been pointed out,
although studies on larger numbers of cases and controls are necessary.

Rajaraman et al 2005 (574)

Merlin interacts with a number of important proteins:
sodium-hydrogen exchange regulator factor (NHE-RF) Reczek et al 1997 (516)
BII-spectrin (fodrin) Murthy et al 1998 (517)
hepatocyte growth factor-regulated tyrosine Scoles et al 1998 (518)
kinase substrate (HRS) Sun et al 2002 (519)
schwannomin interacting protein-1 (SCHIP-1) Scoles et al 2000 (520)
paxillin Goutebroze et al 2000 (521)
other ERM proteins Fernandez-Valle et al 2002 (522)
�1-integrin Obremski et al 1998 (523)
CD44 Gronholm et al 1999 (524)

Morrison et al 2001 (525)
Tsukita et al 1994 (526)

The gene SPARC (also known as BM-40 and osteonectin/orteonectin) is a developmentally regulated gene
whose protein product, SPARC, is a secreted, extracellular matrix-associated protein implicated in the
modulation of cell adhesion and migration. SPARC was not expressed in grade I meningiomas, but was
highly expressed in invasive tumors, regardless of the grade. However, there has been no follow-up on this
marker in subsequent years.

Rempel et al 1999 (370)

Phospholipid modifications in the functional properties of meningioma have been described. Riboni et al 1984 (390)
INI-1 gene (integrase interactor-1) does not play an important role in meningioma, though it may not be so Rieske et al 2003 (527)

Schmitz et al 2001 (168)
A possible Li-Fraumeni syndrome (MFH, glioblastoma and an atypical meningioma) in a 40-yr-old male. The

meningioma showed TP53 mutations and LOH at 22q.
Rieske et al 2005 (528)

Prognostic value of proliferation index (MIB-1) and telomerase RNA localization in papillary meningioma Rushing et al 1999 (435)
Single nucleotide polymorphisms within the KRAS and ERCC2 genes increase the risk for meningioma,

whereas those of cyclin D1 and p16 modify the risk to develop meningiomas when comparing irradiated and
non-irradiated populations.

Sadetzki et al 2005 (391)

IGFBP-6 important in brain edema and invasion by meningiomas Sandberg Nordqvist and Mathiesen
2002 (529)

Meningioma diversity and brain invasion may be related to expression of IGFBP-6, though IGF-II and IGFB-2
and -5 may play a role

Sandberg Nordqvist and Mathiesen
2002 (529)

Allelic loss of chromosome 22 and histopathologic predictors of meningiomas recurrence Sanson et al 1992 (530)
Hormone receptors in meningioma (androgen, somatostatin, growth hormone, prolactin) Sanson and Cornu 2000 (289)

Dutour et al 1998 (531)
Konstantinidou et al 2003 (293)
Carroll et al 1996 (532)
Muccioli et al 1997 (533)

p18INK4c in meningiomas Santarius et al 2000 (188)
Simon et al 2001 (220)
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Table 3.18. Continued

References

Caution has been advised in comparing gene expression profile results performed on tumor tissue vs. those
based on primary cultures of meningioma. Differences in the number and nature of up- and down-regulated
genes notable between the two sources of cells.

Sasaki et al 2003 (583)

p15, p16, CDK4 and cyclin D1 changes infrequent in meningioma Sato et al 1996 (534)
Expression of merlin in tissues. Scherer and Gutmann 1996 (535)

Stemmer-Rachamimov et al 1997
(536)
den Bakker et al 1999 (537)

E-cadherin loss, as determined by immunoreactivity, was observed in malignant meningiomas. E-Cadherin is
closely related to the differentiation and organogenesis of meningioma cells.

Schwechheimer et al 1998 (392)
Tohma et al 1991 (393)

Merlin directly interacts with and inhibits cellular proliferation mediated by the expression of both PRBP and
elFc3 subunit p110. The latter appears to be involved in NF2 pathogenesis and NF2-related tumors.

Scoles et al 2006 (575)

Cranial and spinal meningiomas have been described in identical twin boys. Sedzimir et al 1973 (564)
Loss of merlin associated with defect of cell growth and motility. Shaw et al 2001 (537A)

Lallemand et al 2003 (143)
Re-expression of wild-type merlin in meningioma cell lines reduces growth in vitro and in vivo and cell

mobility.
Sherman et al 1997 (?)
Gutmann et al 1999 (539)
Morrison et al 2001 (525)
Ikeda et al 1999 (142)

Similar to adult sporadic meningioma, some meningiomas may results from mutations of the NF2 gene. NF2
did not seem to be involved in pediatric ependymomas or rhabdoid tumors.

Slavc et al 1995 (582)

Deletion of Alu sequences in c-sis were found in individuals with predisposition to meningioma development. Smidt et al 1990 (576)
Ornithine decarboxylase as diagnostic tool for meningioma. Stenzel et al 2004 (540)
S6K overexpression and meningioma progression. Surace et al 2004 (315)
Loss of tumor suppressor in lung cancer-1 (TSLC1) expression in meningiomas was associated with a poor

survival, particularly of atypical tumors.
Surace et al 2004 (573A)

Secretory meningiomas are characterized by unique epithelial differentiation with glandular lumina containing
secretory globules (hyaline bodies). These tumors are relatively rare. The presence of an increased number of
mast cells has been described in secretory meningioma.

Tirakotai et al 2006 (577)

Inositol phosphate turnover and response to mitogenic stimulation. by EGF in meningiomas. Todo and Fahlbusch 1994 (541)
Abnormalities of pRb and CDK4 rare in meningiomas. Tse et al 1998 (542)
A cytogenetic approach to chromosome changes in meningiomas indicated that loss of chromosome 22 (-22)

was present as a sole change in some of these tumors, whereas others had additional abnormalities.
Vagner-Capodano et al 1992 (410)

Meningiomas without NF2 gene involvement have a normal karyotype and no obvious genetic or epigenetic
aberrations, suggesting that genes involved in the pathogenesis of these tumors are altered by events beyond
the detection of the methods used.

van Tilborg et al 2006 (578)

Changes of TP53 are not likely to play a role in meningioma pathogenesis. Verheijen et al 2002 (588)
Subarachnoid spread of meningioma. von Deimling et al 1995 (120)
Expression of metalloproteinases and cathepsin D were not useful diagnostically or prognostically. von Randow et al 2006 (579)
DNA microarray studies in meningiomas revealed not only the loss of chromosome 22, but also other frequent

changes, i.e. amplification of MSH2, deletions of GSCL and HIRA in a significant number of these tumors.
Wada et al 2005 (580)

TP53 mutations in meningioma. Wang et al 1995 (222)
Homozygous deletions of CDKN2A in 4/16 grade III meningiomas, amplification of CDK4 and MDM2, 17q23

amplified in 8/6 grade III tumors.
Weber et al 1997(31)

Model for genomic alterations in benign, atypical and anaplastic meningiomas. Weber et al 1997 (31)
Fas-APO1 (CD95) upregulated in grade II meningiomas leading to increased apoptotic indices. Weisberg et al 2001 (543)
EGF binding in meningiomas. Weisman et al 1987 (544)
p53 deletions may be involved in the malignant progression of meningiomas. Yakut et al 2002 (545)
14-3-3 proteins Yu et al 2002 (546)

and their possible role in meningioma. Perry et al 2004 (48)
Hyperdiploidy in meningiomas, especially those tumors with 50 or more chromosomes, is quite rare Zankl et al 1971 (585)

(Table 3.4). In a study in which 16 hyperdiploid meningiomas were selected from the collection of Scholz et al 1996 (586)
the authors and constituting 2.4% of the tumors, it was found that hyperdiploid meningiomas showed an Ketter et al 2007 (587)
aggressive biology when compared to that of the majority of common-type meningiomas. Incidentally, only
2/16 hyperdiploid meningiomas showed a -22.

Cytogenetic findings in meningeal hemangiopericytoma differentiate it from meningioma (no loss o
chromosome 22).

Zattara-Cannoni et al 1996 (371)

The oncogene ROS1 for tyrosine receptor kinase is commonly expressed in adult meningiomas and may play a
role in the etiology of these tumors.

Zhou and Sharma 1995 (394)

Elevated MI and Ki-67 LI and ER negativity are predictive factors of recurrence of benign and completely
resected meningiomas, especially those associatd with Bcl-2 positivity.

Maiuri et al 2007 (594)

An association of risk and protective haplotypes of ATM (ataxia telangiectasia mutated) gene in meningioma
has been described.

Malmer et al 2007 (595)
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A study of angiogenesis in meningiomas revealed its dependence on the types of VEGF isoforms involved, i.e.,
grades II and III meningiomas (presenting numerous microvessels) expressed the 121 and 125 isoforms, whereas
grade I tumors (with few microvessels) expressed the 189 isoform.

Pistolesi et al 2004 (596)

This is keeping with the observation that atypical meningiomas had the highest number of blood vessels, when
compared to benign tumors General VEGF expression levels were not different among these tumors. However,
overexpression of VEGF and increased angiogenic potential have been reported in meningiomas with malignant
transformation

Lewy-Trenda et al 2003 (597)

Shono et al 2000 (598)
In meningiomas the density of vessels simultaneously expressing VPF/VEGF and its receptor flt-1 correlates

strongly with the amount of microcystic pattern. Thus, it is likely that vessel permeability and the angiogenic
effects of VPF/VEGF are responsible for the histologic appearance of microcystic meningiomas.

Christov et al 1999 (599)

Based on studies with the specific marker for neo-angiogenesis, endoglin (CD105), it was shown that it may serve
as a target for therapeutic approaches blocking blood supply to meningiomas.

Barresi et al 2007 (600)

A strong link between VEGF mRNA expression and peritumoral edema was found. Kalkanis et al 1996 (601)
The expression of several genes linked to cell cycle regulation and cellular proliferation is upregulated in atypical

and anaplastic meningiomas, when compared with benign tumors, based on micro- array gene expression
profiles.

Wrobel et al 2005 (602)

The caveolin-1 protein shows an increased expression in aggressive meningiomas, as reflected by its association
with atypical subtypes, high histologic grade and growth fraction.

Barresi et al 2006 (603)

Immunostaining for the mitosis-specific antibody anti-phospho- histone H3 (PHH3 mitotic index, MI) was a more
reliable method as a predictor of meningioma recurrence or fatal outcome than evaluation of mitotic index or
Ki-67 labeling index.

Kim et al 2007 (604)

Hypoxia, as reflected in the expression of carbonic anhydrase-9 in the tumor microenvironment, is a component of
grade 3 meningiomas and may be an indicator of a poor prognosis.

Yoo et al 2007 (605)

Functional differences in various types of meningeal cells may be due to differences in prostaglandin D synthase
(β-Trace) expression. These differences may involve CSF absorption, tumorigenesis and other processes.

Yamashima et al 1997 (606)

In vitro effects of steroids (progesterone, antiprogestogens and 17β-estradiol) on growth of meningiomas in cell
culture were examined and found not to alter such growth. In contrast, androgen antagonists inhibited the growth.

Adams et al 1990 (607)

Expression of the levels of mini-chromosome maintenance-2 protein (Mcm2) in meningiomas may facilitate the
identification of patients with a high risk of recurrence.

Hunt et al 2002 (608)

Low or absent expression of progesterone receptor expression was found in meningiomas with a high risk of
recurrence.

Strik et al 2002 (619)

Mitosin, a cellular proliferation-associated molecule, may be used as a recurrence marker for meningioma. Konstantinidou et al 2003 (610)
Attention in this and other chapters has been given to proliferation markers (Ki-67, MIB, PCNA, mitotic index), not

because they reflect a specific molecular or genetic event, but because of the correlation made in such studies of
these markers with diagnostic and prognostic aspects of meningiomas, as well as with molecular and genetic
changes in these tumors.

Ohta et al 1994 (611)
Abramovich and Prayson 1999 (612)
Nakaguchi et al 1999 (613)

The prognostic aspects, particularly that of recurrence, of meningiomas have received much attention, especially
the histology of these tumors. Because of the many clinical, topographical, radiological and surgical factors,
histology is not solely decisive for the prognosis. Mitotic activity, cellular pleomorphism with prominent nucleoli
and micronecrosis and focally-raised cell density have been discussed as indicators of an unfavorable program.

A study addressed the possibility, already applied to other tumors, of the identification of genetic prognostic
markers that may reliably reflect tumor biology.

Ketter et al 2007 (614)
Niedermayer et al 1996 (615)
Ildan et al 1999 (616)
Mantle et al 1999 (617)
Rahnenführer et al 2005 et al 2005
(618)

An oncogenetic tree model that estimates the most likely cyto-genetic pathways in more than 650 meningiomas
was calculated and a genetic progression score (GPS) developed. High GPS values correlated highly with early
recurrence, regardless of the WHO grade. As a quantitative measure, the GPS allows a more precise assessment
of the prognosis of meningiomas than prof-fered cytogenetic markers based on single chromosome aberrations.

Ketter et al 2007 (614)

The role of tumor angiogenesis, i.e., is it a cause or consequence of cancer has not been clearly defined.
Nevertheless, findings on angiogenesis in meningiomas reveal cogent information regarding these tumors.

Shchors and Evan 2007 (619)

In a study comparing the clinical course, cytogenetics and cytokinetics, the results led the authors to conclude that
de novo malignant meningiomas and meningiomas with malignant transformation may represent subgroups of
atypical and anaplastic meningiomas. Of the 28 meningiomas examined, half had -22, 11 had -14, 11 had
chromosome 1 changes and 5 loss of chromosome 18. Ten of these tumors had -14 and -22.

Krayenbühl et a1 2007 (619A)

Using arrayCGH, a study demonstrated a higher frequency of biallelic NF2 inactivation in fibroblastic (52%) vs.
meningothelial (18%) meningiomas, with a similar picture reflected in macro-mutations of NF2. Promoter
methylation of NF2 did not appear to play a part in meningioma development.

Hnnsson et a1 2007 (621)

Detection of the allelic status of lp by FISH may be of help in predicting the prognosis in meningiomas, including
the malignant progression of these tumors.

Ishino et a1 I998 (622)
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cases reported in one study (371) have not been included in
Table 3.4, particularly because the cytogenetic changes, all
showing preponderantly gain of chromosomes and of a similar
nature in all six of the tumors, do not reflect those of menin-
gioma, e.g., no tumor had a -22. Nor are the changes compat-
ible with those seen in HPC (372).

High-throughput microarray immunochemistry may be an
accurate and efficient way of distinguishing hemangioper-
icytomas from meningiomas and simple from aggressive
meningiomas, by using EMA, E-cadherin, and PDGFR-� as
markers (373).

Even within the benign meningiomas, there is a wide
heterogeneity in the outcomes, which cannot be accounted for
by clinical or pathologic variables. To overcome this short-
coming, studies have used gene expression profiling to iden-

tify genes that are differentially expressed between benign and
malignant meningiomas (374).

A review of new approaches for the treatment of refrac-
tory meningiomas (34) indicated that hydroxyurea has been
the best-studied agent, but that complete tumor regression is
not likely to be achieved with this chemotherapeutic drug. The
authors (34) cover a range of factors and drugs as approaches
to nonsurgical meningioma therapy (e.g., angiogenesis inhibi-
tion, somatostatin agonist, growth hormone inhibitors, growth
factor receptor inhibitors, signal transduction pathway inhi-
bition, mitogen-associated protein kinase inhibition, estrogen
and progesterone receptor blocking effects, and gene therapy),
and although some aspects of these approaches may find
utility in the therapy for refractory meningiomas (34), it is
difficult to deduct an optimistic view for the development of

Table 3.19. Signal transduction and other pathways in meningioma.

References

PDGF pathways Maxwell et al 1990 (549)
Wang et al 1990 (550)
Adams et al 1991 (547)
Nister et al 1994 (550A)
Todo et al 1996 (548)
Shamah et al 1997 (538A)

RAS-RAF1-MEK1-MAPK/ERK pathway
Lovastatin is a potent inhibitor of MEK1-MAPK/ERK pathway Johnson et al 2002 (571)

Pronk and Bos 1994 (395C)
Lewis et al 1998 (551)
Johnson et al 2004 (473)
Johnson and Toms 2005 (395)
Mawrin et al 2005 (369)

PI3K and MAPK kinases pathway Yart et al 2001 (552)
Conway et al 1999 (553)
Johnson and Toms 2005 (395)

PKB/Akt and p70SGK Walker et al 1998 (369A)
Johnson et al 2002 (368)
Mawrin et al 2005 (369)
Song et al 2005 (554)

EGFR pathway (EGF and TGF-�) Weisman et al 1987 (544)
Jones et al 1990 (555)
Johnson et al 1994 (445)
Linggood et al 1995 (556)
Carroll et al 1997 (365)
Hsu et al 1998 (345)
Van Stetten et al 1999 (556A)

IGF pathway Nordqvist et al 1997 (508)
Johnson and Toms 2005 (395)
Watson et al 2002 (374)

H-RAS mutations and activation Shu et al 1999 (557)
Gire et al 2000 (557A)

COX-2 and prostaglandins Castelli et al 1989 (558)
Gaetani et al 1991 (559)
Ragel et al 2005 (559A)

PLC-� Wahl et al 1989 (559B)
Johnson et al 1994, 2004 (445, 473)
Wang et al 1998 (560A)
Buckley et al 2004 (560)

TGF-� Johnson et al 1992 (561, 562)
MGMT (DNA repair enzyme) Yin et al 2003 (563)
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agents capable of inducing complete tumor regression, at least
in the near future.

Expression by meningiomas of type II interleukin receptors
may serve as a target for cytotoxin/immunotoxin therapy in
patients with meningioma who are not amenable to surgery or
for recurrent tumors (394A).

Signal transduction and other pathways and their interac-
tions in meningioma have been comprehensively reviewed
and appropriate references may be found in that review (395).
Although these pathways probably do not play a key role in
the genesis of meningioma, the changes in these pathways
may be a reflection of the genetic events associated with full
development and progression of these tumors. These path-
ways involve genetic elements and their products that may
bear upon the biology of meningiomas susceptible to thera-
peutic approaches to these tumors.

In a review of mitogenic signal transduction pathways
operative in meningioma (395), the authors stated that the
identification and mapping of multiple pathways affecting
meningioma growth and apoptosis offer new opportuni-
ties for treatment approaches (and possibly prevention) of
these tumors. Expression or activation of elements in these
pathways in meningioma may be associated with invasive-
ness and malignant progression of these tumors, because
some of these pathways are intimately associated with the
control of cell proliferation and apoptosis. The interac-
tions among these pathways are complex and their effects
in meningioma have not been fully elucidated. Table 3.19
lists signal transduction pathways that have been studied in
meningioma.

Tables 3.18 and 3.19 list genetic and hereditary aspects,
factors, and substances, and other cogent areas bearing
on meningioma development, progression, and biology, not
discussed or expanded upon in the text.
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96. López-Ginés, C., Cerdá-Nicolás, M., Gil-Benso, R.,
Callaghan, R., Collado, M., Roldan, P., and Llombart-
Bosch, A. (2004) Association of loss of 1p and alterations of
chromosome 14 in meningioma progression. Cancer Genet.
Cytogenet. 148, 123–128.

97. Murakami, M., Hashimoto, N., Takahashi, Y., Hosokawa, Y.,
Inazawa, J., Mineura, K. (2003) A consistent region of dele-
tion on 1p36 in meningiomas: identification and relation
to malignant progression. Cancer Genet. Cytogenet. 140,
99–106.

98. Carlson, K.M., Bruder C., Nordenskjöld, M., Dumanski, J.P.
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des meningiomas et correlations genotype/phenotype. Rev.
Neurol. (Paris) 159, 727–738.

242. Lee, J.Y.K., Finkelstein, S., Hamilton, R.L., Rekha, R., King,
J.T., Jr., and Omalu, B. (2004) Loss of heterozygosity anal-
ysis of benign, atypical, and anaplastic meningiomas. Neuro-
surgery 55, 1163–1173.

242A. Asgharian, B., Chen, Y.-J., Patronas, N.J., Peghini, P.L.,
Reynolds, J.C., Vortmeyer, A., Zhuang, Z., Venzon, D.J.,
Gibril, F., and Jensen, R.T. (2004) Meningiomas may be a
component tumor of multiple endocrine neoplasia type 1.
Clin. Cancer Res. 10, 869–880.

243. Evans, D.G.R., Birch, J.M., and Ramsden, R.T. (1999) Pedi-
atric presentation of type 2 neurofibromatosis. Arch. Dis.
Child. 81, 496–499.

244. Evans, D.G.R., Watson, C., King, A., Wallace, A.J., and
Baser, M.E. (2005) Multiple meningiomas: differential
involvement of the NF2 gene in children and adults. J. Med.
Genet. 42, 45–48.

245. Erdincler, P., Lena, G., Sarioglu, A.C., Kuday, C., and Choux,
M. (1998) Intracranial meningiomas in children: review of 29
cases. Surg. Neurol. 49, 136–141.

246. Deen, H.G., Scheithauer, B.W., and Ebersold, M.J. (1982)
Clinical and pathological study of meningiomas of the first
two decades of life. J. Neurosurg. 56, 317–322.

247. Wullich, B. Mayfrank, L., Schwechheimer, K., Finke, J., and
Schempp, W. (1990) Chromosome abnormalities in multiple
meningiomas of a child. Genes Chromosomes Cancer 2,
166–168.

248. Modan, B., Baidatz, D., Mart, H., Steinitz, R., and Levin, S.G.
(1974) Radiation-induced head and neck tumours. Lancet 1,
277–279.

249. Rubinstein, A.B., Shalit, M.N., Cohen, M.L., Zandbank,
U., and Reichenthal, E. (1984) Radiation-induced cerebral
meningioma: a recognizable entity. J. Neurosurg. 61, 996–
971.

250. Ron, E., Modan, B., Boice, J.D., Alfandary, E., Stovall, M.,
Chetrit, A., and Katz, L. (1988) Tumors of the brain and
nervous system after radiotherapy in childhood. N. Engl. J.
Med. 319, 1033–1039.

251. Harrison, M.J., Wolfe, D.E., Lau, T.-S., Mitnick, R.J., and
Sachdev, V.P. (1991) Radiation-induced human meningiomas:
experience at the Mount Sinai Hospital and review of the liter-
ature. J. Neurosurg. 75, 564–574.

252. Salvati, M., Cervoni, L., Puzzilli, F., Bristot, R., Delfini,
R., and Gagliardi, F.M. (1997) High-dose radiation-induced
meningiomas. Surg. Neurol. 47, 435–442.

253. Gosztonyi, G., Slowik, F., and Pásztor, E. (2004) Intracranial
meningiomas developing at long intervals following low-dose
X-ray irradiation of the head. J. Neurooncol. 70, 59–65.

254. Longstreth, W.T., Jr., Phillips, L.E., Drangsholt, M., Koepsell,
T.D., Custer, B.S., Gehrels, J.-A., and van Belle, G.
(2004) Dental X-rays and the risk of intracranial menin-
gioma. A population-based case-control study. Cancer 100,
1026–1034.

255. De Tommasi, A., Occhiogrosso, M., De Tommasi, C.,
Cimmino, A., Sanguedolce, F., and Vailati, G. (2005)

Radiation-induced intracranial meningiomas: review of six
operated cases. Neurosurg. Rev. 28, 104–114.

256. Pagni, C.A., Canavero, S., Fiocchi, F., and Ponzio, G. (1993)
Chromosome 22 monosomy in a radiation-induced menin-
gioma. Ital. J. Neurol. Sci. 14, 377–379.

257. Chauveinc, L., Dutrillaux, A.M., Validire, P., Padoy, E.,
Sabatier, L., Couturier, J., and Dutrillaux, B. (1999) Cyto-
genetic study of eight new cases of radiation-induced solid
tumors. Cancer Genet. Cytogenet. 114, 1–8.

258. Zattara-Cannoni, H., Roll, P., Figarella-Branger, D., Lena, G.,
Dufour, H., Grisoli, F., and Vagner-Capodano, A.-M. (2001)
Cytogenetic study of six cases of radiation-induced menin-
giomas. Cancer Genet. Cytogenet. 126, 81–84.

259. Strojan, P., Popovic, M., and Jereb, B. (2000) Secondary
intracranial meningiomas after high-dose cranial irradiation:
report of five cases and review of the literature. Int. J. Radiat.
Oncol. Biol. Phys. 48, 65–73.

260. Sadetzki, S., Flint-Richter, P., Ben-Tal, T., and Nass, D.
(2002) Radiation-induced meningioma: a descriptive study of
253 cases. J. Neurosurg. 97, 1078–1082.

261. Iacono, R.P., Apuzzo, M.L.J., Davis, R.L., and Tsai, F.Y.
(1981) Multiple meningiomas following radiation therapy for
medulloblastoma. J. Neurosurg. 55, 282–286.

262. Soffer, D., Pittaluga, S., Feiner, M., and Beller, A.J. (1983)
Intracranial meningiomas following low-dose irradiation to
the head. J. Neurosurg. 59, 1048–1053.

263. Shoshan, Y., Chernova, O., Jeun, S.-S., Somerville, R.P.,
Israel, Z., Barnett, G.H., and Cowell, J.K. (2000) Radiation-
induced meningioma: a distinct molecular genetic pattern? J.
Neuropathol. Exp. Neurol. 59, 614–620.

264. Falchetti, M.L., Pallini, R., Larocca, L.M., Verna, R., and
D’Ambrosio, E. (1999) Telomerase in intracranial tumours:
prognostic potential for malignant gliomas and meningiomas.
J. Clin. Pathol. 52, 234–236.

265. Langford, L.A., Piatyszek, M.A., Xu, R., Schold, S.C.,
Wright, W.E., and Shay, J.W. (1997) Telomerase activity in
ordinary meningiomas predicts poor outcome. Hum. Pathol.
28, 416–420.

266. Chen, H.J., Liang, C.L., Lu, K., Lin, J.W., and Cho, C.L.
(2000) Implication of telomerase activity and alterations of
telomere length in the histologic characteristics of intracranial
meningiomas. Cancer 89, 2092–2098.

266A. Falchetti, M.L., Larocca, L.M., and Pallini, R. (2002) Telom-
erase in brain tumors. Child’s Nerv. Syst. 18, 112–117.

266B. Boldrini, L., Pistolesi, S., Gisfredi, S., Ursino, S., Lupi,
G., Caniglia, M., Pingitore, R., Basolo, F., Parenti, G., and
Fontanini, G. (2003) Telomerase in intracranial meningiomas
Int. J. Mol. Med. 12, 943–947.

266C. Simon, M., Park, T.-W., Leuenroth, S., Hans, V.H.J., Löning,
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Gómez, P.A., and Cabrera, A. (1999) Risk factors predicting
recurrence in patients operated on for intracranial menin-
gioma. A multivariate analysis. Acta. Neurochir. (Wien) 141,
921–932.

328. Jallo, G.I., Silvera, V.M., and Abbott, I.R. (2000) Menin-
gioangiomatosis. Pediatr. Neurosurg. 32, 220–221.

329. Jallo, G.I., Kothbauer, K., Mehta, V., Abbott, R., and Epstein,
F. (2005) Meningioangiomatosis without neurofibromatosis:
a clinical analysis. J. Neurosurg. (Pediatrics 4) 103, 319–324.

330. Perry, A., Kurtkaya-Yapicier, Ö., Scheithauer, B.W.,
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616. Ildan, F., Tuna, M., Göçer, A.I, Boyar, B., Bagdatoglu,
H., Sen, O., Haciyakupoglu, S., and Burgut, H.R. (1999)
Correlation of the relationships of brain-tumor interfaces,
magnetic resonance imaging, and angiographic findings to
predict cleavage of meningiomas. J. Neurosurg. 91, 384–390.

617. Mantle, R.E., Lach, B., Delgado, M.R., Baeesa, S., and
Bélanger, G. (1999) Predicting the probability of meningioma
recurrence based on the quantity of peritumoral brain edema
on computerized tomography scanning. J. Neurosurg. 91,
375–383.

618. Rahnenführer, J., Beerenwinkel, N., Schulz, W.A., Hartmann,
C., von Deimling, A., Wullich, B., and Lengauer, T. (2005)
Estimating cancer survival and clinical outcome based
on genetic tumor progression scores. Bioinformatics 21,
2438–2446.

619. Shchors, K., and Evan, G. (2007) Tumor angiogenesis: cause
or consequence of cancer? Cancer Res. 67, 7059–7061.
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4
Hemangioblastoma of the Central Nervous System

Summary Chapter 4 deals with hemangioblastoma of the central nervous system. Although these tumors are benign, they may
be associated with serious complications due to tumor edema and recurrence. Hemangioblastomas are the most common tumors
in von Hippel-Lindau (VHL) disease and hence carry the changes in the VHL gene seen in this disease. A high proportion of
sporadic hemangioblastomas show alterations of the VHL gene. Thus, the VHL gene and its protein product pVHL play a crucial
role in hemangioblastoma tumorigenesis. Cytogenetic changes involving 3p and 6q have been seen in hemangioblastoma, but
these changes are not specific for these tumors. Similar results have been obtained with comparative genomic hybridization
and loss of heterozygosity studies. Molecular studies of areas other than the VHL pathway on hemangioblastoma, although
relatively few, are also presented.

Keywords hemangioblastoma · VHL gene · pVHL · 3p and 6q alterations.

Introduction

Although capillary hemangioblastomas may occur at
anatomic sites other than the central nervous system (CNS),
in this chapter the term “hemangioblastoma” refers only to
those of the CNS. Hemangioblastoma are benign, highly
vascularized neoplasms which occur as sporadic tumors
(75%) or as a manifestation of the von Hippel-Lindau (VHL)
disease (25%) (1,2) and they account for 2% of all intracranial
tumors, for 7–10% of primary posterior fossa tumors (3–6),
and for 2% of primary spinal cord tumors (7–11). About 50%
of hemangioblastomas occur in the spinal cord, 37% in the
cerebellum and 10% in the brainstem (12–15). The mean age
of onset of hemangioblastoma and range of its frequency at
various anatomic sites are shown in Table 4.1.

Sporadic hemangioblastomas occur predominantly in the
cerebellum, whereas VHL-associated hemangioblastomas are
localized not only in the cerebellum but also in the brain
stem and spinal cord; supratentorial lesions are rare. Multiple
tumors at various sites are often and almost exclusively found
in VHL patients (Figure 4.1) (16). Hemangioblastomas may
be cystic (65%) or present as solid (35%) tumors.

Hemangioblastomas are slow-growing, benign tumors
frequently associated with cysts in the cerebellum, brain stem,
or spinal cord. Symptoms generally arise from impaired cere-
bral spinal fluid flow, due to a cyst or solid tumor mass,

resulting in an increase of intracranial pressure. Heman-
gioblastomas may produce erythropoietin (17), and thus cause
secondary polycythemia.

Hemangioblastomas are characterized histologically by
two main components: large vacuolated stromal cells and an
abundant capillary network (Figure 4.2). Cellular (high recur-
rence type) and reticular variants (recurrence-free) are distin-
guished on the basis of the abundance of the stromal cell
component (18). Histologically, hemangioblastomas consist
of a rich vascular plexus that is surrounded by polyg-
onal stromal cells (Figure 4.3). The stromal cells consti-
tute the neoplastic cells of hemangioblastoma (19, 21,
21A), and their nuclei may vary in size, with occasional
atypical and hyperchromatic forms. However, their most
striking morphological feature consists of numerous lipid-
containing vacuoles, resulting in the typical “clear cell”
morphology of hemangioblastomas. This feature can some-
times lead to difficult diagnostic problems, i.e., differenti-
ating between capillary hemangioblastomas and metastatic
renal cell carcinoma (RCC) (22). The stromal and capillary
endothelial cells differ significantly in their antigen expres-
sion patterns. Stromal cells lack endothelial cell markers,
such as von Willebrand factor and CD34, and they do not
express endothelium-associated adhesion molecules, such as
CD31 (platelet/endothelial cell adhesion molecule 1) (23).
Unlike endothelial cells, stromal cells express neuron-specific
enolase, neural cell adhesion molecule, and ezrin (23, 24).

From: A. A. Sandberg and J. F. Stone: The Genetics and Molecular Biology of Neural Tumors
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Table 4.1. Frequency and age at onset of tumors in VHL disease.

Mean (range) age
of onset (years)

Frequency in
patients (%)

CNS
Craniospinal hemangioblastomas

Cerebellum 33 (9–78) 44–72
Brain stem 32 (12–46) 10–25
Spinal cord 33 (12–66) 13–50
Lumbosacral nerve roots Unknown <1
Supratentorial Unknown <1
Retinal hemangioblastomas 25 (1–67) 25–60
Endolymphatic sac tumors 22 (12–50) 10

Visceral
Renal cell carcinoma or cysts 39 (16–67) 25–60
Pheochromocytomas 30 (5–58) 10–20
Pancreatic tumor or cyst 36 (5–70) 35–70
Epididymal cystadenoma Unknown 25–60
Broad ligament cystadenoma Unknown (16–46) Unknown

Based on Lonser et al. 2003 (14).

Vimentin is the major intermediate filament expressed by
stromal cells, which usually do not express glial fibrillary
acidic protein (24). Some characteristics of the stromal cells
and endothelial cells of hemangioblastoma are shown in
Table 4.2.

The stromal cells express high levels of mRNA and protein
for epidermal growth factor receptor (EGFR), but the EGFR
gene is not amplified in hemangioblastomas (26, 27). A
subpopulation of the stromal cells also expresses transforming
growth factor (TGF)-�, an EGFR ligand, which suggests an
autocrine or paracrine TGF-� loop (26).

Vascular endothelial growth factor (VEGF), a prime regu-
lator of physiological and pathological angiogenesis (28, 29),
is highly expressed in the stromal cells, with corresponding
endothelial expression of its receptors, VEGFR-1 and -2 (30),
and the endothelial cell receptor Tie-1 (31). A subpopulation
of stromal cells also may express high levels of the endothe-

Figure 4.1. Incidence of multiple hemangioblastomas in familial
(VHL) settings. Even though most of the patients had multiple
hemangioblastomas, 27% had single tumors (from ref. 62, with
permission).

Figure 4.2. Schematic representation of hemangioblastomas: the
stromal cells are thought to constitute the major neoplastic compo-
nent with the high vascularity of these tumors being due to prolifer-
ation of the blood capillaries stimulated by VEG and VEGR (from
ref. 41, with permission).

Figure 4.3. Histological view of hemangioblastoma showing the
vascular framework and plump, clear stromal cells (from ref. 142,
with permission).

lial receptors, suggesting paracrine and autocrine growth
factor-receptor loops (31). Most hemangioblastomas contain
numerous mast cells; these are of interest because VEGF
binds to heparin. The endothelial cells of hemangioblastomas

Table 4.2. Some findings in stromal cells (SC) and endothelial cells
(EC) of hemangioblastoma.

References

Transthyretin and transferrin in SC Bleistein et al 2002 (148)
Ezrin expression in SC Böhling et al 1996 (25)
Expression of adhesion molecules in

SC vs. EC
Böhling et al 1996 (23)

Localization of �-enolase in SC Feldenzer et al 1987 (149)
Angiogenic histogenesis in SC Lach et al 1999 (150)
Immunohistochemical and ultrastructural

studies of SC
Omulecka et al 1995 (151)

Immunoperoxidase staining in SC Tanimura et al 1984 (152)
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also express receptors for other angiogenic growth factors,
including platelet-derived growth factors (27). In addition to
VEGF, erythropoietin and the transcription factor hypoxia-
inducible factor (HIF)-2� are up-regulated in the stromal cells
(32, 33). Aquaporins, factors involved in the passage of water
across cell membranes, were shown to be overexpressed in the
stromal, but not the endothelial cells of hemangioblastomas,
particularly the cystic group of tumors (34).

Although hemangioblastomas are infrequent tumors, they
are an important clinical entity because the morbidity and
mortality associated with them can be reduced significantly,
if these lesions are appropriately diagnosed and treated (6,
7, 12); surgical outcomes are generally favorable, although
relapse or multifocal occurrence may still produce serious
complications. Molecular genetic analysis is a safe and
specific approach in confirming or excluding VHL disease in
patients with hemangioblastoma (35). Early identification of
VHL mutation gene carriers is important in reducing disease
morbidity and mortality.

Hemangioblastomas can be life-threatening due to the asso-
ciated edema of these tumors, their large cystic components
when located in the posterior fossa or paraplegia if local-
ized in the spinal canal (15). An early diagnosis, however, is
the key for adequate management of such patients and their
relatives. Since the VHL tumor suppressor gene was identi-
fied (36), molecular genetic testing for disease-predisposing
mutations is possible. Because there are many therapeutic
options for the broad range of lesions associated with VHL
disease, molecular genetic testing should be offered to patients
at risk. The slow growth of hemangioblastoma is reflected
in the low mitotic rate and the low number of tumor cells
entering the cell cycle, with a Ki-67 index of <1%.

VHL Disease

The attention and space given in this chapter to VHL disease,
and particularly to changes in its responsible gene, VHL, are a
reflection of the germline mutations of this gene causing not
only the VHL disease and its tumors, including hemangioblas-
tomas and RCC, but also to loss of heterozygosity (LOH) of
VHL in the tumors per se being found to be responsible for the
development of a significant percentage of sporadic heman-
gioblastomas (37–39).

VHL disease is inherited through an autosomal dominant
trait and characterized by the development of capillary heman-
gioblastomas of the CNS and retina, clear cell renal carci-
noma (RCC), pheochromocytoma (PCC), pancreatic islet and
inner ear tumors, and cysts and cystadenomas in the kidney,
pancreas, and epididymis (16,40–42). The syndrome is caused
by germline mutations of the VHL tumor suppressor gene,
located on 3p25 (36, 43), with 90% penetrance by 65 years of
age ( 39A). VHL is estimated to occur at a rate of 1:36,000
individuals (1,44,45). The clinical picture varies among VHL
patients and several subtypes of VHL have been formulated
(Table 4.3) (14, 16).

Hemangioblastomas are the most common tumors in VHL,
affecting at least 60–80% of all patients (15, 46–48). The
average age of presentation for hemangioblastoma in VHL
disease is 33 years (Figure 4.4) (15). The tumors arise
anywhere along the craniospinal axis and are often associ-
ated with edema or cysts (cysts occur in 30–80% of heman-
gioblastomas), or both. A small percentage of hemangioblas-
tomas may show aggressive behavior, even malignant facets,
and some of the characteristics of these tumors are listed in
Table 4.4.

The clinical diagnosis of VHL disease is based on the pres-
ence of capillary hemangioblastomas in the CNS or retina,
the presence of one of the typical VHL-associated tumors, or
a previous family history (Table 4.1). Retinal hemangioblas-
tomas are typically the first manifestations of VHL disease
(49–53).

In a retrospective series of 40 patients with heman-
gioblastomas (48), various clinical aspects were compared
in patients with sporadic hemangioblastomas versus those
with VHL disease (39%) (Table 4.5). Eight patients had
multiple lesions, and five of these and five others had spinal
cord hemangioblastomas. This percentage of VHL patients
(38%) is higher than reported by others (54–57), which
may be due to referral bias in the authors’ institution. The
diagnosis of VHL was clinically based. The authors (48)
concluded that although surgical outcomes for hemangioblas-
tomas are generally favorable, VHL patients nevertheless
require lifelong surveillance to detect these lesions before they
become symptomatic, in agreement with findings in the liter-
ature (9, 56, 58), reemphasizing the necessity of long-term
follow-up in patients diagnosed with VHL disease. In this
series of cases (48), 67% of patients with VHL disease

Table 4.3. Association of VHL disease types with risk of VHL-associated tumors and with types of germline mutations in the VHL gene.

VHL disease type Risk of tumor types observed in VHL families Germline VHL mutation types

HB RCC PCC

1 High High Low Full gene deletions, partial gene deletions, nonsense mutations, and splice
acceptor mutations

2A High Low High Missense mutations
2B High High High Partial gene deletions, nonsense mutations, and missense mutations
2C No No High Missense mutations

HB, hemangioblastoma (from Bryant et al 2003 (153)).
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Figure 4.4. Age at surgical presentation of patients with familial
(VHL) or sporadic hemangioblastoma. The familial cases develop
and require surgery for hemangioblastoma at a much earlier age than
patients with sporadic tumors (from ref. 62, with permission).

Table 4.4. Hemangioblastomas with aggressive behavior.

Reference

Recurrent with glial differentiation Adams and Hilton 2002 (154)
Cerebellar with extensive dissemination Hande and Nagpal 1996 (155)
Cerebellar with dissemination in the

cranium, brain stem and spinal cord
Kato et al 2005 (156)

Malignant spread Mohan et al 1976 (157)
Natural history of cerebellar

hemangioblastoma
Slater et al 2003 (158)

Disseminated hemangioblastoma of CNS
without VHL

Weil et al 2002 (159)

developed new CNS lesions, with a calculated rate of one
new lesion developing every 2.1 years. Similar to previ-
ously published series, patients with VHL disease presented
with hemangioblastomas at a younger age than those with
sporadic disease (38 vs. 45 years) (Figure 4.5), often with
multiple lesions (53%), or spinal hemangioblastomas (47
vs. 12%), or with new lesions throughout the follow-up
period. Screening with magnetic resonance imaging identified
>75% of presymptomatic new lesions, leading to appropriate
treatment. The authors (48) found no difference in surgical
outcome between patients with sporadic disease compared
with those with VHL disease, and additional surgical opera-
tions required in VHL patients were not associated with an
increased risk of serious complications. These findings may
serve as important guidelines for neurosurgeons treating the
neoplastic aspects of patients with VHL disease (59).

Cryptic germline mutations of the VHL gene may be present
in rare patients with hemangioblastomas as the only mani-
festation, as shown in a study in which three of 69 patients
had such a germline mutation (60). Germline mutations were
found in two of four cases with multiple hemangioblastomas
(60). These results reiterate the value of genetic testing in
patients with hemangioblastoma, even in the absence of VHL
disease (61).

Table 4.5. Some characteristics of patients with sporadic heman-
gioblastoma versus VHL disease.

Sporadic disease VHL syndrome

No. of patients (% of total) 25 (62) 15 (38)
No. of males 14 (56) 7 (47)
No. of female 11 (44) 8 (53)
Mean age at presentation of

neurological symptoms
45 years 38 years

No. of patients with each
lesion

Cerebellar hemangioblastoma 17 (68) 8 (53)
Medullary hemangioblastoma 4 (16) 1 (7)
Spinal hemangioblastoma 3 (12) 7 (47)
Supratentorial

hemangioblastoma
1 (4) 2 (13)

Based on Conway et al. 2001 (48).

Molecular genetic analysis for VHL gene mutations has
been reported to be superior to clinical information in the
diagnosis of VHL disease (48, 62). This analysis provides
an essential and reliable diagnosis and enables screening
for other manifestations of VHL disease, such as RCC; in
addition, the analysis provides prognostic information. VHL
families may be characterized by the presence or absence of
PCC (Table 4.3). In contrast to type 2 families, who have been

Figure 4.5. Schematic representation of the domain structure wild-
type pVHL (wtVHL) and some of its mutated forms (mut 1–4). The
three exons of VHL are shown by different shadowing, with the ovals
signifying binding domains (black, elongin). The numbers above
give the amino acid residues. The arrows indicate residues involved
in mutated pVHL: mut 1 is a 1-bp deletion creating a frameshift
after residue 175; mut 2 is a 4-bp insertion creating a frameshift
after residue 168; mut 3 and mut 4 are missense mutations, Gly-93-
Asp and Tyr-98-His, respectively. The mut 1 and mut 2 are devoid
of elongin binding domain; mut 3 and mut 4 have intact functional
elongin binding domains (from ref. 96, with permission).
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found to have missense mutations, most type 1 families are
affected by deletions or premature terminal mutations (42). It
is possible that differences in the nature of the mutations in
VHL disease account for differences in tumor phenotype.

Few characteristics of patients harboring hemangioblas-
tomas were predictive of the VHL disease. Studies mentioned
previously (48,56) have demonstrated that patients with VHL
disease tend to present with hemangioblastomas at a younger
age than do patients with sporadic disease. A high degree
of suspicion for VHL disease should be raised in young
patients with hemangioblastomas, especially in those with
spinal hemangioblastomas. In addition, multiple lesions are
essentially diagnostic of VHL.

Although the percentage of VHL disease-associated
hemangioblastomas decreases after the fourth decade of life
and is infrequent in patients without other symptomatic
lesions and a negative family history, it is recommended that
every patient with hemangioblastoma be screened for VHL
germline mutations. This family history provides key infor-
mation and enables screening for extraneurological tumors in
these patients and investigation of a patient’s family to amelio-
rate and manage the VHL disease.

VHL Gene and Its Protein pVHL

As with most genetic and metabolic pathways affecting
various cellular events and functions, those related to the
VHL gene, its protein product pVHL and associated factors,
are no exception in their complexity. In agreement with the
saying that “a picture tells more than a thousand words,” the
VHL pathway and others involved in hemangioblastoma and
RCC development have been presented graphically in several
figures in this chapter, by using information published by
authors intimately involved with various aspects of the field.
The topics covered are listed in Tables 4.6 and 4.7.

Because almost all patients with VHL disease develop
hemangioblastomas and a high proportion are affected with
RCC, and the frequent involvement of the VHL gene in
sporadic hemangioblastomas, the VHL pathway leading to the
development of these tumors is given much attention here.

The VHL gene is expressed in a variety of human tissues,
e.g., the epithelial cells of the skin; the gastrointestinal,

Table 4.6. Some pathways for hemangioblastoma development.

1. Germline mutations of the VHL gene cause VHL disease, predisposing
the individuals to the development of multiple tumors, most frequently
hemangioblastoma.

2. Alterations involving the VHL gene are frequently detected by mutation,
SCCP or LOH analysis in 10–50% of sporadic hemangioblastomas.

3. Hypermethylation of a normally unmethylated CpG island of the VHL
gene may inactivate the gene, without VHL mutations and lead to
hemangioblastoma formation.

4. Possible involvement of tumor suppressor genes in the genesis of
sporadic hemangioblastoma.

Table 4.7. Some functions of the VHL gene and pVHL.

1. Down-regulation of hypoxia-inducible
mRNAs

Maxwell et al 1999 (91)

2. Proper assembly of the extracellular
fibronectin matrix

Ohh et al 1998 (98)

3. Regulation of exit from the cell cycle Pause et al 1998 (93)
4. Regulation of expression of carbonic

anhydrases 9 and 12
Ivanov et al 1998 (96)

5. Transcription elongation Duan et al 1995 (99)
6. Regulation of VEGF and angiogenesis Pause et al 1999 (160)

Vortmeyer et al 2003 (161)

respiratory, and urogenital tracts and endocrine and exocrine
organs (63, 64). In the CNS, immunoreactivity for pVHL is
prominent in neurons, including the Purkinje cells of the cere-
bellum (65, 66).

Mutational inactivation of the VHL gene (Figures 4.5
and 4.6) in affected family members is responsible for their
genetic susceptibility to RCC and hemangioblastomas, but the
mechanisms by which pVHL causes neoplastic transforma-
tion, has not been totally elucidated. Several signaling path-
ways seem to be involved (67), one of which points to a role
of pVHL in protein degradation. The domain of the VHL gene
involved in the binding to elongins is frequently mutated in
VHL-associated neoplasms (68) (see below).

A large spectrum of germline mutations spread over
all three exons of the VHL tumor suppressor gene has
been detected in VHL patients (69–72). Missense muta-
tions are most common, but nonsense mutations, microdele-
tions/insertions, splice site mutations, and large deletions also
occur (72–74). The spectrum of clinical manifestations of the
VHL disease (Table 4.3) probably reflects the type of germline
mutation. Phenotypes are based on the absence (type 1) or
presence (type 2) of PCC. VHL type 2 is usually associ-
ated with missense mutations and subdivided on the presence
(type 2A) or absence (type 2B) of RCC (1, 75–77).

According to its function as a tumor suppressor gene, VHL
gene mutations are also common in sporadic hemangioblas-
tomas and RCC (69, 70).

Germline mutations within the VHL gene have been iden-
tified in up to 100% of affected families with VHL disease.
The initiation of tumor formation in VHL disease is gener-
ally thought to require the biallelic inactivation of the VHL
gene by two genetic alterations to lose its tumor suppressor
activity, the so-called two-hit events in tumor development
(Figure 4.7). In VHL disease, the first hit is an inherited
germline mutation in the VHL gene, which is present in
one allele in each cell of the body. The second hit is a
somatic DNA alteration (e.g., deletion or mutation of the
remaining wild-type allele), which is acquired during the
patient’s lifetime and is present only in the tumor cells.
Known somatic inactivating mechanisms include recombina-
tion events resulting in a loss of heterozygosity (LOH of the
VHL gene), and to a lesser extent intragenic point mutations.
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Figure 4.6. Another schematic representation of mutations of the
VHL gene in familial (VHL) and sporadic hemangioblastomas.
Mottled areas designate untranslated regions of the gene. Arrows
pointing to the right indicate substitutions, and arrows pointing to the
left indicate insertions. Deletions are shown by horizontal lines and
splice mutations, by asterisks (from ref. 16, with permission).

Hypermethylation of normally unmethylated sites of the
promoter that are rich in 5’-CG-3’ dinucleotides, so called
CpG islands, has been suggested as an epigenetic mecha-
nism of tumor suppressor gene inactivation (78,79). Genome-
wide changes in methylation pattern are known to occur in
all forms of neoplasia. Although nonisland CpGs become
hypomethylated, certain CpG islands become densely hyper-
methylated. Furthermore, in normal tissues, extensive methy-
lation of promoter region CpG islands is associated with tran-
scriptional silencing. This is well known for imprinted alleles
and genes on the inactive X chromosome (80). The role of
tumor suppressor gene hypermethylation, however, is still
unclear in many tumors, including hemangioblastoma.

Investigations on hypermethylation of the VHL gene in
hemangioblastomas have yielded diverse results, and they
were usually based on small series of cases. In one study
(81), hypermethylation in four of eight investigated VHL-
related hemangioblastomas was present. By contrast, another
study (82) investigated eight (three VHL-associated and five
sporadic) hemangioblastomas, and it did not detect hyperme-
thylation of the VHL gene in any of the tumors. In agree-
ment with the second study, another study (83) could not
find any hypermethylation of the VHL gene promoter region.
All groups (81–83) used methods that were similar. However,
the particular enzymes used were different (SmaI and Not1
I vs. EheI) (83). The different results could be explained
by different levels of methodological sensitivity. Quantitative
analyses of methylation might help to clarify this controver-
sial issue.

The �-domain of pVHL interacts with the � subunits of
HIF-1, which mediates cellular responses to hypoxia (84–89).
Under normal conditions and in the presence of functional
pVHL, the � subunits are rapidly degraded. Under hypoxic
conditions and in pVHL-deficient cells, the subunits are stabi-
lized, with a concomitant induction of hypoxia-regulated
genes, including that of VEGF (90, 91). Constitutive overex-
pression of VEGF through this signaling pathway (92) could
explain the extraordinary and rich capillary component of
VHL-associated neoplasms (91). The capillaries of heman-
gioblastomas are recruited through overexpression of VEGF
and related angiogenic factors secreted by stromal cells, which
are considered nonneoplastic.

Additional functions of pVHL protein may contribute to
malignant transformation and the evolution of the pheno-
type of VHL-associated lesions. Studies in RCC cell lines
suggested that pVHL is involved in the control of cell
cycle exit, i.e., the transition from the G2 into the quies-
cent G0 phase, possibly by preventing accumulation of the
cyclin-dependent kinase inhibitor, p27 (93). Another study
showed that only wild-type but not tumor-derived pVHL
binds to fibronectin. As a consequence, VHL-associated
RCC cells showed a defective assembly of an extracellular
fibronectin matrix (94). Through a down-regulation of the
response of cells to hepatocyte growth factor/scatter factor
and reduced levels of tissue inhibitor of metalloproteinase 2,
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Figure 4.7. Schematic representation of the
genetic events leading to LOH in VHL-related and
some sporadic hemangioblastomas. Germline
mutations result in a faulty allele in all body cells,
only requiring LOH of the other allele for tumor
development. In contrast, sporadic
hemangioblastoma develop through somatic
mutations of the appropriate cells followed by LOH
of the second allele. However, there may be
pathways for hemangioblastoma development that
do not involve the VHL gene (see text) (from ref. 83,
with permission).

pVHL-deficient tumor cells exhibit a high capacity for inva-
sion (95). Also, inactivated pVHL causes an overexpression
of transmembrane carbonic anhydrases that are involved in
extracellular pH regulation (96), but the biological signifi-
cance of this dysregulation remains to be determined.

The molecular aspects and mechanisms of action of the
VHL gene were included in timely and informative reviews
(14,97). The following paragraphs contain some of the salient
points of these reviews, and they incorporate some of the
information presented here about the functions of the VHL
gene (Tables 4.8 and 4.9 and Figure 4.8).

The VHL gene has three exons that encode the protein
product pVHL (36), which is a tumor suppressor protein

and component of a ubiquitin ligase, localized in the nucleus
or cytoplasm, the extent to which being dependent on cell
density (67, 94, 98). The pVHL forms a complex with other
proteins, including elongin B, elongin C, and Cullin 2 (CUL2)
to form the VCB–CUL2 complex (99–104), and negatively
regulating hypoxia-inducible messenger ribonucleic acid (67).
This protein complex controls and determines ubiquitin-
dependent proteolysis of large cellular proteins. Under normal
oxygen levels, the VCB–CUL2 complex binds to and targets
the � subunits of HIF-1 and -2 for ubiquitin-mediated degra-
dation (14, 104–107).

Abnormal or absent pVHL function may disrupt tumor
suppression indirectly through HIF-mediated effects or

Table 4.8. Functions and loss of functions of VHL.

Functions of VHL Gene under Normal Cellular Conditions
VHL gene

↓
pVHL

↓
VCB–CUL2 complex: elongin C, elongin B, CUL2, Rbx1

(102, 162, 163)
↓

Functions as a ubiquitin ligase 3
(111, 160, 163)

↓
Ubiquinates HIF� (part of HIF transcription factor)

in the presence of oxygen
(91, 164, 165)

↓
Interaction of proline-dependent hydroxylation of a conserved proline residue in HIF�

(114, 115)
Loss of Functions of VHL

Loss of VHL gene
↓

Loss of pVHL functions
↓

Accumulation of HIF� irrespective of oxygen concentration
(100, 164–168)

↓
Deregulated activation of HIF target genes: VEGF, TGF�, erythropoietin,

PDGF�, glucosin transfer-1, and other hypoxia-inducible genes
↓

VEGF important target of HIF in hemangioblastoma because of its major role
in tumor angiogenesis

(169)
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Table 4.9. Description of some vascular growth factors and receptors involved in hemangioblastoma development.

1. Tie is an endothelial cell-specific receptor and is a tyrosine kinase with immunoglobulin and epidermal factor homology domains. Tie is upregulated during
normal development, wound healing and ovulation, as well as in the vasculature of some tumors including hemangioblastoma.

2. FLT-4 (fms-like tyrosine kinase) belongs to the endothelial cell receptor subfamily, and is characterized by seven immunoglobulin-like loops. FLT-4, like
other endothelial cell receptors, regulates angiogenesis in tumors.

3. The endothelial cell-specific angiogenic VEGF or vascular permeability factor (VPF) and PLGF are secreted glycoproteins.
4. VEGF is up-regulated in many tumors.
5. PLGF is up-regulated in a number of tumors including meningiomas, but down-regulated in thyroid tumors.
6. VEGF has two endothelial cell-specific tyrosine kinase receptors, VEGFR-1 (FLT-1) and VEGFR-2 (KDR). PLGF potentiates the mitogenic activity of

low concentrations of VEGF; it binds to VEGFR-1 but not to VEGFR-2.
7. Hemangioblastomas have a subpopulation of granular mast cells that show immunoreactivity for erythropoietin and secrete heparin. VEGF is a heparin

binding growth factor requiring cell surface-associated heparin-like molecules for interaction with its receptor. Certain forms of PLGF bind heparin.
8. The release of heparin by mast cell deregulation may contribute to the abundant vascular proliferation in hemangioblastoma, possibly through the interaction

with VEGF and PLGF.

Based on Hatva et al. 1996 (31).

Figure 4.8. Interaction of
pVHL with other proteins
including elongin B, elongin C,
and CUL2 to form the VCB–
CUL2 complex. See text for
details involved in this VHL
pathway (from ref. 14, with
permission).

directly through pVHL-mediated effects, or both. Many of
the tumor suppressive effects of pVHL could result from the
degradation of HIF (109–111). Under normal circumstances,
HIF can coordinate the cell’s response to hypoxia. Through
transcriptional regulation, HIF enhances glucose uptake and
increases expression of angiogenic, growth, and mitogenic
factors, including VEGF, platelet-derived growth factor �
polypeptide (PDGF�), erythropoietin (which, as mentioned,
can cause polycythemia that occasionally arises in VHL
disease), and transforming growth factor � (14, 88, 104).

Subsequently, disruption of pVHL-mediated degradation of
HIF could contribute to tumor formation through multiple
mechanisms. If pVHL function were absent or abnormal,
HIF could stimulate angiogenesis, which is critical for persis-
tence of tumors associated with VHL disease. HIF-mediated
angiogenesis could result from increased levels of VEGF or
PDGF�, or both, which are known to be important for prolif-
eration of endothelial cells and pericytes. This might explain
the highly vascular nature of tumors associated with VHL
disease, especially hemangioblastoma and RCC. Moreover,
high vascular permeability of the tumor vessels, resulting
from increased VEGF levels, might underlie the peritumoral

edema and cysts generally present in this disorder. Another
potential mechanism of HIF-mediated carcinogenesis is over-
production of TGF�. Besides being a potent mitogenic factor,
raised levels of TGF� can stimulate cellular overexpression
of epidermal growth factor receptors (receptors for TGF�),
creating an autocrine loop (41, 88, 104, 107, 112–115).

Cells defective for pVHL cannot degrade HIF �-subunits,
perhaps explaining the overproduction of HIF target genes
such as VEGF in these defective cells (91). Hydroxylation of
a conserved proline residue at the core of the HIF1-� subunit
is required for pVHL binding (91, 114). This hydroxylation
has been found to be regulated by an enzyme requiring molec-
ular oxygen and iron, suggesting that the enzyme may func-
tion as a cellular oxygen sensor (114, 115). Mutations associ-
ated with type 2C (pheochromocytoma, PCC only) phenotype
VHL disease show normal HIF regulation in vitro, suggesting
that pVHL-mediated effects other than HIF dysregulation may
be necessary for the development of VHL-associated PCC
(112). Specifically, the pVHL mutants with an increased risk
of PCC-only phenotype can down-regulate HIF but cannot
promote fibronectin matrix assembly (113). This suggests that
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after pVHL inactivation, abnormal fibronectin assembly may
contribute to PCC pathogenesis in VHL disease (113).

This study (113) of VHL mutations commonly found in
PCC-only families suggested that after VHL inactivation,
abnormal fibronectin assembly may play a role in PCC patho-
genesis (116). This also indicated that pVHL functions may
be tissue-specific.

In a study of RCC and the VHL gene, VHL substrate recog-
nition was shown to be essential to the tumor suppressor func-
tion of the gene (117). Furthermore, normoxic stabilization of
HIF-1� alone, although capable of mimicking some aspects of
VHL gene loss, was not sufficient to reproduce tumorigenesis,
indicating that HIF-1� is not the critical oncogenic substrate
of the VHL gene. How these findings relate to hemangioblas-
toma tumorigenesis has yet to be clarified.

pVHL, through its oxygen-dependent polyubiquitylation of
HIF, plays a central role in the oxygen-sensing pathway. The
interaction between pVHL and HIF is governed by posttrans-
lational prolyl hydroxylation of HIF by a conserved family
of Egl-nine (EGLN) enzymes (97,117A). In the absence of
pVHL, HIF becomes stabilized and induces the expression
of its target genes, many of which regulate angiogenesis, cell
growth, and survival. Furthermore, HIF may play a role in
tumor formation when pVHL is defective. This may apply
to the tumorigenesis of sporadic hemangioblastomas, which
frequently lack pVHL functions, and clear cell renal carci-
noma (97).

Other possible mechanisms of tumorigenesis caused by
absent or abnormal pVHL, independently of HIF, include
disruption of the normal cell cycle, increased angiogenesis,
and abnormalities in the extracellular matrix (14, 21). The
inability to leave the cell cycle (i.e., to enter G0) is seen in
cells lacking pVHL (115). This event might take place early in
tumorigenesis. Furthermore, mutations of pVHL itself could
increase VEGF translational regulation (118, 119). These
mutations might augment the angiogenic effects mediated by
HIF and further increase tumor vessel permeability.

Finally, although cells without pVHL can secrete
fibronectin, they cannot properly assemble a fibronectin
extracellular matrix, which could contribute to carcinogen-
esis (114). Overall, HIF-mediated, direct pVHL-mediated,
and unknown effects of abnormal or absent pVHL probably
interact to induce formation of the various tumors in VHL
disease (14).

Sporadic Hemangioblastomas

The genetic pathways for VHL-associated and those for
sporadic hemangioblastoma have much in common. However,
a significant portion of the sporadic tumors follow a pathway
(or pathways) hitherto not completely established, as illus-
trated in the following paragraphs.

Somatic inactivation of the VHL gene has been found in
varying percentages of sporadic hemangioblastomas (69–71,

74, 82) and sporadic RCC (38, 120–122), and it has been
reported in up to 50% of hemangioblastomas (9, 58, 62, 67);
LOH including the VHL region has reported in the stromal cell
component of 50% of hemangioblastomas (71).

In the past, studies on mutation analysis of the VHL gene in
VHL-related and sporadic hemangioblastomas have yielded a
broad range of results (21,37,69–71,81,82). This phenomenon
might be the consequence of the small number of cases in
some series and the incomplete analysis of the VHL gene inac-
tivating mechanisms.

To obtain an informative picture of VHL gene function in
hemangioblastoma pathogenesis, a series of 29 VHL disease-
associated and 13 sporadic hemangioblastomas were inves-
tigated for all suggested mechanisms of VHL inactivation
(83). Using a method shown to have a sensitivity of 86%
in detecting VHL germline mutations, only three somatic
VHL gene mutations were found (83), all of which occurred
in sporadic hemangioblastomas. Only one of these tumors
showed biallelic VHL gene inactivation due to LOH of the
VHL gene region at 3p. The relatively low frequencies of
somatic VHL gene mutations in sporadic hemangioblastomas
and biallelic VHL gene inactivation agree with those of some
of the previous studies, in which somatic mutations had
been reported with an average of 18% (seven of 38 cases)
(69–71, 82). Thus, biallelic VHL gene inactivation is not a
common mechanism in the tumorigenesis of sporadic heman-
gioblastoma (83). According to the authors (83), this is very
interesting, as in the past, the two-hit mechanism was viewed
as dogma for the VHL gene in both VHL disease-associated
and sporadic hemangioblastoma (69–71). Furthermore, that
five of 10 sporadic tumors showed 3p LOH, but four of them
lacked structural VHL gene alterations, implies that the VHL
gene plays a minor role in these sporadic tumors and that there
are other genes on 3p involved in hemangioblastoma tumori-
genesis (83). This had already been suggested for RCC, where
mutations in tumor suppressor genes at 3p14-p21 seem to
have a primary role in tumorigenesis in tumors with 3p LOH,
but without VHL gene inactivation (123).

In summary, data (83) suggest that the genetic pathways
involved in pathogenesis in VHL-associated hemangioblas-
toma versus sporadic hemangioblastoma may be distinct.
Further studies on molecular events at 3p in hemangioblas-
tomas might clarify this hypothesis.

Cytogenetic and Comparative Genomic
Hybridization (CGH) Studies
in Hemangioblastoma

There has been a paucity of cytogenetic studies in heman-
gioblastoma. In one study (124), three hemangioblastomas
in patients with VHL disease had normal karyotypes. In
another study (124A) of three similar cases the results
were equivocal, as were those in four hemangioblastomas in



154 4. Hemangioblastoma of the Central Nervous System

patients without VHL disease. The indications of possible
involvement of tumor suppressor genes (other than VHL) in
the genesis of sporadic hemangioblastomas may be found
in the results of CGH and LOH studies of these tumors
(Figures 4.9–4.11).

The most frequent chromosomal anomaly in hemangioblas-
toma (sporadic and VHL-related) established by CGH is
either loss of the whole chromosome 3 (-3) or of 3p
(125–128). These findings are not uncommon in human
tumors, in general (129,129A).

Four regions in 3p have been reported to harbor a (puta-
tive) tumor suppressor gene, i.e., 3p12, 3p14.2, 3p21.3, and
3p25. The VHL gene has been identified at 3p25 (36), and
it is involved in hemangioblastoma oncogenesis. CGH did
not detect a loss involving chromosome 3 in one heman-
gioblastoma (125); however, small losses undetectable by
CGH might be present or other mechanisms such as hyperme-
thylation might affect genes on chromosome 3, thus initiating
hemangioblastoma oncogenesis. Interestingly, this tumor was
the only one containing a loss of chromosome 8 on which the

Figure 4.9. CGH studies of VHL-associated PCC and hemangioblastomas. Losses of chromosomes 3 and 11 are frequent in PCC compared
with hemangioblastomas. Loss of chromosome 11 was not seen in hemangioblastomas (from ref. 131, with permission).
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Figure 4.10. CGH analysis of sporadic hemangioblastoma showing loss of chromosomes 3 and 6 and gain of chromosome 19 (from ref. 125,
with permission).

Figure 4.11. CGH study of hemangioblastoma showing loss of
chromosome 6 (127) seen in five of 22 tumors. Such loss may involve
both VHL-related and sporadic hemangioblastoma.

gene for elongin C is located. As mentioned already, pVHL
binds to elongin C, which additionally binds to elongin B
and CUL2, forming the VCB–complex. This complex induces
degradation of their substrates, and it is involved in transcrip-
tion elongation (130). Aberrations of either the VHL gene
or elongin C might result in destabilization of the VCB–
complex. In a study comparing chromosome loss in VHL-
related PCC and hemangioblastomas by CGH (131), loss of
chromosome 3 was the commonest finding in both types of
tumors (94 and 70%, respectively), whereas loss of chro-
mosome 11 found in 86% of the PCC was not seen in the
hemangioblastomas. Because mutations of the VHL gene were
present in all of these patients (131), divergent genetic path-
ways may be operative in these tumors (125, 126).

Next to chromosome 3 loss, sporadic hemangioblastomas
lose the whole chromosome 6. Concomitant loss of 3p and 6q
is also not uncommon in hemangioblastomas (27, 128). Loss
of 6q has been frequently reported in other neoplasms (129).
TSG genes have been suggested to be located at 6p21.2, 6q23-
q25, and 6q24-q35 (129). Besides TSG genes, others such as
VEGF (located at 6p12) and EZRIN (located at 6q25-q26)
might be important in hemangioblastoma pathogenesis. Up-
regulation of VEGF (transcript and protein) has been reported
in the stromal cells of hemangioblastomas and of the corre-
sponding receptors in the tumor endothelium, suggesting a
paracrine mechanism responsible for the unusual vasculariza-
tion in these tumors (30, 132). Normally, the VCB–complex
induces degradation of a transcription factor for HIF, and

destabilization of this complex results in the up-regulation of
VEGF. Frequent loss of chromosome 6 in sporadic heman-
gioblastomas might suggest that the remaining VEGF allele is
sufficient for up-regulation of VEGF (125). The other gene,
EZRIN, may be important in hemangioblastomas, because
the ezrin protein has a diffuse cytoplasmic expression in the
stromal cells of hemangioblastomas, in contrast to its normal
localization close to the plasma membrane (25). This could be
caused by overexpression of the protein or by expression of
an aberrant ezrin protein with deficient binding capability to
the membrane or cytoskeleton (25).

Losses of 18q and chromosome 9, detected in 30% of the
sporadic hemangioblastomas by CGH, have been reported in
≥40% of human neoplasms and several known or putative
TSG have been located on these chromosomes (129). A gain
of chromosome 19, detected by CGH in 30% of the sporadic
hemangioblastomas (125, 126), is seen in 2–36% of a variety
of tumors (129A).

Two hemangioblastomas did not contain aberrations
detectable by CGH, possibly indicating that no aberrations
larger than 2 Mb were present in these samples (125).
However, because it was reported that hemangioblastomas
consist of both neoplastic stromal cells and nonneoplastic
cells, including vessels, macrophages, and reactive astrocytes
(21, 71), it is also possible that aberrations were not detected
due to the high percentage of normal DNA.

A CGH analysis of cellular and reticular variants of heman-
gioblastoma showed that loss of chromosome 6 is limited to
and significantly associated with the cellular variant (133). In
contrast, loss of chromosome 19 characterized the reticular
variant. The cellular variant also showed loss of 22q and chro-
mosome 19 and gain of chromosome 4. The reticular variant
showed loss of 22q and chromosome 3. The data may point
toward different genetic pathways in the pathogenesis of the
two histologic subtypes of capillary hemangioblastoma (133).

Because patients with germline mutations in the VHL gene
are predisposed to multiple tumors, including hemangioblas-
tomas, RCC and PCC, a close correlation between the onco-
genesis of these tumors is to be expected. The overview of
the frequency of aberrations detected by CGH in these tumors
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(125) showed that although hemangioblastomas contain a
complete loss of chromosome 3, RCC most frequently lost
only 3p, whereas PCC lost only 3q. Losses of chromo-
somes 6 and 9, frequently occur in RCC but not in PCC.
Conversely, a gain of chromosome 19 is frequently reported
for PCC, but less frequently for RCC. Loss of chromosome
18 is rare in both PCC and RCC. The results (125) indi-
cate that RCC and PCC demonstrate different frequencies of
chromosomal imbalances implying different oncogenic path-
ways. In hemangioblastomas chromosomal imbalances char-
acteristic for either RCC or PCC were detected. Because
hemangioblastomas do not harbor either loss of 3p (seen in
RCC) or loss of 3q (seen in PCC) but a loss of the complete
chromosome 3, there seems to be one pathway for the oncoge-
nesis of hemangioblastomas that showed similarities to both
the pathways for RCC and PCC (125).

In summary, losses of chromosome 3 and 6 were most
frequently detected imbalances in sporadic hemangioblas-
tomas (125), and the results suggest that there is a charac-
teristic pathway of chromosomal imbalances in which loss
of chromosome 3 (harboring the VHL gene) and loss of
chromosome 6 occur as sequential events, followed by a
loss of chromosome 9 and/or a loss of 18q and/or a gain of
chromosome 19. This pathway shows some similarities to
those of RCC and PCC.

LOH in Hemangioblastoma

Reported frequencies of LOH on 3p in VHL-related heman-
gioblastomas have ranged from 14 to 100% (21, 37, 81, 82).
One study showed 3p LOH in 13 of 21 informative VHL-
related hemangioblastomas (62%) investigated (83), indi-
cating that a two-hit inactivation of the VHL gene is a common
mechanism in VHL disease-associated hemangioblastomas.
In sporadic tumors, LOH of the telomeric 3p region was
detected in 50% of cases (83). These results are in good agree-
ment with two previous studies, which found allelic loss on 3p
in one of two (82) and 10 of 19 (71) sporadic hemangioblas-
tomas.

Mutations leading to LOH of the tumor suppressor gene
VHL in sporadic hemangioblastomas have been described
previously. In one study of 13 sporadic hemangioblastomas,
three were shown to have mutations of the VHL gene. In four
other tumors, the authors were unable to do sequencing due
to the poor quality of the DNA, although these hemangioblas-
tomas had abnormal single strand conformational polymor-
phism patterns (69). In a subsequent study (70), of 20 heman-
gioblastomas, 10 were found to have mutations of the VHL
gene. In two patients germline mutations were present, the
mutations being identical in leukocyte and tumor DNA. From
these studies, it can be inferred that various types of VHL gene
mutations may be responsible for sporadic hemangioblas-
tomas in a significant percentage of these cases.

LOH at 22q13 has been demonstrated in sporadic heman-
gioblastomas (134). Although a number of tumor suppressor
genes are located in the affected region, including NF2, the
authors (134) discuss the unlikelihood of NF2 gene involve-
ment. In three of eight informative hemangioblastomas, LOH
near the VHL gene was detected. The possibility exists that an
as yet unidentified gene at 22q13.2, in addition to VHL, may
play a role in the pathogenesis of hemangioblastoma (134).

Molecular Studies in Hemangioblastoma

A possible role for cyclin D1 in hemangioblastoma has been
advocated. pVHL regulates the expression of cyclin D, which
plays a key role in cell cycle regulation and carcinogenesis
(135–137). Results indicate that the VHL gene is required for
the down-regulation of cyclin D1 through HIF at high cell
density (Figure 4.12). Suppression of cyclin D1 expression at
high cell density is impaired by the loss of functional pVHL
and the deregulated cyclin D1 expression causes the high-level
phosphorylation of pRB even at high cell density (137).

Although cyclins D may play a role in various neoplasias
(138, 139), in a study of 17 sporadic hemangioblastomas the
results related to cyclin D1 were too diverse to be statistically
significant (139A) of an unequivocal correlation between

Figure 4.12. Schematic representation of cyclin D1 regulation
by pVHL at different cell densities. At low cell density (I), all
growth remains at a high level through an extracellular growth signal
inducing cyclin D1 expression via the activation of extracellular
signal-regulated kinase. HIF( (or HIF-1() is degraded by pVHL. In
dense cell populations (II), the growth signal is inhibited (including
ERF) and cyclin D1 levels are reduced. Cells with mutated VHL
show high levels (III and IV) of cyclin D1, regardless of cell density
(from ref. 137, with permission).
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cyclin D1 genotype and the occurrence of sporadic heman-
gioblastomas. The authors indicated that despite the high
expression of cyclin D1 in some hemangioblastomas, the
CCND1 genotype is unlikely to be an important genetic modi-
fier in the oncogenesis of sporadic hemangioblastomas and
that other factors may be responsible for the induction of these
tumors. A possible mechanism of tumorigenesis caused by
absent or abnormal VHL protein independent of HIF is the
up-regulation of cyclin D1 alone (135–137).

Hemangioblastoma being essentially a vascular tumor is
regulated and contributed to by a variety of growth factor-
receptor interactions (Figure 4.13 and Table 4.9) (31). VEGF
mRNA was highly expressed in all seven hemangioblastomas
(two from VHL cases) (31). Some hemangioblastoma tumor
cells expressed high levels of placental growth factor (PLGF).
In addition, significantly elevated levels of Tie mRNA, Tie
protein, VEGFR1, and VEGFR2 but not FLT4 mRNA were
observed in the endothelia of hemangioblastomas. A subpop-
ulation of stromal cells highly expressed the receptors. Up-
regulation of the endothelial growth factors and receptors may
result in autocrine or paracrine stimulation of endothelial cells
and their precursors involved in the genesis of hemangioblas-
toma.

The strong expression of the aforementioned factors in
hemangioblastoma stromal ells and in endothelial cells may
indicate that the tumor cells retain the potential to differ-
entiate into endothelial cells forming the typical vessels

Figure 4.13. Relevant features of vascular endothelial growth factor
receptor expression by hemangioblastomas. The endothelial cell-
specific receptors Tie, VEGFR-1 and VEGFR-2 are known to be
early markers for endothelial cell progenitors. Their strong expres-
sion in hemangioblastoma stromal cells and in endothelial cells may
indicate that the tumor cells, like angioblasts in early embryos, retain
the potential to differentiate into endothelial cells forming the typical
vessels of hemangioblastomas. In addition, the same cells express
genes encoding growth factors binding to the endothelial receptor
tyrosine kinases, thus possibly establishing autocrine and paracrine
signal transduction for the stimulation of growth of these tumors
(31). SC, stromal cell; EC, endothelial cell; MC, mast cell; VEGFR,
VEGF receptor; see Table 4.9 (from ref. 31, with permission).

of hemangioblastoma (31). In addition, these cells express
genes encoding growth factors binding to the endothelial
receptor tyrosine kinase, thus possibly establishing autocrine
and paracrine signal transduction for the stimulation of growth
of hemangioblastoma (31). A tumor suppressor gene (TSG),
ZAC1, has been shown to be inactivated in hemangioblas-
toma through loss of the expressed (paternal) allele, pointing
to its possible role in non-VHL cases with hemangioblas-
toma (137A). The gene ZAC1 (LOT1 or PLAG1), located at
6q24-q25, encodes a finger protein akin to p53, with tumor
suppressor activity through induction of apoptosis and cell
cycle arrest at G1.

Hemangioblastoma versus Metastatic RCC

The problem of differentiating hemangioblastoma from
metastatic RCC to the brain has received much attention.
The histopathological differential diagnosis of hemangioblas-
toma from metastatic RCC is made difficult by the facts that
1) there is considerable morphologic overlap between the
two lesions; 2) both tumors are common in VHL patients;
and 3) RCC frequently metastasizes to the CNS, both as
sporadic tumors and in the context of VHL disease. Most of
the approaches to this problem have used immunohistochem-
ical techniques (140). Thus immunohistochemically, the use
of cytokeratin, epithelial membrane antigen (e.g., immunoper-
oxidase) (141), pan-epithelial antigen, and a panel of anti-
sera (142) as markers for RCC has been advocated, because
hemangioblastomas react negatively. The possible use of
steroid receptors, especially for progesterone, to differentiate
hemangioblastoma from metastatic RCC, was thwarted by the
presence of such receptors in both types of tumors (143).
However, CNS positivity was seen only in metastatic RCC
and not in CNS hemangioblastoma (144), possibly serving as
a means of differentiating these lesions. More recently, D2-40,
a monoclonal antibody that recognizes an oncofetal antigen
(M2A), was shown to react positively only with heman-
gioblastoma (both sporadic and VHL-associated) and not with
metastatic RCC (145). Staining for ezrin may be helpful in
the differential diagnosis of capillary hemangioblastoma from
other brain tumors (25). Because CD10 is expressed in clear
cell RCC, whereas inhibin � is expressed in hemangioblas-
toma, CD10 and inhibin � can be useful in the distinction of
these two entities (146). In total, 22 cases of cerebellar heman-
gioblastoma, five cases of metastatic clear cell RCC to the
CNS, and 16 primary cases of clear cell RCC were studied
with immunohistochemical staining of both CD10 and inhibin
�. All 22 cases of hemangioblastoma were immunonegative
for CD10 in the stromal cells. In contrast, all five cases of
metastatic clear cell RCC and 16 cases of primary clear cell
RCC showed positive CD10 membranous staining. In all, 20
cases of hemangioblastoma (20 of 22; 91%) expressed inhibin
� in the stromal cells. Two cases of primary clear cell RCC
(two of 16; 13%) and three cases of metastatic clear cell RCC
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(three of five; 60%) showed immunopositivity for inhibin �.
In conclusion, in addition to the immunostaining of inhibin �,
CD10 is a useful marker for distinguishing between heman-
gioblastoma and metastatic clear cell RCC. Similar results
with inhibin � were obtained in other studies (147).

Metastasis of RCC to cerebellar hemangioblastoma in
a patient with VHL disease has been reported previously
(147A). Their case was the third to be reported.
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Long-term prognosis of haemangioblastoma of the CNS:
impact of von Hippel-Lindau disease. Acta Neurochir (Wien)
141, 1147–1156.

59. Gunel, M., and Awad, I.A. (2001) Comments concerning
to von Hippel-Lindau (VHL) disease is caused by loss-of-
function of the VHL gene located on chromosome 3p25.
Neurosurgery 48, 62.

60. Hes, F.J., McKee, S., Taphoorn, M.J.B., Rehal, P., van der
Luijt, R.B., McMahon, R., van der Smagt, J.J., Dow, D.,
Zewald, R.A., Whittaker, J., Lips, C.J.M., MacDonald, F.,
Pearson, P.L., and Maher, E.R. (2000) Cryptic von Hippel-
Lindau disease: germline mutations with haemangioblastoma
only. J. Med. Genet. 37, 939–943.

61. Richards, F.M., Webster, A.R., McMahon, R., Wood-
ward, E.R., Rose, S., and Maher, E.R. (1998) Molecular
genetic analysis of Hippel-Lindau disease J. Intern. Med.
243, 527–533.
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131. Lui, W.O., Chen, J., Gläsker, S., Bender, B.U., Madura, C.,
Khoo, S.K., Kort, E, Larsson, C., Neumann, H.P.H., and
Teh, B.T. (2002) Selective loss of chromosome 11 in
pheochromocytomas associated with the VHL syndrome.
Oncogene 21, 1117–1122.

132. Stratmann, R., Krieg, M., Haas, R., and Plate, K.H. (2000)
Putative control of angiogenesis in hemangioblastomas by the
von Hippel-Lindau tumor suppressor gene. J. Neuropathol.
Exp. Neurol. 56, 1242–1252.

133. Rickert, C.H., Hasselblatt, M., Jeibmann, A., and Paulus, W.
(2006) Cellular and reticular variants of hemangioblas-
toma differ in their cytogenetic profiles. Hum. Pathol. 37,
1452–1457.

134. Beckner, M.E., Sasatomi, E., Swalsky, P.A., Hamilton, R.L.,
Pollack, I.F., and Finkelstein, S.D. (2004) Loss of heterozy-
gosity reveals non-VHL hemangioblastomas at 22q13. Hum.
Pathol. 35, 1105–1111.

135. Bindra, R.S., Vasselli, J.R., Stearman, R., Linehan, W.M.,
and Kalusner, R.D. (2002) VHL-mediated hyoxia regulation
of cyclin D1 in renal carcinoma cells. Cancer Res. 62,
3014–3019.

136. Zatyka, M., Fernandes da Silva, N., Clifford, S.C.,
Morris, M.R., Wiesener, M.S., Eckardt, K.-U.,
Houlston, R.S., Richards, F.M., Latif, F., and Maher, E.R.
(2002) Identification of cyclin D1 and other novel targets for
the von Hippel-Lindau tumor suppressor gene by expression
array analysis and investigation of cyclin D1 genotype as
a modifier in von Hippel-Lindau disease. Cancer Res. 62,
3803–3811.

137. Baba, M., Hirai, S., Yamada-Okabe, H., Hamada, K.,
Tabuchi, H., Kobayashi, K., Kondo, K., Yoshida, M.,
Yamashita, A., Kishida, T., Nakaigawa, N., Nagashima, Y.,
Kubota, Y., Yao, M., and Ohno. S. (2003) Loss of von Hippel-
Lindau protein causes cell density dependent deregulation

of cyclinD1 expression through hypoxia-inducible factor.
Oncogene 22, 2728–2738.

137A. Lemeta, S., Jarmalaite, S., Pylkkänen, L., Böhling, T.,
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5
Paraganglioma and Pheochromocytoma

Summary Paragangliomas (PGL) are rare tumors, with those of the upper body (head and neck, and especially of the carotid
body) being of parasympathetic origin, whereas abdominal PGL originate in the sympathoadrenal neuroendocrine system. The
latter is the origin of pheochromocytomas (PCC). Chapter 5 deals with the changes affecting the mitochondrial complex II
genes controlling the succinate dehydrogenase enzyme system (SDHB, SDHC, and SDHD) found in familial PGL. However,
the preponderant number of PGL is of sporadic origin, and their genetic aspects have not been clearly elucidated. The relation
to and association of PCC with some conditions and the role played by their gene such as von Hippel-Lindau (VHL) disease,
multiple endocrine neoplasia 2, and neurofibromatosis 1 are presented in Chapter 5. The somewhat limited cytogenetic findings
in PGL and PCC are discussed. The results of loss of heterozygosity and comparative genomic hybridization studies for these
tumors are presented, and of the molecular aspects of RET, and other genes. Hypotheses on the role of the oxygen status in the
development of PGL of the carotid body are included.

Keywords paraganglioma · pheochromocytoma · SDH enzyme system · VHL · MEN-2 genes.

Introduction

Paragangliomas (PGL) and pheochromocytomas (PCC) are
embryologically related tumors, sharing a neural-crest origin,
several clinical features, and an overlapping genetic profile,
although they do show variability as to site, histology, and
biology. The occurrence of these tumors in familial settings,
their association with hereditary syndromes, and their genetic
alterations have been the subject of a sizeable literature
(1–15, 15A, 15B).

The exact incidence of PGL or PCC is difficult to establish
because of the rarity of these tumors and the fact that they may
be either hereditary or sporadic. From the literature, the range
seems to be <1 case per 100,000 to <1 case per 2,0000,000,
this range probably depending on the geographic location of
the patient population, the presence of a familial element and
the bases for diagnosis.

Paraganglioma

Because the term “glomus” has been applied to some of
the aggregations of paraganglial cells, e.g., glomus tympan-
icum and glomus jugulare, the term “glomus tumor” rather

than “paraganglioma” has persisted in some publications
(e.g., 16–19). True glomus tumors (glomangiomas) are small,
benign mesenchymal neoplasms, the majority of which arise
in the dermis or subcutis of the extremities, where PGL almost
never occur. The most common site for glomangiomas is the
subungual region of the fingers, followed by the palm, wrist,
forearm, and foot, none of them a site of PGL (20). Gloman-
giomas arise from neuromyoarterial cells surrounding cuta-
neous arteriovenous anastomoses that serve as temperature
regulators. These tumors are primarily sporadic in nature and
familial cases are very rare. In one such family, no linkage to
11q23 was found (in contrast to PGL) (20). PGL are derived
from paraganglia, a diffuse neuroendocrine system dispersed
from the skull base to the pelvic floor.

Several patients with multiple PGL have been reported
previously (18), with most of them being bilateral carotid
body (a small oxygen-sensing organ located at the bifurca-
tion of the carotid artery in the head and neck) PGL and
sporadic in nature. A significant number of these patients
had three or more PGL, involving in addition to the carotid
body the paraganglia tympanicum, vagale, and jugulare (18).
Malignant PGL of the carotid body can be catecholamine-
secreting (20A) and metastasize (21, 22). Diagnostic and
surgical aspects of treating multiple or malignant PGL have
been discussed previously (23, 24).

From: A. A. Sandberg and J. F. Stone: The Genetics and Molecular Biology of Neural Tumors
c© 2008 Humana Press, Totowa, NJ
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Although PGL are very rare tumors, their hereditary nature
in a significant percentage of cases, up to 30% (25,26) and the
deciphering of the specific genes associated with these tumors
has been a fascinating and unique development.

PGL are highly vascularized, slow-growing and generally
benign tumors arising mainly in the neural-crest cells (para-
ganglionic chemoreceptors) of the parasympathetic system
of the head and neck (80% of cases) or the intra-abdominal
paraganglia (17%) of the sympathoadrenal neuroendocrine
system (27). PGL of the central nervous system (CNS)
are very rare and occur almost exclusively in the cauda
equina (28). PGL located in the pituitary fossa has been
described (29). PGL also may occur at unusual locations,
e.g., gallbladder (30), spine (31), and in the abdomen asso-
ciated with cutaneous angiolipoma (32). Most of PGL occur
sporadically, and an uncertain percentage of PGL are asso-
ciated with hereditary conditions, e.g., von Hippel-Lindau
(VHL) syndrome, multiple endocrine neoplasia-2 (MEN-2),
and familial PGL and gastrointestinal stromal tumors (GIST).

The carotid body is the most common tumor site for PGL
(33). Although the carotid bodies are very small (<4 mm in
diameter and combined weight <15 mg) (27), even when not
malignant, PGL of these bodies may grow to be of sufficient
size to encroach upon cranial nerves or spread by emboliza-
tion causing, for example, facial palsy (34, 34A, 34B) or
metastasize when malignant (21).

Catecholamine-secreting PGL account for approximately
20% of all catecholamine-secreting tumors (35), and although
at one time it was thought that such PGL were associated
with a higher rate of malignancy than PCC, other studies have
described an equivalent rate (36, 37). Malignant changes (38)
are more common in sporadic PGL (12%) than in the familial
type (2.5%).

The presence of both PGL and PCC in some patients has
been reported, e.g., approximately 5% of Dutch patients with
head and neck PGL also had PCC (39–43).

It is rare for head and neck PGL of parasympathetic origin
to be secreting tumors (44), whereas PCC and abdominal PGL
both of sympathoprogenitor origin are frequently functional
(syndromic). Moreover, most patients with head and neck
PGL develop a slow-growing asymptomatic vascular mass,
whereas patients with PCC suffer from hypertensive crises
and paroxysmal symptoms related to the secretion of cate-
cholamines such as norepinephrine and epinephrine (45).

PGL also can occur in the parasympathetic paraganglia
adjacent to the aortic arch, neck, and skull base as local
“nonfunctioning” masses, commonly referred to as head and
neck PGL. Less common are jugulotympanic and vagal
PGL (46).

A concise and informative review of head and neck PGL
has been published (47), including references to the early liter-
ature. In fact, a whole issue of a journal was devoted to PGL
of the head and neck in which a wide range of areas related
to these tumors was presented (47). A short but informative

Figure 5.1. Histologic presentation of a PGL. The tumor is well
differentiated and resembles a normal paraganglion, composed of
chief cells arranged in nests surrounded by sparse and inconspicuous
single layer of sustentacular cells (from ref. (293), with permission).

history of PGL, the nomenclature related to it, and incidence
and malignant transformation were presented (47).

PGL of the head and neck consist of large, oval-shaped
cells or chief cells of neuroectodermal origin that are usually
arranged in clusters surrounded by flat, elongated satellite
or sustentacular cells (27) (Figure 5.1). The chief cells are
considered responsible for chemoreceptor activity. In approx-
imately 1% of PGL, the chief cells contain neurosecretory
granules that can release catecholamines akin to those in
PCC. The sustentacular cells lack these granules and neither
secrete nor contain catecholamines (48), and they are consid-
ered supportive in nature. It is difficult to predict PGL
tumor behavior histologically, but vascular invasion and tumor
necrosis have been suggested as features correlating with
malignant behavior (46). The extreme vascularity of PGL may
be related to the expression of angiogenic growth factors,
i.e., vascular endothelial growth factor (VEGF) and platelet-
derived-VEGF ( 48A). Experiences of the clinical, genetic
counseling, diagnostic, and other aspects (49) of PGL have
been described previously (50–57).

Pheochromocytoma

PCC is preponderantly a tumor of the adrenal medulla;
in rare cases, PCC may originate in abdominal paragan-
glia, especially in the organ of Zuckerkandl (58) or its
remnants, the urinary bladder, and the thorax (27, 44, 58A,
59, 59A). About 10% of PCC may be associated with VHL
disease, the MEN-2 syndrome, neurofibromatosis-1 (NF1),
and rarely with other conditions (e.g., Carney triad, Sturge–
Weber syndrome) (Tables 5.1 and 5.2).

PCC, considered by some as a PGL of the adrenal
medulla, is a rare neuroendocrine chromaffin-staining tumor
of neural-crest origin that usually causes hypertension and
clinical symptoms by oversecretion of catecholamines (27,
60–62, 83A). Very rarely, PCC also may arise at extra-adrenal
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Table 5.1. Hereditary syndromes associated with pheochromocytoma.a

Syndrome gene Gene locus Clinical phenotype Risk of pheochromocytoma (%) Mutated germline

MEN-2A 10q11.2 Medullary carcinoma of the thyroid,
hyperparathyroidism

50–70 RET

MEN-2B 10q11.2 Medullary carcinoma of the thyroid, multiple
mucosal neuromas, marfanoid habitus,
hyperparathyroidism, skeletal abnormalities

50–70 RET

Neurofibromatosis type 1 17q11.2 Neurofibromas and schwannomas, MPNST of
peripheral nerves, café au lait spots

1–5 NF1

von Hippel-Lindau disease 3p25 Retinal angiomas, CNS hemangioblastoma, renal
cell carcinoma, pancreatic and renal cysts

10–20 VHL

aBased on Dluhy 2002 (66) and Thompson 2005 (296).

Table 5.2. Features of PCC in MEN-2A and sporadic PCC.

MEN-2A Sporadic

Age 38 ± 11 yrs Age 47 ± 16 years
52% asymptomatic Nearly 100% asymptomatic (hypertension)
Usually bilateral Unilateral

Based on Pomares et al. 1998 (307).

sites, e.g., the meninges (63) or the cerebellopontine
angle (64).

The adrenal medulla and by extension PCC is keyed to
respond to stress (e.g., cold, hypoglycemia, hemorrhage,
immobilization, and hypoxia) by secreting catecholamines
(e.g., adrenalin, noradrenalin, and dopamine).

Extra-adrenal paraganglial cell clusters and organs
of sympathetic nervous system origin include that of
Zuckerkandl, and prevertebral and paravertebral thoraco-
abdominal and pelvic paraganglia. Other sites include
the ovary, testis, vagina, urethra, prostate, bladder, and
liver (27, 65). These sites seem to respond to stress in a
manner similar to that of the adrenal medulla.

The endocrine (chromaffin) cells of the sympathioadrenal
neuroendocrine system, from which PCC originate, synthe-
size and secrete catecholamines, and they exhibit a charac-
teristic histochemical (chromaffin) reaction when treated with
oxidizing agents (27, 44). When stored catecholamines are
released by a PCC, patients experience a paroxysm of episodic
headache, sweating and palpitations, besides the sustained
hypertension found in these patients. The unrecognized pres-

ence of this tumor may result in a lethal hypertensine crisis,
cardiac arrhythmia, or myocardial infarction (66).

Histologically, PCC typically have an “organoid” structure
composed of cells arranged in compartments separated by
thin vascular septa (Figure 5.2). The cell size varies from
small to large, and shapes vary from round to epithelioid, and
they are occasionally spindled. The cytoplasm varies from
eosinophilic to basophilic; the latter variants often have a
granular cytoplasm. Nuclear pleomorphism is not uncommon,
and some tumors have nuclear pseudoinclusions (cytoplasmic
invaginations). Eosinophilic cytoplasmic globules occur in
some cases, and a minority have lipofuscin (neuromelanin)
pigmentation. Extensive hemorrhage or stromal fibrosis may
be present (62). PCC cells may be chromaffin-positive (27,
44). Distinct differences in the histopathologic phenotypes of
PCC associated with VHL disease versus PCC associated with
MEN-2 have been described previously (67).

Past concepts regarding PCC as 10% tumors, i.e., that 10%
of PCC are malignant, 10% are bilateral, 10% are extra-
adrenal (of which 10% are extraabdominal), 10% not asso-
ciated with hypertension, and 10% as hereditary tumors,
have been challenged, if not abrogated, by the results of the
studies presented in this chapter, especially those obtained
after 2000 (26, 68).

A presentation dealing with the genetics and diagnostic
aspects of PCC, especially the changes and levels of
biochemical substances (e.g., catecholamine, metanephrine,
and vanillymandelic acid), and the therapeutic approaches for
the treatment of PCC has been published (69). The frequency

Figure 5.2. Pheochromocytoma of the adrenal gland
showing (right) typical “Zellballen” configuration and
(left) higher power showing the abundant granular
cytoplasm of the tumor cells (from ref. (493), with
permission).
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Table 5.3. Baseline characteristics of 314 patients with PCC.

Characteristic All patients (no.) FS patients SP patients

No. % No. %

No. 314 56 17.8 258 82.2
Sex

Male 140 28 112
Female 174 28 146

Age at diagnosis, years
Mean 41.3 30.2 43.6
Range 7–80 10–69 7–80

Adrenal tumors 264 49 87.5 215 83.3
Bilateral tumors 41 31 55.4 10 3.9
Extra-adrenal tumors 58 10 17.9 48 18.6
Malignant tumors 52 5 8.9 47 18.2
Tumor diameter, mm

Mean 59.2 52.2 60.3
SD 34.7 28.5 35.5

FS, patients with a family history and/or a syndromic presentation; SP, patients with an apparently sporadic presentation; SD,
standard abbreviation.
Based on Amar et al. 2005 (73).

Table 5.4. Summary of LOH results (%) according to diagnosis and chromosomal region.

Diagnosis LOH in region

1p36.2∼pter 1p32 1cen∼p13

Pheochromocytomas (PCC) 22/42 (52) 28/42 (67) 28/42 (67)
Benign sporadic 15/28 19/27 20/27
Malignant 3/5 4/6 4/6
Benign hereditary 4/9 5/9 4/9

MEN-2A 3/5 3/5 3/5
VHL 0/3 1/3 0/3
NF1 1/1 1/1 1/1

Paragangliomas (PGL) 5/5 (100) 5/7 (71) 5/7 (71)
Benign 2/2 1/3 2/3
Malignant 3/3 4/4 3/4

All 27/47 (57) 33/49 (67) 33/49 (67)

Based on Edström Elder et al. 2002 (72).

of malignancy in all PCC has been reported to range from
13 to 26% (70). Other facets of malignant PGL and PCC
have been described previosly (35, 71). In Tables 5.3 and 5.4
are shown clinical and genetic aspects of PGL and PCC as
observed in two different clinics (72, 73).

Clinical screening and diagnostic aspects of PCC have been
discussed in a number of publications (74–83, 83A).

Cytogenetic and Comparative Genomic
Hybridization (CGH) Studies in PGL
and PCC

No cytogenetic studies have been reported in PGL, and the
information related to chromosomal changes in these tumors
has been primarily supplied by CGH studies.

Although the number of PCC karyotypically character-
ized is relatively small, several aspects are worthy of note
(Figure 5.3 and Table 5.5). The finding of trisomy 7 (+7)

in most PCC analyzed cytogenetically, including its presence
with other cytogenetic abnormalities, may be significant and
constitute an important change in the formation, progression,
or both of PCC (84). Of interest is a PCC with the karyotype
46,XX,der(16)t(1;16)(q31;p13), and other changes (Table 5.5)
in a 47-year-old woman, whose tumor was diagnosed after the
finding of a PCC and other stigmata of VHL in her 20-year-old
son. The tumor in the latter patient did not have chromosome
changes. Both tumors were thought not be malignant (85). The
other two complex karyotypes in Table 5.5 (86) were estab-
lished in two malignant PCC. It would seem that PCC may
be associated with rather simple karyotypic changes, although
with progression complex karyotypes, which may play a role
in the biology of these tumors, may develop.

It should be pointed out that Table 5.5 contains only those
PCC in which cytogenetic abnormalities were found; normal
karyotypes, not infrequently seen in PCC, including a case
with VHL, have not been included (85–87).



Cytogenetic and Comparative Genomic Hybridization (CGH) Studies in PGL and PCC 169

Figure 5.3. Banded complex karyotype of an advanced sporadic pheochromocytoma containing 64 chromosomes (86). Note the five chro-
mosomes 7 (three structurally abnormal) and besides the numerical changes, structural ones affecting chromosomes 5, 10, 13, 17, 19, and 20.

Table 5.5. Chromosome changes in pheochromocytoma.

Karyotype References

47,XX,+7* Jordan et al 1989 (87)
47,XX,+7* Kiechle-Schwarz et al 1989 (85)
46,XX,der(16)t(1;16)(q31;p13)/46,XX,der(8)t(3;8)(p21;p23)/ Kiechle-Schwarz et al 1989 (85)

46,XX,dic(3;4)(p16;p26)del(3)(q13)/46,XX,der(4)t(3;4)(p21;p16)*
47,XX,+7* (two cases) Decker et al 1994 (308)
46,XX,del(1)(p31-p33),del(4)(q31),del(6)(q26?),del(8q)(q21.2 or q21.3), del(13)(q32)** Pfragner et al 1998 (89)
47,X,der(X),add(3)(q26 or q27),+7** Pfragner et al 1998 (89)
59-64,XY,der(X)t(X;22)(p11;p11),add(3)(p12),-4,+7,add(7)(q21)x2, Gunawan et al 2004 (86)

-8,add(8)(q24),-9,add(9)(p23),add(11)(p15),-12,add(12)(q24),-13,
add(14)(p11)x2,-15,-16,-17,-18,+20,-21,-22,add(22)(p11),+mar

60-68,XX,-Y,+X,del(1)(p13),+dic(1;16)(q22;p13),-2,-4,+i(5)(p10), Gunawan et al 2004 (86)
+7,+7,i(7)(p10),i(7)(q10)x2,+10,der(10)t(3;10)(q25;q26)x2,-11,
-13,-13,i(13)(q10),-15,-16,add(17)(p12),-18,add(19)(p13),-22

*Associated with VHL.
**Cell lines.

Fluorescence in situ hybridization (FISH) studies with
alphoid probes in archival tissues of 23 PCC (18 primary and
five metastatic) revealed overrepresentation of chromosomes
1 and 7 and loss of chromosome 15 (88).

A continuous cell line of a human sporadic PCC was shown
to contain a hypodiploid clone with -19, -17, -21, or -22. Dele-
tions of 1p and 4q were more frequent than mutations of the
RET gene in this cell line (89).

In CGH analyses of 29 PCC (four with family history)
and 24 PGL (five with family history) (90), the PCC had a
homogeneous CGH profile, each containing more than four
genomic imbalances, whereas the CGH profile of the PGL
revealed fewer alterations (Figure 5.4). The most frequent
rearrangement found in the PGL was total or partial loss of
chromosome 1 (67%), mainly involving 1p21-p32, 1q32, and

1q42-qter. Loss of 1q was found only in PGL, whereas in PCC
1p was frequently lost (69%), constituting the most common
change in sporadic PCC (91, 92). Other studies (90) found
that 72% of the PCC, versus only 37.5% of the PGL, showed
partial or total loss of chromosome 3. Loss of chromosomal
arm 3q has been reported as frequent in PCC (Figure 5.5)
(91) and in abdominal PGL (Figure 5.6) (92). The changes
of chromosomes 1 and 3 probably play a key role in the
pathogenesis of both chromaffin and nonchromaffin tumors
(Figures 5.4–5.6).

Loss involving 8p (62% of cases), gains of 17q and 12q
(48 and 45% of cases, respectively), and losses of 18p and
9p (34 and 31% of cases, respectively) were found by CGH
in PCC (90). Gain of the short arm of chromosome 19 was
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Figure 5.4. DNA copy number changes identified
by CGH in 29 PCC and 24 PGL (20 of head and
neck) (90). Note prominent losses of 1p, chromo-
some 3, especially 3q, and chromosome 11 and gain
of chromosome 19 in the PCC. Similar but not as
frequent changes were seen in PGL.

frequent in PGL (54%) and in PCC (59%) (90). Partial loss of
6p, 7p, 8p, and 10p and or chromosome 18 was found along
with a gain of 12q. At least 50% of parasympathetic PGL were
found to have loss of all or part of chromosome 11 (Figure 5.7)
(90, 91). The differences of the CGH profiles of PCC versus
PGL, e.g., loss of 3q in PCC, loss of 1q only in PGL, and loss
of 8p22-p23 in PCC and PGL, suggest that genes related to
specific tumor development may be located in distinct chro-
mosomal regions (90). Also, gain of 11q13 may be signifi-
cantly associated with malignant PCC and PGL.

In general, the frequency of chromosomal anomalies in
the CGH study just discussed (90) was greater than in
previous studies, possibly related to technical advances in
CGH software that have enhanced the capability of detecting
losses (93). Because the PGL studied (90) were mainly
located in the head and neck region, it is not surprising that
the CGH alterations of these parasympathetic PGL do not
correspond to those found in PCC. Furthermore, it has been
reported that parasympathetic PGL are structurally and func-

tionally different from those belonging to the sympathoad-
renal neuroendocrine system (27).

PCC is rare in children, and it is associated with a poor
prognosis (94). A CGH study of 14 such tumors showed
combined loss of 3p and 11p or whole chromosomes in 10 of
14 PCC. All 10 cases with 3p and 11p loss carried VHL muta-
tions (94), nine constitutive and one somatic restricted to the
tumor. Of the four remaining cases without VHL involvement,
two had other familial syndromes (one of NF1 and of SDHD)
and two were of unknown etiology. Thus, true sporadic PCC
is rare in children, and such cases should be checked for a
related predisposing gene (94, 95).

A sporadic retroperitoneal PGL in a 16-year-old girl with
a metastasis to the first lumbar vertebra was examined by
CGH revealing loss of 1p and chromosome 3 and gains of 1q,
chromosomes 4 and 5, 11q, and 13q ( 95A). No telomerase
activity was found in the tumor.

Loss of 8p22-p23 in the five PCC with signs of malig-
nancy, along with gain of 11cen-q13, is of interest in that these



Cytogenetic and Comparative Genomic Hybridization (CGH) Studies in PGL and PCC 171

Figure 5.5. DNA copy number changes determined by CGH in sporadic benign PCC and malignant PCC. Loss of 1p is prominent in both
groups of PCC, whereas loss of chromosome 3 or 3q is more evident in benign tumors than in the malignant ones. Note 6q loss in both groups
(from ref. 91, with permission).

tumors showed more accumulated alterations than usually
seen in benign tumors (90). Half of the malignant PGL (three
of six) showed both loss of 8p and gain of 11q13, suggesting
these alterations could be markers of malignancy. However,
both alterations were seen together in tumors without signs
of malignancy, although in a much smaller proportion of
tumor types (three of 23 PCC and four of 19 PGL). A CGH
analysis (96) characterized the genetic profiles of 36 VHL-
related PCC, the results of which were compared with those
of sporadic and five MEN-2–related PCC. In the 36 VHL-
related tumors, loss of chromosomes 3 and 11 was found in
34 tumors (94%) and 31 tumors (86%), respectively. There
was significant concordance of deletions in chromosomes 3
and 11, suggesting that they are involved in two different
but necessary and complementary genetic pathways. The loss
of chromosome 11 seemed to be specific for VHL-related
PCC, because it was not present in any of the 10 VHL-
related CNS hemangioblastomas studied, and it was signif-
icantly less common in sporadic and MEN-2–related PCC.
The authors (96) concluded that sporadic and MEN-2–related
PCC have a distinct genetic pathway versus that of VHL-

related cases. Loss of 1p was very common in the former two
types of PCC but not in VHL-related cases. Similar observa-
tions had been made (103) in sporadic PCC in which 61%
had loss of 1p and in 80% of MEN-2–related PCC. No 1p
loss was found in the 2 VHL-related PCC. Based on array-
CGH studies, sporadic PCC were found to have as the most
common change loss of chromosome 22 (44% of 66 tumors),
either as monosomy or terminal deletion of 22q (97). Another
common change was loss of 1p.

Microarray-based CGH of mouse PCC cell lines showed
changes similar to those of human PCC (98).

Hybridization performed by FISH, with a probe containing
the FBXO25 gene (90) confirmed that, with one exception,
almost all the evaluable PCC with 8p22-p23 deletions by
CGH showed genomic deletion involving this gene. However,
analysis of the FBXO25 gene by sequencing its eight exons
did not find any alteration in the 15 tumors with loss of 8p22-
p23 and thus indicates that this gene probably does not play
an important role in PCC or PGL development (90).
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Figure 5.6. DNA copy number alterations
detected by CGH in 23 PCC (seven sporadic, five
in MEN-2, four malignant, six unknown, and one
in NF) and 11 abdominal PGL (three benign and
eight malignant). Each line represents one change
detected in a single tumor with losses shown on
the left and gain on the right of each chromosome.
Prominent are the losses of 1p and 3q in PCC and
to lesser extent in PGL. Loss of 11q is to be noted
(from ref. (92), with permission).

Loss of Heterozygosity (LOH) in
PGL and PCC

Loss of heterozygosity or LOH on specific chromosomes or
chromosomal regions have been extensively studied in hered-
itary and sporadic PGL and PCC (Table 5.6).

Early studies (99) indicated LOH in PCC (sporadic and
familial) at 1p, 22q, 17p, and 3p, in the order of their
frequency. LOH at 3p25.5 (locus of VHL gene) and 3p21 was
reported in PCC associated with VHL, and some sporadic
PCC (100, 101). In one study, LOH at 1p34-p36 was found in
5/11 (45%) of PCC, but not in PGL (102); LOH at 3p25 was
present in five or nine (45%) of sporadic PCC and in none of

the PGL, although LOH at 3p21 was seen in two of four PGL.
Subsequent LOH studies of PCC and PGL confirmed and
extended, e.g., LOH of chromosome 11, the involvement of
the chromosomes listed above in PCC and PGL, although the
percentage of cases affected by these changes varied among
studies (92, 96, 103–105). These findings are indicative that
multiple genes are involved in the formation, progression, or
both of PCC and PGL. Especially frequent are LOH of 1p,
primarily in sporadic PCC and MEN-2–associated tumors, a
chromosomal area thought to harbor key genes in PCC and
PGL tumorigenesis.

Loss of 3p has been reported in both familial and sporadic
PCC (103). In one study, 91% of PCC associated with VHL
had LOH at 3p and 21 and 15% of 22q and 1p (106), whereas
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Figure 5.7. DNA copy number alterations detected by CGH in 16 PGL (nine sporadic and seven familial), primarily of head and neck. Note
loss of chromosome 11 or 11p in eight cases, the most prominent finding in this study. The difference in the findings of this study and those
of Figure 5.6 may be related to the fact that in the latter study only abdominal PGL were investigated (from ref. 105, with permission).

Table 5.6. Published Studies on Loss of Chromosomal Material in PCC and PGL.

Chromosome arm PCC or PGL Sporadic or Familial References

1p PCC + + Benn et al 2000 (103)
11q PGL + Bikhazi et al 2000 (104)
1p and 3q PCC + Dannenberg et al 2000 (91)
11q, 11p, 5p PGL + + Dannenberg et al 2001 (105)
1p PGL and PCC + + Edström Elder et al 2002 (72)
1p and 11q PCC and PGL + + Edström et al 2000 (92)
1p, 3p, 10q, 17q, 22q PCC + + Khosla et al 1991 (99)
3p and 11p PCC + Lui et al 2002 (96)
1p PCC + + Moley et al 1992 (107)
1p PCC + + Opocher et al 2003 (114)
1p and 22q PCC + + Shin et al 1993 (120)
22q PCC + + Takai et al 1987 (117)

Tanaka et al 1992 (119)
3p PCC + + Tory et al 1989 (100)

Zeiger et al 1995 (101)
1p and 11p PCC + Tsutsumi et al 1989 (309)

Yokogoshi et al 1990 (310)
1p and 3p PCC and PGL + + Vargas et al 1997 (102)
1p, 3p, 17p, 22q PCC + + Pfranger et al 1998 (89)
1p, 3p, 22q PCC + + Bender et al 2000 (106)

sporadic PCC had LOH of 3p in 71% of the tumors, 53% at
22q and 24% at 1p. In both types of PCC, no intragenic muta-
tions of VHL or RET were found (106). Genes other than VHL,
especially on 1p, are significant for sporadic PCC develop-
ment, and they suggest that the genetic pathways involved in
sporadic versus VHL PCC genesis are distinct (106).

Loss of 1p is present in 80% of MEN-2–associated and
sporadic PCC and only in approx15% of VHL-associated
PCC, indicative of at least two different genetic pathways for
PCC (96, 106). Three commonly involved regions on 1p have
been identified: 1p36 harboring genes for PCC (72, 102, 103,
107), medullary thyroid carcinoma 99, 108, 108A), parathy-
roid adenoma (109, 109A), and neuroblastoma (110–112). At

least three tumor suppressor genes are present within 1pter-
1p34 (103), with SDHB located at 1p36.13 (113). The second
and third target regions on 1p, shown primarily by CGH, were
1p22-p32 and 1cen-1p31 (72, 91, 92, 114). Consensus regions
of deletion were defined in sporadic and MEN-2 PCC in a
study using microarray-based CGH with BAC spanning 1p
(115), i.e., 1cen-1p21.1, 1p21.3-1p31.3, and 1p34.3-1p36.33.

A range of LOH of 3p has been found in sporadic PCC,
being as high as 75% (101) and as low as 15% (99), although
the authors (102) of another study of 3p LOH in PCC (55%
of the cases) attributed the low number to methodological
aspects. LOH of 1p (1p34-p36) and 3p (3p21 and 3p25) in 12
sporadic PCC and five extra-adrenal PGL without hereditary
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history was investigated (102). LOH of the 1p locus was found
in five of 11 PCC (45%) and in none of PGL. LOH at 3p25
(locus of the VHL gene) was found in five of nine (55%) PCC
and none in the three PGL examined. LOH at 3p21 was found
in two or four of the PGL. The allelic deletions at 1p and
3p seemed to be separate events. The (102) results suggest
that extra-adrenal PGL may have a different molecular mech-
anism of tumorigenesis than PCC. LOH of 1p was seen in
>40% of the sporadic PCC in the studies just mentioned. LOH
studies in sporadic, MEN-2–, NF1-, and VHL-associated PCC
have frequently shown loss of 1p, 3p, 3q, 17p, 17q, and 22q
(99, 101, 107, 108, 116–121). This suggests that these areas
(especially 1p and 3p) may contain tumor suppressor genes
important for the development or progression of these tumors.
Frequent LOH of 6p in PCC has been described (17 sporadic-
and one VHL-associated (122)).

LOH studies of PGL have not been as numerous as those
of PCC (Table 5.6). A study of 5 sporadic extra adrenal PGL
showed no LOH of 1p or of 3p25 in three of these tumors.
However, LOH at 3p21 was found in 2/4 PGL examined. The
results of PCC and PGL suggest that extra-adrenal PGL may
have a different molecular mechanism of tumorigenesis than
PCC (102).

LOH at 11q13 and 11q22-q23, loci for PGL2 and PGL1
respectively, was seen in three of eight sporadic PGL of
the head and neck, one of the former locus and two of the
latter (104). The finding of complete LOH at 11q22-q23 in the
aneuploid fraction of sporadic and hereditary head and neck
PGL (123) indicates that sporadic and familial PGL share
a similar molecular pathogenesis. LOH for 1p in PGL was
common in malignant tumors (four of four) and in two of three
in other sporadic PGL (72). Genetic testing of members of
families with PGL has been advocated, using mapping of the
loci on 11q13 and 11q23 (124, 125).

Gains of 11q13, as part of gain of region 11cen-q13, seem
to characterize abdominal PGL showing malignant features or
are overtly malignant, and malignant PCC (90, 92, 126).

Molecular Genetics of PGL and PCC

Both PGL and PCC are associated with complex and hetero-
geneous genetics, related not only to the occurrence of hered-
itary forms and sporadic types of these tumors but also to
the complexity of the genetic pathways and as yet undeci-
phered and unknown genes of causal relationship to these
tumors (127). It has already been indicated that the incidence
of hereditary PGL and PCC is underestimated (25), possibly
due to a number of factors.

Why RET, VHL, SDHB, and SDHD mutations should be a
frequent cause of hereditary PGL and PCC, whereas somatic
mutations are rare in sporadic tumors (128–133), is unclear.
Possibly, mutations in these genes only promote tumorigen-
esis if they are present at a specific stage of organ develop-
ment (90). It is also likely that other genes may be responsible
for these tumors (134).

For example, the amplification of the normal allele in
heterozygous patients may not allow the detection of rare
mutations such as large deletions and chromosomal rear-
rangements (135, 136). Thus, the number of patients with
germline mutations may be slightly higher (137). About 10%
of sporadic PCC are hereditary. Young age at diagnosis and
extra-adrenal or bilateral PCC are predictive of a germline
mutation (73, 137, 138).

Genetic testing is proposed for all cases with PCC or func-
tional PGL as depicted in an algorithm suggested by the
authors (Figure 5.8) (137) and as reflected in some of the pedi-
grees in the literature (Figure 5.9).

In a recent study using all coding exons for SDHB, SDHC,
SDHD, and VHL, and six of RET exons (137), only one
causative mutation per patient (PGL or PCC) was found.
SDHB mutations were found in 15 of 18 patients with
malignant tumors (137), a higher number than reported by
other (138A). The former authors (73) discuss possible factors
responsible for the difference (e.g., clinical evaluation, follow-
up, and source of recruitment). Disease associated with SDHB
mutations showed more aggressiveness and a poor prognosis
than those with other changes (73). Further fundamental and
therapeutic research is needed to discover new therapeutic

Figure 5.8. Suggested protocol for genetic testing in PCC
and functional PGL after a thorough evaluation of affected
patients (from ref. 137, with permission).
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Figure 5.9. Examples of familial PCC in three families.
The ages of the patients at PCC diagnosis are shown
underneath the affected individuals. In none of the families
was MEN-2–associated RET mutated; missense VHL
mutations were identified in two of these kindreds (family
A and family 386), with no clinical evidence of VHL
disease (from ref. 3, with permission).

targets and to determine curative and preventive protocols for
malignant PCC (71, 73).

Type 2C VHL mutants maintain normal regulation of
hypoxia-inducible factor (HIF)�, suggesting that distinct
VHL functions might be affected in 2C tumors (139, 140).

SDHB mutations seem to be associated with a higher risk of
extra-adrenal PCC, whereas those of SDHD often have head
and neck PGL (12, 138A); the genotype-phenotype of SDH
mutations seem to be broader than initially described, e.g.,
the occurrence of renal cell carcinoma (RCC) and medullary
thyroid carcinoma (138A, 141).

In addition to the hypoxic response, an oxydoreductase
imbalance involving both PCC with dysfunction of SDH and
certain tumors with VHL mutations has been revealed by
expression profiling (142).

Using an integrated genomics approach involving lineage,
expression profiling, and genome-wide deletion mapping, two
novel loci that concurrently increase PCC predisposition were
identified (142).These familial PCC loci were found at 2q
(acting as a tumor suppressor gene [TSG]) and another on 16p,
coinciding with a locus for familial neuroblastoma.

Molecular Genetics of PGL

Mutations of the enzyme complex II (SDH) and LOH on chro-
mosome 11 result in a small fraction of sporadic and in almost
all familial forms of PGL (41–43, 143).

A search for imprinting effects in hereditary PGL at 11q23
has been reported (144).

Mapping of the hereditary paraganglioma (PGL) region at
11q23 has been partially accomplished (41–43, 143).

The development of PGL in diverse anatomical locations in
subjects with SDHB, SDHC, and SDHD germline mutations
indicates that the paraganglionic system throughout the body
is a target for PGL (45, 150). Thus, the possibility of mito-
chondrial complex II germline mutations should be raised in
the differential diagnosis of all PGL, including PCC. Whether
certain subunit mutations are more strongly associated with
a given anatomical location, hormonal activity, malignancy,
age at onset, tumor multiplicity, and size remains to be estab-
lished. Other genetic loci as indicated by the LOH and CGC

studies, and environmental factors also may affect phenotypic
expression of PGL.

Hereditary PGL is closely tied in with germline mutations
affecting genes encoding for the succinate dehydrogenase
(SDH) enzyme system (Tables 5.7–5.9), which is a heterote-
trameric complex with functions in the Krebs cycle related to
the oxidation of succinate to fumarate leading to ATP produc-
tion (151, 152). SDH constitutes a moiety of complex II of
mitochondria (150, 153) (Tables 5.7 and 5.8). The catalytic
subunits of SDH are encoded by the genes SDHD, SDHB,
SDHC, and SDHA (Table 5.7). SDHD encodes the smallest
subunit of SDH. SDHA and SDHB are anchored to the
mitochondrial inner membrane through membrane-spanning
subunits encoded by SDHC and SDHD (154, 155). A large
number of mutations (approx 30) in hereditary PGL have been
described for SDHD and SDHB each (45, 156).

Germline mutations in complex II genes are associated
with the development of PGL in diverse anatomical locations,
including PCC, a finding that has important implications for
the clinical management of patients and genetic counseling
of families. Consequently, patients with PGL, including PCC,
and a complex II germline mutation should be diagnosed as
potentially hereditary, regardless of family history, anatomical
location, or multiplicity of tumors.

SDHB in PGL

A large number of different germline mutations have been
described in the SDHB gene (located at 11q13), which are
associated with PGL (and PCC) (Figure 5.10) (145, 157–159)
(Table 5.10). SDHB-associated tumors (approx. 10% of
familial PGL) (35, 35A) are often syndromic (secrete cate-
cholamines) of which approximately 10% are malignant (160)
and approximately 10% are familial. The malignancy rate in
PGL is similar to that seen in PCC (36, 37).

The preponderant number of PGL (approx 90%) are of
sporadic nature, and their genetic bases have not been estab-
lished rigorously; the remaining cases (approx 10%) are
hereditary (familial) in which mutations and alterations of
genes encoding for the SDH moiety of the mitochondrial
complex II play a causal role (153). These genes, i.e., SDHD
in 50%, SDHB in 20%, and SDHC in 10% of the familial
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Table 5.7. Paraganglioma loci and their genes.

Region References

PGL1 locus for SDHD at 11q23 for familial cases of carotid PGL Baysal et al 1997,2000 (41, 145, 146)
Hirawake et al 1997 (162)

PGL1 locus associated with germline mutations of the SDHD Heutink et al 1992, 1994 (2, 181)
Gene and a founder effect and maternal imprinting Baysal et al 1997, 1999 (145, 146, 311)

Milunsky et al et al 1997, 2001 (190, 312)
Täschner et al 2001 (43)
Lee et al 2003 (313)
Riemann et al 2004 (314)

LOH at PGL1 locus in the aneuploid fraction of PGL (hereditary and sporadic) van Schothorst et al 1996, 1998 (39, 40, 123)
Bikhazi et al 2000 (104)

SDHD has 4 exons and a protein product of 159 amino acids Baysal 2003 (153)
PGL2 locus at 11q13 and mutation of unknown gene linked to PGL in a family Mariman et al 1993, 1995 (124, 315)
LOH of this locus has been seen in carotid body PGL Bikhazi et al 2000 (104)
SDHB has 8 exons and a protein product of 280 amino acids Baysal 2003 (153)
PGL3 locus at 1q23.3 associated with germline mutations of the SDHC gene in a family with PGL Niemann and Muller 2000 (163)

Niemann et al 1999, 2001 (161, 161A)
SDHC has 6 exons and a protein product of 169 amino acids Baysal 2003 (153)
PGL4 locus at 1p36 associated with germline mutations of the Astuti et al 2002 (113)

SDHB gene in two families with PCC and PGL; also seen in 1/24 sporadic PCC

Mutations of the gene SDHA, located at 5p15, do not lead to PGL; mutations of SDHA lead to optic atrophy, ataxia, myopathy, neuropathy, encephalopathy,
and Leigh syndrome based on Bourgeon et al. 1995 (316), Birch-Machin et al. 2000 (317), Parfait et al. 2000 (318), and Baysal et al. 2001 (319).

Table 5.8. Mitochondrial enzyme system affected by mutations in PGL and PCC.

The enzyme system succinate dehydrogenase (succinate-ubiquinone oxydoreductase) or SDH is part of the mitochondrial complex II involved in the
generation of ATP (153, 320, 321, 324) through an aerobic electron transfer chain and the Krebs cycle (159).

The gene for SDH consists of four parts: SDHA, SDHB, SDHC, and SDHD (153).
The complex II activity is selectively and complete lost in PGL with SDHD, SDHB and SDHC mutations (170,202). A database for these mutations has been

established. The subsequent overexpression of several hypoxia-inducible genes in PGL ( 48A) is in harmony with the hypothesis that loss of complex II
mimics hypoxic stimulation, which leads to adaptive proliferation of the paraganglial chief cells resulting in PGL (150).

An overview of known SDH mutations and the associated tumor types can be found at the SDH Mutation Database at the Leiden Open Variation Database at
http://chromim.liacs.nl/lovd sdh/.

Table 5.9. Germline mutations in PGL.

Familial Sporadic

SDHD mutations 50% 5%
SDHB mutations 20% 3%
SDHC mutations 10% 3%

Based on Baysal et al. 2002, 2004 (135, 167).

cases, each has unique features and a catena of molecular
events in their causation of PGL.

An interesting case is that of a 32-year-old man who was
found to have three PGL in the abdomen and who 7 years later
had developed lytic lesions of the left femur (35). The tumors
secreted catecholamines. This patient’s 27-yr-old son was
found to have locally metastatic abdominal catecholamine-
secreting PGL (35). In both patients, the PGL had SDHB
mutations.

The more aggressive and other features of SDHB-related
PGL of sympathetic origin in the abdomen or thoracic
cavity have received some special attention (137A). The clin-
ical presentation, biochemical phenotypes, and genotype–

phenotype correlations in patients with SDHB-associated PCC
and PGL have been recently addressed (137A).

The typical PGL associated with SDHB mutations origi-
nates from the extra-adrenal abdominal or thoracic paragan-
glia. In contrast to SDHC and SDHD-associated PGL, up to
70% of SDHB-related abdominal and thoracic PGL develop
into metastatic disease (137).

Recognizing SDHB-related disease in patients may be
delayed by incomplete and age-dependent penetrance, despite
an autosomal dominant pattern of inheritance (137A). Many
patients with SDHB-related tumors have no family history
of PGL. About 4–7% of patients with apparently sporadic
abdominal or thoracic PGL or PCC have been shown to carry
SDHB mutations (12, 137). In addition, the diagnosis may be
delayed due to lack of symptoms related to catecholamine
excess (137B–D).

An evaluation of 29 patients (16 males, 13 females) with
SDHB-associated abdominal or thoracic PGL, led the authors
to the following conclusions (137A). SDHB-associated PCC
and PGL is characterized by a high malignant potency,
warranting aggressive therapy, strict follow-up, and family
screening. The diagnosis may be delayed by a negative family
history and an atypical clinical presentation with signs and
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Figure 5.10. Schematic presentation of germline mutations of SDHD and SDHB genes in a Dutch patient population associated with PGL
and/or PCC development. The stars have been placed over the 2 documented cases with founder mutations. Of note is the occurrence of PGL
and PCC in these cases, with the number of cases of PGL outnumbering those of PCC (from ref. 11, with permission).

Table 5.10. SDHB germline mutations (14 loci) have been seen in
the following tumors.

References

Familial catecholamine secreting PGL Astuti et al 2001 (157)
Familial catecholamine-secreting PGL, PGL of

head and neck, and familial PCC
Astuti et al 2001 (157)

Familial head and neck PGL Baysal et al 2002 (167)
Nonfamilial head and neck PGL Baysal et al 2002 (167)
Nonfamilial catecholamine-secreting tumors Neumann et al 2002 (12)
Nonfamilial catecholamine-secreting tumor and

familial catecholamine-secreting PGL
Young et al 2002 (35)

Based on Young et al. 2002 (35).

symptoms that are predominantly related to tumor growth
rather than to catecholamine excess. The biochemical pheno-
type usually consists of hypersecretion of norepinephrine,
dopamine, or both, but 10% of tumors are biochemically
silent. The clinical expression of these tumors in individual
patients cannot be predicted by the type and location of the
SDHB gene mutation.

SDHC in PGL

The locus for the SDHC gene has been shown to be at 1q23.3
(161), rather than the previously reported 1q21 (162).

Mutations of the SDHC gene in one family with syndromic
PGL (163) and in one isolated case of malignant PGL

(164–166) have been reported. In both instances, transmis-
sion was through the mother. However, no mutations of SDHC
were found in four other series of patients with familial PGL
(or PCC) (151, 167–169).

In a study (170) using a number of approaches (45, 171),
a family with head and neck PGL was analyzed and discov-
ered to have a 8.37-kb SDHC deletion, which spanned two
AluY elements and removed exon 6. The deletion caused
PGL3 following both maternal and paternal transmissions in
the pedigree and also was detected in an unrelated sporadic
case that showed allele sharing with the familial cases at seven
polymorphic markers near SDHC, suggesting a common
ancestral origin.

The presence (170) of a large deletion in a complex II gene
confirmed the role of SDHC in familial and sporadic PGL.
The observation of both paternal and maternal disease trans-
missions in PGL3, together with earlier findings, suggests
that imprinted transmission in hereditary PGL is restricted to
SDHD among complex II genes.

On the basis of SDHC’s high Alu content and the demon-
stration by special techniques (170) of an Alu-mediated dele-
tion in SDHC and the failure to find conventional muta-
tions in this gene in several PGL series mentioned above,
genomic deletions in SDHC should be looked for in appro-
priate familial and sporadic PGL in which SDHD and SDHB
mutations are absent. Because the SDHC deletion caused
tumors through both paternal and maternal transmissions,
it is unlikely that an absolute parent of origin effect oper-
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ates at the SDHC locus. This observation, together with
the earlier results on the transmission of SDHB mutations,
strongly suggests that the parent of origin effect on the SDHD
gene is not a functional consequence of complex II muta-
tions but a locus-specific epigenetic phenomenon operating
exclusively on the SDHD gene at chromosomal region 11q23.
A mouse cell line with a mutated SDHC provided evidence
that oxygen production from mitochondria results in oxidative
stress which may affect apoptosis and tumorigenesis (172).

SDHD in PGL

Much of the genetics of hereditary head and neck PGL (and
of PCC) has been elucidated by the demonstration of a group
of genes encoding for the complex II enzyme system of mito-
chondria. The first to be characterized was the SDHD gene
(located at 11q23) associated with the PGL-1 locus (173).

In a study of four kindreds with familial PGL (174), the
usefulness of SDHD mutation analysis was confirmed in fami-
lies with more than one member exhibiting sympathetic or
parasympathetic PGL and indicated that genetic testing of
SDHD and other SDH genes may be an important tool for the
identification of the syndrome in cases with multiple or bilat-
eral PGL. This study (174) also provided information on the
geographic variability of the mutations.

In a study of 57 unselected patients with parasympathetic
PGL (19 cases with family history), germline mutations of
the SDHD gene were shown to be present in all patients with
familial PGL and in 13 of 38 patients with apparently sporadic
PGL (13). All were missense mutations in highly conserved
regions of the SDHD gene and were not seen in 200 controls.
Somatic mutations of SDHD do not play a significant role in
sporadic PGL.

Most SDHD mutations in PCC patients are nonsense or
splicing mutations (12, 143). Missense mutations are more
likely to cause PGL (Figure 5.10). The SDHD gene is subject
to polymorphisms (175), some of which may be difficult to
differentiate from mutations with low penetrance (176, 177).

The PGL1 (SDHD) phenotype is transmitted through
fathers and not by mothers (45). The presence of SDHD
founder mutations clearly indicated that this sex-specific
transmission effect operates over multiple generations and
therefore is reversible in gametes; SDHD is subject to
genomic imprinting. PGL1 associated with SDHD muta-
tions are inherited almost exclusively via the paternal line,
a finding inconsistent with autosomal dominant transmis-
sion (17). These findings can be explained in terms of the
genomic imprinting hypothesis (178,179), i.e., the maternally
derived gene is inactivated during oncogenesis and can be
reactivated only during spermatogenesis.

The genomic imprinting effect of SDHD locus may have
helped the spread of the founder mutations (91, 156, 180) by
effectively halving the overall penetrance of the mutant alleles
(applies to The Netherlands cases) (43).

SDHD mutations are transmitted from mothers to their
progeny unaltered (41, 42), as would be expected from an
autosomal dominant inheritance. Thus, the stable transmis-
sion of SDHD mutations from both sexes suggests that the
parent-of-origin effects at the PGL1 locus may be caused
by differential epigenetic alterations around the SDHD gene
during sex-specific gametogenesis, consistent with genomic
imprinting (170). In contrast mutations of SDHB and SDHC
cause PGL after maternal (163, 167) transmission.

Parent-of-origin effect has been demonstrated only for the
PGL1 locus, suggesting the presence of an epigenetic mecha-
nism at 11q23 that is important for the expression of SDHD,
perhaps in a tissue-specific manner (170). Approximately
36% of nonfamilial cases in The Netherlands carry the two
founder SDHD mutations (43). The transmission pattern of
SDHD mutations shows strict parent-of-origin effects (17,
145, 181).

Because the genetic component of hereditary PGL can
often be obscured by imprinting and low-gene penetrance, all
at-risk relatives of an affected individual, regardless of the
presence of a positive family history, should be tested for
SDHD mutations (45, 143). Loss of other alleles of SDHD or
others in tumors indicates their function as tumor suppressor
genes (42, 159, 163, 183).

In summary, germline mutations in SDHB, SDHC, and
SDHD account for the majority of PGL with a positive
familial history. SDHD seems to be the most commonly
mutated gene. Approximately 8% of all nonfamilial PGL also
harbor occult germline mutations in the complex II genes.
Multiple PGL in nonfamilial cases, regardless of their anatom-
ical distribution, and, because of the rarity of PGL, the pres-
ence of two or more first- or second-degree affected rela-
tives should herald the possibility of complex II mutations.
However, more studies are required to determine whether
subjects with solitary PGL and no family history are likely
to have complex II germline mutations. In a study, 45 of
66 (68%) nonfamilial PCC patients who had germline muta-
tions in VHL, RET, SDHD, or SDHB presented with solitary
tumors (12). The high combined rate of germline mutations
in these genes in nonfamilial PCC may therefore justify gene
testing in subjects presenting with a single PCC. However,
complex II gene mutations were discovered only in one of
32 (∼3%) subjects with nonfamilial head and neck PGL
presenting with solitary tumors (167). Thus, a recommen-
dation for gene testing seems to be currently premature for
sporadic patients presenting with a single head and neck PGL.

PGL and Atmospheric Oxygen

An interesting and somewhat provocative interpretation and
extrapolation of the higher incidence of carotid body PGL at
high altitudes in some clinical conditions have been advanced
(170). Stressed by the author (170) is the role of chronic
hypoxia as a risk factor for carotid body PGL in subjects



Inheritance of PGL 179

(human and animal) at high altitudes (33, 183–186) and the
high incidence of carotid body PGL in patients with chronic
cyanotic disease, cirrhosis of the liver, and lung disorders
(186–188). The incidence of PGL of the carotid body is 10-
fold higher at high altitudes than at sea level (185, 189). PGL
at high altitudes are only 1% familial; hence, they are associ-
ated with a low rate of SDHD mutations (170).

Because of the phenotypic similarity of carotid body PGL
due to chronic hypoxia to that of PGL1, it has been hypoth-
esized by analogy that SDHD mutations may impair oxygen
sensing in the carotid body (41, 42). Furthermore, environ-
mental oxygen levels that are primarily determined by atmo-
spheric pressure (elevation) have a possible effect on pene-
trance, expression, and prevalence of SDHD mutations (156).

Needing a cogent explanation is the presence of multiple
founder mutations in PGL in The Netherlands versus the USA
(41, 42, 167, 190), Australia (191), England (192), Germany,
Poland (12), and Spain (180), countries without multiple
founder mutations, and the 3.4- to 8.5-fold frequency of
SDHD mutations in cases of PGL in The Netherlands versus
that in the United States.

Also needing an explanation is tumor multiplicity of PGL
of 201 versus 453 in The Netherlands versus the United States,
respectively, and much higher prevalence of SDHD mutations
in The Netherlands versus the United States (156).

Several modifying effects of altitude on the phenotypic
severity of SDHD mutations and on some facets of PGL bear
directly on the areas just mentioned:

1. Subjects with multiple PGL (or with PCC) are more likely
to reside in higher altitudes than those with single tumors
or without PCC.

2. The higher rate of germline mutation carriers among
sporadic PGL cases in The Netherlands than in the United
States seem to be due to reduced gene penetrance in The
Netherlands possibly related to the unusually low altitude
(see below).

3. Clustering of three of four SDHD founder mutations in The
Netherlands (13,43) may be partially explained by reduced
penetrance of the SDHD mutation leading to relaxation of
natural selection.

4. Genomic imprinting and environment may act jointly to
reduce overall penetrance of SDHD mutations and allow
the founder mutations to increase in frequency over gener-
ations through genetic drift (170).

The role of the HIFs in the sensing of oxygen levels and
the control effected by prolyl and asparaginyl hydroxyla-
tions have been reviewed previously (170A). An explanation
for the possible causes underlying the aforemtnioned obser-
vations has been advanced (167, 170), in which the differ-
ence of approximately 3% in atmospheric pressure between
The Netherlands and the United States, although seemingly
minor, suggests that the SDHD gene product may interact
with molecular oxygen and that defective oxygen sensing may

be the ultimate cause of PGL. However, the exact molecular
mechanisms remain unknown (170).

The reports dealing with PGL and high altitudes have
generally ignored the high hemoglobin levels of residents
living at such altitudes. Although it is true that the partial
oxygen pressure decreases with increased geographic eleva-
tion, the amount of oxygen delivered to tissues by the elevated
hemoglobin levels at high altitudes compensates for the
decreased partial pressure of oxygen. This also would apply
to paraganglional tissues. Thus, rather than implicate hypoxia,
which residents at high altitude do not suffer from, in PGL
development, it may be more accurate to state that organs such
as the carotid body are sensitive to the changes in partial pres-
sure of oxygen as reflected in the reduced hemoglobin satura-
tion with oxygen.

Increased erythropoietin production in chronic mountain
sickness of Andean natives is associated with polycythemia
and is related to ventilating inefficiency, rather than to altered
sensitivity to hypoxia, cobalt levels, or sleep abnormali-
ties (170B).

Inheritance of PGL

Haplotype analysis suggested that most Dutch families with
PGL type 1 descended from a single individual who was
presumably the first ancestral carrier of the gene mutation
(i.e., founder effect) (39). Although PGL of the head and neck
were prominent in the Dutch patients, an increased frequency
of PCC also was noted (40).

Early studies based on linkage mapping of the PGL1
locus indicated that the prevalence of PGL was very high
in the Netherlands. Subsequently, after the establishment of
the association of the SDHD gene with PGL1, three Dutch
founder mutations of this gene were established (13,43) in 82
unrelated subjects and families. A founder SDHD mutation
was detected in several U.S. families (150, 167, 170).

In The Netherlands, 33 of 93 sporadic PGL cases carried
SDHD germline mutations; only two of 37 in the United
States. Genomic imprinting alone is unlikely to explain this
difference, because genomic imprinting operates in all SDHD-
linked pedigrees thus far reported (167, 170).

Some subjects develop PGL tumors as early as age eight,
whereas others develop them at very advanced ages (145,
146). Some cases present with multiple tumors at early ages,
whereas others develop only a single tumor in their life-
time. Some subjects develop head and neck PGL (167), others
develop PCC (12), and others develop both types of tumors
during their lifetime (192, 193). Because SDHD mutations
were first detected in families with head and neck PGL
(41,42), and SDHB mutations in families with PCC (192,193),
there are probably anatomical preferences of distinct subunits.
In fact, mutation screening of unselected patients suggests that
SDHD mutations are more likely to be found in subjects with
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head and neck PGL (167), whereas SDHB mutations are more
likely to be found in those with PCC (158).

Mitochondria and PGL

Mitochondria play a primary causal role in the development of
certain tumors (148, 194), but in none as clearly as in heredi-
tary PGL and less commonly in PCC. Mitochondrial complex
II (succinate dehydrogenase; succinate:ubiquinone oxydore-
ductase), composed of SDHD, SDHA, SDHB, and SDHC, all
participate in aerobic electron transport and the Krebs tricar-
boxylic acid cycle. Dysregulation of the hypoxia-responsive
genes (SDH group) leads to impairment of some mitochon-
drial functions. Because the carotid body is the most common
site of head and neck PGL and it is linked to oxygen sensing,
the genetic changes affecting complex II (normally involved
in hypoxia and oxidation-reduction) may play a role in the
predisposition to these tumors (45). These considerations may
account for the frequency of these tumors in residents at high
altitudes (167).

Apoptosis in PGL

Evasion of apoptosis is one of the acquired hallmarks of most
cancers (195–198). Because mitochondria play an essential
role in the apoptotic process (199, 200), the effects of the
various gene mutations on the SDH system in mitochondria
remain uncertain (201), as does the contribution of apoptosis
to the generation of PGL and PCC (202).

Carotid Body and PGL

The carotid body is the most common site for PGL, followed
by the jugular bulb, ganglia in the neck, middle ear, vagal
system, tympanic tissues, and aortic arch. At least 20 distinct
sites contain paraganglia.

The carotid body is a small organ (<15 mg) (27) located at
the medial aspect of the bifurcation of the carotid artery within
its adventitia. It plays a major role in the acute adaptation
to hypoxia (203) by stimulating the cardiopulmonary system,
resulting in increased (ventilation) respiratory and heart rates
by stimulating the central respiratory centers via efferent glos-
sopharyngeal nerves (204, 205).

It has been proposed that the ultimate cause of PGL is a
defect in sensing environmental oxygen levels (42, 153) by
the carotid body caused by SDHD and SDHB subunit muta-
tions (159, 202). SDH seems to be crucial for the regulation
of cellular reactive oxygen species (206). The complete loss
of SDHB, SDHC, or SDHD would lead to a constitutive acti-
vation of the hypoxic stimulation pathways and PGL develop-
ment, mimicking the high frequency of sporadic occurrence

of PGL in individuals who live at high altitude (33, 42, 167,
191, 207). However, how defective mitochondrial complex II
translates into a mitogenic signal remains unknown (8). A
possible role of reactive oxygen species levels or the cyto-
plasmic redox ratio (208) associated with a cascade of cellular
events triggered by these changes has been mentioned (8). It
is possible that the mutations of the SDH genes resulting in
defective mitochondrial complex II functions may be respon-
sible for the hypertrophy, then hyperplasia, and ultimately the
development of PGL (8). The role of HIF-1 (209), important
in chronic hypoxia as a factor involved in the carotid body
response to acute hypoxia, remains unknown (8, 209).

The cellular response to hypoxia involves the inhibition of
HIF-1� hydroxylases activity, which then present the VHL-
depending targeting the HIF-1� to the ubiquitin-proteasome
pathway (153, 210).

Molecular Genetics of PCC

PCC in VHL, MEN-2, and NF1

Many of the genes overexpressed in VHL-associated PCC
were linked to hypoxia-driven angiogenic pathways acti-
vated in VHL tumorigenesis and included besides VEGF,
VEGFR, and a large number of other genes. Overexpres-
sion of the hypoxia-inducible transcription factor HIF-2�, in
norepinephrine-predominant VHL tumors, indicates that the
overexpression of this gene depends on the noradrenergic
biochemical phenotype (211, 211A).

Pheochromocytomas are highly vascular tumors that arise
from mutations in a diverse and apparently unrelated group
of TSG and oncogenes. The authors (212) show that three of
the genes that cause hereditary PCC have a common function.
Specifically, these genes, VHL, SDHB, and SDHD, encode
proteins that regulate a transcription factor known as HIF�,
which helps cells adapt to hypoxia (low oxygen levels) (213).
VHL is named after its role in VHL disease, an inherited
disorder that predisposes individuals to PCC and other tumors.
Previous studies showed that when cells lack VHL, HIF� is
not degraded, resulting in a signal that resembles hypoxia.
The authors (212) found that loss of two genes that cause
two distinct PCC syndromes (the genes SDHB and SDHD,
which encode the subunits B and D of the succinate dehy-
drogenase, a component enzyme of the energy and respira-
tory system in mitochondria) also triggers a HIF� response.
The researchers further discovered that high HIF� levels
can suppress SDHB. This suggests a regulatory loop that
further enhances the “hypoxia” profile of tumors. This finding
provides a rational explanation for the shared features of these
distinct syndromes and may be relevant for other cancers
with a prominent hypoxic pattern. The link between hypoxia
signals (via VHL) and mitochondrial signals (via SDH) in PCC
is mediated by HIF. These features explain the shared muta-
tions and suggest an additional mechanism for increased HIF�
activity in PCC (212).
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The interrelationships between the HIF� regulatory loop
linking with hypoxia and mitochondrial signals and the
changes in the SDH and other genes in PCC and PGL have
been presented and reviewed previously (212–218).

Although the preponderant number (90%) of PCC (15, 17,
219) are sporadic in nature, the familial form of PCC and
those associated with specific syndromes (e.g., VHL, NF1,
and MEN-2) have generated a more substantial literature than
the sporadic cases of PCC (Table 5.11). Based on the genetic
basis of PCC, the choice and method of screening patients
with these tumors have been discussed previoulsy (220).

Of 271 unrelated and nonsyndromic PCC without a family
history, 66 (24%) were found (12) to have germline mutations
in the VHL (207), RET (221), SDHB (222), or SDHD (163)
genes. Although young age of onset was associated with a
germline mutation, 35% of those found to have germline
mutations presented after the age of 30 years and 8% after
the age of 40 years. Extra-adrenal tumors were found to be
associated with heredity, and, in particular, with germline
mutations in the SDHD gene. The relatively high frequency
of apparently sporadic disease in SDHD mutation carriers
might be attributed to maternal imprinting. No evidence of
genomic imprinting was obtained for the SDHB gene (12,
167, 192, 193). These data suggest that all presentations of
PCC and PGL, irrespective of family history, syndromic mani-
festations, or age at diagnosis, should be subjected to clin-
ical genetic testing for some of these four genes (RET, VHL,
SDHB, and SDHD).

Atlhough only a small subset of sporadic PCC has muta-
tions of RET or VHL (130, 223–225), dominantly acting acti-
vating mutations in the RET oncogene and inactivating muta-
tions of VHL, NF1, and other genes, along with concomitant
LOH of the second allele and other chromosomal abnormali-
ties might play an important role in PCC tumorigenesis (89).
However, most sporadic PCC are probably initiated by other
mechanisms, i.e., cumulative and possibly hierarchical genetic
changes (89). In previous studies (226) RET was expressed in
PCC.

Table 5.11. Germline mutations in PCC.

All patients
(n = 314)

FS patients
(n = 56)

SP patients
(n =258)

Gene No. % No. % No. %

VHL 25 8.0 16 28.6 9 3.5
SDHB 21 6.7 3 5.4 18 7
RET 16 5.1 15 26.8 1 0.4
SDHD 11 3.5 9 16.1 2 0.8
SDHC 0 0 0 0 0 0
NF1 13 4.1 13 23.2 0 0
Total 86 27.4 56 100 30 11.6

FS, patients with a family history and/or a syndromic presentation; SP,
patients with an apparently sporadic presentation.
Based on Amar et al. 2005 (137).

The incidence of PCC is sufficiently high in VHL disease
and MEN-2 to warrant screening of patients with these
syndromes for PCC, even if they are asymptomatic (227).

Patients with PCC associated with MEN-2 were more
symptomatic and had a higher incidence of hypertension
and higher concentrations of metanephrines (epinephrine
metabolite) but lower total plasma concentrations of cate-
cholamines than patients with PCC associated with VHL
disease (228). The latter patients had elevated plasma levels
of norepinephrine metabolite, normethanephrine.

PCC, VHL Disease, and VHL Gene

Some features of VHL-associated PCC and PGL are shown in
Tables 5.12 and 5.13. PCC and hemangioblastoma constitute
an integral part of VHL disease (229) and for further informa-
tion, including molecular genetic mechanisms related to the
VHL gene and its protein, see Chapter 4 on hemangioblas-
toma.

That PCC constitutes an integral part of VHL disease
has been well established (11, 160, 230–236). PCC may
be the original and sole manifestation of VHL disease
(237, 238); hence, mutational analysis of the VHL gene, a
tumor suppressor gene located at 3p25, in these patients
may lead to the establishment of the diagnosis of VHL
disease and identification of asymptomatic individuals in the
family at-risk for the disease (239). VHL disease, an auto-
somal dominant syndrome, has many manifestations in which

Table 5.12. VHL Disease, VHL Gene, PCC and PGL.

References

VHL gene mutation (germline) Abbott et al 2006 (335)
V84L manifests as bilateral
PCC Population studies

Brauch et al 1995 (322)

VHL gene as a tumor suppressor
gene

Chen et al 1995 (323)

Kaelin and Maher 1998 (222)
Latif et al 1993 (325)
Walther et al 1999 (233, 276)

VHL gene mutations Crossey et al 1994 (327)
VHL gene and its protein Friedrich 1999 (328)
VHL gene located at 3p25 Hosoe et al 1990 (329)
10–15% of VHL patients develop

PCC
Manger and Gifford 1996 (160)

Mantero et al 2000 (330)
VHL gene and hypoxia Maxwell et al 1999 (211A)
Errors in mitosis may predispose Neumann et al 1988 (332)

to tumor formation
VHL gene, HIF-1 and cancer Pugh and Ratcliff 2003 (210)
PCC may be the first manifestation

of VHL
Richard et al 1994 (237)

VHL and PGL Schimke et al 1998 (333)
Zanelli and van der Walt 1996 (334)

VHL gene changes in sporadic
PCC

Walther et al 1999 (233)

For more information on the VHL gene and its protein product pVHL, see
Chapter 4 on hemangioblastoma.
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Table 5.13. Comparison of Sporadic Pheochromocytoma and Pheochromocytoma Associated with von
Hippel-Lindau disease.

Patient characteristic von Hippel-Lindau
pheochromocytoma

Sporadic
pheochromocytoma

P value

Age (years) 29.9 39.7 0.0034
Symptoms 6/37 23/26 <0.001
Hypertension 3/37 24/26 <0.001
Diagnostic studies 23/37 26/26 <0.001
Volume (cm3) 4.2 35.4 <0.001
Urine epinephrine level, g/24 h 6.5 14.1 <0.001
Urine metanephrine level, µmol/day 6.59 26.36 <0.001
Vanillylmandelic acid level, µmol/day 38 97 <0.001

Based partially on material in (233).

hemangioblastoma (see Chapter 4), renal cell carcinoma of
the kidney and PCC are the most frequent tumors (234, 240).
VHL consists of several clinical types that vary in their pheno-
typic manifestations of the VHL gene, i.e., type 1 is not associ-
ated with PCC, and type 2A is associated with PCC and RCC
and type 2B is associated with PCC but not with RCC. The
known association of PCC development with two hereditary
syndromes, i.e., VHL and MEN-2 (whose responsible proto-
oncogene RET is located at 10q11.2), has led to an examina-
tion of changes of these genes in sporadic PCC. Not surpris-
ingly, the results have not been consistent, in part due to failure
to rule out or establish possible germline mutations in the
affected individuals to be certain of the sporadic nature of the
PCC. The germline mutations in VHL that predispose fami-
lies to PCC in particular, do not impair HIF-1� ubiquitylation
(140, 221).

Alterations of the VHL gene is sporadic PCC (48 benign, 24
malignant) were investigated with several techniques (221A).
The germline mutations of VHL were identified in one patient
with a benign tumor and in one with a malignant tumor.
Tumor-specific VHL mutations and accompanying LOH were
found in two of 47 benign and in four of 23 malignant PCC.
Expression of the VHL protein was present in all tumors.

The frequent and significant association of PCC with VHL
disease (10–15% of patients) and commonly in MEN-2 (50–
70% of cases) and much more rarely in NF1 (approx 3%
of cases), Sturge–Weber syndrome, and tuberous sclerosis,
has generated investigations addressing a number of genetic
parameters.

The functions and their mechanisms, changes, and effects
of the VHL tumor suppressor gene and its protein product in
familial and nonfamilial settings have received much attention
and have been reviewed previously (11). The variability of the
phenotypes of tumors associated with VHL may be related
to the contrasting effects on HIF-1� regulation by different
mutations affecting pVHL (221). Reviews on various aspects
of MEN-2 and the RET oncogene have been published previ-
ously (9, 241–245).

PCC and MEN-2 Syndromes

Some differences in MEN-2–associated PCC versus sporadic
PCC are shown in Table 5.2, along with features of MEN-2
PCC (Table 5.14). PCC develop in 50% of patients with
MEN-2 (9); hence, some discussion of the RET proto-
oncogene (whose mutations are the cause of MEN-2) and its
effects is presented here.

Activating germline mutations of the RET proto-oncogene
cause multiple endocrine neoplasia type 2 (MEN-2)
(246–249) (Figure 5.11). Specific mutations of the RET gene
are related to the disease phenotype in MEN-2 (250). MEN-
2A is characterized by medullary thyroid carcinoma (MTC),
which generally appears first (251), followed by PCC in 50%
of cases, in addition to parathyroid hyperplasia or adenoma
in 15–30% of cases. In families with MEN-2A and FMTC,
96% have a RET mutation in any one of five cysteine residues
(243, 247, 252–254), and a strong association of a codon 634
mutations with the presence of PCC. Similarly, MTC and
frequently bilateral PCC are features of MEN-2B, but hyper-
parathyroidism is rare. Other features of MEN-2B include
mucosal neuromas and a Marfanoid habitus. In MEN-2B
families, the disease-causing factor is a single germline RET
mutation in 95% of cases (243, 249, 252–254, 254A).

RET encodes for a receptor tyrosine kinase (expressed
in tissues and tumor derived form the neural crest) with
four identified ligands: glial cell-line-derived neurotrophic
factor (GDNF) (243A), persephin, neurturin, and artemin;
and four associated coreceptors: GDNF receptor �-1-4
(GFR�-1-4) (243, 255). Each GDNF family member has a
high affinity for and interacts with a specific member of the
GFR� family (243A, 256, 256A). Activation of RET takes
place either through normal ligand coreceptor binding or
by MEN-2–related mutations leading to ligand-independent
dimerization (257) or altered substrate specificity (258). The
observation is that in MEN-2A PCC, either the mutant RET
allele is duplicated or the wild-type allele is lost (259).
However, imbalances of chromosome 10 (where RET is
located) at 10q11.2 copy number imbalances as determined
by CGH are rare events in PCC (91).
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Table 5.14. MEN-2,MEN-2 gene, and PCC.

References

Allelic loss of 1p (1p34-p36) in 29-45% of sporadic and in 100% of PCC in MEN-2 Baysal 2002 (45)
Gonosomal aneuploidy in lymphocytes of MEN-2 patients Behmel et al 1997 (336)
RET gene and its mutations in MEN-2A Eng et al 1994, 1996 (251, 252)

Qiao et al 2001 (337)
Williamson et al 1997 (109)
Zedenius et al 1994 (270)

A case of MEN-2A with a malignant PCC and ganglioneuroma. Gullu et al 2005 (344)
MEN-2, PCC and hyperparathyroidism Howe et al 1993 (338)
Cases of medullary thyroid carcinoma with germline mutation of codon 892 of the RET gene

and MEN-2 should be screened for PCC
Jimenez et al 2004 (343)

Deletions of chromosome 1 in MEN-2 Mathew et al 1987 (116)
Incidence of PCC in MEN-2 in Europe Modigliani et al 1995 (339)
PCC seen in both MEN-2A and MEN-2B Nguyen et al 2001 (340)

Ponder 2001 (242)
Solcia et al 2000 (44)

Variability of phenotypes with RET mutations in MEN-2 Ponder 1999 (241)
MEN-2 gene located at 10q11 Ponder 2001 (242)
RET codon 634 mutations in MEN-2 may have a direct impact on tumor aggressiveness. Puñales et al 2003 (341)

Unique RET mutation (C609S) in MEN-2 associated with PCC and MTC. Kinlaw et al 2005 (342)
Loss of mutation of a gene on chromosome 22 in 2/8 PCC in MEN-2A Takai et al 1987 (117)

Figure 5.11. Schematic illustration of the intracellular pathway
through activated RET as seen in MEN-2. For factors related to PCC
pathogenesis in MEN-2, see text (from ref. 264, with permission).

The function of RET is mediated by multiple interactions in
downstream signaling pathways (260). The mitogen-activated
protein kinase (MAPK) pathway is stimulated in a RAS-
mediated activation by RET in PCC cells (261). Prolifera-
tion induced by MEN-2A–mutated RET in vitro is enhanced
by signal transducer and activator of transcription 3, a down-
stream target and transcription factor involved in G1 to S
phase cell cycle transition (262). Also, the involvement of
phosphatidylinositol 3-kinase (PI3K) downstream effectors
in MEN-2A (263) and MEN-2B (264) further elucidates
the mechanisms by which the mutant RET exerts its onco-
genic ability. More specifically, a novel mechanism for cyclin
adenosine monophosphate activation of PI3K in chromaffin
cells has been proposed as playing a role in the development
and progression of PCC (265).

An example is a study in which mutations of both the MEN-
2A and -2B types were reported in occasional and suppos-
edly sporadic PCC, although germline mutations were not
excluded in the cases, except in one case where a new MEN-
2B–like mutation was established (251).

In a study of three families with PCC without additional
features (or history) (3), no RET mutations were encountered,
but in two families missense VHL mutations were identified.
The authors recommended, as others have (227,238,266), that
patients with familial, multiple or early onset PCC be investi-
gated for germline VHL, MEN-2, and RET mutations.

Six PCC from MEN-2A patients all contained mutations
within exons 10 and 11 of RET, whereas none of seven
sporadic PCC showed that change (128). The homodimers of
the RET protein were detected in PCC from MEN-2A patients
but not in a sporadic PCC (267).

Studies on RET changes in sporadic PCC have shown
considerable variability, i.e., no changes in some studies (see
above), an occasional case in others (226, 268, 416A), and as
high as 10–15% of sporadic PCC (253).

In a study (269) of sporadic PCC, RET mutations were
seen in six of 28 tumors (three each from MEN-2A and -
2B). Five of the six PCC had missense mutations. None of
the patients were shown to have germline (i.e., constitutional)
RET mutations. In two separate studies (270, 271) on a total
of 39 patients with sporadic PCC (three with RET muta-
tions), none was found to have an unsuspected germline RET
mutation. The recommendation (269) that all patients with
PCC be tested for germline RET mutations has been criti-
cized (272) in view that zero of 67 cases cited above showed
positive results. This was supported by results of subsequent
studies on the RET and VHL genes in patients with sporadic
PCC (130, 223). In sporadic PCC, none showed mutations
for MEN-2 or RET and only one had a VHL mutation (not
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present in constitutional DNA) (134). The authors suggested
that other genes must be responsible for the development of
sporadic PCC. Mutations of the VHL gene were found in two
of 17 sporadic PCC (273). These two mutations were of the
same nature and occurred in a CpG island, which is a muta-
tional hotspot in type 2A VHL families (273). No mention
was made by the authors whether the two cases were tested
for germline status.

In summary, sporadic PCC may be associated with
germline mutations in the VHL (8.5% of cases) or RET (3.6%
of cases) genes without a family history of VHL, MEN-2,
or NF1 and approximately 3.5% of nonfamilial PCC have
SDHD mutations. Mutations of SDHB in 4.5–8% of nonfa-
milial PCC may harbor occult germline mutations. The occur-
rence of head and neck PGL in these cases or family members
indicates mutation in the mitochondrial complex II.

PCC and Mitochondrial Complex II Genes

A study of 20 PCC (19 sporadic with four malignant, one
familial) and of 10 familial PCC failed to reveal any mutations
in the SDHD gene (176, 274), although 15% of the samples
had an intronic single nucleotide polymorphism, the signifi-
cance of which is uncertain.

Four kindreds with familial PCC were investigated for
germline SDHD mutations and one found in a two-generation
family consisting of four children with PCC (192). None of
the members of these kindreds had germline mutations of VHL
or RET. No such mutations were seen in 24 sporadic PCC.

Mutations of the SDHB gene were investigated in families
with PCC (some with PGL) (157). Four germline mutations
in eight families were found, i.e., in two of five kindreds with
familial PCC, in two of three kindreds with PCC and PGL,
and one of 24 cases with sporadic PCC. No SDHC mutations
were seen.

In another evaluation of the role of the SDHB gene in
familial PCC (158), six of seven probands (four with PCC and
PGL, one with PCC only, two with extra-adrenal PCC) with
a family history of PCC were found to have germline muta-
tions of SDHB. Such mutations have been reported to occur
in sporadic PCC that were extra-adrenal in their location or
malignant in character (159).

It has been suggested that germline mutations of SDHB
occur more frequently in familial PCC than do those of SDHD
(158), with or without associated PGL. This study had a
number of interesting aspects. Three probands with SDHB
mutations had parents (one mother and two fathers) with such
mutations but without any disease. In one case, the proband’s
father had two siblings with PCC. Paternal inheritance of the
SDHB mutation was found in three families and maternal in
one (158). In none of 14 sporadic PCC were SDHB mutations
found in the retained allele (158). The authors suggested that
the SDHB gene may be variably penetrant with its expression,
possibly being modified by other genetic or epigenetic factors.

A sporadic malignant PCC in a 55-year-old female without
a family history was shown to be induced by a germline muta-
tion of the SDHB gene (275). Within the tumor, LOH at 1p
led to a null SDHB allele and complete loss of complex II
activity. High expression of hypoxic-angiogenic responsive
genes, i.e., EPAS1 (endothelial PAS domain protein 1) and
VEGF in the tumor cells and of VEGF receptors and EPAS1 in
the endothelial cells were present. The authors (275) attributed
the “spectacular tumor vascularization and tumor growth” to
the genetic changes.

The aforementioned studies and others indicate that familial
PCC may be caused by mutations of the SDHD and SDHB
genes or of the VHL gene (12, 167). These changes occur in
8% of sporadic PCC without a family history or syndromic
manifestations.

In some of the SDHD and SDHB families with PCC, head
and neck PGL were present, with identical mutations inducing
both tumor types. Only three PCC were seen in 63 Dutch
familial head and neck PGL cases, suggesting that SDHD
mutations (founder, Dutch) are infrequently associated with
abdominal paraganglial involvement.

The broad genetic heterogeneity of PCC is underscored
by the demonstration of two susceptibility loci on 2q and
16p, consistent with a recessive form of this tumor (142).
This digenic trait was found in a large kindred of Brazilian-
Portuguese origin. PCC (including two bilateral tumors) were
detected in six siblings.

Levels of HIF-1�, HIF-2�/EPAS1, VEGF, and its receptor
VEGF-R1 were shown to be increased in the SDHD-related
PCC.

PCC and NF1

Neurofibromatosis type 1 is an autosomal dominant disorder
caused by acquired mutations in the NF1 gene (located at
17q11.2) (see Chapter 1). PCC occur in approximately 5% of
patients with NF1 with mean patient age of 42 years at presen-
tation with PCC (276).

In a study of 33 PCC (five from NF1 cases, three familial,
and one with MEN-2B), 10 thought to be malignant, the MIB-
labeling index was higher in the malignant tumors, and these
patients tended to be young males (277). None of the malig-
nant PCC were from NF1 patients. LOH of NF1 was found
in all seven PCC from patients with NF1, as well as, loss
of neurofibromin (121). In seven of 20 PCC from non-NF1
patients reduced or absent NF1 expression was found (278).

A 20-year-old woman with NF1 who developed a PCC,
pulmonary PGL and a jugular glomus tumor may be indicative
of a possible link between NF1 and neural crest tumors (279).
A number of aspects of NF1 and PCC, including molecular
and clinical descriptions, have been reported (280–287).
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Carney Triad

Carney triad is defined by pulmonary chondromas, GIST, and
extra-adrenal PGL (10,288). Less than 25% of patients exhibit
all three tumors, and additional components have been recog-
nized including adrenal cortical adenomas, duodenal stromal
tumors, and possibly esophageal leiomyomas (288, 289). The
possibility that the triad might be familial has been raised,
because there are now three reports of Carney triad patients
with siblings having bilateral PGL (288, 290). Some PGL-
GIST diads may be familial and inherited in an apparent auto-
somal dominant manner, but differ from the Carney triad by
the absence of female predilection and predominance of PGL.
A report described PGL in one member of monozygotic twins
and the other with gastric GIST (290A).

Tables 5.15–5.19 list factors and areas related to PGL and
PCC either not covered in the text or for easy search and
identification by the reader. Descriptions of the pathology and

clinical aspects of PGL and PCC can be found in a number of
sources (25, 46, 60, 62, 125, 291–295).

For concise yet informative descriptions of the pathologic,
clinical, and genetic aspects of benign and malignant PCC,
composite PCC and PGL, and parasympathetic and sympa-
thetic PGL, and information on the inherited disorders associ-
ated with these tumors (MEN-2, VHL disease, familial PGL
and RCC, and MF1), chapters in the WHO Classification of
Tumours of Endocrine Organs may be consulted (296–306).

The Proceedings of the First International Symposium on
Pheochromocytoma, which was held in October 2005, was
published in book form in 2006 (306A) and contains a wide
range of information dealing with almost every facet of
pheochromocytoma and some of PGL. A second symposium
is scheduled for 2008.

Table 5.15. Some features of PGL.

References

Clinical aspects of PGL Amar et al 2005 (73)
SDHD mutations impair oxygen-sensing; high altitude associated with phenotypic “severity” in PGL1 Aström et al 2003 (156)
SDHD (located at 11q23) mutations in familial (hereditary) PGL (mitochondrial complex II gene) Badenhop et al 2001 (191)
Multicentric PGL may occur in approx 10% of cases of PGL Balatsouras et al 1992 (18)
The germline mutation rate in patients with PGL is at least 20% in Western Europe and, hence, systematic

testing for germline mutations of the complex II genes (SHDH, SDHB, and SDHC) has been
recommended

Bauters et al 2003 (169)

Maternal imprinting is present in SDHD mutation-positive familial head and neck PGL Baysal et al 2000 (41, 42)
Bilateral head and neck PGL may occur in 10% of cases without a family history Baysal et al 2002 (167)
Epidemiology, incidence, and clinical facets of PGL Baysal et al 2002 (167)
Familial PGL show mutations of SDHD and SDHB in 70% of cases; such mutations were seen in only 8% of

sporadic cases
Baysal et al 2002 (167)

Positive family history in 10-50% of head and neck PGL Baysal et al 2002 (167)
PGL of head and neck usually do not secrete catecholamines (are nonsyndromic) and clinically recognized

by regional pressure and/or embolic effects
Baysal 2003 (153)

Variation exists in the prevalence, penetrance and expressivity of SDH subunit mutations in PGL Baysal 2003 (153)
SDHB and SDHD mutations are not fully penetrant and thus some at-risk carriers may remain clinically

unaffected
Baysal 2003 (153)

No genomic imprinting at the PGL1 (SDHD) locus; hence, parent-of-origin effects in PGL1 may be caused
by other mechanisms

Baysal 2004 (170)

Possible epigenetic mechanism at 11q23 may be important for the expression of SDHD, perhaps in a
tissue-specific manner

Baysal 2004 (170)

Familial PGL: multiple, bilateral, early age; autosomal dominant with genomic imprinting of the paternal
allele; non-affected members of family should be examined for defect

Bikhazi et al 1999 (125)

Sporadic head and neck PGL: LOH at 11q23 and 11q22-q23 Bikhazi et al 2000 (104)
PGL of the organ of Zuckerkandl and GIST (gastric) in mono-zygotic twins, respectively. Carney syndrome? Boccon-Gibod et al 2004 (290A)
In the Carney triad and familial-related syndrome (PGL and GIST), the PGL are usually multicentric and

involve a range of ganglia, both sympathetic and parasympathetic, including the organ of Zuckerkandl.
PCC may occur in a rare case.

Carney 1999 (288)
Carney and Stratakis 2002 (10)

Familial and bilateral PGL of carotid body. Chase 1933 (364)
Multiple PGL in NF DeAngelis et al 1987 (279)
The RET oncogene is expressed but not mutated in sporadic PGL (52 PGL in 44 patients). de Krijger et al 2000 (131)
Allelic imbalance is confined to 11q in PGL at the site of the PGL loci Devilee et al 1994 (345)

Koreth et al 1999 (346)
Head and neck PGL: 26 tumors from 22 patients (18 with family history), two also had PCC: allelic

imbalance at 11q
Devilee et al 1994 (345)

Of 36 sympathoadrenal PGL, 61% showed nondiploid patterns (including tetraploid and peritetraploid
cases) without necessarily indicating malignancy.

Garcia-Escudero et al 2001 (452)

Prognosis of PGL is not readily reflected in DNA changes, although they correlate with tumor location
which is per se an indicator of prognosis.

Gonzalez-Campora et al 1993 (453)
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Table 5.15. Continued

References

PGL infiltrate and destroy adjacent tissue and may be malignant, most frequently in carotid body PGL Gospeth et al 1998 (347)
Maier et al 1999 (348)

Positive family history in approximately 10% of PGL in the USA vs. 50% in Grufferman et al 1980 (219)
The Netherlands; more recently, a higher incidence (approximately 25%) van der Mey et al 1989 (17)
reported in the United States 2001 Drovdlic et al (49)

90% of PGL are sporadic in nature; Grufferman et al 1980 (219)
<5% of PGL are malignant Baysal et al 2002 (167)
PGL may release catecholamines or other amines Hirano et al 1998 (349)
Characterization of the SDHD gene subunits. Other aspects of the succinate dehydrogenase system have been Hirawake et al 1999 (474)

studied. Leckschat et al 1993 (448)
Metastatic carotid body PGL in a VHL patient Hull et al 1982 (350)
PGL in MEN-2 Kennedy and Nager1986 (16)
Formation of carotid body tumors in patients with mutations (germline) in SDH genes (mitochondrial complex II) Koch et al 2002 (67)
Subsets of PGL are familial and can produce catecholamines in patients with germline mutations in genes

associated with the mitochondrial complex II
Koch et al 2002 (67)

Hereditary deficiencies of clotting factors in patients with carotid body PGL Kroll et al 1964 (351)
80% of PGL arise in the head and neck; Lack 1997 (27)
17% are intraabdominal and originate in the sympathoadrenal neuroendocrine system
IGF-II (insulin growth factor) expressed in 9/9 PGL Li et al 1998 (352)
Insulin-like growth factor (IGF-II) is expressed in cancers of the prostate, breast, bladder, and PGL Li et al 1998 (352)
Management of PGL described; early removal is advocated to prevent metastases and local invasion Patetsios et al 2002 (451)
RET or VHL mutations not associated with sporadic PGL of head and neck, though very rare cases of PGL may be Ponder 2001 (242)

seen in VHL, MEN-2 and NF1. No pure PGL family has been described with a mutation of VHL, RET or NF1 Baysal 2002 (45)
Inherited SDHD mutations may cause rare PGL of spinal cord Masuoka et al 2001 (353)
Counseling based on predictive DNA diagnosis in hereditary PGL Oosterwijk et al 1996 (19)
Incidence of PGL of carotid body is 10-fold in Andean mountain residents than in those at sea level Pacheco-Ojeda et al 1988 (189)
Reactive oxygen species (ROS) is generated by mitochondrial complex II response to hypoxia Paddenberg et al 2003 (354)
Novel SDHD mutation causing skipping of exon 3 in familial PGL Renard et al 2003 (356)
Family with PGL but without RET or VHL changes Sköldberg et al 1998 (357)
DNA flow cytometry: 37% of PGL had abnormalities (familial and sporadic) van der Mey et al 1991 (358)
Symptoms of PGL: bilateral and alveolar hypoventilation Roncoroni et al 1993 (359)
SDH and disease Rustin et al 2002 (360)
Examples of PGL at locations other than head and neck: cauda equina, cerebellopontine angle, pituitary fossa, Salame et al 2001 (29)

sella, and meninges Deb et al 2005 (64)
Mercuri et al 2005 (63)
Yang et al 2005 (28)
Zorlu et al 2005 (361)

Scintigraphy with octreotide, a somatostatin analog with high affinity for type 2 somatostatin receptors, is a
reliable means of detecting PGL

Telischi et al 2000 (362)

BCL2 expression may play a role in carotid body tumorigenesis Wang et al 1997 (363)
Somatostatin receptors in PGL Zak and Lawson 1982 (65)

Reubi et al 1992 (118)
An investigation of patients with Carney syndrome and their tumors, (including PGL) revealed no association Baysal et al 2004 (499)

with SDH- inactivation, including subunit A. Loss of 1p was seen in two of five PGL examined by CGH. Matyakhina et al 2007 (500)

Table 5.16. Some features of PCC.

References

Higher catecholamines in young patients with PCC in a VHL family with a new mutation of VHL gene. Atuk et al 1998 (365)
Although not as frequent as in neuroblastoma, CpG island methylation in the promoter region of the gene

RASSF1A was found in 5/23 sporadic PCC. This also contrasts with allelic loss at 3p in 46% of PCC
(38.5% at 3p21.3).

Astuti et al 2001 (193)

Regardless of tumor weight, PCC with a “malignant histology” are highly prone to metastasize when more
than 5% of the nuclei are MIB-1-positive or CD44 immunostaining is negative or both. PCC with more
than 10 chromosome copy number changes determined by CGH should be considered malignant.

August et al 2004 (491)

Expression of telomeric profile discriminates between benign and malignant PCC. Boltze et al 2003 (366)
The MIB-1 nuclear proliferation index was elevated only in malignant PCC; a diploid DNA pattern did not Brown et al 1999 (460)

necessarily predict benign behavior of PCC. van der Harst 2000 (460A)
Frequent screening of patients with medullary thyroid carcinoma cases associated with MEN-2A for the

possible presence of PCC has been advocated.
Casanova et al 1993 (458)
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Table 5.16. Continued

References

In 15 cases of PCC (only 1 familial and 5 bilateral) three germline mutations were demonstrated (1 bilateral and
2 with unilateral).

Cascón et al 2002 (168)

In a study of 33 PCC (19 men and 14 women; with a mean age of 45), which included 10 malignant tumors,
five with NF1, 3 familial and one with MEN-2, indices of malignancy were addressed. High MIB-1 index,
extra-adrenal location, tumor weight, and young age were indices of malignancy.

Clarke et al 1998 (277)

Hypoxia and increase of transcription and stability of tyrosine hydroxylases mRNA in PCC cells. Czyzyk-Krezeska et al 1994 (367)
TP53, p16 and VHL-associated CUL2 gene do not play a role in Dahia et al 1995 (367A)

pathogenesis of PCC Herfarth et al 1997 (368)
Aguiar et al 1996 (369)
Duerr et al 1999 (370)

Glial cell line-derived neurotrophic factor (GDNF) does not play a role in the genesis of sporadic PCC (18
benign, 4 malignant).

Dahia et al 1997 (371)

In a study of 48 benign and 24 malignant PCC, VHL mutations and LOH were found in two of the benign and
in four of the malignant tumors.

Dannenberg et al 2003 (461)

Malignant PCC showed a higher frequency of p53 and bcl-2 expression as compared to benign tumors.
Overexpression of c-erbB-2 was associated with familial PCC.

de Krijger et al 1999 (462)

Plasma normethanephrine and metanephrine levels are a sensitive way of diagnosing PCC (familial). Eisenhofer et al 1999 (372)
The usefulness of determining the levels of various catecholamine metabolites in the diagnosis and Eisenhofer 2001 (485)

follo;w-up of PCC, and their metabolism by these tumors, can be found in a number of reports and studies. Eisenhofer et al 1998 (486)
Eisenhofer et al 2003 (487)
Isobe et al 2000 (488)
Isobe et al 1998 (489)

AKT activated in PCC (sporadic and MEN 2-related), but not in benign adrenocortical adenomas. Fassnacht et al 2006 (373)
Angiogenesis in PCC. Favier et al 2002 (374)
Family with germline mutation of SDHD showed loss of remaining allele leading to abrogation of

mitochondrial complex II transfer activity in PCC. Sporadic PCC did not show any loss of activity or
mutations of SDHD and SDHB.

Gimenez-Roqueplo et al 2003 (159)

Observations on SDHD and SDHB in sporadic and familial PCC. Gimm et al 2000 (143)
Agiuar et al 2001 (274)
Astuti et al 2001 (192)
Kytolä et al 2002 (176)

Multiple mucosal neuromas, medullary carcinoma of the thyroid and PCC; a syndrome or variation of MEN-2? Gorlin et al 1968 (375)
Familial PCC with novel mutation of VHL Gross et al 1996 (376)
Multiple PGL occur in only 6% of PGL cases. In sporadic PGL, <5% have bilateral tumors in the head Grufferman et al 1980 (219)

and neck, whereas 32% of familial PGL show bilateral tumors.
Management of “incidentaloma” of the adrenal gland. Grumbach et al 2003 (377)
Pituitary adenylate cyclase-activating polypeptide (PACAP) exerts trophic effects on the differentiation,

proliferation and survival of neuronal cells and could serve as a target for therapeutic effects in PCC.
Grumolato et al 2003 (483)

Overexpression of topoisomerase II-� and MIB-1 and loss of RB protein were common in malignant PCC,
whereas p53, E-cadherin and HER-2/neu did not have a diagnostic utility in tumor behavior.

Gupta et al 2000 (463)

Loss of NF1 expression in PCC not in NF1 patients. Gutmann et al 1995 (278)
Neuropeptide Y expression in benign and malignant PCC. Helman et al 1989 (378)
VHL and PCC Hes et al 2003 (236)

Lonser et al 2003 (234)
Gijtenbeek et al 2005 (240)

Algorithms for screening and localization of PCC. Ilias and Pacak 2004 (78)
Sawka et al 2004 (80)

Imaging of benign and malignant PCC. Ilias et al 2003 (75)
Kann et al 2004 (78)

RET germline mutations and genotype/phenotype correlation in PCC and Medullary thyroid carcinoma. Jimenez et al 2004 (343)
RAS and nitric oxide in PCC cells. Jeong et al 2002 (380)
High urinary dopamine levels, extra-adrenal location, high tumor weight, elevated tumor dopamine

concentration, and postoperative hypertension are all indices of malignancy in PCC.
John et al 2000 (464)

Neurofibromin insufficiency may induce schwann cell proliferation in composite PCC. Kimura et al 2002 (465)
Therapy for malignant PCC. Lam et al 2005 (81)
RET is a target for RNA splicing deregulation at its 5’-end in familial and sporadic PCC. Le Hir et al 2002 (450)
Best tests of biochemical diagnosis of PCC. Lenders et al 2002 ( 58A)

Eisenhofer 2003 (381)
Eisenhofer et al 2003 (74)
Sawka et al 2003 (382)

Review of PCC and its various features. Lenders et al 2005 (389)
Mutations of p53 may play a role in the tumorigenesis of benign and functional PCC. Lin et al 1994 (457)
Codon-specific development of PCC in MEN-2. <10% of PCC patients have a positive family history Machens et al 2006 (383)

Maher and Eng 2002 (11)
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Table 5.16. Continued

References

Clinical and diagnostic aspects of PCC. Manger 2003 (76)
Amar et al 2005 (73)

Diagnosis and management of PCC. Manger and Eisenhofer 2004 (479)
Although RET may play a limited role in normal adult tissues, high levels of expression may have an

association with PCC development.
Matias-Guiu et al 1995 (449)

Intronic single nucleotide polymorphisms in RET and sporadic PCC subset. McWhinney et al 2003 (384)
PCC occur in both MEN-2A (associated with RET gene located at 10q11.2 defects in the cysteine-rich Modigliani et al 1995 (339)

domain encoded by exons 10 and 11) and MEN-2B (associated with RET defects in the tyrosine kinase Ponder 1999, 2001 (241, 242)
domain encoded by exon 16), the former associated with medullary thyroid carcinoma and parathyroid
abnormalities and the latter with changes of enteric ganglia. Malignancy seems to develop in these PCC as
they get larger.

Puñales et al 2003 (341)

ACTH synthesis was more likely to occur in familial PCC than in sporadic tumors, whereas the reverse was
true for vasoactive intestinal peptide. The expression of other neuropeptides was less informative, though
ACTH was more likely to be expressed in malignant PCC and neuron-specific enolase in benign forms.

Moreno et al 1999 (459)

Familial PCC and cerebellar hemangioblastoma in a case and review of literature. Mulholland et al 1969 (385)
Incidence of PCC approximately 1 in 300,000 to 1,000,000 90% of PCC are sporadic 10% of PCC are

extra-adrenal
Mundschenk and Lehnert 1998 (70)

<10% of PCC are malignant, though higher rates (13–26%) have been reported. Baysal et al 2002 (45)
Mundschenk and Lehnert 1998 (70)
Baysal et al 2002 (45)

Somatostatin receptor subtypes in PCC and octreotide scintigraphy Mundschenk et al 2003 (77)
Malignancy in PCC is more common in nondiploid cases than in diploid cases. No biochemical marker Nativ et al 1992 (456)

was a reliable index of malignancy. Tormey et al 2000 (455)
Apparently 3–8% of sporadic PCC may be the sole manifestation of hereditary disease and associated with Neumann et al 1993 (227)

germline VHL mutations in patients. Bar et al 1997 (130)
Brauch et al 1997 (223)
van der Harst 1998 (232)

A high MIB-1 (Ki-67) score in PCC suggests a malignant facet. Ohji et al 2001 (276A)
Genetics of PCC in VHL and NF1. Opocher et al 2005 (478)
Biochemical diagnosis, localization and management of PCC: sporadic and MEN-2-related. Pacak et al 2005 (477)
Effects of NGF (nerve growth factor) on catecholamines in 2 PCC cultures. Pfragner et al 1984 (386)
A continuous human cell line from a benign sporadic PCC has been established and characterized. Earlier Pfragner et al 1984 (89)

attempts to cultivate human PCC resulted in cell lines with limited life spans. Pfragner and Walser 1980 (445)
Pfragner et al 1984 (386)
Evers et al 1992 (446)

In 2/17 sporadic PCC the same mutation of the VHL was present Iyengar et al 1995 (273)
Somatostatin receptors in PCC. Reubi et al 1992 (118)

Mundschenk et al 2003 (77)
Stress, release of adrenal catecholamines and the catecholamine-ergic systems Sabban and Kvetnanský et al 2001 (387)
Enhanced expression of tenascin, an extracellular matrix glyco-protein, is present in PCC, especially in

malignant tumors.
Salmenkivi et al 2001 (454)

Loss of inhibin/activin-betaB-subunit expression may be an indicator of malignant potential in PCC. Salmenkivi et al 2001 (454B)
Composite PCC in a patient with NF1. Satake et al 2001 (466)
Neutrophilia in PCC. (Letter and Reply) Sevastos et al 2005 (388)

Sawka et al 2005 (389)
Estimates of literature indicate that ∼8.5% of sporadic PCC have VHL mutations and ∼3.6% Takaya et al 1996 (390)

RET mutations. Baysal 2002 (45)
Clinicopathologic and immunophenotypic review of PCC of the adrenal gland. Thompson 2002 (59)
Erythropoietin and its receptor expressed in VHL-associated PCC; only the receptor was expressed in

MEN-2 PCC.
Vogel et al 2005 (391)

NF1 and PCC. Walther et al 1999 (326)
GDNF is a natural ligand for RET. Woodward et al 1997 (133)
No mutations of GDNF in familial PCC. Seen in one sporadic PCC.
Nerve growth factor (NGF) activities mediated by the TrkA/p75 neurotrophin receptor (NTR) complex

tyrosine kinase receptor. Proapoptotic effects of 75 NTR on PC12 (PCC) cells related to up-regulation of
cholesterol biosynthetic enzymes and consequent cholesterol biosynthesis.

Yan et al 2005 (393)

Peptide EM66 a marker for benign vs. malignant PCC. Yon et al 2003 (392)
A relatively high incidence of p53 gene mutations or intronic sequence alterations in multiple and malignant

PCC was described. Such changes were not seen in benign tumors.
Yoshimoto et al 1998 (467)

Studies showes that NF1-associated PCC patients have germline NF1 mutations that favor the
cysteine-serine rich domain over the RAS GTPase activating protein domain. These genetic data might
help direct functional evaluation of neurofibromin in its role in both heritable and sporadic PCC and PGL
tumors.

Bausch et al 2007 (501)

A plan for preoperative management of PCC patients has been proposed. Pacak 2007 (501 A)



Molecular Genetics of PCC 189

Table 5.17. Genetic Changes in Paraganglioma (PGL).

References

PCC have increased levels of IGF-II which are not reflected in peripheral levels. Receptors for IGF-I and IGF-II
were found in these tumors.

Gelato and Vassalotti 1990 (484)

SDHA is not associated with tumor development. Bourgeron et al 1995 (316)
PGL (carotid body) in VHL: a rare association. Zanelli and van der Walt 1996 (334)
Functioning carotid PGL in VHL disease. Schimke et al 1998 (333)
All four peptides are encoded in the nucleus, then imported into the mitochondria where they are modified,

folded and assembled.
Ackrell 2002 (417)

The occurrence of malignancy in PGL of SDHC mutation carriers has been pointed out. Niemann et al 2003 (166)
Niemann 2006 (166)

The association of PCC with SDHB mutations in childhood may require more detailed investigation. Beck et al 2004 (418)
Study of 7 German cases with carotid body PGL revealed one novel mutation of SDHD, no Dutch founder

mutation and no evidence of G12S polymorphism.
Leube et al 2004 (480)

Screening of SDHB, SDHC and SDHD for mutations was performed in familial and sporadic head and neck PGL.
The 14 sporadic cases showed no changes, in contrast to the familial cases (2/3).

Mhatre et al 2004 (419)

Germline mutations of SDHB in heritable PGL may be associated with early-onset RCC. Vanharanta et al 2004 (141)
Germline missense, nonsense and frameshift mutations across 4 exons of SDHD in PGL has been demonstrated, Bertherat et al 2005 (420)

as well as intronic splice site mutations and 96-kilobase deletion spanning SDHD in a family with head and
neck PGL.

McWhinney et al 2004 (136)

Study of 17 sporadic PGL and the patients revealed only one SDHB and one SDHD mutation, indicating that
inactivation of these genes is not a major factor in sporadic PGL. Active succinate dehydrogenase systems in
most of the tumors is also an indication of the conclusion. LOH and FISH studies showed frequent loss of
regions on chromosome 11.

Braun et al 2005 (421)

Multifocal PGL tumors are common in SDHD-associated disease. Dannenberg et al 2005 (422)
Mutations of SDHD described in a Greek family with carotid body PGL. Liapis et al 2005 (423)
Four kindreds with PGL (familial) of head and neck with SDHD mutations; tumors may be bilateral or multiple. Velasco et al 2005 (174)
A study of 44 consecutive patients with malignant PGL revealed SDHB mutations in 13. Half of the tumors were

extra-adrenal and catecholamine-producing.
Brouwers et al 2006 (424)

Various types of mutations (missense, nonsense, frameshift, splice site) of SDHB are associated with about half
of all malignant PGL.

Brouwers et al 2006 (424)

A novel mutation of SDHB was described in a case of familial PCC associated with PGL of the para-aortic area
and carotid body.

Cascón et al 2006 (416)

Gross SDHB deletions found in 3/24 patients with sporadic PGL who were negative for point mutations. The
authors discuss the fact that this is the first description of gross deletions in patients with sporadic PGL. The
extra-adrenal location of the tumors seems to constitute a determining factor for whether to include these cases
in genetic testing for gross deletions of the SDHB gene.

Cascón et al 2006 (416)

A case of a 16-year-old girl with idiopathic hypotension, polycythemia and multiple PGL of the renal hilum has
been described.

Dionne et al 2006 (425)

Sporadic abdominal PGL in a 68-year-old male with a germline mutation of SDHB. Elston et al 2006 (426)
A case of carotid PGL (bilateral) had increased urinary dopamine excretion. Other catecholamines were excreted

within the normal range. Familial cases were more likely to have bilateral PGL than non-familial cases.
Jeffery et al 2006 (427)

A PGL and a myxopapillary ependymoma in the cauda equina in a 38-year-old woman has been Keith et al 2006 (428)
described. Another such case was also reported. Yang et al 2005 (28)

Resection of a PGL of the organ of Zuckerkandl in a patient with a carotid body PGL has been described. Mithani et al 2006 (429)
A novel alteration in the SDHD gene in a pedigree with familial PGL has been described. Ogawa et al 2006 (430)
Missense dysfunction of SHDH may be important in familial SDHD –associated PGL, as well as expressional

silencing of the wildtype allele.
Ogawa et al 2006 (430)

Functioning PGL and GIST of the jejunum in three women (unrelated). No changes in SDH genes or KIT were
present. Is it a new syndrome?

Perry et al 2006 (431)

Sclerosing PGL in 19 cases described. May be mistaken for an aggressive malignant neoplasm. They were
located in the carotid body, parapharyngeal region and mediastinum.

Plaza et al 2006 (432)

Loss of chromosome 11 regions, including PGL1 and PGL2 loci, may result in a complicated phenotype, e.g.,
multiple tumors; one such patient had 6 primary PGL.

Riemann et al 2004 (314)

No PCC associated with SDHC has been reported, though a PGL (malignant) of the carotid bifuncation Schiavi et al 2005 (433)
producing catecholamines has been reported. Muller et al 2005 (434)

Patients with head and neck PGL may harbor SDHC mutations, in addition to those of SDHB and SDHD. Schiavi et al 2005 (433)
PGL associated with SDHC mutations are benign and seldom multifocal. It was recommended that an analysis of

germline mutations for SDHC be performed in apparently sporadic cases to identify risk of inheritance.
Schiavi et al 2005 (433)

In a study of mutations of SDH genes in 34 patients with PGL, 79% were found to have mutations of SDHD and
the remainder mutations of SDHB. No mutations of SDHC were encountered.

Badenhop et al 2004 (152)

The enhanced expression of FGFR1 and concomitant expression of the ligand hFGF in PGL may result in a
mitogenic signal and possible anti-apoptotic effects that could contribute to the development of these tumors of
high vascularity.

Douwes Dekker et al 2007 (435)
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Table 5.18. Genetic changes in PCC.

References

Basic fibroblast growth factor (bFGF) was shown to be present in PCC and to possibly exert an autocrine and paracrine
function in the growth and neovascularization of PCC.

Statuto et al 1993 (405)

The product of the VHL gene, pVHL, is a component of a ubiquitin ligase, which targets the transcription factor HIF Iliopoulos et al 1996 (406)
subunits HIF-1� and HIF-2� for ubiquitination and proteolytic degradation in the presence of Kamura et al 1999 (408)
oxygen, by forming ubiquitin-ligase complex with elongin B and C, and with Cullin-2 and Rbx1.

An isolated familial PCC as a variant of VHL disease has been described. Ritter et al 1996 (409)
Alterations of the RET oncogene in familial and sporadic PCC. Rodien et al 1997 (416A)
Contrary to medullary thyroid carcinoma, RET mutations are not associated with aggressive behavior of sporadic PCC. van der Harst et al 1998 (475)
Chronic stimulation of the RET signaling pathway may be involved in the pathogenesis of some sporadic PCC. Le Hir et al 2000 (481)
Contrasting effects on HIF1� by mutations of VHL relate to patterns of tumorigenesis in VHL disease, i.e., hemangio-

blastomas and RCC occur in type 1 VHL but PCC do not.
Clifford et al 2001 (139)

PCC in VHL disease and MEN2 display distinct biochemical and clinical phenotypes, e.g., the tendency for PCC in the
former to be associated with norepinephrine secretion vs. epinephrine in the latter.

Eisenhofer et al 2001 (228)

Carriers of VHL germline mutations can present with a form fruste of the VHL disease presenting initially with unilateral
PCC and hence mutation analysis should be performed.

Frenzel et al 2001 (410)

HIF deregulation may play a role in PCC pathogenesis in the Hoffman et al 2001 (140)
setting of VHL disease. Semenza 2002 (140A)

Patients with VHL type 2 (with PCC) harbor missense mutations in contrast to type 1 cases (without PCC) who more
frequently exhibit deletions or premature termination mutations.

Iliopoulos et al 2001 (411)

SDHB gene mutation and its consequences in a sporadic PCC. Gimenez-Roqueplo et al 2002 (275)
Somatic mutations of VHL, RET, SDHB and SDHD are rare in Benn et al 2003 (158)

sporadic PCC. Cascón et al 2004 (412)
The common expression of hTERT and telomerase may identify PCC of more aggressive nature. Boltze et al 2003 (366)
Intronic single nucleotide polymorphisms in the RET gene are associated with a subset of apparently sporadic PCC and may

modulate age of onset.
McWhinney et al 2003 (384)

The higher concentrations of EM66, a novel secretogranin II- derived peptide present in chromaffin cells of the adrenal gland,
in benign PCC vs. low levels in malignant tumors, can be used diagnostically.

Yon et al 2003 (392)

Familial related PCC with a VHL mutation (new). Sanso et al 2004 (476)
A RET mutation with decreased penetrance in the family of a patient with sporadic (?) PCC has been described. Arum et al 2005 (395)
Association of non-functioning PCC, ganglioneuroma, adrenal cortical adenoma and vertebral hemangioma in a case with a

variant of the VHL gene has been described.
Bernini et al 2005 (400)

Catecholamines play a role in internal remodeling of the carotid body. Bernini et al 2006 (400A)
Low molecular weight proteomic results distinguish metastatic from benign PCC. Brouwers et al 2005 (396)
Hypermethylation of CpG island promoters is associated with transcriptional inactivation of TSG in neoplasia, e.g.,

inactivation of p16 and PTEN has been related to the development of PCC. In a study of MEN-2 and sporadic PCC,
hypermethylation was detected in 48% of PCC for RASSF1A, 24% for p16, 36% for MSH2, 16% for CDH1 and 8% for
PTEN. No methylation of VHL, MLH1 or TIMP3 was observed. In the MEN-2-related tumors, p16 inactivation was seen in
42 vs. 8% in sporadic PCC and RASSF1 in 58 vs. 38%, respectively. Combined methylation of p16 and RASSF1 was seen
only in MEN2- associated tumors.

Dammann et al 2005 (490)

The AKT/protein kinase-� pathway is a major one involved in the regulation of apoptosis and cell survival. Increased
activation of AKT in PCC has been described, both sporadic and MEN2 related. This activation is not associated with LOH
of the PTEN gene and, therefore, most likely is caused by signaling dysregulation upstream of PI3K.

Fassnacht et al 2005 (373)

SDHB and SDHD hasve been implicated in the pathogenesis of PCC, as well as the RET and VHL genes. Gimm 2005 (482)
Different expression of catecholamine transporters in VHL-PCC vs. MEN-2-PcC. Huynh et al 2005 (399)
Novel VHL mutations in a Japanese family with PGL and hepatic hemangioma. Takahashi et al 2005 (401A)
Synchronous mediastinal ganglioneuroma and retroperitoneal PCC. Takeda et al 2005 (413)
Catecholamine excess (37.5%) and PCC (20%) in a well-defined Dutch population with SDHD-linked head and neck PGL. Van Houtum et al 2005 (414)
MEN-2-associated PCC may be derived from a different cell than in VHL disease, based on the differential expression of

erythropoietin.
Vogel et al 2005 (391)

Patients with PCC and SDHB mutations have a later age of onset, extra-adrenal (abdominal or thoracic) tumors and a higher
rate of malignancy than those with tumors without this mutation. On the other hand, patients with PCC with SDHD
mutations had a propensity to develop PGL and multiple tumors with infrequent malignant changes and extra-adrenal PCC.

Benn et al 2006 (415)

LOH/single nucleotide polymorphism involved TP53 in 30%, RB1 in 21%, WT1 in 27% and NF1 in 40% of PCC (95
sporadic, 48 MEN-2–associated). Changes in malignant PCC described.

Blanes et al 2006 (394)

Hypermethylation of CpG islands is not part of sporadic PCC and other genes must be involved in the genetics of these
tumors.

Cascón et al 2006 (416)

Insulin-like growth factor receptor is overexpressed in PCC. Fottner et al 2006 (397)
Circulating EM66 is a highly sensitive marker for the diagnosis and follow-up of PCC. Guillemot et al 2006 (399)
Cases of MEN2 should be screened for RET mutations of codons 918, 634, and 630 from age 10 and for the remainder codons

at age 20 for possible PCC risk.
Machens et al 2006 (383)

Composite PCC and adrenal neuroblastoma in an infant. Tatekawa et al 2006 (402)
Occurrence of SDHB gene mutations in PCC, tumors which are often extra-adrenal and malignant. van Nederveen et al 2006 (326)
PTEN mutations or inactivation play a minor role in malignant PCC. van Nederveen et al 2006 (403)
Malignant PCC and Bcl-2 expression. Wakasugi et al 2006 (404)
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Table 5.19. Genetic changes in PGL and PCC.

References

Occasional members of families with PGL may also have PCC Pritchett 1982 (355)
S-100 protein staining in cells morphologically similar to the sustentacular cells of normal paraganglia and

adrenal medulla were found in all PGL and in benign and aggressive PCC.
Schroder and Johannsen 1986 (471)

A 21-year-old male with familial PGL of the carotid body and multiple extra-adrenal PCC. Jensen et al 1991 (379)
Insulin-like growth factor (IGF)-II immunoreactivity was found in normal and neoplastic paraganglionic tissues

(PCC and PGL), although its biological significance has not been determined.
Suzuki et al 1992 (492)

Non-diploid PCC and PGL are more likely to show aggressive behavior than diploid tumors and hence the former
should be carefully monitored.

Pang and Tsao 1993 (468)

DNA levels were measured in PGL and PCC. Of the 56 PGL, 59% were diploid and 41% aneuploid. Of carotid
body PGL 13/14 were diploid. Of PGL in other sites 7/12 were aneuploid. DNA levels can be used as
predictive indices of PGL and PCC behavior.

Held et al 1997 (472)

Overexpression of p53 (thought not frequently) was more common in bilateral PCC and PGL than in single
tumors; loss of Rb expression was often seen in PCC, whereas mdm2 overexpression was common in PGL.

Lam et al 2001 (470)

The differential diagnosis of PCC, PGL and composite tumors is discussed. McNichol 2002 (469)
In seven PGL cases (three with PCC) and two with a family history, novel SDHD mutations were shown in two

cases (one with PCC).
Cascón et al 2002 (180)

A review of some of the conditions and genes associated with PCC (VHL, NF1, MEM2, SDHD , p53, and RET). Koch et al 2002 (494)
Germline mutations of SDHD in familial head and neck PGL involve the 3′ part of the gene (5′ in familial PCC).

Mutations involve exons 2 and 3 and exons 2–7 of SDHB in PGL.
Maher and Eng 2002 (11)

Germline mutations of SDHD in familial PCC involve the 5′ part of the gene (3′ in familial PGL). Mutations of
exons 2–7 of SDHB in PGL.

Maher and Eng 2002 (11)

A 9-year-old boy with several extra-adrenal PCC-secreting catecholamines and -producing symptoms, developed
a PGL 7 months following removal of the PCC. A novel germline mutation of the VHL gene was found in the
boy but not in the mother.

Reichardt et al 2002 (473)

Review of the various HIF factors, especially HIF1 in cancer, and possible relevance to PGL and PCC. Semenza 2002 (140A)
SDHB mutation-positive PCC in PGL families do not display genomic imprinting Benn et al 2003 (158)
The combined use of Ki-67/MIB-1 and hTERT expression, in addition to histopathology, provides a highly

specific means of identifying benign PCC and abdominal PGL that are not at risk of developing recurrent or
metastatic disease.

Edström-Elder et al 2003 (447)

Complex II may be considered as one of the primary factors in the regulation of mitochondrial respiratory
function by responding to the cellular iron level, thereby influencing cellular growth.

Yoon et al 2003 (437)

A study demonstrated the complete loss of the maternal chromosome 11 in SDHD-linked PGL and PCC,
suggesting that the combined loss of the wildtype SDHD allele and maternal 11p region is essential for
tumorigenesis. Thus, the exclusive paternal transmission of the disease can be explained by a somatic genetic
mechanism targeting both the SDHD gene on 11q23 and a paternally imprinted gene at 11p15.5, rather than
imprinting of SDHD.

Hensen et al 2004 (438)

Review of the clinical presentations of sporadic and familial PCC and PGL. Kaltsas et al 2004 (14)
Novel mutation (K40E) of SDHB in an Australian family with with PCC and PGL. McDonnell et al 2004 (439)
SDH mutations database for PGL and PCC. Bayley et al 2005 (436)
Another layer of control between VHL and SDH pathways was suggested by the finding that high HIF� levels

seem to repress SDHB.
Dahia et al 2005 (212)

Update on mitochondrial tumor suppressors (SDHB, SDHD, and fumarate hydratase). Gottlieb and Tomlinson 2005 (440)
Histological grading of PCC and extra-adrenal sympathetic PGL. Kimura et al 2005 ( 15A)
A study has shown that mutations of genes (VHL, RET, NF1, Lee et al 2005 (214)

SDH) giving rise to the development of PCC and PGL may do so by decreasing the activity of
2-oxoglutarate-dependent oxygenase (EgIN3 prolyl hydroxylase) through a number of different mechanisms,
leading to reduced apoptosis of neural crest cells during development.

Maxwell 2005 (331)

Novel germline mutations of SDHB and SDHD in sporadic head and neck PGL (minor role) and familial PGL
and/or PCC (major role) were described

Bayley et al 2006 (441)

GIST in SDHB mutation-associated family with PCC/PGL has been reported. Bolland et al 2006 (442)
Psammomatous melanotic schwannomas are part of the Carney Carrasco et al 2006 (497)

complex and may be its first manifestation. Mosunjac et al 2007 (498)
Review of evolving concepts on PGL and PCC tumorigenesis. Dahia 2006 (218)
Although inactivation of VHL and SDHB and SDHD may disrupt similar HIF-dependent and HIF-independent

signaling pathways, their effects on target gene expression were not identical and may explain the observed
clinical differences in PCC and PGL seen with germline VHL vs. SDHB and SDHD mutations.

Pollard et al 2006 (443)

A single founder SDHD mutation was present in six families in an area of central Italy and was associated with
widely variable interfamilial and intrafamilial expressivity.

Simi et al 2006 (444)

Frequent losses of 1p and 3q occur in benign PCC of Japanese as determined by CGH. Kino et al 2007 (496)
Superiority of fluorodeoxyglucose positron emission tomography to other functional imaging techniques in the

evaluation of meta-static SDHB-associated PCC and PGL had been reported.
Timmers et al 2007 (495)
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López-Barneo, J. (2004) The mitochondrial SDHD gene is
required for early embryogenesis, and its partial deficiency
results in persistent carotid body glomus cell activation with
full responsiveness to hypoxia. Mol. Cell. Biol.24, 10933–
10940.

150. Baysal, B.E. (2001) Genetics of familial paragangliomas.
Past, present, and future. In The Otolaryngologic Clinics of
North America, vol. 34 (Myssiorek, D. Guest ed.), W.B. Saun-
ders Company, Philadelphia, pp. 863–879.

151. Astuti, D., Hart–Holden, N., Latif, F., Lalloo, F., Black,
G.C., Lim, C., Moran, A., Grossman, A.B., Hodgson,
S.V., Freemont, A., Ramsden, R., Eng, C., Evans, D.G.,
and Maher, E.R. (2003) Genetic analysis of mitochon-
drial complex II subunits SDHD, SDHB and SDHC in
paraganglioma and phaeochromocytoma susceptibility. Clin.
Endocrinol.(Oxford) 59, 728–733.

152. Badenhop, R.F., Jansen, J.C., Fagan, P.A., Lord, R.S.A.,
Wang, Z.G., Foster, W.J., and Schofield, P.R. (2004) The
prevalence SDHB, SDHC, and SDHD mutations in patients
with head and neck paraganglioma and association of muta-
tions with clinical features. J. Med. Genet. 41, 99–103.

153. Baysal, B.E. (2003) On the association of succinate dehydro-
genase mutations with hereditary paraganglioma. TRENDS
Endocrin.. Metab. 14, 453–459.{\}

154. Lancaster, C.R. (2002) Succinate: quinine oxidoreductases: an
overview. Biochim. Biophys. Acta 1553, 1–6.

155. Yankovskaya, V., Horsefield, R., Törnroth, S., Luna-Chavez,
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6
Atypical Teratoid/Rhabdoid Tumors of the Central
Nervous System

Summary Chapter 6 deals with atypical teratoid/rhabdoid tumors (AT/RT) of the central nervous system. Almost all of
these tumors have monosomy 22 (-22) or a deletion of this chromosome. The gene hSNF5/INI1 involved in AT/RT maps to
chromosome band 22q11.2, and it is consistently mutated in these tumors. The relationship of the INI1 gene, as a functional
center of the ATP-dependent chromatin-remodeling complex SWI/SNF, to other molecular events probably playing a role
in AT/RT development and biology is presented. These events may include cyclin D1, a factor critical in cell cycle control,
and p16INK4A and retinoblastoma. The nature and genetics of rhabdoid tumors are discussed, including those of composite
tumors. Chapter 6 also covers familial AT/RT, rhabdoid tumor predisposition syndrome, and tumors (other than AT/RT) with
inactivation of the INI1 gene.

Keywords AT/RT · INI1 gene · monosomy 22 (-22) · nature of rhabdoid tumors.

Introduction

Atypical teratoid/rhabdoid tumors (AT/RT) of the central
nervous system (CNS) were described as an entity about two
decades ago (1), and the actual term for and characteristics of
these tumors were subsequently introduced and defined (2–4).
The term AT/RT theoretically unified the concepts of CNS
malignant rhabdoid tumors (MRT) and of atypical teratoid
tumors of infancy. Histologically, AT/RT included a unique
combination of peripheral neuroectodermal tumor (PNET)-
like epithelial and mesenchymal features in addition to rhab-
doid cells. The AT/RT concept quickly gained popularity
and was included in the World Health Organization (WHO)
classification of CNS tumors in 2002 (4A) as a malignant
embryonal CNS tumor of children that was composed of rhab-
doid cells, with or without cells resembling a typical PNET,
primitive neuroepithelial cells, epithelial tissue, and neoplastic
mesenchyme (Figure 6.1) (4A). Reports on the histologic
background, clinical aspects, immunochemistry, and differen-
tial diagnosis of AT/RT have been published previously (2–11,
12, 12A). Further details and information on AT/RT may be
found in Tables 6.1 and 6.2.

AT/RT occur predominantly in infants and children, some
of whom also may have a primary renal MRT (13–15), but
the majority of CNS AT/RT are not associated with a renal
neoplasm. More than 90% of AT/RT occur in children under

5 years of age (3), with the majority manifesting in infants
less than 2 years of age (3). There is a slight male preponder-
ance. About 50% of AT/RT arise in the posterior fossa, with
a predilection for the cerebello-pontine angle. Approximately
one third of AT/RT have cerebrospinal fluid spread at presen-
tation. The prognosis is grim: the majority of the patients die
in the first year after diagnosis, in contrast to children with
medulloblastoma who currently have a 5-year survival rate of
60–80% (Figure 6.2). AT/RT are quite rare in adults, and some
changes in cases published to-date are shown in Table 6.3.

Some AT/RT are composed entirely of rhabdoid cells,
whereas others show a combination of rhabdoid cells and
areas resembling PNET/medulloblastoma (9). Approximately
one third of tumors contain malignant mesenchymal elements,
most often spindle cells, and one quarter exhibit a mature
epithelial population that may be glandular or squamous (4,7).
Any or all cell types or patterns may be seen in a given
tumor in combination with the rhabdoid component. Necrosis
and abundant mitotic activity are common. Immunohisto-
chemical features are complex and vary depending upon the
cellular composition of the tumor. In general, rhabdoid cells
express vimentin and EMA, and less often smooth muscle
actin (SMA). A number show neurofilament, glial fibrillary
acid protein (GFAP), and keratin positivity, but not germ cell
markers or desmin (4, 7, 10). The primitive neuroectodermal
cells may express neurofilament protein, GFAP, or desmin,
but some are immunohistochemically undifferentiated. The

From: A. A. Sandberg and J. F. Stone: The Genetics and Molecular Biology of Neural Tumors
c© 2008 Humana Press, Totowa, NJ

213



214 6. Atypical Teratoid/Rhabdoid Tumors of the CNS

Figure 6.1. Histological view of a typical AT/RT consisting almost
entirely of rhabdoid cells with eccentric nuclei and prominent
nucleoli.

epithelial component expresses keratin but sometimes EMA
and vimentin as well. Mesenchymal cells express vimentin,
sometimes SMA, but rarely desmin. These reactions have
been advocated as a means of differentiating AT/RT from
other confusing tumors (16–19). However, these reactions are
not unique, and they are certainly not specific for AT/RT and
other tumors (e.g., choroid plexus tumors) may show reac-
tivity not dissimilar from that of AT/RT for the substances
mentioned (20). AT/RT are rapidly growing tumors that have
MIB-1 labeling indices of 50–80%.

Childhood AT/RT are distributed anatomically as follows:
posterior fossa, 50–60% (cerebellum, cerebello-pontine angle,
and/or brainstem); supratentorial, 30–40% (cerebral or
suprasellar); pineal, 5%; multifocal, 2% and spinal, 2%.
Tumors in adults are all located in the cerebrum. The tendency
to arise in the cerebello-pontine angle with invasion of
surrounding structures is a distinct feature of this tumor (4).

Table 6.1. References to pathology, clinical aspects, and
immunohistochemistry of AT/RT.

References

Clinicopathology Weinblatt and Kochen 1992 (113)
Muller et al 1994 (114)
Wick et al 1995 (115)
Bergmann et al 1997 (116)
Bhattacharjee et al 1997 (18, 19)
Korones et al 1999 (117)
Oka and Scheithauer 1999 (118)
Oulab et al 1999 (119)
Bambakidis et al 2002 (120)

Therapy Cossu et al 1993 (16)
Hilden et al 1998, 2004 (8, 121)
Weiss et al 1998 (122)
Hirth et al 2003 (123)
Howes et al 2005 (124)
Zimmerman et al 2005 (125)

Immunohistochemistry Behring et al 1996 (6)
Judkins et al 2004, 2005 (127, 128)
Bufford et al 2004 (129)

The typical rhabdoid cell is medium-sized, round to oval,
with an eccentric nucleus that commonly has a prominent
nucleolus. Cytoplasm has a fine granular homogeneous char-
acter or may contain a poorly defined denser pink body resem-
bling an inclusion. Cell borders are typically distinct. Mitotic
figures are usually abundant. Small rhabdoid cells may have a
tapering cytoplasmic tail, whereas others may be huge, bizarre
forms with more than one nucleus (4).

Cytogenetic and Fluorescence in Situ
Hybridization (FISH) Changes in AT/RT

A unique genetic alteration has been documented in 90%
of AT/RT. Those arising in the CNS (and in the kidney)
demonstrate monosomy or a deletion of chromosome 22
by cytogenetics, FISH, or loss of heterozygosity (LOH).
The gene involved, hSNF5/INI1, maps to chromosome band
22q11.2, and it is consistently mutated in AT/RT (21–23).
Somatic INI1 mutations have only rarely been reported in
other CNS tumors, making mutation analysis a valuable diag-
nostic adjunct in difficult cases (22) (Figure 6.3).

The karyotypic changes in about 60 AT/RT have been
reported (Table 6.4). Of these, approximately 25% had normal
karyotypes (probably due to overgrowth by normal cells),
and about 50% had anomalies of chromosome 22, i.e., -22,
del(22), or r(22) as the sole change; the remaining cases
had more complicated karyotypes with half of them showing
involvement of chromosome 22 (deletions, translocations).
Altogether, 65% of the karyotypes with abnormalities had
involvement of chromosome 22. No cases with dmin were
observed, in contrast to their presence in medulloblastoma
and PNET. However, in a tumor cell line (24), a hsr was
noted. Translocations or derivative chromosomes were present
in more than one half of the karyotypes published (Table 6.4).
Translocations involving 22q22 with a variety of other chro-
mosomes have been described in CNS, renal, and other AT/RT
tumors, e.g., chromosomes 1, 8, 9, 11, and 18 (25).

Except for one AT/RT with a wide range of chromosome
numbers, i.e., 32–78, and two in the near-triploid range, most
of the AT/RT had near-diploid karyotypes, i.e., 45–47 chro-
mosomes.

Using probes for 22q11.2 for FISH analyses on archival
paraffin-embedded tumor tissues, 22q deletions were identi-
fied in six of eight AT/RT, but in none of 12 medulloblastomas
(26). Of four tumors that were difficult to classify on histo-
logic grounds, three had deletions of 22q and review of their
morphology and immunophenotype resulted in their being
classified as AT/RT. The remaining tumor was negative for
22q deletion and was thought to be a large-cell medulloblas-
toma. This study demonstrates the utility of interphase FISH
in the differential diagnosis of confusing tumors (27).
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Table 6.2. Miscellaneous aspects of AT/RT.

References

AT/RT in a 4-year-old girl with constitutional r(22). Rubio 1997 (130)
Extrarenal rhabdoid tumors tend to carry a poor prognosis. Fanburg-Smith et al 1998 (131)

Schofield 2002 (132)
Familial cases of AT/RT. Biegel et al 1999 (22)

Sévenet et al 1999 (90)
Taylor et al 2000 (107)
Janson et al 2006 (111)

AT/RT in two siblings. Proust et al 1999 (133)
Incidence of AT/RT possibly 2.1% of CNS tumors. Rorke and Biegel 2000 (4)
Lung metastases in AT/RT (6-year-old). Güler et al 2001 (134)
Monozygotic twins (2.5–3.0 months old), one with a posterior fossa tumor (malignant

rhabdoid) and the other with a tumor mimicking a medulloblastoma have been
described. Both tumors were shown to have inactivation of INI1 through deletion of
exon 7 in one allele and a nonsense mutation in the other. Constitutional DNA
showed a nonsense mutation of one allele.

Fernandez et al 2002 (135)

Despite an extensive literature on the characteristics and clinical course of AT/RT, the
exact incidence remains difficult to determine. One report indicated that in children
with malignant brain tumors and less than 5 years of age, 10–15% had AT/RT.

Packer et al 2002 (10)

80% of children with AT/RT die within 1 year. Packer et al 2002 (10)
AT/RT in fourth ventricle with metastases in pineal area, hypothalamic septum and

thalamic area.
Fenton and Foreman 2003 (136)

Gefitinib antitumor activity in MRT demonstrated in vitro and in vivo. Kuwahara et al 2004 (137)
AT/RT must be differentiated from medulloblastoma, PNET, choroid plexus carcinoma

and germline tumors, with which they are often confused.
Biegel et al 1990 (138)
Rorke et al 1996 (3)

Therapy for AT/RT (surgery, radiotherapy and chemotherapy) has serious limitations
because of sequelae and is rarely curative, with <20% of the children surviving
2 years.

Rorke et al 1996 (3)
Burger et al 1998 (7)

AT/RT and rhabdoid tumors in general occur in very young children <2 years old. Burger et al 1998 (7)
Ho et al 2000 (139)

A cell line originating from a 3-year-old girl with AT/RT has been described and
immunophenotype and neoplastic properties delineated. This established cell line
had significant aneuploidy (chromosome number of 65–120) with many structural
anomalies., including hsr on 5p. No -22 was noted.

Yachnis et al 1998 (24)

Rab-family gene (Rab36) located at 22q11.2 and deleted in MRT, but is not a TSG. Mori et al 1999 (140)
In two AT/RT examined by immunohistochemistry, the following gave positive results:

insulin-like growth factor 2 (IGF-2), IGFR-1, cathepsin D, and Ki-67 (1.4 and 10%,
respectively).

Ogino et al 1999 (141)

Inactivating mutations of BRG1 have been identified in human tumors and cell lines
and the heterozygous inactivation of BRG1 is associated with a tumor-prone
phenotype in mice.

Bultman et al 2000 (142)
Wong et al 2000 (143)
Reisman et al 2003 (144)

Haploinsufficiency of SNF5 (integrase interactor 1) predisposes mice to rhabdoid
tumors.

Roberts et al 2000 (38)

High expression of abnormal p16 and pRB Berrak et al 2002 (145)
Low expression of abnormal p53 and PTEN Berrak et al 2002 (145)
One AT/RT studied immunohistochemically showed diffuse cytoplasmic positivity

for IGF-II (insulin-like growth factor II). All medulloblastomas and cerebral
neuroblastomas were negative.

Ogino et al 2001 (146)

Alpha-internexin, an intermediate protein expressed in normal neurons, was found to
be expressed in AT/RT and medulloblastoma, indicating that these primitive tumors
exhibit neuronal differentiation.

Kaya et al 2003 (147)

Osteopontin expression was found to be up-regulated in AT/RT, with levels also
elevated in plasma and CNS. Osteopontin might be a potential marker for recurrence
of AT/RT.

Kao et al 2005 (148, 149)

No amplification of overexpression of EGFR in AT/RT. Jeibmann et al 2006 (150)
Homozygous deletions were most often seen in AT/RT and extrarenal rhabdoid tumors,

whereas truncating mutations were detected in a high percentage of AT/RT and
kidney tumors.

Biegel et al 2002 (32)

An AT/RT in a 5-month-old girl and a PNET in the spinal canal of the father have been
described. Although changes in TP53 were shown to be present in the PNET, neither
tumor showed changes of INI1 or LOH abnormalities.

Izycka-Swierzewska et al 2003 (53)

Overexpression of the osteopontin gene may serve as a diagnostic marker in AT/RT. Kao et al 2005 (150A)
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Figure 6.2. Kaplan–Meir survival curve for patients with AT/RT
and those with PNET/medulloblastoma. The poor survival of the
AT/RT patients is related to the extreme biologic aggressiveness of
these tumors, especially the occurrence of early metastases (from ref.
139, with permission).

The INI1 Gene and SWI/SNF Complex
in AT/RT

The INI1 (SMARCB1, hSNF5) gene contains nine exons, and
it has a coding sequence of approximately 1.2 kb (28). This
gene is ubiquitously expressed. A cryptic splice donor site in
exon 2 results in an alternate transcript expressed in all tissues.

Table 6.3. Adult patients with AT/RT.

Age Gender Alterations of 22q References
(years)

18 Male Not reported Cossu et al 1993 (16)
18 Male Monosomy 22 Wyatt-Ashmead et al

2001 (102)
20 Male Not reported Arrazola et al 2000 (151)
20 Female No abnormalities Erickson et al 2005 (152)

(pregnant) by FISH for INI1
21 Female 22q deletion Bruch et al 2001 (26)

Fuller et al 2001 (45)
21 Male Not reported Horn et al 1993 (153)
27 Male Not reported Sugita et al 1999 (154)

Female Not reported Lutterbach et al 2001 (155)
(pregnant)

31 Female Not reported Pimentel et al 2003 (156)
32 Male Not reported Fisher et al 1996 (157)
34 Female BCR deletion Bruch et al 2001 (26)

Fuller et al 2001 (45)
34 Male Not reported Ashraf et al 1997 (158)
35 Male Not reported Byram et al 1999 (159)

Based on Erickson et al. 2005 (152).

The INI1 protein is a component of the mammalian SW1/SNF
complex, which functions in an ATP-dependent manner to
alter chromatin structure (29).

Somatic mutations or intragenic deletions of INI1 have
been documented in a high proportion of AT/RT, most of
which create a novel stop codon (30). Although mutations
have been observed throughout the coding sequence, there
seem to be two potential hot spots, i.e., deletions/mutations
in exons 5 and 9 (Figure 6.4). Germline INI1 mutations have
been detected in five patients with AT/RT and renal rhabdoid
tumors (Table 6.5) (22). The nature of the changes affecting
INI1 in AT/RT are shown in Table 6.6.

AT/RT demonstrate monosomy 22 (-22) at a higher
frequency than renal or extrarenal rhabdoid tumors, whereas
extrarenal rhabdoid tumors have a very high rate of homozy-
gous deletions of the entire INI1 gene (31, 32). The loss of
one allele, with concomitant mutation in the remaining copy
of INI1, was observed in 55% of AT/RT. Compound heterozy-
gous mutations or apparent splicing mutations were detected
in a few. The majority of AT/RT had single base-pair nonsense
mutations or frameshift mutations that are predicted to result
in the coding of a novel stop codon, and premature truncation
of the protein (31). Approximately 10% of AT/RT cases do not
have coding sequence mutations in any of the nine exons of
INI1, and yet they have decreased expression levels of INI1 by
reverse transcription-polymerase chain reaction (PCR) anal-
ysis or undetectable levels of the protein by Western blot anal-
ysis. Approximately 15% of AT/RT show no alterations of the
INI1 gene at the DNA, RNA, or protein levels. One mecha-
nism proposed for the loss of expression of INI1 in tumors
without coding sequence mutations is hypermethylation of
the INI1 promoter (31). However, bisulfite modification and
sequence analysis of DNA from primary rhabdoid tumor did
not demonstrate hypermethylation of the INI1 without coding
sequence mutations.

Given that mutations cannot be identified in 100% of cases
with AT/RT with typical morphology and immunohistochem-
ical patterns, if the histologic features and immunostaining are
consistent with AT/RT, the absence of an INI1 mutation would
not be sufficient to change the diagnosis (31). Alternatively,
the presence of an INI1 mutation, in a tumor with features
suggestive of medulloblastoma or PNET, should be sufficient
to change the diagnosis to AT/RT and treat the patient accord-
ingly.

Mechanisms of INI1-mediated tumor suppression include
induction of G1 arrest and control of the mitotic spindle
checkpoint (33–37).

It has been shown that INI1 participates in forming the func-
tional center of the ATP-dependent chromatin-remodeling
complex SWI/SNF (Figures 6.5 and 6.6 and Tables 6.7
and 6.8). This complex affects transcription by reorganizing
nucleosomes associated with specific eukaryotic cellular
genes. INI1 is thought to interact with MYC, which recog-
nizes the E-box motif of the promoter region. The MYC
family acts as sequence-specific transactivators, repressing
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Figure 6.3. Karyotype of an AT/RT in a boy nearly 4-years-old showing the following: 45,XY,del(1) (p13),dic(12;22)(q24.2;p13),
add(18)(p11.2),-22,+mar. The loss of a chromosome 22 is a common cytogenetic finding in AT/RT.

transcription by recruiting negative regulators and possibly
activating transcription by recruiting SWI/SNF. In addition,
INI1 interacts with other diverse proteins affecting apoptosis,
cellular differentiation, replication, transcription, and tumor
suppression (31, 31A). For example, the SWI/SNF complex
has been shown to interact with C/EBP-�, HRX, steroid
hormone receptors, and erythroid Kruppel-like factor. Animal
studies (38–40) have demonstrated that the INI1 compo-
nent of SWI/SNF plays a critical role in the development of
various tissue types by regulating cell growth and prolifera-
tion (41, 42). INI1 encodes a subunit of SWI/SNF chromatin
remodeling complex, which is one of several evolutionarily
conserved multiprotein complexes that disrupt nucleosomes in
vitro in an ATP-dependent manner (43) and to transcriptional
repression through the actions of histone deacetylases. It has
been demonstrated that (35) wild-type ectopic INI1 expression
inhibits cell entry in to the S phase and causes cell cycle arrest
by down-regulating E2F targets such as cyclin A, E2F1, and
CDC6. Similarly, (44) adenovirus transduction of MRT cell
lines with different isoforms of INI1 suppressed cell growth
and up-regulated senescence proteins.

In addition to the characterization of INI1 as a tumor
suppressor gene (TSG), some of the specific mutations and
deletions of INI1 have been clarified. One study (31) used

interphase FISH, PCR-based microsatellite heteroduplex, and
sequence analysis to analyze the INI1 locus of 100 primary
malignant rhabdoid tumors from different sites. It was found
(31) that a variety of abnormalities, including germline muta-
tions, deletions, or insertions leading to novel stop codons,
single base-pair nonsense mutations, and intragenic deletions
may involve INI1. Interestingly, 25% of the histologically
confirmed rhabdoid tumors did not show INI1 deletions or
mutations (32). This finding is consistent with other studies
(31,45,46), which reported detectable chromosome 22 defects
in only 75–85% of cases. Although INI1 plays an important
role in the preponderant number of rhabdoid tumors, it is
evident that not all tumors with a rhabdoid phenotype have
monosomy 22 (-22) or INI1 gene mutation. Likewise, not
all tumors with this genetic loss display histologic rhabdoid
transformation. Some authors have proposed that INI1 defects
uniquely characterize true malignant rhabdoid tumors such as
AT/RT; however, the presence of a genetic abnormality is not
presently required for diagnosis.

An immunohistochemical study of 12 AT/RT revealed an
absence of INI1 expression in all of the tumors (47). The
results were compared with those of other brain tumors; unfor-
tunately, no medulloblastomas or PNET, tumors with which
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Table 6.4. Chromosome abnormalities in AT/RT of CNS.

Karyotype References

CNS
Normal karyotypes (13 cases) Griffin et al 1988 (160), Kaiserling et al 1996 (161), Rorke et al 1996 (3),

Bhattacharjee et al 1997 (17), Biegel et al 1999 (22), Proust et al 1999 (133),
Lee et al 2002 (9)

Karyotypes with only monosomy 22, or partial, del or
r(22) (28 cases)

Biegel et al 1989, 1990, 1999 (22, 138, 162); Douglass et al 1990 (163);
Fort et al 1994 (164); Hasserjian et al 1995 (165); Muller et al 1994, 1995(114, 166)
Rorke et al 1996 (3); Rubio 1997 (130); Burger et al 1998 (7);
Savla et al 2000 (101); Lee et al 2002 (9)

Abnormal karyotypes
32-78<4n>,XXYY,add(1)(q32)x2,-2,-3,add(3)(p22),-5, Bhaattacharjee et al 1997 (17, 18)

-6,add(6)(q23)x2,+7,+8,-9,-9,-10,-11,-12 or
add(12)(p11.1),-13,-14,-14,t(14;14)(q10;q10),-17,-17,
-18,-21,-22,+mar

45,XY,der(13;14)(q10;q10) Biegel et al 2000 (49)
45,XY,-22,der(22)t(22;22)dic(22;22(p12;p12)add(22) Bhaattacharjee et al 1997 (18)

(q13)(qter∼p12::p12∼q13::?)
46,XY,add(22)(p11),del(22)(q11) Hasserjian et al 1995 (165)
46,XY,der(2),t(2;?)(p11;?),del(16)(q21.1), Karnes et al 1992 (167)

ins(17) (pter→cen→q21::?::q21→qter),der(19),
t(1;19)(q25;q13.4),del(20)(q13.1)

46,XX,der(6),t(6;11)(p22;p15),der(11), López-Ginés et al 2000 (52)
r(6;11)(p25p22;p15q5)

46,XX,ins(4;1)(p16.3;p34.3p13.3),del(22)(q13.1) Agamanolis et al 1995 (168)
46,XY,t(11;22)(p15.5;q11.23) Ota et al 1993 (67)
46,XY,t(12;22)(q24;q11.2) Huisman et al 2000 (169)
46,XY,t(12;22)(q24.3;q11.2) Sawyer et al 1998 (170)
46,XX,-8,+der(8)t(8;22)(p11;q?12)x2,-22, Klopfenstein et al 1997 (171)

del(22)(q12q?13)/46,idem,-del(22)(q12q?13),+r(22)
46,XX,-9,-22,+i(1q),+der(22),t(9;22)(p13;q11)/ Biegel et al 1992 (172)

45,XX,-9,-10,-22,+i(1q),+der(22),t(9;22)(p13;q11),
-6,-13,del(17p), +2mar Rorke et al 1996 (3)

46,XX,+?20,-22,del(22)(q11) Douglass et al 1990 (163)
47,XY,+der(1),t(1;1)(p12;q22) Hasserjian et al 1995 (165)
61,XX,+1,+1,+7,+7,+11,+11,+14,+14,+add(16q?),+19, Biegel et al 1999 (22)

+add(19)(q13),+20,+20,+21,+2mar
65-120,XX,with hsr Yachnis et al 1998 (24)
46,XX,t(15;17)(q23;q24),-20,del(22(q11q13),+mar Thangavelu et al 1998 (173)
46,XY,-8,t(18;22)(q21;p11.2),+mar Handgretinger et al (174)

AT/RT is often confused, were included in the study. However,
the results are in agreement with molecular and other studies
indicating the very high incidence of INI1 mutations in AT/RT.
Fresh and archival AT/RT tissues have been examined by
a number of FISH techniques, which revealed alterations
of 22q indicative of changes affecting the INI1 genes, thus
expanding and supporting the cytogenetic findings in these
tumors (7, 23, 31, 32, 48–53).

Cyclin D and INI1 in AT/RT

Epigenetic inactivating mechanisms as such as hypermethy-
lation have not been reported in AT/RT (54). Although the
molecular mechanism downstream of INI1 inactivation is not
fully understood, several lines of evidence have accumulated.

Cyclin D1, a critical protein controlling the G1 stage of the
cell cycle, is a potential direct target of the INI1 gene in
cultured cells. Transfection of the INI1 gene induced G1 arrest
and directly suppressed cyclin D1 transcription, but the arrest
was reverted by the coexpression of cyclin D1 (34, 35, 54).
This pathway can be a potential molecular target for AT/RT
treatment. However, the behavior of cyclin D1 in primary
tumors remains unclear. It has been shown (55) that cyclin D1
overexpression is associated with INI1 inactivation in AT/RT.

Cyclin D1 is a critical downstream effector of INI1; INI1
directly represses cyclin D1 transcription. Cyclin D1 expres-
sion from a heterologous promoter is sufficient to overcome
INI1-mediated cell cycle arrest (56). Cyclin D1 is depressed
in human and mouse genetically based MRT (56,57). In addi-
tion, genetic ablation of cyclin D1 is sufficient to abrogate the
genesis of MRT in vivo mouse models (57). These studies
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Figure 6.4. Distribution of mutations in the
9 exons of the INI1 gene in AT/RT and other
tumors. Exons 5 and 9 show the highest
frequency. Homozygous deletions of exons
1–9 were seen in 9 AT/RT. Some of the
non-AT/RT tumors were diagnosed as AT/RT
subsequent to the study of the INI1 gene.

suggest that MRT are critically dependent on the presence of
cyclin D1 for genesis, survival, or both.

Cyclin D1 has multiple roles during the cell cycle, cell
propagation, and tumorigenesis (58). It associates with
cyclin-dependent kinases cdk4 and cdk6, leading to the
phosphorylation and inactivation of the retinoblastoma (Rb)
protein. It sequesters p27, releasing cyclin E to further
inactivate Rb, resulting in G1-to-S transition. Cyclin D1
modulates the activity of several transcription factors in a
cdk-indpendent manner, which may be important for its func-
tion in tumor cells. There are two isoforms of cyclin D1, D1a
and D1b, which confer differential transformation ability to
mammalian cells.

Based on the dependence of AT/RT on cyclin D1, it was
hypothesized that inhibition of cyclin D1, its activity, or its
pathway may be an appropriate therapeutic strategy for treat-

ment of children with AT/RT (59), an area that has not been
fully explored.

Further information on the interaction of INI1 with cyclin
D1, p16INK4A, and Rb and its role in the cell cycle can be
found in appropriate publications (34,55) and on the interplay
of SWI/SNF with BRG1 (brahma-related gene 1), histone
deacetylase (HDAC), and Rb in the control of the cell cycle
(56, 60).

AT/RT can be misdiagnosed since a variety of brain tumors,
including ependymoma, potentially harboring LOH at 22q
may be confused in the differential diagnosis. However,
hSNF5/INI1 inactivation can serve to distinguish AT/RT from
other brain tumors. Because this inactivation is associated
with cyclin D1 overexpression in AT/RT, cyclin D1 could
serve as a target for hSNF5/INI1 in primary tumors (59A).
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Table 6.5. Germline mutations in patients with kidney and brain AT/RT.

Case Age/sex Germline mutations Somatic change Somatic change References
in MRT of kidney in AT/RT

1. 5 months Nonsense mutation at codon 201 Deletion of 22q11.2 region AT/RT: deletion of Sévenet et al 1999 (84)
male (de novo) 22q11.2 region

2. 4 months 7-bp deletion at codons 297–299 Deletion of 22q11.2 region AT/RT: loss of Biegel et al 2000 (49)
male entire chromosome 22

3. 6 months 1-bp deletion at codon 91 Nonsense mutation at CNS: loss of entire Savla et al 2000 (101)
male codon 260 chromosome 22

4. 8 months Nonsense mutation at codon 198 Deletion of 22q11.2 region CNS: loss of entire Savla et al 2000 (101)
male chromosome 22

5. Unknown Nonsense mutation at codon 257 Deletion of 22q11 region AT/RT: ND Biegel et al 2002 (32)
6. Unknown Nonsense mutation at codon 198 ND AT/RT: ND Biegel et al 2002 (32)
7. Unknown Nonsense mutation at codon 66 Deletion of 22q11 region AT/RT: ND Biegel et al 2002 (32)
8. Newborn

female
Deletion of entire hSNF5/INI1

gene (de novo)
Deletion of 22q11 region AT/RT: deletion of

22q11.2 region
Kusafuka et al 2004

(175)

ND, not done; except for cases 3 and 4 (reported as “CNS tumors”); all others had AT/RT.
Reports of the occurrence of kidney and CNS rhabdoid tumors but without supplying cytogenetic or molecular information have appeared (13, 14, 72).

Table 6.6. Changes affecting the INI1 gene leading to its homozy-
gous inactivation in AT/RT.

References

Germline mutations, then loss
of wild-type allele, e.g., mutation

of other homolog
deletions
insertions leading to novel stop codons
single base-pair nonsense mutations
intragenic deletions
compound homozygous deletions or

mutations
mitotic recombinations

Rousseau-Merck et al
1999, 2005 (23, 50)

Biegel et al 2002 (31, 32)

Some Genetic Aspects of Rhabdoid Tumors

An issue to be resolved in the characterization of rhabdoid
malignancy is whether a rhabdoid tumor represents a unique
entity or a nonspecific phenotypic change. It remains unclear
whether adult and childhood rhabdoid tumors share a common
cell of origin, pathogenesis, and set of genetic alterations, or
conversely, are the common result of advanced dedifferentia-
tion in tumor progression. A study (45) attempted to clarify
the nature of various tumors with rhabdoid features by using
FISH analysis to test for deletions of the 22q11.2 locus in
AT/RT, extrarenal malignant rhabdoid tumors, and composite
extrarenal rhabdoid tumors, including sarcomas, carcinomas,
or melanomas with rhabdoid features. It was found that 77%
of AT/RT and 75% of MRT demonstrated INI1 loss, whereas
only 13% of composite tumors had this finding. These results
show that tumors other than MRT are capable of developing
a rhabdoid-like phenotype without acquiring the INI1 gene
mutation (45). In a comparative genomic hybridization (CGH)
study on three AT/RT cases (61), it was found that one case
showed a loss of 8p instead of the expected INI1 mutations,
suggesting that other genetic abnormalities may be involved
in rhabdoid tumor development.

Rhabdoid cells characteristically have an eccentric nucleus
displaced by a cytoplasmic inclusion body consisting of
whorled bundles of 10-nm intermediate filaments. These
inclusions possibly represent failure of normal cytoskeleton
formation with resultant disorganization of vimentin and
cytokeratin. A study (62, 63) analyzed rhabdoid tumors and
epithelioid sarcomas using immunohistochemistry. It was
demonstrated that although epithelioid sarcomas are diffusely
positive for many cytokeratin subunits, rhabdoid cell inclu-
sion bodies were immunopositive for only vimentin, CK8,
and CK18. Further evaluation by three-dimensional confocal
imaging showed that vimentin is diffusely distributed, but
CK8 and CK18 focally form conglomerates consistent with
the bundles of whorled intermediate filaments seen by elec-
tron microscopy (64). Direct sequencing of the CK8 gene
(KRT8) in seven malignant rhabdoid tumors showed missense
mutations in all of them. The genetic defects involved regions
known to participate in protofilament-to-protofilament linkage
and a phosphorylation site known to affect filament organiza-
tion (64).

MRT are rare but highly aggressive neoplasms and consti-
tute a phenotypically heterogenous group of tumors of
extrarenal and extra-CNS locations (65, 66). MRT and their
cell lines are often characterized by the same cytogenetic and
molecular changes seen in renal rhabdoid tumors and AT/RT,
i.e., inactivation of INI1 and loss of chromosome 22 or its
long-arm (22q-) (21, 48, 51, 67–71).

The association of MRT of the kidney with brain tumors has
been known for some years (72); the brain tumors included
medulloblastomas, a pineoblastoma, a giant-cell astrocytoma,
and a PNET. There is a likelihood that some of these tumors
were, in fact, AT/RT, considering that problems in the differ-
ential diagnosis of these tumors are not rare; no genetic data
in this study were provided (72).

The association of germline mutations of INI1 with the
development of MRT of the kidney and brain tumors (most
of them AT/RT) is shown for the eight published cases in
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Figure 6.5. Schematic presentation of the recruitment of the SWI/SNF complex to specific target sites by the inactivation of INI1 with
sequence-specific regulatory proteins. BS is a binding site with a specific sequence and X is any of sequence-specific regulatory proteins
that can bind to it. The repeating units represent nucleosomes in the chromatin which are formed by ∼200 bp of DNA double helix wrapped
around a core particle composed of histones. Nucleosomes are connected by linker DNA and associated with their neighbors to form a helical
fiber of ∼30 nm in diameter (31).

Figure 6.6. Schematic presentation of another effect of INI1, i.e.,
activation of transcription of MYC-MAX heterodimers mediated by
the recruitment of SWI/SNF complex via the direct interaction of
INI1 with MYC (from ref. 31, with permission).

Table 6.5. It should be stressed that germline mutations of
the INI1 gene have been described in cases of AT/RT without
kidney tumors and vice versa (22).

Composite Rhabdoid Tumors

MRT exist as a specific entity, e.g., malignant rhabdoid tumor
of the kidney and AT/RT (Table 6.9). However, there exists
a group of tumors with a secondary rhabdoid morphologic
phenotype encountered within a wide array of tumor types,
including some of the brain displaying cytologic anaplasia
and aggressive behavior (73), and grouped under the label
of “composite rhabdoid tumors.” These tumors can be differ-
entiated from AT/RT by the demonstration of 22q deletions

by FISH on fresh or archival tissues (3, 26, 45). Table 6.9
describes some features of these two types of tumors.

The retention of INI1 expression in “composite” rhabdoid
tumors indicates that these tumors are genetically distinct
from AT/RT and other tumors with 22q deletions or loss
of chromosome 22, e.g., meningiomas, medulloblastomas
(73, 74). These authors suggested that the immunohistochem-
ical demonstration of INI1 expression is a relatively simple,
sensitive, and specific technique for distinguishing AT/RT
from composite rhabdoid tumors of the brain, such as menin-
gioma (75–78).

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL/Apo2L) or Apo2 ligand is a potent inducer of
apoptosis in cancer cells but not in normal cells (79, 80).
TRAIL/Apo2L is a potent inducer of apoptosis in MRT cells,
an effect that can be enhanced by doxorubicin (81). Further-
more, the inhibition of nuclear factor-� and of phosphatidyli-
nositol 3-kinase/Akt signaling also enhances the sensitivity of
MRT cells to TRAIL, providing a basis for therapeutic appli-
cation to AT/RT (81).

Tumors, Other Than AT/RT,
with Inactivation of INI1

The demonstration of INI1 inactivation of brain tumors
other than AT/RT, e.g., medulloblastoma and those of the
choroid plexus, raised questions regarding the meaning and
implications of these changes. In the case of medulloblas-
tomas (49), subsequent evaluation indicated that these INI1-
positive tumors were most likely misdiagnosed and repre-
sented AT/RT, with prominent primitive neuroectodermal-like
components (82). In fact, no mutations of INI1 were encoun-
tered in a large series of medulloblastomas (83).
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Table 6.7. INI1 gene in AT/RT.

References

The INI1 (Integrase interactor 1) gene has been isolated. Kalpana et al 1994 (28)
Inactivating biallelic alterations (in the majority of AT/RT) of the INI1 gene. INI1 is a TSG and a

component of chromatin remodeling SWI/SNF complex
Versteege et al 1998 (21)

Loss of INI1 gene occurs in virtually 100% of AT/RT and germ- line mutations predispose
individuals to these tumors.

Versteege et al 1998 (21)
Biegel et al 1999, 2000, 2002 (22, 31, 32, 49)
Taylor et al 2000 (107)

INI1 protein interacts directly with MYC and is necessary for MYC-mediated transactivation through
the SWI/SNF complex.

Change et al 1999 (108)

INI1 is a TSG involved in key biochemical pathways implicated in cell growth and development. Cheng et al 1999 (108)
A number of cancers, including brain tumors, such as astrocytomas, ependymomas, and neurinomas,

with LOH of 22q have been tested for mutations or deletions of INI1. Negative results were
obtained.

Sévenet et al 1999 (84)
Savla et al 2000 (101)

75–85% of AT/RT have INI1 changes; Not all tumors with rhabdoid phenotype have -22; Tumors Biegel et al 2000, 2002 (31, 49)
with changes may not show rhabdoid phenotype. Fuller et al 2001 (45)

Uno et al 2002 (46)
Wharton et al 2003 (61)

Evidence for INI1 as a TSG has been established in mouse models. Guidi et al 2001 (40)
Roberts et al 2000, 2002 (38, 39)
Klochendler-Yeivin et al 2000 (176)

Generation of several murine INI1 knockout models in which heterozygous mice developed MRT of Klochendler-Yeivin et al 2000 (176)
soft tissue, has been described. INI1-null mice are embryonically lethal. Roberts et al 2000 (39)

Guidi et al 2001 (40)
Family with germline mutations of INI1 with various brain tumors (AT/RT and choroid plexus). Taylor et al 2000 (107)
Cell cycle arrest shown by INI1 due to recruitment of HDAC (histone deacetylase) activity to the

cyclin D1 promoter, thereby causing its repression and G0-G1 arrest. Repression of cyclin D1
gene expression may serve as a useful goal of therapy for AT/RT.

H.S. Zhang et al 2000 (36)

Gene at 22q11 involved in ependymal tumors but different from INI1. Kraus et al 2001 (83)
INI1 may be involved in choroid plexus carcinoma but not in other brain tumors. Weber et al 2001 (86)
Actions of INI1 include induction of G1 arrest and control of mitotic spindle checkpoint. Ae et al 2002 (33)

Betz et al 2002 (34)
Versteege et al 2002 (35)
Zhang et al 2002 (36)

Re-expression of INI1 in human rhabdoid tumor cell lines causes a G1 cell cycle arrest, flattened cell
morphology, activation of senescence-associated proteins, down-regulation of a subset of E2F
target genes, activation of RB and up-regulation of p16INK4A

Betz et al 2002 (34)
Versteege et al 2002 (35)
Reincke et al 2003 (44)
Vries et al 2005 (37)

INI1 is a potent regulator of the entry of a cell into the S phase, an effect that may account for its
TSG.

Versteege et al 2002 (35)

In rhabdoid tumors without genomic changes of 22q or INI1, abnormal methylation of promoter
regions could not be demonstrated.

F. Zhang et al 2002 (54)

Novel germline mutation of INI1 in a child with RPS and absence of MYC amplification in pineal
AT/RT and renal MRT. Mutation present in both tumors and normal renal tissue. LOH of 22q.

Fujisawa et al 2003, 2005 (55, 109)

INI1 modulates cell growth and actin cytoskeleton organization through regulation of pRB-E2F and
Rho pathways.

Medjkane et al 2004 (43)

Cyclin D1 is overexpressed in AT/RT with inactivated INI1. Fujisawa et al 2005 (55)
INI1 expression retained by immunohistochemistry in composite rhabdoid tumors, including

meningiomas with 22q deletions.
Perry et al 2005 (73)

Inactivation of INI1 in rhabdoid tumors of the human vs. the mouse differs in its mechanisms, i.e.,
mitotic recombination acting in mouse rhabdoid tumors regardless of anatomic location, whereas
in the human rhabdoid tumorigenesis is related to specific chromosome 22 rearrangements
leading to preferential anatomic tumor location.

Rousseau-Merck et al 2005 (50)

An embryonal tumor of the cerebellum with rhabdoid cells was distinguished from AT/RT by
histology and absence of INI1 changes and EMA staining.

Sasaki et al 2005 (177)

AT/RT arising in a ganglioneuromas had LOH at 22q11.2 and mutation of INI1. Allen et al 2006 (178)
Loss of INI2 may influence the regulation of multiple CDK inhibitors involved in cell line

replicative senescence.
Chai et al 2005 (179)

Rhabdoid cells undergo replicative senescence after INI1 re- expression, including G1 cell cycle
arrest, a flattened morphology and p16INK4A and p21CIP1/WAF1 inactivation.

Chai et al 2005 (179)

A family with predisposition to rhabdoid tumors (including AT/RT) showed no linkage in INI1
pointing to involvement of other loci.

Frühwald et al 2006 (110)

Loss of INI1 protein in all 18 AT/RT examined by immuno-histochemistry. Haberler et al 2006 (112)
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Table 6.8. SWI/SNF in AT/RT.

References

Many accessory proteins are part of SWI/SNI2 multiprotein complexes that regulate transcription both Kingston et al 1996 (29)
positively and negatively by modifying chromatin at regulatory sites. Morozov et al 1998 (180)

Cheng et al 1999 (108)
The positive regulators include the SWI/SNF complex of which INI1 is a part. The ATPase activity of Khavari et al 1993 (60)

the SWI/SNI2 homolog is essential for chromatin remodeling activity of all SWI/SNF complexes. Laurent et al 1993 (181)
Muchardt and Yaniv1999, 2001 (41, 42)
Phelan et al 1999 (182)

Components of the SWI/SNF are variable except for INI1. Peterson 1998 (183)
Schnitzler et al 1998 (185, 186)
Muchardt and Yaniv1999 (41)

SWI/SNF converts nucleosomes to a stable state. Schnitzler et al 1998 (185, 186)
MYC interacts with INI1 and requires SWI/SNF complex for transactivation function. Cheng et al 1999 (108)
Interaction of single components of SWI/SNF with pRB and BRCA1 has been described. Dunaief et al 1999 (186)

Bochar et al 2000 (187)
Klochendlerl-Yeivin et al 2002 (188)

SWI/SNF activity is required for RB-mediated transcriptional repression and subsequent inhibition of
proliferation.

Strobeck et al 2000 (189)
Wong et al 2000 (143)
Zhang et al 2000 (54)

SWI/SNF may play a role in oncogenesis. BRG1/BRG1 and HBRM interact and collaborate with pRB
and HDAC to repress E2F1/E2F1 activity.

Zhang et al 2000 (36)

The presence of changes of the INI1 gene in choroid plexus
tumors has been shown to affect a significant percentage
of these tumors (carcinomas and papillomas) (84–88). The
meaning of these findings and the enigma regarding the patho-
genesis and cellular origin of these INI1-positive tumors have
been discussed previously (82).

In view of the experience with medulloblastomas and
the wide spectrum of histological presentations of AT/RT,
some CNS tumors with inactivated INI1 may be in fact,
AT/RT. As experience to date has shown, the genotype of
a tumor takes precedence over the phenotype in favoring
(if not establishing) a precise diagnosis. Further molecular
and genetic studies should clarify the patho- and histogen-
esis of these confusing entities. At the molecular level, there
are already some indications that choroid plexus tumors may
show changes that are not usually seen in AT/RT, e.g., muta-
tions of p53, methylation of RASSF1A and TRA1L-related
genes (88, 89).

Constitutional (germline) mutations of the INI1 gene in
families with a variety of cancers and brain tumors have been
documented (84,90). The occurrence of choroid plexus carci-
noma and AT/RT in two families is of direct interest to this

section of the chapter. The findings point to a role for the INI1
gene in the development of several tumors (MRT of both renal
and soft tissue, and choroid plexus tumors) that may be related
to their tumorigenetic process.

No reports of AT/RT in Li-Fraumeni syndrome families
with p53 germline mutations have been documented, whereas
choroid plexus tumors have been described in such fami-
lies (91).

An examination of the cytogenetic changes reported in
choroid plexus tumors revealed them to be pseudodiploid
to hyperdiploid (92–97) without characteristic chromosome
changes and only a few containing anomalies of chromosome
22 (97, 98). Thus, papillomas show hyperdiploidy with gain
of chromosomes 7, 9, 12, 15, 17, and 18, whereas carcinomas
show hyperdiploidy with rearrangements of 7p11-p12, 9q11-
q12, 15q22, and 19q13.4 (99). Gain of 9p has been described
in hyperplasia of the choroid plexus, a finding not observed in
AT/RT (100).

Mutations or homozygous deletions have been detected
in atypical papillary tumors or carcinomas of the choroid
plexus, but not in papillomas (84,86,101). Phenotypic overlap
between AT/RT and these tumors (102) is indicative of a

Table 6.9. Features of MRT or AT/RT versus composite rhabdoid tumor.

Parameter MRT or AT/RT Composite rhabdoid tumor

Patient age Child (<3 years) Adult
Location of tumor Kidney, brain, soft tissue Extrarenal visceral organs, dura, skin
Histology Primitive neuroectodermal, Recognizable parent neoplasm

Mesenchymal, and epithelial cells
Immunohistochemistry Polyphenotypic profile, loss of INI1 expression Single lineage profile, retain INI1
Ultrastructure Lack of differentiation Differentiation consistent with parent neoplasm
Genetics 22q deletions common as are INI1 mutations and

homozygous deletions
22q deletions uncommon; genetic features represent those

of the parent neoplasm
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common if not identical pathogenesis. Three choroid plexus
papillomas had normal karyotypes, whereas of four atypical
papillomas, three were abnormal (hyperdiploid) with only
numerical chromosome changes. Two of these atypical papil-
lomas had +22 and one of these atypical papillomas had dmin
(17). A choroid plexus carcinoma had a hypodiploid kary-
otype with -22.

A malignant choroid plexus papilloma with a hypodiploid
karyotype of 33–35 chromosomes retained two copies of
chromosome 22 (103), whereas in another hypodiploid
choroid plexus carcinoma with 33 chromosomes, monosomy
22 (-22), and several structural anomalies were found (104).

The occurrence of severe hypodiploidy in a significant
portion of choroid plexus tumors examined cytogenetically is
a finding not seen in AT/RT. Choroid plexus tumors with rhab-
doid phenotype displayed -22 in three and del(22)(q12) in one
phenotypic and genotypic overlap in AT/RT (102). A CGH
study of 34 choroid plexus papillomas and 15 carcinomas
(105) found chromosomal imbalances in all tumors except for
two papillomas. A high incidence (≥50% of the tumors) of
gains was found for 7q, 5q, 7p, 5p, and 9p in the papillomas
and for 12p, 12q, 20p, chromosome 1, 4q, and 20q in the
carcinomas. Losses affected 10q in papillomas and 22q in the
carcinomas. Loss of 22q in papillomas (47%) and carcinomas
(73%) is not reflected in the cytogenetic findings of these
tumors, and the disparity may be due to the differences in the
types of data obtained cytogenetically versus those demon-
strated by CGH.

Inactivation of INI1 has been demonstrated in epithelioid
sarcoma, a tumor affecting the distant extremities of young
adults (106). Some of these tumors have involvement of 22q,
including translocations. In a study of 11 such tumors (six
proximal and five conventional types) by using spectral kary-
otyping, FISH, and array CGH, along with immunohisto-
chemistry, Western blotting and reverse transcription-PCR,
six of 11 (five were proximal) of the tumors showed inactiva-
tion of INI1, pointing to possible involvement of this gene in
the genesis, progression, or both of these tumors (106). The
authors (106) presented several arguments against epithelioid
sarcoma being part of the MRT spectrum, including differ-
ences in histological aspects, restriction of INI1 inactivation
to deletions in epithelioid sarcomas versus the high frequency
of point mutations in MRT and the heterogeneous distribution
of these deletions, which in some cases may represent relevant
secondary changes and not the primary genetic event.

Familial AT/RT and Rhabdoid
Predisposition Syndrome (RPS)

RPS (107) was described in a family in which the proband
had an AT/RT, her uncle a choroid plexus carcinoma, whereas
the child’s mother was asymptomatic, although she carried
a germline INI1 mutation. The pattern of inheritance was
autosomal dominant with incomplete penetrance (107). The

RPS may account for cases of Li-Fraumeni syndrome lacking
the p53 germline mutations (84). The mutation of INI1 gene
induced a splicing error, resulting in the truncation of the
protein but preserved reactivity for MYC (107, 108). A RPS
case has been described (109) who had a germline mutation
of INI1 but with absence of MYC amplification. RPS is highly
penetrant (21, 84, 90).

A study of a family in which one child had a rhabdoid
tumor of the kidney and another AT/RT showed no evidence
of involvement of INI1 gene in these tumors (110). These
two cases were investigated by CGH and array CGH, FISH,
gene dosage analysis by denaturing high-performance liquid
chromatography, and DNA sequencing. Immunohistochem-
istry showed normal expression for INI1 within the nuclei of
the tumors. The affected children inherited different paternal
and maternal INI1 alleles determined by haplotype analysis.

In a study of a three-generation family in which two half-
brothers were diagnosed with AT/RT at 2 and 17 months,
respectively, a germline insertion mutation in exon 4 of the
INI1 gene inherited from their healthy mother was demon-
strated (111). A maternal uncle died in childhood from a brain
tumor and a MRT of the kidney and probably carried the
same germline mutation. Because the mother and uncle had
different fathers, the grandmother is also an obligate carrier of
the mutation. The identification of two unaffected carriers in
a family segregating a germline mutation and rhabdoid tumor
supports the hypothesis that there may be variable risks of
development of rhabdoid tumors in the context of a germline
mutation (111). There may be a developmental window in
which most rhabdoid tumors occur. The findings in this family
highlight the importance of mutation analysis in all patients
with a suspected rhabdoid tumor (111).

Immunohistochemical expression of INI1 protein was
not found in tumors displaying characteristic morpho-
logic features of AT/RT and in fraction of PNET (112).
Furthermore, a certain number of tumors without rhabdoid
phenotype but lacking the INI1 protein were detected by
immunohistochemical analysis. These cases represent most
likely AT/RT lacking rhabdoid features due to a sampling
problem. Follow-up data suggested an aggressive biologic
behavior of tumor with lack of INI1 protein, and poor
outcome if treated by conventional therapy regimens. There-
fore, immunohistochemical INI1 protein analysis should be
routinely performed in all embryonal pediatric CNS tumors
to detect cases with lack of INI1 protein, because patients
with such tumors are likely to benefit from intensified
treatment (112).
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52. Lòpez-Ginés, C., Cerda-Nicolas, M., Kepes, J., Donat, J., Gil-
Benso, R., and Llombart-Bosch, A. (2000) Complex rearrange-
ment of chromosomes 6 and 11 as the sole anomaly in atypical
teratoid/rhabdoid tumors of the central nervous system. Cancer
Genet. Cytogenet. 122, 149–152.

53. Izycka-Swieszewska, E., Debiec-Rychter, M., Wasag, B.,
Wozniak, A., Gasecki, D., Plata-Nazar, K., Bartkowiak, J.,
Lasota, J., and Limon, J. (2003) A unique occurrence of a
cerebral atypical teratoid/rhabdoid tumor in an infant and a
spinal canal primitive neuroectodermal tumor in her father. J.
Neurooncol. 61, 219–225.

54. Zhang, F., Tan, L., Wainwright, L.M., Bartolomei, M.S., and
Biegel, J.A. (2002) No evidence for hypermethylation of the



References 227

hSNF5/INI1 promoter in pediatric rhabdoid tumors. Genes
Chromosomes Cancer 34, 398–405.

55. Fujiisawa, H., Misaki, K., Takabatake, Y., Hasegawa, M., and
Yamashita, J. (2005) Cyclin D1 is overexpressed in atypical
teratoid/rhabdoid tumor with hSNF5/INI1 gene inactivation. J.
Neurooncol. 73, 117–124.

56. Zhang, Z.-K., Davies, K.P., Allen, J., Zhu, L., Pestell, R.G.,
Zagzag, D., and Kalpana, G.V. (2002) Cell cycle arrest and
repression of cyclin D1 transcription by INI1/hSNF5. Mol.
Cell. Biol. 22, 5975–5988.

57. Tsikitis, M., Zhang, Z., Edelman, W., Zagzag, D., and
Kalpana, G.V. (2005) Genetic ablation of cyclin D1 abrogates
genesis of rhabdoid tumors resulting from Ini1 loss. Proc. Natl.
Acad. Sci. USA 102, 12129–12134.

58. Fu, M., Wang, C., Li, Z., Sakamaki, T., and Pestell, R.G.
(2004) Minireview: cyclin D1: normal and abnormal functions.
Endocrinology 145, 5439–5447.

59. Alarcon-Vargas, D., Zhang, Z., Agarwal, B., Challagulla, K.,
Mani, S., and Kalpana, G.V. (2006) Targeting cyclin D1,
a downstream effector of INI1/hSNF5, in rhabdoid tumors.
Oncogene 25, 722–734.

59A. Fujisawa, H., Misaki, K., Takabatake, Y., Hasegawa, M., and
Yamashita, J. (2005) Cyclin D1 is overexpressed in atypical
teratoid/rhabdoid tumor with hSNF5/INI1 gene inactivation. J.
Neurooncol. 73, 117–124.

60. Khavari, P.A., Peterson, C.L., Tamkun, J.W., Mendel, D.B., and
Crabtree, G.R. (1993) BRG1 contains a conserved domain of
the SWI2/SNF2 family necessary for normal mitotic growth
and transcription. Nature 366, 170–174.

61. Wharton, S.B., Wardle, C., Ironside, J.W., Wallace, W.H.,
Royds, J.A., and Hammond, D.W. (2003) Comparative
genomic hybridization and pathological findings in atyp-
ical teratoid/rhabdoid tumour of the central nervous system.
Neuropathol. Appl. Neurobiol. 29, 254–261.

62. Shiratsuchi, H., Oshiro, Y., Saito, T., Itakura, E., Kinoshita, Y.,
Tamiya, S., Oda, Y., Komiyama, S., and Suneyhosi, M. (2001)
Cytokeratin subunits of inclusion bodies in rhabdoid cells:
immunohistochemical and clinicopathological study of malig-
nant rhabdoid tumor and epithelioid sarcoma. Int. J. Surg.
Pathol. 9, 37–48.

63. Shiratsuchi, H., Saito, T., Sakamoto, A., Itakura, E., Tamiya, S.,
Oshiro, Y., Oda, Y., Toh, S., Komiyama, S., and Tsuneyoshi, M.
(2002) Mutation analysis of human cytokeratin 8 gene in
malignant rhabdoid tumor: a possible association with intra-
cytoplasmic inclusion body formation. Mod. Pathol. 15,
146–153.

64. Itakura, E., Tamiya, S., Morita, K., Shiratsuchi, H.,
Kinoshita, Y., Oshiro, Y., Oda, Y., Ohta, S., Furue, M., and
Tsuneyoshi, M. (2001) Subcellular distribution of cytokeratin
and vimentin in malignant rhabdoid tumor: three-dimensional
imaging with confocal laser scanning microscopy and double
immunofluorescence. Mod. Pathol. 14, 854–861.

65. Horie, H., Etoh, T., and Maie, M. (1992) Cytogenetic char-
acteristics of a malignant rhabdoid tumor arising from the
paravertebral region. A case report. Acta Pathol. Jpn. 42,
460–465.

66. Ogino, S., Ro, J.Y., and Redline, R.W. (2000) Malignant rhab-
doid tumor: a phenotype? An entity?—a controversy revisited.
Adv. Anat. Pathol. 7, 181–190.

67. Ota, S., Crabbe, D.C.G., Tran, T.N., Triche, T.J., and
Shimada, H. (1993) Malignant rhabdoid tumor. A study with
two established cell lines. Cancer 71, 2862–2872.

68. Suzuki, A, Ohta, S., and Shimada, M. (1997) Gene expres-
sion of malignant rhabdoid tumor cell lines by reverse
transcriptase-polymerase chain reaction. Diagn. Mol. Pathol. 6,
326–332.

69. Rosson, G.B., Hazen-Martin, D.J., Biegel, J.A., Will-
ingham, M.C., Garvin, A.J., Oswald, B.W., Wainwright, L.,
Brownlee, N.A., and Wright, C.F. (1998) Establishment and
molecular characterization of five cell lines derived form renal
and extrarenal malignant rhabdoid tumors. Mod. Pathol. 11,
1228–1237.

70. Sugimoto, T., Hosoi, H., Horii, Y., Ishida, H., Mine, H., Taka-
hashi, K., Abe, T., Ohta, S, and Sawada, T. (1999) Malignant
rhabdoid-tumor cell line showing neural and smooth-muscle-
cell phenotypes. Int. J. Cancer 82, 678–686.

71. White, F.V., Dehner, L.P., Belchis, D.A., Conard, K.,
Davis, M.M., Stocker, J.T., Zuppan, C.W., Biegel, J.A., and
Perlman, E.J. (1999) Congenital disseminated malignant rhab-
doid tumor. a distinct clinicopathologic entity demonstrating
abnormalities of chromosome 22q11. Am. J. Surg. Pathol. 23,
249–256.

72. Bonnin, J.M., Rubinstein, L.J., Palmer, N.F., and Beckwith,
J.B. (1984) The association of embryonal tumors originating in
the kidney and in the brain. A report of seven cases. Cancer 54,
2137–2146.

73. Perry, A., Fuller, C.E., Judkins, A.R., Dehner, L.P., and
Biegel, J.A. (2005) INI1 expression is retained in composite
rhabdoid tumors, including rhabdoid meningiomas. Mod.
Pathol. 18, 951–958.

74. Bannykh, S.I., Perry, A., Powell, H.C., Hill, A., and
Hansen, L.A. (2002) Malignant rhabdoid meningioma arising
in the setting of preexisting ganglioglioma: a diagnosis
supported by fluorescence in situ hybridization. J. Neurosurg.
97, 1450–1455.

75. Hauser, P., Slowik, F., Bognar, L., Babosa, M., Fazekas, I., and
Schuler, D. (2001) Atypical teratoid/rhabdoid tumor or medul-
loblastoma? Med. Pediatr. Oncol. 36, 644–648.

76. Hojo, H., and Abe, M. (2001) Rhabdoid papillary meningioma.
Am. J. Surg. Pathol. 25, 964–969.

77. Rittierodt, M., Tschernig, T., Samii, M., Walter, G.F., and
Stan, A.C. (2001) Evidence of recurrent atypical meningioma
with rhabdoid transformation and expression of pyrogenic
cytokines in a child presenting with a marked acute-phase
response: case report and review of the literature. J. Neuroim-
munol. 120, 129–137.

78. Wyatt-Ashmead, J., Kleinschmidt-DeMasters, B.K., Hill,
D.A., Mierau, G.W., McGavran, L., Thompson, S.J., and
Foreman, N.K. (2001) Rhabdoid glioblastoma. C.lin.
Neuropathol. 20, 248–255.

79. Ashkenzai, A., and Dixit, V.M. (1999) Apoptosis control by
death and decoy receptors. Curr. Opin. Cell Biol. 11, 225–260.

80. Walczak, H., Miller, R.E., Ariail, K., Gliniak, B., Griffith, T.S.,
Kubin, M., Chin, W., Jones, J., Woodward, A., Le, T., Smith,
C., Smolak, P., Goodwin, R.G., Rauch, C.T., Schuh, J.C., and
Lynch, D.H. (1999) Tumiricidal activity of tumor necrosis
factor-related apoptosis-inducing ligand in vivo. Nat. Med. 5,
157–163.



228 6. Atypical Teratoid/Rhabdoid Tumors of the CNS

81. Yoshida, S., Narita, T., Koshida, S., Ohta, S., and Takeuchi, Y.
(2003) TRAIL/Apo2L ligands induce apoptosis in malignant
rhabdoid tumor cell lines. Pediatr. Res. 54, 709–717.

82. Gessi, M., Giangaspero, F., and Pietsch, T. (2003) Atypical
teratoid/rhabdoid tumors and choroids plexus tumors: when
genetics “surprise” pathology. Brain Pathol. 13, 409–414.

83. Kraus, J.A., de Millas, W., Sörensen, N., Herbold, C.,
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7
Neuroblastoma and Related Tumors

Summary Chapter 7 deals with neuroblastoma (NB) and related tumors. The specific genetic events responsible for NB devel-
opment have not been established, even though several changes occur with frequency. Among these changes the amplification
of the oncogene MYCN is present in about one third of NB cases and carries with it a poor clinical outcome. This amplification
is associated often with the presence of double minutes, homogeneously staining regions, or both, in the karyotypes of NB
cells. Cytogenetically, some changes in the karyotypes of NB seem to occur in a significant number of these tumors and carry
with them unfavorable prognostic aspects. Thus, deletions of 1p and 11q and gain of 17q have been observed in a significant
percentage of NB; alterations of a number of other chromosomes also have been described. The cytogenetic changes in NB
are reflected in comparative genomic hybridization studies and in loss of heterozygosity findings. The role of apoptosis and
telomerase activity in NB biology are described. The epigenetic changes involving caspases and tyrosine kinase (Trk) receptors
are discussed. The findings in related tumors, i.e., olfactory NB, glioneuroblastoma, ganglioneuroma, and ganglioglioma, are
presented, and those for confusing tumors such as central neurocytoma and cerebellar liponeurocytoma. Genetic and hereditary
susceptibility to NB and the intriguing spontaneous cures or regressions of NB are presented. Factors, such as angiogenesis,
p16 pathway, p53 pathway, H-ras gene, CD44, and interference RNA also are included in Chapter 7.

Keywords neuroblastoma and related tumors · MYCN amplification · deletions of 1p and 11q and gain of 17q.

General Information
on Neuroblastoma (NB)

Many reviews and comprehensive articles on NB, including a
book devoted to the multidisciplinary aspects of the disease
(1,1A), have been published and these resources may be
consulted for further information on NB (2–12).

NB and related tumors, ganglioneuroblastoma (GNB) and
ganglioneuromas, are derived from primordial neural crest
cells (13) that migrate from the mantle layer of the devel-
oping spinal cord and populate the primordia of the sympa-
thetic ganglia and adrenal medulla (14). These tumors can be
conceptualized as three different maturational manifestations
of a common neoplasm: NB, the least differentiated, resem-
bles the fetal adrenal medulla, and it is made up of primi-
tive neuroblasts. Ganglioneuroblastoma (differentiating NB)
possesses primitive neuroblasts along with maturing ganglion
cells; the number and arrangement of the cells vary so that the
tumor may assume a wide range of appearances. Ganglioneu-
roma, a fully differentiated tumor, is characterized by a
mixture of mature schwann cells and ganglion cells (15). NB

and ganglioneuroblastoma are considered malignant, and in
most clinical studies patients with these two tumors are treated
similarly, on the presumption that the amount of ganglionic
differentiation plays a less significant role than other factors,
such as age of the patient and stage of the disease. In contrast,
ganglioneuromas are benign tumors requiring only conserva-
tive therapy.

NB is the third most common childhood malignancy (16);
it occurs at a rate of about 1 in 10,000 live births (8). NB is
the most common tumor in children under 1 year of age and
accounts for about 7–10% of childhood cancers, with an inci-
dence in the United States of 1/100,000 children under the
age of 15 years, and it is the second most common neural
tumor after central nervous system (CNS) tumors (17). About
one fourth of NB are congenital. Half are diagnosed by the
age of 2 years, 90% are diagnosed by the age of 5 years,
and only sporadic cases occur during adolescence or adult
life. The peak age at the time of presentation is about 18
months. In most large series, there is a slight male predom-
inance. The distribution of NB and ganglioneuroblastomas
generally follows the distribution of the sympathetic ganglia;
hence, they are found in a paramidline position at any point

From: A. A. Sandberg and J. F. Stone: The Genetics and Molecular Biology of Neural Tumors
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between the base of the skull and pelvis, in addition to the
adrenal medulla and organ of Zuckerkandl (8). About 65%
of NB occur within the retroperitoneum, 15% in the medi-
astinum, 2% in the cervical region, 2% in the sacral region,
and the remainder in several different areas. About half of
all retroperitoneal tumors arise in the adrenal gland, the most
common site of NB origin, and they typically present as an
abdominal mass.

The majority of patients with NB over 1 year of age develop
locally aggressive disease, metastatic disease, or both, which
is usually fatal. Patient age and stage of disease, and other
clinical aspects, are important factors in determining outcome
in NB (18–20). Infants often experience complete regression
of their disease, whereas the majority of children over 1.5
years of age have metastatic spread at diagnosis and a poor
prognosis despite intensive therapy. Identification of recurrent
genomic abnormalities has allowed the recognition of distinct
NB subtypes that are predictive of clinical behavior. For
example, tumors that have a high propensity for spontaneous
regression usually exhibit only whole chromosome gains and
losses, whereas metastatic NB is characterized by numerous
recurrent structural chromosome abnormalities (21).

NB is characterized by heterogeneity at several levels,
i.e., clinical, biologic, genetic, and molecular (22–24).
For example, clinically NB is a remarkably heteroge-
neous disease, ranging from the rare occurrence of sponta-
neous cures and regressions and differentiation into benign
ganglioneuromas to tumors with a very aggressive behavior in
the majority of the cases (3, 10) and reflected in the charac-
terization of NB subgroups by recurrent genetic or molecular
findings, although the identification of the responsible genes
has remained elusive.

NB is associated with the production of catecholamines,
their precursors and by-products (10, 25), products of a
metabolic pathway leading to the conversion of phenylalanine
to norepinephrine and epinephrine. Catecholamine secretion
is a key diagnostic feature of NB, and the concentrations of
the catecholites nomovanillic acid (HVA) and vanillylman-
delic acid (VMA) in the urine before and after excision of
these tumors can serve as reliable indices of complete exci-
sion or recurrence of the NB. Furthermore, the ratio of HVA
to VMA correlates with degree of tumor differentiation and
survival.

The microscopic pattern of NB varies depending on the
degree of differentiation (8). The most primitive tumors
resemble the anlage of the developing sympathetic nervous
system and adrenal medulla and are composed of sheets of
small rounded cells, which are divided into small lobules by
delicate fibrovascular stroma (Figure 7.1). These cells, which
are almost devoid of cytoplasm, have round-to-polygonal
deeply staining nuclei. The diagnosis of poorly differentiated
NB is sometimes suggested by the presence of calcification or
morula-like clusters of cells that represent the earliest form of
rosette formation. Differentiated tumors have ganglion cells.
Ganglionic differentiation is heralded by enlargement of the

A

B

Figure 7.1. Low-power (A) and high-power (B) histologic features
of NB of poorly-differentiated nature composed of a sheet-like
proliferation of monotonous small round cells with scant cytoplasm
(from ref. 8, with permission).

cells with acquisition of a discernible rim of eosinophilic cyto-
plasm (8).

One characteristic feature of NB is the tendency of
neuroblasts to undergo varying degrees of cell maturation,
characterized by the acquisition of an increased amount of
cytoplasm with Nissl substance and the vacuolation of the
nuclei with increased prominence of nucleoli (10). Tumors
with this feature are known as “differentiating neuroblas-
tomas.” This process continues to the point of creation of fully
mature ganglion cells, indistinguishable from nonneoplastic
neurons, at which point the combination of neuroblasts and
mature ganglion cells is termed a “ganglioneuroblastoma.”

A grading scheme for NB is known as the Shimada classifi-
cation. This classification is independently predictive of clin-
ical behavior, and it is now used as an internationally accepted
standard (15, 26–28) (Table 7.1). Evaluations and modifi-
cations of the Shimada classification have been published
(10, 29–32, 32A). Nevertheless, the Shimada classifica-
tion remains an essentially reproducible and applicable
system useful clinically and prognostically accurate (10, 44).
Table 7.2 presents features used in the staging of NB,
noticeably including genetic and molecular facets of these
tumors (33, 34).

Whereas patients in the low-risk subgroup have an overall
survival rate of >95%, patients in the high-risk subgroup have
a rate of long-term survival of <40% despite dose-intensive,
multimodal therapy (35–38). These differences reflect the
heterogeneity of NB. For example, many high-risk tumors
have MYCN amplification, but >60% do not (39), suggesting
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Table 7.1. International neuroblastoma staging system.

Stage Definition

1 Localized tumor confined to the area of origin;
complete gross resection, with or without
microscopic residual disease; representative
ipsilateral lymph nodes negative for tumor.

2A Localized tumor with incomplete gross excision;
representative ipsilateral nonadherent lymph nodes
negative for tumor.

2B Localized tumor with or without complete gross
excision, with ipsilateral nonadherent lymph nodes
positive for tumor.

3 Unresectable unilateral tumor infiltrating across the
midline, with or without regional lymph node
involvement; or localized unilateral tumor with
contralateral regional lymph node involvement; or
midline tumor with bilateral extension by infiltration
or by lymph node involvement.

4 Any primary tumor with dissemination to distant
lymph nodes, bone, bone marrow, liver, skin, and/or
organs except as defined for stage 4S.

4S Localized primary tumor (as defined for stages 1, 2A or
2B), with dissemination limited to skin, liver, and/or
bone marrow.

Based on Brodeur et al. 1993 (26).

Table 7.2. Some features of various stages of NB.

Stage 1
Patients <1 year of age
Triploid DNA tumor content
Single copy MYCN
Few genomic changes
Tumor regresses spontaneously, although slowly

Stage 4S
Initially grows and may metastasize and then regresses
High TrkA expression
Triploid DNA tumor content
No MYCN amplification

Advanced stages
Patients >1 year of age
Metastases to bone and lymph nodes
TrkA expression downregulated
Diploid DNA and near-diploid or tetraploid karyotype,

often with dmin or hsr
MYCN amplified, loss of 1p, 17q+, 11q-
Marked genetic heterogeneity

that there are other genetic pathways in the development of
NB (40).

Not infrequently, poorly differentiated NB may be confused
with related tumors such as peripheral neuroepithelioma
or other primitive neuroectodermal tumors, other round-cell
sarcomas, or lymphomas (8). This problem can be readily
solved now through cytogenetic analysis that usually reveals a
t(11;22) in the former tumors and is not present in NB (41,42).
The area of genomic medicine and its role in NB have been
addressed previously (43).

NB is a cancer of early childhood in which genomic
changes in the tumor correlate with its behavior (3,44, 44A).
A particularly aggressive subtype of NB is genetically char-

acterized by amplification of the MYCN oncogene and of 1p
deletions (45). Gain of parts of the long arm of 17q (17q+) has
also been shown to be a characteristic feature of the aggres-
sive subtype (46–49). The frequent 1p-deletion in clinically
advanced tumors implies that the 1p region contains at least
one gene (tumor suppressor gene, TSG) that is prone to inac-
tivation in NB tumors. Amplification of MYCN, which plays a
critical part in neurodevelopment, is amplified in about 20% of
cases of NB, and it was one of the first tumor-derived genetic
markers shown to be of clinical value; it continues to provide
important prognostic information (50).

Genetic Aspects of NB

Cytogenetics

The published cases of NB with abnormal and complete kary-
otypes or with cogent cytogenetic information are shown in
Table 7.3. In most cytogenetic studies, >60% of the NB
tumors examined had karyotypic changes. The question is
whether the tumors with normal karyotypes may represent
normal cells that were in division at the expense of the NB
cells, or tumor cells with subtle chromosomal abnormalities
(as revealed by comparative genomic hybridization [CGH]
and fluorescence in situ hybridization [FISH] in some cases).

Table 7.3 reveals that approximately 60% of the abnormal
karyotypes of NB contain chromosome numbers in the diploid
range, with 20% showing near-triploid and another 20%
near-tetraploid numbers. Translocations were present in 17%,
del(1p) in 20%, double minutes (dmin) in 27%, and changes
affecting chromosome 1 (e.g., deletions, additions, duplica-
tions, isochromosome, and involvement in translocations) in
60% of the karyotypes.

A cytogenetic feature that is related to clinical outcome
of NB is aneuploidy, based on cytogenetic analysis of
metaphase chromosomes or cellular DNA content (51–56).
Hyperdiploidy is usually indicative of poor outcome in adult
NB cases, but in infants with NB it is a favorable finding.
In contrast, NB with near-diploidy or high ploidy (e.g.,
tetraploidy) are associated with a poor prognosis. Hyper-
diploidy with nonamplified MYCN has been reported to have
a favorable prognosis in children with nondisseminated NB
(57). Children with NB and tumor hyperdiploidy but with the
absence of an abnormal chromosome 1 have a more favor-
able outcome than those cases that have the chromosome 1
anomaly (58).

As mentioned, chromosome 1, particularly its short arm
(1p), was involved by deletions (Figure 7.2) translocations and
additions or duplications in 60% of the karyotypes (Table 7.3).
The translocations with 1p most often involved chromosome
17 (>50% of the translocations), followed by chromosomes
11 (13%), 7 (10%), and 3 (<5%).

Even though del(1p) is a very common karyotypic change
in NB, it does occur in several other cancers and tumor
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Figure 7.2. Karyotype of an NB showing two of the most common
changes in these tumors, i.e., loss of 1p and gain of 17q. Other less
common changes involve chromosomes 6 and 13 (164). Arrow points
to a cluster of dmin present in the tumor.

types (59); hence, it does not have the specificity of the diag-
nostic cytogenetic changes seen in other conditions, e.g., the
Ph-chromosome in chronic myelogenous leukemia (CML) or
the (X;18)(p11.2;q11.2) in synovial sarcoma (41).

An example of the cytogenetic changes in NB is repre-
sented by a study in which 28 primary NB of different
stages were evaluated (60); more than half of the NB had
involvement of 1p either as translocations, deletions, or
der(1p). In addition, dmin were seen in 13 cases and homo-
geneously staining regions (hsr) in six cases (an unusually
high incidence of hsr in primary tumors) affecting different
chromosomes. All 28 cases studied had abnormal modal chro-
mosome numbers (ranging from 34 to 101 chromosomes) or
pseudodiploidy. The incompleteness of the information on
the karyotypes of these cases precluded their inclusion in
Table 7.3.

Of the translocations described in NB tumors and cell lines,
the most common involved are chromosomes 1, 11, and 17,
i.e., t(1;17), t(11;17) and t(1;11), and less commonly t(1;7).
The t(1;17) leads to loss of 1p and gain of 17q, the t(11;17)
to loss of 11q and gain of 17q and t(1;11) to loss of 1p and
gain of 11q. However, loss of 11q, often involving q23, is not
an uncommon finding in NB, loss of heterozygosity (LOH) of
this band having been reported in 34% of 913 NB (50).

The t(11;22)(q24;q12) and its fusion gene products
observed in two typical NB (61), findings characteristics of
peripheral primitive neuroectodermal tumor (pPNET), may
indicate that these two NB were pathogenetically related to
the latter group of tumors.

The structural chromosome changes in NB primarily
involve the early replicating regions of chromosomes
(62). Genetic stability of microsatellites in NB has been
reported (63). The application of various FISH techniques
to establishing cytogenetic changes in NB has revealed
the chromosomal origin of unbalanced translocations and

derivative chromosomes (markers) and the presence of kary-
otypic anomalies not discernible with conventional cytoge-
netic changes (64–68). The possible role of chromosomal
fragile sites in the development of cytogenetic changes in NB
has been discussed (69).

Double Minutes and hsr

A substantial number of NB tumors (approx 30%) have either
dmin, hsr, or both in subpopulations of cells (Table 7.3). Dmin
in NB were first described in 1965 (70), and subsequently by
others (71, 72); hsr in NB were identified in 1976 (73, 74).
Indeed, the latter authors suggested that these cytogenetic
abnormalities might be manifestations of gene amplification.

The number of dmin per metaphase ranged from a few
to several hundred within the same NB tumor (Figure 7.3).
Some of the metaphases may not contain discernible dmin.
It would seem that for MYCN amplification to be evident
and meaningful, 10 or more dmin per cell should be present.
Only a small number of NB tumors contained hsr in their
metaphases (Table 7.3).

Figure 7.3. dmin in the NB cells in the marrow (a). The number of
dmin may vary from just a few to very large numbers. The bottom
figure (b) shows hsr (arrows), which are more common in established
NB cell lines than in primary tumors. Usually, as with dmin, hsr are
associated with MYCN amplification and poor response to therapy.
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The presence of hsr and dmin, particularly the former, has
been stated to be high (approx 50%) in established NB cell
cultures (75, 76). Table 7.4, containing the published kary-
otypes of NB cell cultures, reveals that 25% of the cell lines
had hsr and 12.5% had dmin, in contrast to the relative scarcity
of hsr in NB tumors specimens, and the presence of dmin in
20% of these specimens (Table 7.3).

The dmin are often seen as a separate phenomenon from the
chromosomes in direct metaphase preparations from primary
NB tumors, whereas hsr are seldom seen in such preparations,
but they are evident in approximately 50% of NB cell lines
(76). The hsr are integrated as extra segments into abnormal
chromosomes in which they can reach up to 80 Mbp (77, 78),
and their integration sites vary in different NB cell lines (75,
76, 79, 80).

A study of the outcome in children with NB with hsr
showed no difference from those with dmin (81); both are
associated with a poor prognosis. The higher incidence of
hsr in NB cell lines compared with primary tumors may be
a compensatory mechanism to ensure cell survival in vitro
and does not per se contribute to increased tumorigenicity
(81). Dmin harboring amplified MYCN can be spontaneously
eliminated as micronuclei in cell lines and tumors (82, 83).
This propensity for dmin elimination may be the reason for
the switch from dmin to hsr in cell lines. Other explana-
tions for this switch are possible (81). Elimination in vivo of
dmin containing amplified MYCN through the formation of
micronuclei of NB cells has been described previously (83).

Either dmin or hsr (or both in small subsets of cells) occur
in about 90% of NB cell lines (41). Evidence suggests that
there is selection in vitro for cells derived from tumors that
have preexisting dmin or hsr, and no evidence exists that these
abnormalities develop de novo with time in culture of NB
cells. Identification of cells containing dmin or hsr in NB can
be established by interphase FISH (84).

As mentioned, the dmin are short, bipartite chromosome
fragments that seem separate from the major chromosomes
in metaphase spreads, and they are usually multiple. Hsr
are uniformly staining elongations of the genome that are
inserted into chromosomes in a spanner manner. Both of these
phenomena were noted on cytogenetic studies of NB explants
that were immortalized into cell lines (85). It became apparent
that those tumors that could easily be transferred to an in
vitro existence were associated with poor clinical outcome
in vivo, and cytogenetic studies of these cells were note-
worthy for the presence of both dmin and hsr. Cloning exper-
iments of dmin and hsr revealed that they were composed of
amplified segments of MYCN, a gene located on 2p24 and
having homology to the MYCN proto-oncogene (45). Thus,
the immortalization of cells in vitro and the aggressive clinical
behavior in vivo result from multiplied segments of a tumor-
related gene, with high levels of production of the resultant
protein. Amplification of MYCN typically ranges from 50 to
400 copies of this usually single segment (10).

The large body of knowledge about amplified sequences in
tumor cells contrasts with a nearly complete lack of knowl-
edge about the nuclear morphology and topology of the aber-
rant chromatin structures (dmin and hsr) that harbor these
sequences (86). Such knowledge is likely to be essential for
a better understanding of the function of dmin and hsr in the
context of nuclear organization. A study (86) on the question
whether hsr and dmin occupy a distinct nuclear compartment
clearly separated from surrounding chromosome territories or
whether chromatin loops from hsr and dmin and chromosome
territories intermingle with each other, led the authors (86)
to hypothesize that dmin are located within the interchromo-
somal domain space and that stretches of hsr-chromatin align
along this space. Such a topology could facilitate access of
amplified genes to transcription and splicing complexes that
are assumed to localize in this space.

Each interphase chromosome occupies a distinct territory in
the cell nucleus (87–90), and the organization of chromosome
territories is considered an important factor affecting nuclear
functions (88,91,92). The compartmentalized structure of the
nucleus ensures that molecules necessary for certain biolog-
ical processes, such as transcription and splicing, are present
in the right place and at the right time (91, 93, 94, 94A).
Although the topology of chromatin in tumor and normal
cell nuclei may differ profoundly, a detailed analysis of these
differences is still lacking (86).

CGH and Array-CGH Studies in NB

Many CGH studies in NB tumors and cell lines have benn
published (46, 95–103). These studies confirmed recurrent
genomic changes established previously by other techniques
(e.g., cytogenetics, FISH, and LOH), i.e., loss of 1p and 11q,
gain of 17q, and amplification of 2p23 (MYCN) and less
frequently loss of 3p, 4p, 9p, and 14q, although each study
contained some findings additional to or different from others
(Figure 7.4). For example, one study (104) described a subset
of NB of stages 3 and 4 without MYCN amplification or 1p-
and in another study (105) gain of 1q21-q25 was found in
eight of 16 NB with stage 4 disease.

Essentially, most of the findings in NB obtained with cyto-
genetics (except for balanced changes such as translocations
and inversions not detectable by CGH) and FISH, especially
17q gain, were corroborated and extended by CGH studies.
The essential use of combined approaches (e.g., cytogenetics,
FISH, SKY, or multiplex [M]-FISH and CGH) in deciphering
and establishing the genomic changes in NB cell lines (and
applicable also to primary tumors) was stressed previously
(66). One CGH study (66) of seven cell lines with previously
well-characterized genetic aberrations not only demonstrated
1p loss but also showed one or more extra copies of 17q
due to unbalanced translocations with chromosome 1 or other
partner chromosomes.

A CGH study of NB in which changes of 1p were not
impressive, whereas gains of 2p, whole chromosomes 7 and
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Figure 7.4. CGH results on 20 NB showing loss of chromosomal material (left lines) or gain of such material (right lines). Amplification
of 2p (associated with MYCN amplification) is shown by thick lines. The most common changes were loss of 1p and gain of 17q. Gains of
whole chromosomes 1, 17, and 22 also were present (from ref. 98, with permission).

17 and 17q, and loss of 11q were prominent has been reported
previously (106).

A CGH study of 11q changes (107) showed loss of 11q
without MYCN amplification in 59% of the 50 NB with stage
4 disease and in only 15% of those with amplification. Loss
of 11q correlated with loss of 3p. Loss of 11q did correlate
with prognosis, and it was not significantly associated with
amplification of MYCN or loss of 1p.

Differences in NB genomic changes in infantile versus
older patients were demonstrated by CGH (108) in that the
incidence of 17q+ were lower in the former, as were losses of
11q and 14q.

Examination of NB cell lines with CGH showed a preva-
lence of nonreciprocal translocations (109), the most common
being der(1)t(1;17). The authors stated that NB cell lines are
characterized by changes predominantly involving chromo-
some fragments replicating early in the S phase.

A CGH study showed that long-term survivors with NB
had primarily numerical chromosomal changes in their tumors
(gains of 1, 7, 17, and 19), whereas those with aggressive
disease were associated with structural genomic alterations
(loss of 1p, 9p, 11q, and 18q and gain of 12q). Unbalanced
gain of 17q was present in at least 50% of these NB (103).
Similar results were obtained in other studies (102,111). Loss
of 1p was found in some cases only with FISH.

cDNA microarray CGH is based on hybridization of tumor
DNA to genomic bacterial artificial chromosomes, which
provides a way to analyze genomic changes in tumor tissue
with high sensitivity (112), detecting single-copy number
aberrations in tissues in the presence of ≤60% contamination
by normal cells. Furthermore, array CGH is an approach that
can be applied to paraffin-embedded tissues (113, 114).

Studies using cDNA microarray CGH have shown an asso-
ciation between gain of 1q21-q25 with prognosis (115), that
15 genes were up-regulated in stage 4 NB, including genes for
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cell adhesion molecules and cytoskeleton proteins (116), that
the pattern of changes in murine NB resemble those of the
human tumors (117), and that the 4S grade NB can be divided
into three groups, i.e., one group with no MYCN amplification,
oen group with a small MYCN amplicon as the only detectable
imbalance, and one group with a large MYCN amplicon asso-
ciated with coamplification of other genes (118).

A report of unique amplification of 1p34.2 and a more
complex one at p36.3 in NB based on CGH and confirmed
with cDNA microarray CGH has appeared (119).

In another cDNA microarray CGH study (120, 121), no
genomic alterations common to all stages of NB were found.
However, gain of 7q32, 17q21 and 17q23-q24 and loss of
3p21 were common to stages 1 and 4. The most common
specific changes in stage 4+ tumors were loss of 1p36 and gain
of 2p24-p25 and such tumors had fewer genomic alterations
than stages 1 or 4-, indicating that this subgroup of poor risk
NB requires a lesser number of genomic changes for malig-
nant development.

In another array-CGH study, loss of whole chromosomes 3,
4, 14, and X and gain of 7 and 17 was found in low-grade NB
(122), whereas deletions of 1p, 3p, 11q, and gain of 17q and
MYCN amplification were seen in advanced grade NB with
a poor outcome. Amplifications of 2p24 (MYCN) and other
segments of chromosome 2, and of 6q, 12q, and 17q were
described previously.

MYCN amplification, loss of 3p and 11q, and gain of 17q,
findings common in NB obtained by other methodologies,
were confirmed by cDNA microarray CGH (123). A review
of genome-wide measurement of DNA copy number changes
in NB (124), stressed the analytical power of array CGH as
a rapid method for detecting alterations, i.e., amplifications,
deletions and gains, and, in conjunction with cytogenetic data,
allowing high-resolution mapping of unbalanced transloca-
tions.

LOH in NB

Inactivation of tumor suppressor genes (TSG) and activa-
tion of proto-oncogenes occur during multistep carcinogen-
esis of NB. Proto-oncogenes are activated by promoter CpG
demethylation, point mutations, chromosomal translocations,
and gene amplifications. Examples of the latter are the MYCN
and NAG genes at 2p24, which are coamplified in NB
(125–127) and an array of genes on 17q23.2, which are also
coamplified in NB (128).

TSG are inactivated by promoter CpG hypermethylation,
point mutations, chromosomal translocations, and deletions.
TSG of NB may be located at 1p36, 4p16, 11q23, and 14q32,
based on deletion analyses (129–132).

LOH of several specific genomic regions is frequently
observed in NB tumors and cell lines, but biallelic inactivation
of TSG, crucial for the genesis and evolution of neoplastic
cells, through homozygous deletions (HD) (133,134) are rare,
and no NB TSG has yet been identified. A systematic search

for HD on 1p36 in a panel of 46 NB cell lines did not
reveal such HD (135). HD was detected only of the CDKN2A
(p16I N K 4a/p14ARF) gene at 9p21 and was observed in four
of 46 cell lines (135). HD was observed in corresponding
primary tumor samples for two of the cell lines, but it was not
present in constitutional samples. These results suggest that
for NB, large HD do not occur within 1p36, that most known
TSG are not homozygously deleted, and that biallelic inactiva-
tion of CDKN2A may contribute to tumorigenicity in a subset
of cases.

Deletions of 3p occur coincidentally with 11q deletions and
define a subset of NB with aggressive disease without the
oncogenic influence of deregulated MYCN (102, 136). HD of
other chromosomes of possible relevance to NB include 4p,
9p, 14q, and 19q (137–141), although in general HD are rare
in NB (141). This complicates the use of available approaches
for identifying the TSG that could be targeted by the HD of
several chromosomes.

Telomerase in NB

The telomerase complex includes telomerase RNA (hTR),
human telomerase reverse transcriptase (hTERT), and several
associated proteins. hTR acts as a template for the telom-
eric repeat synthesis, and hTERT (mapped to 5p15.33)
has reverse transcriptase activity (142). hTR is sometimes
expressed in cells without telomerase activity; in contrast,
the degree of telomerase activity correlates with the expres-
sion of hTERT. Most normal somatic cells lack telomerase
activity, because they do not express the hTERT gene, whereas
most cancer cells, including NB, express hTERT (143, 144).
Therefore, detection of hTERT mRNA expression by reverse
transcription-polymerase chain reaction (RT-PCR) analysis
may be useful for NB diagnosis.

There are some practical aspects related to measuring
telomerase status in NB tumor tissue. The determination of
telomerase activity requires fresh tissue, which may not be
always available. In contrast, assay of the mRNA of the telom-
erase catalytic subunit hTERT can be performed on archival
material by RT-PCR. The clinical utility of telomerase activity
or hTERT levels as a prognostic indicator in NB has been
stressed by a number of authors (145–150, 150A).

Telomerase is an enzyme that synthesizes the TTAGGG
telomeric repeats for maintaining the integrity of chromo-
somal ends. This enzyme is expressed in germline but not
in normal somatic cells. Increased telomerase activity is
detectable in most cancer cells and seems to be a prerequi-
site for malignant transformation (151). Telomerase activity
has been detected in most NB, high levels being present in
advanced-stages and associated with MYCN amplification or
1p deletion with poor clinical outcome (97, 145, 152–158).
The level of expression of the RNA template component of
hTR is lower in localized and stage 4S NB than in advanced
stage tumors (154). Low-level hTR expression and telom-
erase activity may limit the growth potential of some NB,
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whereas high expression of hTR and telomerase activity may
contribute to aggressive tumor behavior by allowing unlim-
ited cell proliferation (44, 159). Therefore, although elevated
telomerase expression may simply be a marker of escape from
cellular senescence, markedly increased levels may be associ-
ated with genomic instability and an increased likelihood of
additional mutational events.

Telomerase activity was not detectable in ganglioneuromas
or normal adrenal tissue (145).

Patients whose tumors were negative for telomerase activity
before and after chemotherapy uniformly did well, even
though all 40 cases studied were unfavorable by the Shimada
classification (149). In two of seven cases where the tumors
were positive before and negative or weakly telomerase-
positive after treatment, the patients did well clinically.
In contrast, in cases that were telomerase-positive after
chemotherapy, all had a poor outcome. Thus, telomerase
activity (measured in these studies by PCR-enzyme-linked
immunosorbent assay) seemed to be a prognostic factor for
NB (149). The correlation between telomerase activity and
NB tumor aggressiveness is a mechanism that seems to be
separate from cellular differentiation (160). Telomere length
and telomere repeat binding factors as prognostic markers in
solid tumors, including NB, have been discussed previously
(161). Telomerase activity and TrkA expression can serve as
significant prognostic indices in NB (156).

Changes of Chromosome 1 (Especially of 1p)
in NB

Cytogeneticists first identified alterations of the distal short
arm of chromosome 1 (1p) in primary NB and tumor-derived
cell lines >20 years ago (162–164). Molecular analyses
have subsequently confirmed and extended these findings
(165–167). Deletions within 1p occur in ∼35% of primary
NB, and these deletions tend to be large and terminal, often
extending from ∼1p32 to the telomere (168–170). Intersti-
tial deletions are infrequent (171) , and a smallest region of
deletion (SRD) has been identified consistently within 1p36.3
(130, 172, 173). Constitutional genomic alterations within
this region have also been observed in patients with NB,
changes that may predispose them to the genesis of this tumor
(174, 175). Transfer of 1p material into a NB-derived cell
line has induced phenotypic changes consistent with loss of
malignant potential; furthermore, reversion to tumorigenicity
correlated with loss of the transferred 1p homologue (176).
Together, these data strongly support the presence of one
or more NB suppressor genes within chromosome subband
1p36.3. However, tumor-specific biallelic inactivation has not
been demonstrated for any candidate 1p36 suppressor gene in
NB, despite intensive investigations. Thus, alternate models
of tumor suppressor inactivation, such as genomic imprinting,
somatic epigenetic silencing, haploinsufficiency, and domi-
nant inhibitor effect may be operative.

Reports documenting preferential deletion of the mater-
nally inherited 1p in NB without MYCN amplification led to
the hypothesis that an imprinted suppressor gene is targeted
for disruption in this subset of NB (177,178), supported by the
observation that 1p deletions in NB without MYCN amplifica-
tion tend to be smaller and more telomeric than those in NB
with MYCN amplification (178). This hypothesis was tested
(179) in a large series of NB, both with and without MYCN
amplification, and showed that no parent-of-origin effect for
1p36 deletion was apparent to support the presence of an
imprinted NB suppressor gene in this region.

LOH of 1p is strongly associated with high-risk features of
NB, i.e., age greater than one year at diagnosis (Figure 7.5),
the presence of metastatic disease and MYCN amplifica-
tion (138, 180–182), although there is no general agree-
ment concerning the independent prognostic significance of
1p LOH (45, 183). LOH of 1p36 may predict a decreased
event-free survival, but not overall survival (184) and an
increased risk of disease relapse in patients with localized
tumors (138, 180, 185, 186). Whether there is more than one
TSG distal to the 1p36 and whether the retained allele is inac-
tivated by genetic or epigenetic events are unknown (187).

Lack of MYCN amplification in tumors with 11q23 LOH
contrasts with the findings regarding 1p36 LOH. Although
1p36 LOH was highly associated with a decreased proba-
bility of survival, there was a statistically significant overlap
between tumors with 1p36 LOH and those with MYCN ampli-
fication. The association between 1p36 LOH and MYCN
amplification may partially explain why 1p36 LOH was not
independently associated with survival after the adjustment
for MYCN amplification in multivariate analyses (50). After
the multivariate model was restricted to the low-risk and
intermediate-risk groups, which are made up almost entirely
of patients with tumors that do not have MYCN amplification,
1p36 LOH was independently associated with progression-
free survival, confirming a previous report (188).

Figure 7.5. Overall survival of NB patients with and without LOH
of 1p, showing a statistically significant difference between the two
groups (50).
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It was shown (50) that 1p36 LOH and unbalanced 11q LOH
are strongly associated with outcome in patients with NB. The
addition of these indices to the currently used prognostic vari-
ables may allow for more precise treatment recommendations.

A large number of studies have been performed in an
attempt to define the region on 1p likely to contain a gene or
genes responsible for NB development and/or affecting the
biology of these tumors (130,170,173,174,178,181,189–197).
In early studies, several loci on 1p possibly containing
putative NB suppressor genes were identified by FISH and
LOH, i.e., 1p36.1-pter (170, 190, 191, 194, 198), 1p36.1-
p35 (199), and 1p34-p32 (182, 200). From these studies, a
region of (193), a finding subsequently confirmed by others
(130, 131, 171, 191, 196).

Comprehensive and large-scale molecular genetic
approaches were used to further characterize the initially
defined SRD at 1p36.2-1p36.3 (130, 170, 171, 190, 191, 196,
201), with the objective of further narrowing this region
and number of candidate genes (193). Allelic loss studies
of 737 primary NB and genotype analysis of 46 NB cell
lines were performed (193). Together, the results defined a
single region within 1p36.3 that was consistently deleted in
25% of tumors and 87% of cell lines. Two NB patients had
constitutional deletions of distal 1p36 that overlapped with
the tumor-defined region. The tumor- and constitutionally
derived deletions together defined an SRD. The 1p36.3 SRD
was deleted in all but one of the 184 tumors with 1p loss.
Physical mapping and DNA sequencing determined that the
SRD minimally spans an estimated 729-kb region. Genomic
content and sequence analysis of the SRD identified 15 char-
acterized, nine uncharacterized, and six predicted genes in the
region. The physical mapping, sequencing, sequence analysis,
and transcriptional profiles of genes within the defined SRD
also were described (193).

However, progress in further narrowing the region and
defining candidate TSG within 1p36 has been slow, due in part
to most 1p deletions being large. In addition, whereas several
NB cell lines and constitutional chromosomal rearrangements
involving 1p36 have been identified, the affected chromo-
somal regions do not tightly cluster (196, 202–208). More-
over, linkage analysis of familial cases has excluded 1p36
as containing a predisposition locus (209). Thus, the gene or
genes responsible for NB development have remained elusive
(44, 45).

Interestingly, several genes differentially expressed
between 1p-normal and 1pLOH samples encode proteins
possibly involved in neural differentiation, cell cycle regu-
lation, and apoptosis (210). It has been established that 1p
deletion is frequently associated with 17q gain, as a result
of unbalanced translocations. Therefore, in addition to the
gene dosage effect for 1p genes, gene dosage imbalances
secondary to segmental trisomy of 17q also might disrupt
critical stoichiometric relationships in cell growth and phys-
iology, which may directly contribute to tumor development
or progression (210).

Cytogenetic, molecular genetic, and functional analysis of
primary NB tumors and cell lines have identified several
genomic regions frequently exhibiting hemizygous deletions
(211). Deletion of 1p36 correlates strongly with advanced
disease, and it is the most well-characterized region of dele-
tion in NB (181,188,212). The existence of one or more addi-
tional TSG located elsewhere within 1p36 (174, 189, 194) is
also a possibility. Despite the characterization of numerous
candidates, no 1p36 TSG has yet been identified, largely
because of the paucity of tumors with localized 1p36 rear-
rangements (211).

Furthermore, HD of known tumor suppressor loci has been
reported only rarely in NB (191, 213, 214). The lack of
evidence for genetic alterations in the genes encoding the
DNA damage sensor p53 and the cyclin-dependent kinase
inhibitory protein p16INK4a is notable, as these two genes are
commonly disrupted in most malignancies (215, 216).

The most common structural chromosome abnormalities in
NB tumors and cell lines are associated with aggressive clin-
ical behavior and include loss of the distal part of 1p (1p-)
and 11q (11q-), MYCN amplification and unbalanced gain
of the long of chromosome 17 (17q+) (3, 46, 102, 104, 107,
111, 189, 217). Unbalanced gain of 17q material is the most
common abnormality detected in advanced stage NB, occur-
ring in 80–90% of cases irrespective of MYCN amplification
or 11q loss status (46, 96, 99). Table 7.4 presents informa-
tion on chromosome 1 changes in NB, most of which are not
included in the text. The table also shows some of the genes
localized to 1p or thought to be involved in NB.

Changes of 17q in NB

The recurrent nature of 17q changes in NB were first pointed
to >20 years ago (218, 219), and it has been recognized
that gain of that arm (17q+) is perhaps the most common
genetic abnormality in NB, including the frequent occurrence
of unbalanced translocations (213, 220–223). Chromosome
17 gain may be due to the formation of isochromosomes of
17q (98). Cytogenetic, CGH, and other methodologies have
shown that gain at 17q21-qter occurs in 50–75% of primary
NB (47, 48, 95–99, 111, 224), an incidence much higher than
that for 1p- and MYCN amplification. Unbalanced 17q gain is
associated with an unfavorable clinical outcome (Figure 7.6)
(46, 48, 49, 189, 225, 226). Opinions to the contrary have been
expressed (227), in which loss of 1p and MYCN amplification
were thought to be more reliable indices of outcome.

In NB, frequent genetic alterations consist of unbalanced
translocations between chromosome 17 and various partners
(228, 229), most frequently 1p, 3p, and 11q, leading to dele-
tion of part of the recipient chromosome, and to gain of chro-
mosome arm 17q (3, 222, 230, 231). At the cytogenetic level,
17q11 to 17q21 were the most common sites of the transloca-
tion breakpoints, although 17q23 may be involved in translo-
cations with 11q (Tables 7.5 and 7.6). Several gains of 17q
and loss of 11q in NB occur as a consequence of unbalanced
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Figure 7.6. Survival of patients with NB with normal 17q and those
with gain of 17q. The unfavorable outcome for the latter group of
patients is significantly worse than for the former group. In this study,
the presence of single-copy MYCN or 1p deletions did not signifi-
cantly affect survival of NB cases with either a normal 17q or gain
of 17q. This contrasts with the poor survival in cases with MYCN
amplification and 1p deletions (from ref. 48, with permission).

translocations between the long arms of these chromosomes
(68, 98, 220, 228, 229, 232–234). The extent of the varia-
tion of the breakpoints involved in the t(11;17), however, is
unknown. It is possible that this variation is a consequence of
the many different chromosomal mechanisms leading to these
genomic imbalances and that the breakpoints in t(11;17) prob-
ably occur over a limited region (235).

The 17q breakpoints vary, but preferential gain of a region
distal to 17q22-17q21 suggests that a dosage effect of one

or more unidentified genes located in this region provides
a selective advantage for NB growth (236). Overexpressed
BIRC5 (survivin), NME1 (NM23), and PPM1D may be
involved in this gain of genomic material (128, 237, 238). It is
likely that multiple 17q genes are differentially up-regulated
to provide an oncogenic effect in high-risk NB.

The complexity that may exist in the der(1)t(1;17) translo-
cations in NB is illustrated by a study of a NB cell line with
this translocation (239). The 17q breakpoint was mapped by
FISH. Subsequently, a rearranged fragment was identified by
Southern analysis, cloned in lambda vector, and sequenced.
The chromosome rearrangement was more complex than
expected due to the presence of an interstitial 4p telomeric
sequence between 1p and 17q. Three different genes, which
may play a role in NB development, were disrupted by the
translocation. The 3′ untranslated region of the PIP5K2B gene
on 17q was directly fused to the (TTAGGG)n repeat of the 4p
telomere, and the (1;4) fusion disrupted the microtubule-actin
crosslinking factor 1 (MACF1) and POLN genes. Interest-
ingly, the (1;4) fusion was present at diagnosis and at relapse,
whereas the (4;17) fusion was detected at relapse only, leading
to a secondary 17q gain confirmed by array CGH and indi-
cating that 17q gain may not be a primary event in NB.
The results indicate that the deletion of chromosome 1 may
precede the gain of chromosome 17q, which may, therefore,
be a late rather than an initiating event in NB development.
Screening of a panel of NB cell lines identified interstitial
telomeric sequences in three, suggesting that this may be a
recurrent mechanism leading to unbalanced translocations in
NB (239).

The breakpoints on 17q occur between 17q21 to the
telomere, but they consistently include 17q23→qter (203,229,
240, 241). Gains with breakpoints proximal to 17q21 corre-
lated with a better survival than gains with more distal break-
points (229). Gain of 17q is associated with advanced stage

Table 7.5. Some aspects of 17q involvement in NB.
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Lastowska et al 2001, 2002 (256, 257)
Physical closeness of amplified MYCN and 17q in NB. O’Neill et al 2001 (778)
nm23 gene on 17q and MYCN and MYC downstream pathways. Godfried et al 2002 (779)
I-FISH studies of 17q gain in NB. Trakhtenbrot et al 2002 (243)
Further molecular studies of constitutional t(1;17) in a patient with NB. Van Roy et al 2002 (241)
Detection of single-copy 17q gain with RT-PCR. Morowitz et al 2003 (780)
PPM1D as target in 17q gain in NB. Saito-Ohara et al 2003 (128)
Gain of 17q may be seen in NB with a favorable prognosis. Tomioka et al 2003 (705)
Regions syntenic with human 17q are gained in mouse and rat NB. Lastowska et al 2004 (258)
Nature, variety and complexity of chromosome 17 translocations in NB. Schleiermacher et al 2004, 2005 (236, 239)
Topo-II� gene in t(1;17) in NB. Yoon et al 2006 (781)
The gain on the distal segment of 17q, not uncommon in NB, was shown to contain critical regions that

may reflect on the course and therapy of the disease.
Vandesompele et al 2008 (781A)



T
a

b
le

7.
6.

17
q

re
ar

ra
ng

em
en

ts
in

ne
ur

ob
la

st
om

a
tu

m
or

s
an

d
ce

ll
lin

es
.

17
q

C
ha

ng
es

C
el

lL
in

e
R

ef
er

en
ce

s

Pr
im

ar
y

tu
m

or
s

de
r(

1)
t(

1;
17

)(
p1

2;
q1

1)
x3

B
et

ts
et

al
20

05
(7

43
)

de
r(

1)
t(

1;
17

)(
p1

3;
q1

1)
M

cR
ob

er
te

ta
l1

99
2

(2
33

)
de

r(
1)

t(
1;

17
)(

p1
3;

q2
1)

B
et

ts
et

al
20

05
(7

43
)

de
r(

1)
t(

1;
17

)(
p1

?;
q1

1-
q2

1)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

1)
t(

1;
17

)(
p2

2;
q2

1)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

1)
t(

1;
17

)(
p3

2;
q1

1.
2)

Ł
as

tk
ow

sk
a

et
al

19
97

(2
28

)
de

r(
1)

t(
1;

17
)(

p3
2;

q1
2)

K
an

ek
o

an
d

K
nu

ds
on

20
00

(7
39

)
de

r(
1)

t(
1;

17
)(

p3
2;

q2
1)

(3
ca

se
s)

B
et

ts
et

al
20

05
(7

43
)

de
r(

1)
t(

1;
17

)(
p3

2;
q2

1)
,d

er
(1

)t
(1

;1
7)

(q
33

;q
21

),
de

r(
16

)t
(1

6;
17

)(
p1

3;
q2

1)
,d

er
(1

9)
t(

17
;1

9)
(q

21
;p

13
)

B
et

ts
et

al
20

05
(7

43
)

de
r(

1)
t(

1;
17

)(
p3

?5
;q

21
)

St
ar

k
et

al
20

02
(6

7)
de

r(
1)

t(
1;

?1
7)

(p
3?

;q
21

)
B

et
ts

et
al

20
05

(7
43

)
de

r(
1)

t(
1;

17
)(

p3
4;

q2
1)

M
it

ch
el

le
ta

l1
99

6
(7

36
)

de
r(

1)
t(

1;
17

)(
p3

4;
q2

1)
x2

,d
er

(1
3)

t(
13

;1
7)

(q
24

;q
21

)
B

et
ts

et
al

20
05

(7
43

)
de

r(
1)

t(
1;

17
)(

p3
4-

p3
6;

q1
2-

q2
1)

C
ar

on
et

al
19

94
(2

25
)

de
r(

1)
t(

1;
17

)(
p3

5-
p3

6;
q1

1-
q1

2)
Va

n
R

oy
et

al
19

94
(2

20
)

de
r(

1)
t(

1;
17

)(
p3

6;
q1

1-
q1

2)
Va

n
R

oy
et

al
19

94
(2

20
)

de
r(

1)
t(

1;
17

)(
p3

6;
q1

1-
q1

2)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

1)
t(

1;
17

)(
p3

6;
q2

1)
x2

K
an

ek
o

an
d

K
nu

ds
on

20
00

(7
39

)
de

r(
1)

t(
1;

17
)(

p3
6;

q2
1)

,d
er

(2
2)

t(
17

;2
2)

(q
21

;p
12

)
B

et
ts

et
al

20
05

(7
43

)
de

r(
1)

t(
1;

17
)(

p3
6;

q2
1)

,d
er

(2
2)

t(
17

;2
2)

(q
11

;q
13

)x
2

B
et

ts
et

al
20

05
(7

43
)

de
r(

1)
t(

1;
17

)(
p3

6;
?)

,d
er

(1
6)

t(
16

;1
7;

9)
(p

13
;q

21
q2

5;
q2

1)
,d

er
(1

7)
t(

4;
17

)(
q2

6-
q2

8;
p1

1)
B

et
ts

et
al

20
05

(7
43

)
de

r(
1)

t(
1;

17
)(

p3
?6

;q
11

-q
12

)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

3)
t(

3;
17

)(
p1

3;
q2

3)
B

et
ts

et
al

20
05

(7
43

)
de

r(
3)

t(
3;

17
)(

p2
2;

q2
1)

x2
St

ar
k

et
al

20
02

(6
7)

de
r(

3)
t(

3;
17

)(
p2

2;
q2

2)
,d

er
(1

1)
t(

11
;1

7)
(q

14
;q

21
),

de
r(

17
)t

(8
;1

7)
(p

12
;q

23
)

St
ar

k
et

al
20

02
(6

7)
de

r(
3)

t(
3;

17
)(

p2
6;

q2
1)

,d
er

(1
7)

t(
17

;1
7)

(p
11

;q
13

)
Sa

w
ye

r
et

al
19

96
(7

37
)

de
r(

3)
t(

3;
17

)(
q2

1;
q2

1)
,d

er
(1

5)
t(

15
;1

7)
(q

24
;q

21
)

B
et

ts
et

al
20

05
(7

43
)

de
r(

4)
t(

4;
17

)(
p1

2;
q2

1)
B

et
ts

et
al

20
05

(7
43

)
de

r(
5)

t(
5;

17
)(

p1
3;

q2
2)

St
ar

k
et

al
20

02
(6

7)
de

r(
5)

t(
5;

17
)(

q3
5;

q1
2-

q2
1)

A
ve

t-
L

oi
se

au
et

al
19

95
(2

34
)

de
r(

8)
t(

8;
17

)(
p2

1;
q2

1)
B

et
ts

et
al

20
05

(7
43

)
de

r(
9)

t(
9;

17
)(

p1
?3

;q
21

)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

10
)t

(1
0;

17
)(

q2
2;

q2
1)

Ł
as

tk
ow

sk
a

et
al

19
97

(2
28

)
de

r(
11

)t
(1

1;
17

)(
p1

5;
q2

1)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

11
)t

(1
1;

17
?)

(q
11

-q
13

;q
11

;q
11

-q
12

)
A

ve
t-

L
oi

se
au

et
al

19
95

(2
34

)
de

r(
11

)t
(1

1;
17

)(
q1

1-
q2

3;
q1

1)
(7

ca
se

s)
L

aw
ce

et
al

20
00

(2
26

)
de

r(
11

)t
(1

1;
17

)(
q1

2;
q1

2)
x4

St
ar

k
et

al
20

03
(6

7)
de

r(
11

)t
(1

1;
17

)(
q1

3;
q1

1)
M

cR
ob

er
te

ta
l1

99
2

(2
33

)
de

r(
11

)t
(1

1;
17

)(
q2

1;
q2

3)
x2

,d
er

(2
2)

t(
17

;2
2)

(p
12

;q
22

)x
2

St
ar

k
et

al
20

02
(6

7)
de

r(
12

)t
(1

2;
17

)(
q1

4;
q2

1)
C

hr
is

ti
an

se
n

an
d

L
am

pe
rt

et
al

19
88

(6
0)

de
r(

14
)t

(1
4;

17
)(

q3
2.

3;
q2

1)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

14
;1

7)
(q

10
;q

10
)

Ł
as

tk
ow

sk
a

et
al

19
97

(2
28

)
de

r(
16

)t
(1

6;
17

)(
q?

11
-?

q1
2;

q2
1)

Ł
as

tk
ow

sk
a

et
al

19
97

(2
28

)
de

r(
16

)t
(1

6;
17

)(
q2

2;
q1

1)
C

oh
en

et
al

20
01

(7
40

)
de

r(
17

)t
(X

;1
7)

(q
13

);
p1

2)
B

et
ts

et
al

20
05

(7
43

)



T
a

b
le

7.
6.

C
on

tin
ue

d

17
q

C
ha

ng
es

C
el

lL
in

e
R

ef
er

en
ce

s

de
r(

19
)t

(1
7;

19
)(

q1
2;

p1
3)

B
et

ts
et

al
20

05
(7

43
)

de
r(

21
)t

(1
1;

17
)(

q1
2;

q1
2)

x4
St

ar
k

et
al

20
02

(6
7)

de
r(

21
)t

(1
7;

21
)(

q1
1;

p1
1)

Sa
w

ye
r

et
al

19
96

(7
37

)
de

r(
22

)t
(1

7;
22

)(
p1

2;
q2

2)
x2

B
et

ts
et

al
20

05
(7

43
)

de
r(

?)
t(

?;
17

)(
?;

q1
2)

B
et

ts
et

al
20

05
(7

43
)

de
r(

?)
t(

?;
17

)(
?;

q2
1)

B
et

ts
et

al
20

05
(7

43
)

i(
17

)(
q1

0)
(2

ca
se

s)
F

ra
nk

e
et

al
19

86
(2

22
B

)
i(

17
)(

q1
0)

C
hr

is
ti

an
se

n
an

d
L

am
pe

rt
et

al
19

88
(6

0)
i(

17
)(

q1
0)

x2
A

ve
t-

L
oi

se
au

et
al

19
95

(2
34

)
t(

4;
?1

7)
(p

15
;q

11
)

A
ve

t-
L

oi
se

au
et

al
19

95
(2

34
)

t(
11

;1
7)

(q
11

-q
23

;q
11

)x
7

L
aw

ce
et

al
20

00
(2

26
)

tr
p(

17
)q

21
q2

5)
Ł

as
tk

ow
sk

a
et

al
19

97
(2

28
)

de
r(

1)
t(

1;
17

)(
p2

2;
q2

1)
H

D
-N

-1
6

A
m

le
r

an
d

Sc
hw

ab
et

al
19

89
(7

7)
de

r(
1)

t(
1;

17
)(

p3
2;

q1
2)

IM
R

-3
2

Tu
m

il
ow

ic
z

et
al

19
70

(6
32

)
K

im
et

al
20

01
(7

83
)

de
r(

1)
t(

1;
17

)(
p3

2;
q2

1)
N

L
F

B
ro

de
ur

et
al

19
77

(1
63

)
de

r(
1)

t(
1;

17
)(

p3
3-

p3
4;

q1
1)

SJ
N

B
-1

2
Va

n
R

oy
et

al
19

95
(2

40
)

de
r(

1)
t(

1;
17

)(
p3

3-
p3

4;
q1

2)
SJ

N
B

-8
Va

n
R

oy
et

al
19

95
(2

40
)

de
r(

1)
t(

1;
17

)(
p3

4.
1;

q2
1)

,
N

B
-1

2
Sh

ap
ir

a
et

al
19

97
(7

44
)

de
r(

5)
t(

5;
17

)(
q1

3;
q2

1)
,d

er
(1

7)
t(

6;
17

)(
q2

1;
q2

1)
de

r(
1)

t(
1;

17
)(

p3
4.

3;
q2

1)
N

M
B

B
ro

de
ur

et
al

19
77

(1
63

)
de

r(
1)

t(
1;

17
)(

p3
4.

3;
q2

1)
M

H
H

-H
B

-1
1

P
ie

ts
ch

et
al

19
88

(6
50

)
de

r(
1)

t(
1;

17
)(

p3
5;

q2
1)

IG
R

-N
-3

37
Va

le
nt

et
al

19
99

(7
84

)
de

r(
1)

t(
1;

17
)(

p3
6;

q1
1)

T
R

-1
4

C
ow

el
la

nd
R

up
ni

ak
19

83
(6

43
)

de
r(

1)
t(

1;
17

)(
p3

6;
q1

1.
2)

,d
er

(1
1)

t(
11

;1
7)

(q
13

;q
11

.2
)

G
I-

M
E

-N
D

on
ti

et
al

19
88

(2
32

)
Va

n
R

oy
et

al
20

01
(6

6)
de

r(
1)

t(
1;

17
)(

p3
6.

1-
2;

q2
1)

L
A

-N
-5

Se
eg

er
et

at
19

77
(6

47
)

de
r(

2)
t(

2;
10

;1
7)

(p
14

;q
11

;q
22

),
de

r(
9)

t(
9;

17
)(

q3
4;

q2
1)

,d
er

(1
6)

t(
16

;1
7)

(q
24

;q
22

)
IG

R
-N

-9
1

Va
le

nt
et

al
19

99
(7

84
)

de
r(

2)
t(

2;
17

)(
q1

3;
q2

3)
,d

er
(6

)t
(6

;1
7)

(q
25

;q
11

.2
),

de
r(

8)
t(

8;
17

)(
q2

1;
q1

2)
V

i-
8-

56
Sa

ve
ly

ev
a

et
al

19
94

(2
03

)
de

r(
3)

t(
3;

17
)(

p1
3;

q2
1)

,d
er

(1
1)

t(
11

;1
7)

(q
13

;q
11

)
SK

-N
-A

C
Va

n
R

oy
et

al
19

94
(2

20
)

K
im

et
al

20
01

(7
83

)
de

r(
5)

t(
5;

17
)(

q3
5;

q2
1)

IG
R

-N
-3

31
Va

le
nt

et
al

19
99

(7
84

)
de

r(
6)

t(
6;

17
)(

q2
7;

q2
1)

N
G

P
B

ro
de

ur
et

al
19

77
(1

63
)

de
r(

11
)t

(1
1;

17
)(

p1
5;

q1
2)

,t
(1

1;
17

)(
q2

2;
q1

2)
G

IC
IN

-1
Pa

na
re

ll
o

et
al

20
00

(7
85

)
de

r(
11

)t
(1

1;
17

)(
q1

3;
q1

1-
q1

2)
(2

ca
se

s)
N

20
6

Va
n

R
oy

et
al

19
94

(2
20

)
de

r(
11

)t
(1

1;
17

)(
q2

3;
q1

1-
q1

2)
G

I-
M

E
-N

D
on

ti
et

al
19

88
(2

32
)

de
r(

11
)t

(1
1;

17
)(

q1
3;

q2
1)

B
C

H
-N

-J
W

M
cC

on
vi

ll
e

et
al

20
01

(7
86

)
de

r(
19

)t
(1

7;
19

)(
q1

1-
q1

2;
q1

3)
SK

N
F1

Va
n

R
oy

et
al

19
94

(2
20

)
de

r(
20

)t
(1

7;
20

)(
q2

1;
q1

3)
SM

S-
K

C
N

R
R

ey
no

ld
s

et
al

19
86

(6
48

)
K

im
et

al
20

01
(7

83
)

de
r(

22
)t

(1
7;

22
)(

q2
1;

q1
3)

SH
-E

P
R

os
s

et
al

19
83

(7
87

)
de

r(
22

)t
(1

7;
22

)(
q2

1;
q1

3)
SK

N
SH

B
ie

dl
er

an
d

Sp
en

gl
er

19
76

(7
3)

de
r(

22
)t

(1
7;

22
)(

q2
1;

q1
3)

SH
-S

Y
5Y

K
im

et
al

20
01

(7
83

)



254 7. Neuroblastoma and Related Tumors

disease, 1p loss, MYCN amplification, age >1 year, and di-
tetraploid chromosome number. Gain of 17q may serve as an
independent prognostic marker (48).

The mechanisms leading to the translocations with 17q are
not well understood. They are thought to arise in the S/G2
phase, and a particular occurrence within early replicating
chromosome regions has been observed (109, 225). However,
no study has investigated the molecular structure of the break-
points. Such an analysis may provide insight into the mech-
anisms leading to these translocations, and it may possibly
highlight an underlying defect of a chromosome maintenance
pathway (242).

Chromosome 17 alteration occurring at the time of relapse
has been described in a cytogenetic analysis (60). Further-
more, clonal variations of 17q copy number have been
detected in FISH studies, suggesting that these alterations may
be secondary events in NB (243). In one study (239), the
der(1)t(1;4;17) may either have existed at the time of diag-
nosis as a rare subclone or may have occurred later, possibly
induced by antineoplastic treatment.

The full recognition of chromosome 17 involvement in NB
as being the most frequent genetic change, followed by those
of 1p loss, the presence of dmin and/or hsr and amplification
of MYCN, came with the introduction of FISH techniques that
revealed gain of 17q, often through unbalanced translocations,
to be a key and frequent event in NB tumors and cell lines
(189, 203, 220, 224, 225, 228, 240). The gain of 17q in these
unbalanced translocations was manifested by its presence
in addition to two normal copies of chromosomes 17. The
translocation partners most often were 1p and 11q, the former
being more frequently involved than the latter. Although less
frequent, a number of other chromosomes have been shown to
be involved in 17q translocations. In addition, 17q sequences
may have an affinity for amplified MYCN (230, 244, 245).
Most of the data on chromosome 17 changes generated on
NB by cytogenetics (73, 219, 246, 247) were clarified and
subsequently enlarged by FISH analyses (203, 220, 240), and
in particular gain of 17q, was further corroborated by CGH
studies (46,95–99,104,229,248,249), which showed frequent
gain of chromosome 17 in >70% of stages 1 and 2 tumors and
unbalanced 17q gain in >70% of stage 4 tumors, usually asso-
ciated with amplified MYCN and loss of 1p or in NB with loss
of 11q but without MYCN amplification. In one study (107),
the genetic profile of stage 4 NB was explored and showed
that >50% of NB without MYCN amplification had loss of
11q and 86% had 17q gain.

Studies on large series of NB have shown the following:
most NB had 17q gain, 1p loss and MYCN amplification
simultaneously; the next largest group of NB had 17q gain
as the sole feature; MYCN amplification rarely occurs in the
absence of 17q gain or 1p loss or both, pointing to MYCN
amplification as occurring subsequent to the other changes
(189, 224, 230). A relatively large though variable segment
may be involved in the 17q gain. These findings support the
conclusion that a gene dosage effect, as a consequence of the
unbalanced translocations, rather than the involvement of a

specific gene on 17q, probably plays a role in NB biology
(230). Gain of whole chromosome 17 (or no gain) is associ-
ated with NB with a favorable outcome.

Studies of a patient with a constitutional t(1;17)(p36.1;q12-
q21) with NB (174) were incomplete, because the cytogenetic
status of the tumor cells could not be determined. Cloning
of the breakpoint sequences on 1p36 has been unsuccessful
(205, 221, 250–252). Study of the breakpoint on 17q has been
narrowed down within a 25-kb segment located between the
ACCN1 and TLK2 genes and near the distal breakpoints of two
microdeletions.

In NB, the positions of the breakpoints along chromosome
17 are highly heterogeneous (253–256), and several distinct
17q translocations may occur within the same tumor (109,
224,257,258). This strongly suggests that the supposed onco-
genic role of these translocations may rely on an increased
dosage of genes located in the distal part of 17q, together with
the haploinsufficiency of genes encoded by the deleted arm of
the recipient chromosome.

The relationship of 17q gain to survival in NB has been
investigated in several studies with some variability in conclu-
sions, although the general consensus was that 17q gain iden-
tifies a larger proportion of high-risk NB and with greater
predictive power than any other clinical or tumor genetic
factor (46, 48, 49, 189, 229, 259, 259A).

In a study (48), a strong association was found between
MYCN amplification, 1p deletion and gain of 17q. The
discrepancy between these data (48) and those of others (110)
may be due to the limited number of samples in the latter
study. Nevertheless, the combined data support a role of 17q
in the development and progression of NB and clearly define
a subset of longer-term survival patients whose tumors do not
show gross 17q abnormalities.

Table 7.5 presents features related to 17q+ in NB, most of
which have not been discussed in the text, and contains infor-
mation cogent to the possible role of 17q+ in NB. Table 7.6
shows rearrangements of chromosome 17, primarily unbal-
anced translocations involving 17q, in NB cell lines and
primary tumors.

Changes of Chromosome 11 in NB

Karyotype analysis of NB tumors revealed that 11q loss was
present in 15% of cases (260); CGH-based studies showed
such loss in 10–41% of NB tumors (95–99, 101, 104), with
the distal half of 11q being the most frequently affected by
the loss and a high frequency of 11q deletions in stage 4 NB
lacking MYCN amplification (99,261). Microarray analysis of
gene expression in NB confirmed such tumors to be associated
with 11q loss (21).

LOH studies have shown 11q loss in up to 1/3 of NB tumors
(168, 262, 263) Introduction of a normal chromosome 11 into
a NB cell line with loss of 11q resulted in morphological
changes similar to those observed with chromosome 1 in cell
lines with 1p loss (176), thus supporting the possible presence
of a TSG on 11q.
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Allelic loss of 11q is present in 35–45% of NB (99, 129,
136). Although not seen in NB with MYCN amplification or
1p loss, loss of 11q is observed in advanced stage NB, in older
patients and with unfavorable pathology (44). Thus, 11q loss
appears to be an independent predictor of poor outcome in
NB, especially of disease relapse (136).

A small number of 11q constitutional rearrangements in
patients with NB have been described, including deletion
of 11q23-qter (2, 264, 265), translocations involving 11q21
and 11q22 ( 265A), and an inversion of 11q21q23 (266). No
tumors were analyzed in these cases; hence, the possible role
played by the changes in 11q in NB development remains
unknown.

Aggressive disease ultimately develops in a subgroup
of NB patients with loss of 11q within the low-risk and
intermediate-risk groups despite the lack of MYCN amplifi-
cation (267). Because 11q23 LOH occurs almost exclusively
in tumors without MYCN amplification, it was postulated (50)
that it may be a useful markers for tumors that are aggressive
but lack MYCN amplification (Figure 7.7).

There are some indications that 11p may harbor TSG
at 11p13-11p15 and 11p15.3 possibly related to NB (268).
Evidence for this includes occasional deletions of 11p
(Table 7.1) (260) and reported cases of NB with LOH
restricted to 11p (262). A small number of individuals with
Beckwith–Wiedemann syndrome (BWS) have been reported
to have NB (211). This is of interest because a gene at 11p15
is implicated in BWS, although the imprinting changes seen
in these cases could not be found in 15 NB analyzed (269).

LOH at chromosome arms 1p and 11q occurs frequently
in NB (129, 136, 188, 193, 270, 271). Previous studies have
suggested that there is an association between LOH at 1p36 or
11q23 and features of high-risk NB (138,272). Whereas 1p36
LOH was found to be associated with MYCN amplification,
11q23 LOH was rarely observed in tumors with this ampli-

Figure 7.7. Overall survival of NB patients with and without LOH
of 11q, showing a statistically significant difference between the two
groups (from ref. 50, with permission).

fication (129, 272). Given that 11q23 LOH occurs primarily
in tumors without MYCN amplification, it was hypothesized
(50) that 11q23 LOH could be a useful prognostic marker,
especially in cases associated with low or intermediate risk.
Therefore, the allelic status at 1p and 11q in a large series of
accrued NB cases was determined (50). It was shown (50) that
1p36 LOH is present in about 23% of primary NB, is highly
associated with a poor outcome, and is independently predic-
tive of an unfavorable progression-free survival in low-risk
and intermediate-risk patients. It also was shown that unbal-
anced LOH of 11q (with retention of 11p) is present in about
17% of primary NB, predominantly in those tumors without
MYCN amplification, and that this LOH is an independently
significant marker of decreased event-free and progression-
free survival. The clinical usefulness of the identification of
1p36 LOH and unbalanced 11q LOH is applicable to patients
with localized disease whose tumors do now show MYCN
amplification (50).

NB exhibiting deletion of 11q23 represents a genetic
subtype distinct from those exhibiting MYCN amplification
or 1p36 deletion (129, 273, 274). MFRP and RNF26 genes
located within the commonly deleted region of NB at 11q23.2
were cloned and characterized (275). Table 7.7 presents infor-
mation on 11q changes in NB, most of which have not been
discussed in the text.

Changes of MYCN in NB

The MYCN gene (located at 2p24) was cloned in 1983 as an
amplified DNA sequence in NB cell lines with dmin and/or hsr
(75, 276). Amplified material at 2p24 is transformed to dmin
during the process of amplification (276), and the dmin may
then be linearly integrated into random chromosome regions
as hsr (45, 77, 78), a phenomenon much more common in
cell lines of NB (approx 50%) than in primary tumors. The
number of dmin may vary from a few to hundreds, with MYCN
having usually 50–400 copies per cell, with correspondingly
high levels of MycN protein expression (277).

MYCN amplification (>10 copies per haploid karyotype)
occurs in a significant subset (approx 30%) of NB and corre-
lates highly with advanced stage of disease and is usually
present at diagnosis (96, 152, 217, 278, 279), and it is associ-
ated with rapid progression with a poor prognosis indepen-
dent of tumor stage or patient age or biologic parameters
(Figures 7.8–7.10) (45, 280–282). The prognostic impact of
MYCN amplification is especially evident in infants with stage
4 disease (283–285). MYCN amplification in NB without
metastases ultimately is associated with tumor progression,
most clearly demonstrated in cases with nodular ganglioneu-
roblastoma (286–288).

The prognostic correlation of MYCN status in NB has been
shown to be related to overexpression of this gene regardless
of MYCN amplification status (289,290). MYCN amplification
was not related to clinical outcome in NB in the absence of its
overexpression. Others have found contrary results (291,292).
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Table 7.7. Some features of deletions and other changes of 11q in NB.

References

Loss of 11q and gain 17q often due to an unbalanced t(11;17); breakpoints were not clearly established. Donti et al 1988 (232)
McRobert et al 1992 (233)
Van Roy et al 1994 (220)
Avet-Loiseau et al 1995 (234)
Lastowska et al 1997, 1998 (228, 229)
Stark et al 2003 (68)

About 1/3 of NB have loss of 11q molecularly. Srivatsan et al 1993 (262)
Takita et al 1995 (263)
Brinkschmidt et al 1997 (96)
Lastowska et al 1997 (98)
Plantaz et al 2001 (107)

The allelic status 1p and 11p in NB and ganglioneuromas has been reported. Kurahashi et al 1995 (527)
Loss of 11q in approximately 30% of NB of advanced stages with poor outcome Mertens et al 1997 (260)

Luttikhuis et al 2001 (270)
Spitz et al 2003,, 2006 (227, 271, 788)
Attiyeh et al 2005 (50)

defines a distinct subtype almost always with unbalanced 17q+ and other chromosomal changes (e.g., 3p-). Stallings et al 2004 (235)
In t(11;17) the breakpoints on both chromosomes vary. Vandesompele et al 1998 (104)

Breen et al 2000 (102)
Spitz et al 2003 (227, 271)

Deletion of 3p is nonrandomly associated with deletion of 11q; no statistically significant association
between 3p and 11q loss and more aggressive NB.

Breen et al 2000 (102)

Allelic deletions of 11q seen in 44% of NB. Guo et al 1999, 2000 (129, 273)
LOH mapped to 11q23 indicated the possible location of a TSG In contrast to 1p LOH, there was an inverse

relation between 11q23 LOH and MYCN amplification.
Maris et al 2001 (272)

Maris and Matthay 1999 (45)
Allelic deletion at 11q23 is common in MYCN single-copy NB, but with an adverse prognosis. Guo et al 2000 (273)

Luttikhuis et al 2001 (270)
LOH of 11q in 129/295 NB (44%) at 11q14-q23 (possible TSG in that area). No correlation with adverse

prognostic variables, but an inverse relationship of 11q LOH with MYCN amplification; 11q inactivated
during progression.

Maris et al 2001 (272)

Unbalanced gain of 11p occurs at a relatively high frequency in NB with 11q-. Stallings et al 2003 (274)
NB with loss of 11q have a very high frequency (approx 90%) of unbalanced t(11;17). Stallings et al 2004 (235)
A balanced t(11;17) was seen in one NB with MYCN amplification, a different genetic subtype from the

11q- tumors.
Stallings et al 2004 (235)

RT-PCR for 11q- in stratifying cases. Boensch et al 2005 (789)
NB differentiation gene on chromosome 11. De Preter et al 2005 (268)
High-density single nucleotide polymorphism arrays showed LOH of 11q in 15/22 NB which was highly

associated with LOH of 3p, both present in 9/22 samples. LOH of lp was seen in 1/3 of the cases. These
events were usually associated by copy number loss, indicating hemizygous deletions within these
regions. Gain of copy number most frequently involved 17q (21/22 cases).

George et al 2007 (789A)

For example, high levels of MYCN amplification result in a
benign phenotype by inducing apoptosis and enhancing favor-
able gene expression (293). Whether relative overexpression
of MYCN RNA, MYCN protein, or both, in the absence of
genomic amplification, is biologically or clinically signifi-
cant continues to be controversial (294), as demonstrated by
contradictory publications on this subject (295–298).

MYCN is normally expressed in the developing nervous
system. The gene product is a DNA-binding protein. It
contains a helix-loop-helix/leucine zipper motif that mediates
its interactions with DNA and related proteins Max and Mad
(299). Amplification of MYCN causes an imbalance between
its product and the proteins and DNA sequences with which
it interacts, resulting in unrestrained cell proliferation. Forced
overexpression of MYCN in transgenic mice causes neurob-

lastic tumors, further indicating the relationship of this gene
and tumorigenesis of NB (45, 300).

Amplification of MYCN is used as an index for treatment
stratification and for clinical correlations in NB, reflecting
the utility of MYCN amplification as a tumor-specific genetic
alteration (45). Testing generally requires fresh tissue, hence
portions of tumors should be frozen in all suspected NB,
before their submersion in fixatives. Initially, Southwestern
blots were used to detect this phenomenon, but interphase
FISH is generally used today (301). By FISH analysis, MYCN
amplification is apparent in cells with dmin as multiple,
randomly distributed sites of fluorescence, whereas hsr are
indicated by the presence of long, contiguous strands of fluo-
rescence.

A large number of genes and genetic pathways are affected
by amplification of MYCN (302–304). Serial analysis of
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Figure 7.8. Overall survival of NB patients with and without ampli-
fied MYCN, showing the poor outcome of the latter group of patients
(a); for a comparison of survival of those NB patients with nonam-
plified MYCN tumors versus those with intermediate or low amplifi-
cation, see (b) (from ref. 858, with permission).

gene expression (SAGE) of MYCN amplification in NB has
revealed that MYCN enhances the expression of a number
of genes involved with protein synthesis (303); other SAGE
studies have revealed that the MEIS1 (located at 2p14) onco-
gene is overexpressed in 25% of NB (305). Gene expres-
sion showed many genes to be coexpressed and coamplified
with MYCN overexpression in NB, suggesting pathways that
contribute to the malignant behavior of these tumors (304).

Figure 7.9. Survival of patients with NB related to MYCN amplifi-
cation and stage of disease. (Top) Cases of stages 1–3. (Middle) Stage
4S. (Bottom) Stage 4. The statistically significant differences indicate
the poor outcome inherent in MYCN amplification in all stages of NB
(from ref. 7, with permission).

The ID2 (target of Rb protein gene) is critical for cellular
proliferation, and it is the oncogene effector of MYCN (306).
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Figure 7.10. Probability of survival as related to the level of expression of Trk (top left), LNGFR (low-affinity nerve growth factor receptor,
p75LNGFR) (bottom left), and MYCN (bottom right). The relation of MYCN amplification to survival (top right) (from ref. 431, with
permission).

ID2 expression is independent of MYCN expression and lacks
prognostic value (290, 307, 308), although ID2 expression as
a predictor of poor outcome in NB has been suggested (306).

High levels of MYCN expression were not prognostic of
adverse outcome in advanced-stage NB with nonamplified
MYCN. A trend for improved outcome was observed with high
MYCN expression (292). MYCN amplification remains diag-
nostically unique among other indices (309).

Although nearly all NB express MYCN, the highest levels of
expression were seen in tumors (or NB cell lines) with MYCN
amplification (310). Without MYCN amplification, expression
of MYCN did not correlate with disease progression. Not all
NB that failed to respond to therapy had MYCN amplification
(310). The DNA index in NB did not correlate with MYCN
expression or amplification.

Five-year survival of patients with NB is related to MYCN
expression when considered in conjunction with TrkA expres-
sion, i.e., the best survival (>88%) was seen in cases with
increased MYCN expression (but no amplification) and TrkA
expression, in approximately 64% of cases when MYCN and
TrkA expressions were low and MYCN was not amplified
and in only approximately 9% when MYCN expression was
associated with MYCN amplification and low expression of
TrkA (293). Table 7.8 shows a representative study of MYCN

changes in NB (311). A correlation of these changes with
some clinical parameters is presented in Table 7.8.

Table 7.9 presents some features of the MYCN changes in
NB, most of which have not been discussed in the text. The
array of these changes is reflective of the role played by MYCN
in NB biology.

Changes of Chromosomes (Other Than 1, 11,
and 17) in NB

The following sections present changes (e.g., allelic deletions
and amplifications) affecting various chromosomal regions in
NB (211). Such changes are not unique to NB, and they may
be seen in many other cancers. Here, however, we emphasize
changes and their effects in NB.

Chromosome 2

A gain at 2p24 was found by CGH in five NB without MYCN
gene amplification. The DDX1 gene, located at 2p24, although
far from the MYCN gene (400 kbp), has been found to be
coamplified in NB cell lines and tumors (312,313). Thus, gain
at 2p24 region could be associated with the presence of extra
copies and amplified DNA sequences of some genes (314).
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Table 7.8. Example of findings seen in a study of NB.

MYCN amplification or gain present in approximately 25% of cases with NB and associated with
advanced-stage disease, older patient age, loss of 1p and additional chromosome aberrations.

MYCN amplification predicts a poor outcome of NB of all stages and age.
MYCN gain tumors correlated with 11q alterations and showed no increased MYCN mRNA.
MYCN status discriminated between a favorable or poor prognosis in NB, independent of stage, age, and the

degree of MYCN amplification.
NB with amplified MYCN showed a more favorable outcome when combined with nonstage 4 disease and

patient age less than 1 year.
MYCN gain in NB cases had a poor event-free survival in stages 1–3 and 4S, probably related to genetic

alterations other than MYCN.
MYCN gains seen in advanced-stage NB and older patients, but is not associated with higher MYCN expression

and prediction of outcome.

Spitz et al. 2004 (311).

Table 7.9. Some features of MYCN in NB.

References

MYCN down-regulates MHC class 1 antigen expression in NB. Bernards et al 1986 (790)
Characterization of MYCN protein. Slamon et al 1986 (791)
FISH analysis of MYCN status in NB is now considered the optimal method, Cohen et al 1988 (792)

Shapiro et al 1993 (301)
Misra et al 1995 (793)

including status in archival tissues. Hachitanda et al 1997 (794)
Other methodologies have been described. Noguchi et al 1988 (795)
MYCN expression in NB, in contrast to amplification, did not reflect prognosis. Nisen et al 1988 (796)
MYCN copy numbers were the same in metastases as in the primary NB. Tsuda et al 1988 (797)
MDR1 gene expression in NB correlates with previous therapy, regardless of MYCN status. Bourhis et al 1989 (798)
Suppression of MYC expression by MYCN in NB. Breit and Schwab 1989 (799)
MYCN amplification frequently associated with loss of 1p, low expression of TrkA and undifferentiated and

stroma-poor histology in NB.
Fong et al 1989 (168)

Nakagawara et al 1993 (431)
Suzuki et al 1993 (458)
Shimada et al 1995 (287)

Prolonged half-life of MYCN in a NB cell line without MYCN amplification had been described. Cohn et al 1990 (800)
Wada et al 1988 (801)

Inverse relation between MYCN amplification or MDR expression and catecholamine excretion in NB. Nakagawara et al 1990 (802, 803)
MYCN amplification and deletion of a possible TSG in NB. Schwab 1990 (1220)
NB express both MYCN and MYC; but, the level of MYCN expression is highest in NB with MYCN amplification.

DNA index did not correlate with MYCN expression.
Slavc et al 1990 (310)

DNA ploidy is a good prognostic index in NB in addition to MYCN amplification. Bourhis et al 1991 (804)
High levels of p19/nm23 protein associated with advanced stage disease and MYCN amplification. Hailat et al 1991 (1205)
MYCN antisense DNA results in differentiation and growth arrest in NB cell lines. Negroni et al 1991 (805)

Schmidt et al 1994 (806)
Reverse relation between MYCN and helix-loop-helix gene in NB. Ellmeier et al 1992 (807)
NB with MYCN amplification had deletions proximal to 1p36;NB with single copy MYCN more often had small

terminal deletions of 1p36 only. MYCN amplified tumors showed no parental preference of the deleted 1p,
whereas single-copy MYCN NB preferentially deleted the maternal-derived allele. The authors hypothesized that
at least two tumor suppressor genes are located within 1p35-p36: an imprinted gene distal to 1p36 defined by the
smallest region of overlap common to all distal 1p-deleted NB and a nonimprinted 1p35-p36.1 locus that is
deleted in MYCN-amplified aggressive tumors.

Caron et al 1993 (177)

MYCN amplification determined by differential polymerase chain reaction. Gilbert et al 1993 (1204)
MRP gene expression correlates with MYCN amplification and overexpression in NB. Bordow et al 1994 (1194)
MYCN down-regulated during NGF-induced differentiation in NB. J. Chen et al 1994 (808)
CD44 plays a role in MYCN amplification and cell differentiation in NB. Gross et al 1994, 1997 (809, 810)

Christiansen et al 1995 (811)
Duplication of MYCN at 2p24 may be an alternative mechanism to amplification in NB. Corvi et al 1995 (812)
The MYCN gene may be retained in single copy during amplification in NB. Corvi et al 1995 (813)

Schwab et al 1995 (814)
Nonsyntenic amplification of MDM2 gene and MYCN in NB has been described. Corvi et al 1995 (1200)
DDX1 amplification may occur concomitant with that of MYCN, but may not be directly correlated. Squire et al 1995 (1222)
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Table 7.9. Continued

References

Noguchi et al 1996 (1215)
MYCN increases expression of �-prothymosis and ornithine decarboxylase and accelerates progression

into the S-phase of NB cells.
Lutz et al 1996 (627)

Mapping of a MYCN amplicon in NB. Reiter and Brodeur 1996, 1998 (1217, 1218)
MYCN amplification is associated with unbalanced gain of 17q in NB. Brinkschmidt et al 1997 (96)

Lastowska et al 1997 (46)
Plantaz et al 1997, 2001 (99, 107)

A physical association of MYCN with 17q has been reported, i.e., hsr on 4q and chromosome 16 were
flanked by 17q material.

O’Neill et al 2001 (778)

This was further illustrated by the presence of hsr at 17q in primary tumors, and hsr in 1p flanked at
each end by chromosome 17 material in a NB cell line.

Kaneko et al 1987 (54)

Rudduck et al 1992 (244)
Van Roy et al 1994 (220)
Savelyeva et al 1994 (203)
Van Roy et al 1994 (220)

MYCN plays a causative role in the invasive phenotype of NB, including metastatic spread of these
tumors.

Goodman et al 1997 (1238).

Integrin expression is down-regulated by MYCN. Activin A (but not other members of the transforming
growth factor-� superfamily) is also down-regulated by MYCN, thus depriving NB of a growth
inhibiting signal.

Judware and Culp 1997 (815)

Expression of MYCN may be independent of copy number in NB. Lutz and Schwab 1997 (816)
Some cases of NB without MYCN amplification are associated with loss of 1p, 3p, 14q, or 11q. In

particular, there is an inverse relation between loss of 11q and MYCN amplification.
Plantaz et al 1997 (99)

Guo et al 1999 (129)
Spitz et al 2003 (271)

Prognosis in localized NB is favorable in the bulk of cases, except those with MYCN amplification.
Prognostic factors in NB include patient age, tumor stage (poor for stages II and III) and MYCN
amplification (poor outcome).

Rubie et al 1997 (183, 817)

Matthay et al 1998 (818)
Cellular effects and mechanism of action of MYCN in NB. Spengler et al 1997 (819)

Fulda et al 1999 (820)
Freeman-Edward et al 2000 (821)
Schmidt et al 2000 (284)
Ribatti et al 2002 (822)
Rössler et al 2001 (823)
Wartiovaara et al 2002 (824)
Edsjö et al 2004 (825)
Kim and Carroll 2004 (826)
Ren et al 2004 (827)
Sugihara et al 2004 (828)
Giannini et al 2005 (829)
Jung et al 2005 (821A)

NMI protein interacts with regions that differ in MYCN and MYC and is localized to the cytoplasm of
NB, in contrast to the nuclear localization of MYCN.

Bannasch et al 1999 (1190)

Role of MYCN in the differentiation and apoptosis in NB. Galderisi et al 1999 (830)
MYCN amplification as an independent adverse prognostic factor in NB. Gallego et al 1999 (831)

George et al 2001 (832)
Some forms of chemotherapy may be effective in NB with MYCN amplification and the latter can serve

as a drug development target for NB.
Kawa et al 1999 (833)

Lu et al 2003 (834)
Lack of inactivated p73 in NB with single-copy MYCN. Kong et al 1999 (1209)
HuD, a neuronal-specific RNA-binding protein, regulates MYCN stability in NB. Lazarova et al 1999 (1211)
Evaluations of the role of MYCN in neurogenesis and other neuronal effects and in human neoplastic

disease have been presented.
Nesbit et al 1999 (1236)

Knoepfler et al 2002 (1237)
Expression of MYCN and MYC is found in 90–100% and 80–85% of NB, respectively. Zhe et al 1999 (835)
MYCN down-regulates angiogenesis inhibtor activin A’. Breit et al 2000 (1195, 1196)
Structure of MYCN amplicon. George and Squire 2000 (836)
MYCN induction stimulated by ILGF-1. Misawa et al 2000 (1213)
LOH of 1p seen in all categories of NB but not in ganglion- neuromas. LOH in two separate regions of

1p: 1p36 and 1p22. Stage 4 tumors were diploid with LOH of these 1p regions. Local tumors were
hyperdiploid with 1p36 deletion.

Mora et al 2000 (131)

Stage 4A NB that regressed spontaneously were hyperdiploid with 1p22 and 1p36 deletions Mora et al 2000 (131)
Rapid FISH analysis for MYCN amplification and 1p- in NB. Taylor et al 2000 (837)
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Table 7.9. Continued

References

NCOG is coamplified with MYCN in aggressive childhood NB. Anglesio et al 2001 (1189)
Expression of p27 is prognostic and independent of MYCN amplification in NB. Bergmann et al 2001 (1192)
A rearranged MYCN in a case of NB did not contribute to the aggressive behavior of the tumor, as much

as MYCN overexpression of the germline gene.
B. Chen et al 2001 (838)

MYCN status of NB is a prognostic indicator regardless of patient age. Goto et al 2001 (286)
CpG islands frequently coamplified with MYCN in NB. Wimmer et al 2001 (1230)
FYN pathway (differentiation and growth) target of MYCN. Berwanger et al 2002 (383)
Circulating MYCN DNA has been proposed as a marker for NB. Combaret et al 2002, 2005 (839–841)
MYCN overexpression down-regulates IL-6: the latter inhibits angiogenesis and suppresses NB growth. Hatzi et al 2002 (1206)
MYCN and Bcl-2 co-overexpressions induce MMP-2 secretion and activation in NB. Noujaim et al 2002 (1216)
Microchrome maintenance protein (MCM7) expression and MYCN amplification interrelated in NB. Shohet et al 2002 (1221)

Tsai et al 2004 (1225)
Several NB cases with MYCN gene gain (3-4 copies of the gene in diploid cells) without amplification

and subsequent overexpression (3- to 7-fold) of the gene have been described.
Valent et al 2002 (842)

The most frequent mechanism of MYCN gene gain in these NB was an unbalanced translocation of 2p
(with the MYCN gene)

Van Roy et al 2000 (843)

with various partner chromosomes. Subsequent studies on NB with simultaneous amplification and gain
of MYCN led to proposed pathways by which MYCN gene copy-number can be increased.

Valent et al 2004 (844)

MYCN enhances MDR1 gene expression in metastatic NB model. Blanc et al 2003 (1193)
The relationship of TrkB expression to MYCN expression and retinoiod acid therapy has been presented. Edsjö et al 2003 (1203)
BIN1 induces apoptosis in NB cell lines with MYCN amplification. Hogarty et al 2003 (1207)
MYCN gain and amplification in a 4S NB with progression, in contrast to the usual favorable prognosis

in these tumors with nonamplified MYCN.
Noguera et al 2003 (845)

Tonini et al 1997 (846)
Schmidt et al 2005 (285)

FISH analysis of high-risk NB revealed alterations of 1p36 and 11q23 (29%), 3p36 (19%) and MYCN
amplification (19%): these cases define different groups of NB with an increased risk or progression.

Spitz et al 2003 (271)

Reduced NIN1 expression (through MYCN action) seen in unfavorable NB. Tajiri et al 1999, 2003 (1223, 1224)
Apoptosis and MYCN in NB. van Golen et al 2003 (847)

van Noesel et al 2003 (848)
Cui et al 2005 (849)

c-KIT is preferentially expressed in MYCN amplified NB. Vitali et al 2003 (1227)
MYCN important in NB development in mice. Hansford et al 2004 (850)
MYCN regulates MRP1 promoters in NB. Manohar et al 2004 (1212)
MYCN amplification is an independent prognostic indicator in NB in contrast to MYCN expression. Tanaka et al 2004 (851)
Htwist and MYCN cooperate in overriding failsafe programs in cancer cells. Valsesia-Wittmann et al 2004 (1226)
Amplification of DDX1 may reflect an improved survival in MYCN amplified NB. Weber et al 2004 (1229)
NB with hyperdiploidy or triploidy and nonamplified MYCN have a favorable outcome. Bagatell et al 2005 (852)

George et al 2006 (853)
Spitz et al 2006 (854)

MYCN DNA in the circulation predicts amplification of this gene in NB. Combaret et al 2005 (841)
Gotoh et al 2005 (855)

No correlation between DDX1 amplification and that of MYCN in NB. De Preter et al 2005 (1201)
HMGA1: target of MYCN in NB. Giannini et al 2005 (829, 856)
Pro-apoptotic activity of MYCN in activation-induced cell death in microglia. Jung et al 2005 ( 821A)
Enlarged nucleoli may be indicative of MYCN amplification in NB. Kobayashi et al 2005 (857)
Chromogenic in situ hybridization detects MYCN hotspot amplification associated with Ki-67

expression and inversely related to nestin expression.
Korja et al 2005 (858)

The cause, effects and significance of MYCN amplification in NB have been the subjects of numerous
laboratory and clinical studies, as shown in this table.

Maris 2005 (859)

MYCN directly modulates MDM2 levels leading to inhibition of apoptosis in NB. Slack et al 2005 ( 860A)
Role of p27, Rb, and MYCN in the induction of cell arrest has discussed. Wallick et al 2005 (1228)
Disruption of cooperation between Ras and MYCN promotes growth arrest in NB. Yaari et al 2005 (1231)
Retinoid acid-binding and protein II are a target of MYCN in NB. Gupta et al 2006 (861)
Inhibition of c-MYC in NB by small interfering RNA. Kabilova et al 2006 (862)
Patterns of regulation of nuclear MYCN and MYB in retinoic acid treated NB cells have been reported. Thiele 1991 (862A)
MYCN amplification is preferentially initiated at some consensus sites flanking the gene and followed

by rearrangements with a random loss of domain sequences resulting in the formation of amplicons.
Akiyama et al l994 (862B)

At least one gene is co-amplified with MYCN in NB, possibly DDX1. George et al l997 (862C)
Senescence was induced by hydroxyurea in MYCN amplified NB cell lines. Narath et al 2007 (862D)
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Chromosome 2 harbors the locus (2p34) for the oncogene
MYCN, which is amplified in about one third of cases of NB.
This amplification, as it is related to 2p, has been investigated
regarding its composition and origin (75, 315).

Low level gain of distal 2p in NB as a risk factor for high-
level MYCN amplification has been reported (316). Partial
trisomy 2p in NB may be related to this amplification (317).

Changes in 2p resulting in four fusion transcripts have
been described in the NB cell line IMR (318). Amplification,
high expression, or both of MEIS1 gene (at 2p24) has been
described in NB and NB cell lines (319, 320), although much
remains to be ascertained about the role of MEIS1 (a home-
obox gene) in NB (321, 322).

Allelic loss of 2q, among losses in other chromosomes, was
reported to be present in NB (263). Subsequent examination
of 82 NB revealed allelic loss of 2q in 32% of the tumors
(323), especially of 2q33. This chromosomal band includes
the genes for caspase-8 and caspase-10, which were found not
to be expressed in 70% and 7% of 27 NB cell lines, respec-
tively (323), possibly through CpG island methylation.

Chromosome 3

LOH at 3p as a possible site for a gene related to NB develop-
ment had been suggested (324,325). This was based on a study
of 59 NB in which nine (15.3%) showed LOH of 3p (325).
Of interest is that the cases with total loss of chromosome 3
were long-term survivors, whereas those cases with LOH of
3p had a poor outcome (325). The possible relation of loss
of 3p to other parameters in NB was pointed to in studies in
which 3p deletions coincided with 11q deletions in a subset of
patients with aggressive disease without the oncogenic influ-
ence of deregulated MYCN (102, 136).

The region 3p21.3 harbors several genes, including the BLU
TSG, which has been found to be hypermethylated in 86% of
NB cell lines (326). No correlation was found between hyper-
methylation of RASSF1A (frequent in NB) and BLU promoter
region CpG islands in NB, indicating that they are unrelated
events. The SEMA3B gene, located on 3p, may be methy-
lated in NB and it may play a role in the pathogenesis of this
tumor (327). VHL gene (located at 3p25) expression has prog-
nostic value in NB, i.e., low levels are associated with poor
survival (328).

Critical regions of involvement on 3p in NB (primary
tumors and cell lines) have been delineated, i.e., 3p21.31-
3p21.2 as a minimal region of loss and the shortest regions of
overlap as 3p22.3-3p22.2 and 3p25.3-3p25.1) (329).

Chromosome 4

LOH of distal 4p in NB in approx 25% of cases was estab-
lished by several groups of investigators (132, 137). Similar
findings were obtained with CGH in sporadic NB (104, 249),
and in familial NB (95, 132).

Chromosome 5

Examination by RT-PCR of 24 NB showed nine (37.5%)
to have allelic imbalance on 5q (330). The 5q change was
found only in tumors containing a single copy of MYCN and
exhibiting hyperdiploidy and to be associated with a favorable
outcome (long-term survival).

Chromosome 7

Gain of an entire chromosome 7 or its long arm (7q) is a
common abnormality in NB. Thus, in one study (274), 17 of
43 NB (40%) had gain of an entire chromosome 7 and five of
43 (12%) gain of 7q. These gains were present in tumors of
all stages. An unbalanced t(3;7)(p21;q11.2) led to 7q gain and
loss of 11q. These results, in general, are similar to those of
others (99, 107). It has been hypothesized (274) that the gain
of chromosome 7 may be an early event in NB, because it was
the sole change seen in two NB by CGH, and gain of 7q may
play a role in tumor progression, because it was seen in tumors
of higher stages. Amplification of 7q21 was reported to be
associated with resistance to doxorubicin therapy ( 274A).

Chromosome 9

Losses of 9p were detected in 50% of advanced tumors and
in 14% of localized NB, which confirm previous observations
on the defect of this chromosome in advanced neuroblastoma
(263, 331, 332). However, a higher frequency of 9p deletions
in advanced tumors suggests that the p16I N K 4A gene, which
usually shows allelic loss in 9-deleted NB, is not essential to
tumor progression but may participate in the deregulation of
the cell cycle.

LOH was detected in 16.4% of 177 NB examined for LOH
at 9p21 (140). This genomic change was associated with a
favorable outcome in stage 4 patients. Hemizygous deletion
of the region harboring the CDKN2A and CDKN2B loci was
demonstrated in two tumors by FISH; MTAP expression was
present by immunostaining in all but one tumor (140). The
authors suggested a role for genes located telomeric of 9p21
in good-risk NB. In a previous study (333), it was shown
that CDKN2, which encodes p16, a cell cycle control protein
commonly inactivated in cancer, was not mutated in NB. In a
previous study (334), regions of deletion distal to 9p21 were
described.

A correlation of 9p loss with 1p loss has been noticed
(335). Two distinct regions of 9p21 were observed that might
be loci for genes important in NB development, apart from
those for p16 and p15. Initial studies for mutations of the
p16 gene (CDKN2 or MTS1) located at 9p21, in NB cell
lines, were negative (134). In contrast, others (331,336,337)\
besides showing deletions of 9p21 (LOH in 36% of NB),
also found that p16 was not expressed in 72% (13 of 19) of
NB and in five of 13 cell lines due to methylation of CpG
island surrounding the first exon of the p16 gene. The authors
(331,347) suggested that p16 may be a candidate TSG for NB
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and that its inactivation may contribute to the progression of
these tumors.

Chromosome 10

LOH of 10q is not uncommon in cancers other than NB; in
the latter, deletions of 10q are rare, though loss or gain of the
whole chromosome 10 may be seen not infrequently in NB
with complex karyotypes. Translocations involving 10q are
more common than deletions (Table 7.3). Of genes located on
10q, PTEN (at 10q23.3) and DMBT1 (at 10q23.3-q26.1) may
contribute to NB development, the latter gene through methy-
lation of a positive promoter (338, 339).

A study of 26 NB and 12 NB cell lines, LOH at 10q was
detected in 18% of tumors and microsatellite instability in
14% (124). Promoter hypermethylation of the MGMT gene
was present in 8% of the tumors and in 25% of the cell lines.
These data suggest that 10q alterations may be implicated in
the development of a small number of NB (124).

11p

Gain of 11p (11p11.2→p14) occurs in a varying percentage
(possibly as high as 20%) of NB (107, 274) but only in those
tumors that have loss of 11q, and it is probably related to the
mechanism leading to 11q loss (274). 11p loss is associated
with a poor prognosis.

Chromosome 12

In a gene expression study of 95 NB, a subset of tumors
overexpressed several contiguous genes located at 12q13-q15
(340). Amplification of genes at 12q13-q15 was demonstrated
in some NB.

Chromosome 14

Cytogenetically, loss of 14q in NB is only rarely seen
(85, 341–343). This may be due to the deletions being
too small for microscopic visualization or that the mech-
anism of LOH involves homologous mitotic recombina-
tion (45). A common region of deletion has been shown
to be 14q23→qter (141, 344–346). LOH for 14q was first
identified in six of 12 NB studied (347) by using a single
restriction fragment length polymorphism (RFLP) marker
within 14q32. Subsequent studies have shown collectively that
49 of 180 informative tumors (27%) have allelic loss at 14q32
(85, 262, 263, 348–350). A study (141) of 372 primary NB
with markers evenly spaced along 14q showed LOH in 22%,
with a common region of deletion within 14q23-qter. LOH for
14q was highly correlated with 11q LOH, inversely related to
MYCN amplification and present in all clinical risk groups,
indicating that this abnormality may occur early in tumor
development. No correlation existed with clinicopathological
features, patient age, tumor stage, MYCN status and ploidy.

In a study of 54 NB, 31% (17/54) showed LOH at 14q32
(345, 346). There was no statistical correlation between LOH
and such parameters as age, stage of tumor, MYCN amplifi-
cation and ploidy. The authors (345, 346) proposed the exis-
tence of a putative tumor-related gene at 14q32 important in
the tumorigenesis of NB.

RFLP and microsatellite analysis showed 19/108 NB with
allelic loss (LOH) of 14q, primarily at 14q32, but also at
14q23 and 14q12. These changes did not seem to carry a prog-
nostic impact (344). The possible presence of at least two TSG
has been suggested to exist on 14q (344). LOH of 1p and 14q
occur independently in NB, the former usually being associ-
ated with MYCN amplification, whereas the latter is not (348).

Chromosome 18

Allelic loss of 18q that includes the DCC locus has been
described in about 20% of NB, with 18q21.1 being the most
commonly involved region (110, 263, 351); the deleted in
colorectal carcinoma gene (DCC) has TSG functions and loss
of DCC expression in NB may contribute to the dissemination
of NB cells, perhaps through alterations in growth and differ-
entiation pathways distinct from those regulated by MYCN, as
suggested by the authors of one study (352). This was based
on a demonstration that 38% of primary 62 NB and 50% of
12 cell lines showed undetectable DCC expression (352).

In another study of the DCC gene in NB, reduced or unde-
tectable expression in 12 of 25 (48%) of primary tumors and
in seen of 16 (44%) cell lines was found (353). However, the
DCC and DPC4 genes, located at 18q, a region frequently
deleted in NB, were shown not to be involved by inactivating
mutations in NB (352, 353).

Chromosome 19

The heterozygous deletion of 19q13 has been described in NB
(139), and it is characteristic of aggressive NB, especially in
local-regional recurrent NB. In a search for a candidate gene
related to NB tumorigenesis, the expression profile of 89 NB
was compared with that of 10 benign ganglioneuromas (354).
A candidate TSG was thought to be the epithelial membrane
protein 3 (EMP3) gene located at 19q13.3 and epigeneti-
cally silenced by hypermethylation. This gene also may play
a crucial role in gliomas (354,355). The PTPRD gene, located
on 19q, has been suggested as a TSG in NB (356).

Gain of an entire chromosome 19 in NB has been
reported, but its role in tumor progression remains unclear
(110), because no structural anomalies of this chromosome
were encountered. Hypermethylation-silencing of the myelin-
related gene EMP3 has been shown to play a role in the devel-
opment of NB (and glioma) ( 356A). EMP3 exhibits features
of a TSG and is located at 19q13 exhibiting LOH in NB.
The presence of EMP3 hypermethylation is a poor prognostic
factor in NB (356B).
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Molecular Biology of NB

Gene Expression Studies and Profiles in NB

Gene expression studies have shown distinct differences
in the genes expressed in spontaneously regressing NB
versus progressing or metastatic tumors (357, 358). Similar
approaches showed that NB are more frequently associated
with indices of aggressiveness (e.g., loss of 1p and MYCN
amplification) than GNB (359). Furthermore, the schwann
cells had a less aggressive phenotype than the neuroblastic
cells; thus, they may play a role in tumor maturation.

Gene expression and various array studies of NB and NB
cell lines have included clinical correlations, methodolog-
ical considerations, mathematical interpretation, prediction of
outcome based on discriminating genes, and mass screening
of NB (80,360–372), and such studies are likely to yield infor-
mation applicable to the diagnosis, biology, and the develop-
ment of appropriate therapies of the various forms of NB (373)
and to supply accurate identification of NB subgroups with
applicability to forms of therapy (374).

The first microarray-based gene expression profiling study
of NB (375) demonstrated that different small round blue-
cell tumors, including NB, rhabdomyosarcoma, non-Hodgkin
lymphoma, and Ewing tumors, could be distinguished on
the basis of their patterns of gene expression. Subsequent
microarray studies have facilitated the separation of differen-
tiating NB from poorly differentiated tumors (116) and high-
risk from low-risk tumors (376–378). Expression profiles for
a number of genes mapped to 1p36.2 were examined in 55
NB. Five genes were found to have a decreased expression
and one with an increased expression (379), when comparing
tumors with favorable biology to stage 4 NB. When NB with
loss of 1p were compared with those with an intact 1p, signif-
icant differences were noted in a number of genes. Complete
loss of expression was not seen for any gene. Although some
of the genes with diminished expression in unfavorable and
1p- deleted NB could contribute to tumor development, a
combination of lowly expressed genes at 1p could possibly
cause the unfavorable outcome associated with 1p- deletion in
NB (379).

One study (374) demonstrated that gene expression profiles
of clinically indistinguishable, high-risk metastatic NB that
lack MYCN gene amplification provide new definitions of high
and low risks of disease progression. Molecular risk clas-
sification at diagnosis may ultimately improve risk stratifi-
cation for patients who are older than 12 months at diag-
nosis, and it is especially important for patients who are older
than 18 months at diagnosis because their outcomes currently
cannot be estimated by any other means. Current therapeutic
strategies were successful for patients (374) who were classi-
fied clinically as having high-risk disease, but whose tumors
had gene expression profiles associated with progression-free
survival (molecular low-risk tumors). However, therapeutic
modifications aimed at reducing toxicities should be consid-

ered for this group. Gene expression profiling studies showed
the involvement of cell cycle genes in aggressive NB (380),
patterns for high-risk NB (381) and outcome prediction in
NB (381A).

Studies of NB cell lines based on single-nucleotide poly-
morphism arrays (SNP) (382) confirmed previously described
allelic imbalances in these lines, i.e., loss of 1p, gain of 17q,
MYCN amplification and 11q and 14q deletions. In addition,
SNP revealed changes not detected by CGH or karyotyping,
e.g., gain of 8q21.1∼q24.3 and chromosome 12 and loss
of 16p12.3∼q13.2 and LOH at 11q14.3∼q23.3 in one cell
line, and loss at 8p21.2∼p23.3 and 9p21.3∼p22.1 with corre-
sponding LOH in another. Thus, SNP seems to be a powerful
tool in deciphering allelic imbalances in NB (382).

Differentiating stages IVS and IV of NB by gene expression
were not informative (372,383). However, when gene expres-
sion patterns of stage IV and IVS tumors were investigated
using SAGE and quantitative RT-PCR to uncover transcripts
related to spontaneous regression and progression of dissem-
inated NB (358), the results showed a statistically significant
divergence of genes involved in these stages.

Apoptosis

Apoptosis (physiologic or programmed cell death) is a very
complex mechanism involving many molecular pathways and
genes (384). During normal fetal and postnatal development
of the nervous system, a large number of the neurons die
via apoptosis, a phenomenon akin to the spontaneous and
quantitative regression of favorable NB (385). Thus, NB cells
present a paradox in that they may be susceptible to apoptotic
signals or that the apoptotic mechanism may be defective and
thus contribute to tumor formation.

The subject of apoptosis in NB was addressed at length and
its significance in the biology of NB, as related to complete
or partial regression, was discussed previously (385). Some
facets of apoptosis and NB are shown in Table 7.10, and a few
key areas discussed in the following paragraphs.

Morphologically, apoptosis is characterized by condensa-
tion and fragmentation of the cell, leading to the forma-
tion of apoptotic bodies that are ultimately phagocytosed and
digested by nearby cells. Terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL) stains the nuclei
with DNA fragmentation in primary tissue samples and
TUNEL-positive cells aggregate and locate around calcifica-
tions in some tumors. This suggests that massive apoptosis
of NB cells occurs and may be related to regression of NB
(386, 387). Immature tumor cells adjacent to thin fibrovas-
cular stroma proliferate and often express Bcl-2 that inhibits
the process of apoptosis. At an increasing distance from
the stroma, tumor cells differentiate and cease proliferation,
whereas Bcl-2 expression is decreased.

The Bcl-2 family of intracellular proteins is responsible
for relaying of the apoptotic signal. BCL2 has been found
to be highly expressed in NB cell lines (388–390) and in
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Table 7.10. Some features of apoptosis in NB.

References

Gene expression including Bcl-2 and and apoptosis in NB. Hoehner et al 1995, 1997 (387, 392)
Therapy-related drug resistance occurs via an increase in Bcl-2 expression and alterations in apoptosis. Lasorella et al 1995 (402)
The process of apoptosis and the factors involved in it have been reviewed. Weinreb et al 1995 (863)

Hengartner 2000 (864)
Hempstead 2002 (865)

DNA fragmentation, Bcl-2 and apoptosis. Que et al 1996 (396)
Apoptosis at onset and relapse of NB Tonini et al 1997 (867)
Drug-induced apoptosis in NB. Fulda et al 1998 (868)
Mitochondria and apoptosis in NB. Fulda et al 1998 (869)
Histopathological evaluation of apoptosis. Soini et al 1998 (870)
MYCN sensitization of NB to drug-induced apoptosis. Fulda et al 1999 (820)
MYCN product and apoptosis. Galderisi et al 1999 (871)
Semaphorins are mediators of apoptosis in neuronal cells. Shirvan et al 1999 (872)
Imprinting of 1p, MYCN and other loci in NB. Caron and Hogarty 2000 (665)
Ferentinid-induced apoptosis in NB Lovat et al 2000, 2002 (873, 874)

Osone et al 2004 (875)
Nuclear exclusion of p53 is mediated by MDM2 and attenuates etoposide-induced apoptosis. Rodriguez-Lopez et al 2000 (876)
IGF-1 receptor activation and Bcl-2 overexpression prevent early apoptosis in NB. Van Golen et al 2000 (877)
NB vs. glioblastoma response to apoptosis. Bursztajn et al 2001 (633)
Iron chelation and induction of apoptosis and inhibition of MYCN expression in NB. Fan et al 2001 (878)
The role of Bcl-2 and BAX in apoptosis has been reviewed. Harris and Johnson 2001 (879)
Lysosomal proteases as potential targets for induction of apoptosis in NB. Castino et al 2002 (880)
Apoptotic regulators CASP9 and DFFA (located at 1p36.2) undergo changes in NB. Abel et al 2003, 2004 (881, 882)
Partial proteosome inhibition triggers apoptosis in NB. Nahreini et al 2003 (883)
Coexpression of insulin receptor-related receptor (IRRR) and ILGF-1 receptor are associated with enhanced

apoptosis and differentiation in NB.
Weber et al 2003 (884)

SCA2 gene, encoding ataxin-2, sensitizes NB cells to apoptosis. Wiedemeyer et al 2003 (885)
Guanine nucleotide deletion triggers apoptosis in NB cell lines. Messina et al 2004 (886)
Caspase-8 and sensitization to drug-induced apoptosis in NB. Mühlethaler-Mottet et al 2004 (444)
Mitochondrial pro- and antiapoptotic mediators in unfavorable NB. Abel et al 2005 (887)
Induction of p19INK4 by ultraviolet light confers resistance to apoptosis in NB. Ceruti et al 2005 (888)
Livin, an inhibitor of apoptosis, is a protein expressed in NB and NB cell lines and whose increased expression

is an indicator of poor outcome in NB.
D.K. Kim et al 2005 (889)

Antisense Bcl-2 transfection up-regulates antiapoptotic and antioxidant thioredoxin in NB. Li et al 2005 (890)
Activation of the phosphatidylinositol (PI3K)-Akt pathway plays a pivotal role in cellular proliferation and

differentiation. The multiple components of this pathway are dysregulated in a wide spectrum of tumors,
including NB. Akt is in effect an anti

Liu et al 2005 (891)

apoptotic protein and can serve as a target for therapy inhibiting its effects on apoptosis.
p73 antisense-induced apoptosis. Simões-Wüst et al 2005 (892)
Apigenin induction of apoptosis: caspase-dependent and p53- mediated. Torkin et al 2005 (893)

BBC3, a member of the Bcl-2 family, mediates fenretinide- induced apoptosis in NB. Wei et al 2005 (894)
Flavonoids can activate calpain and caspase cascades for mediation of apoptosis in SH-SY5Y NB cell line.

Plant-derived flavonoids should be explored as possible therapy for NB.
Das et al 2006 (895)

LGI1 gene triggers apoptosis in NB. Gabellini et al 2006 (896)
Caspase-dependent apoptosis demonstrated in unfavorable NB. Koizumi et al 2006 (423)
Spontaneous regression likely reflects the activation of an apoptotic/differentiation process with p73 or survivin

as factors. Caspase-8 plays a key role in apoptosis and its inactivation by methylation inhibits its transcription
in some MYCN-amplified NB; other processes may inactivate caspase-8. Demethylation of the cellular
genome in NB may up-regulate caspase-8.

Li and Brattain 2006 (897)

Casciano et al 2004 (449, 450)

FLIP(L) expression and apoptosis. Flahaut et al 2006 (898)
Resveratrol inhibits NB growth and mediates apoptosis by affecting the mitochondria. van Ginkel et a1 2007 (898A)

primary tumors (391–393). However, there did not seem to be
a convincing correlation between prognosis and BCL2 expres-
sion (45).

Several studies have shown that Bcl-2 is expressed in
primary NB tumors (386, 387, 392, 393, 395, 395A, 396,
397, 397A) and cell lines (388, 390, 394). Bcl-2 is immuno-
histochemically detected in 40–100% of primary NB before

treatment (388, 390, 391, 394, 395, 397) and expressed in
areas where TUNEL-positive cells are not distributed; double
staining for Bcl-2 and TUNEL indicates that Bcl-2 is
expressed in the cytoplasm of tumors cells that are TUNEL-
negative (386,387,392, 395A, 398). This inverse relationship
between Bcl-2 expression and TUNEL positivity suggests that
Bcl-2 may function to regulate the process of apoptosis in NB
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cells. Although Bcl-2 is widely expressed in primary tumor
specimens, there are conflicting reports regarding the relation-
ship between Bcl-2 expression and other prognostic factors
for NB. In cultured NB cells, Bcl-2 is primarily expressed
in lines of chromaffin lineage, whereas Bcl-xL is expressed
in both chromaffin and nonchromaffin lineage lines. Bcl-x is
a gene that seems to function as a bcl-2 independent regu-
lator of apoptosis and encodes two distinct species of mRNA,
Bcl-x/Bcl-x and Bcl-xg/Bcl-xg. Cell lines that express high
levels of one protein generally express low levels of the other
(390,399). Immunohistochemical staining showed BCL2 to be
present in islets of treated NB (400). Response to therapy in
NB may be related to BCL2 and BAX expression; high expres-
sion of the former is associated with a poor response and vice
versa for BAX (401).

Studies on the SK-N-SH NB cell line showed in inverse
relation between BCL2 (p26) level of expression and differ-
entiation (389). Resistance to therapy in NB occurs via
an increase in BCL2 expression and alterations in apop-
tosis (402).

Drug-induced apoptosis in NB is mediated via CD95
(APO-1/Fas)-L-receptor system (403), independent of p53.
Apoptosis also may be induced via caspases, probably by
interference with mitochondrial function and independent of
the CD95 pathway (404). Although there are differences in
their mechanisms of action, caspase-3 and caspase-8 induce
apoptosis in NB cells by perturbing mitochondrial function
(403). A direct effect on mitochondria by drug-inducing apop-
tosis has been postulated (404).

Spontaneous Regression of NB

NB has the highest rate of spontaneous cures and regressions
recorded in human cancer (45) and have been documented for
many years (405). These cases have included extensive metas-
tases (406–415). This regression usually consists of disappear-
ance of the disease, although maturation to ganglioneuromas
may occasionally take place; the cases involved consisted of
stage 2 or 4S disease (416). Stage IVS NB rarely differen-
tiate into benign glioneuromas, but they do regress completely
in the majority of cases (410). Various hypotheses, especially
those related to apoptosis, have been advanced as responsible
for spontaneous regression of NB (396, 417–419); none of
them has been rigorously proven or generally accepted.

NB that regress spontaneously do not contain del(1p36),
MYCN amplification, or triploid content of DNA (414) or
gain of 17q21-q25 (418). In contrast, caspases are induced
in regressing NB cells, and members of the neurotrophin
signaling pathways, especially the TrkA receptor, may play an
important role in regression (418, 420).

Maturation or regression of NB was found to be associated
with diploidy in the neuronal and schwann cells and absence
of 1p- (421). Abnormal genomic findings in neuroblastic and
ganglion cells in NB suggest that the schwann cells are a reac-
tive population of normal cells that invade the NB (421).

Studies have proposed (419) that spontaneous NB regres-
sion occurs via a caspase-independent, nonapoptotic mech-
anism (422). H-ras expression was found to be twice as
frequent in tumors detected by mass screening (60.9%) than
in high-stage tumors (29.2%) (419). Degenerating cells were
fragmented without any evidence of apoptosis, but with
features of autophagy. The authors (419) concluded that
Ras-mediated nonapoptotic degeneration was responsible for
spontaneous regression. In a subsequent study, neither of the
aforementioned mechanisms was found to be involved in
spontaneous regression. Instead, other mechanisms, perhaps
related to tumor maturation, seemed more likely to be respon-
sible for the regression phenomenon (423), supported by
the correlation of the incidence of caspase-dependent apop-
tosis with indicators of poor prognosis in the NB examined
(Shimada’s unfavorable histology, MYCN amplification, and
high mitotic index), but not with factors related to tumor
regression, such as clinical stage and mass screening. Spon-
taneous regression of IV-S NB involves hyperexpression of
N-Ras and initiation factor 4E (424).

Epigenetic Changes in NB

Epigenetic abnormalities, especially those resulting from
DNA methylation alterations, are intimately involved in the
development of various tumors. Aberrant methylation of
promoter CpG islands causes inactivation of TSG. Thus,
methylation of promoter CpG islands of the TSG RASSF1A
and BLU in NB was shown to be associated with a poor prog-
nosis, possibly due to the silencing of important genes as
an underlying mechanism (425). Similar findings had been
obtained by others (426A,426). Methylation of RASSF1A in
NB had been described previosly (427,428). In Table 7.11 are
shown some changes in NB related to methylation.

Caspases

Caspases (a family of cysteine acid proteases) are prote-
olytic enzymes responsible for the execution of the apoptotic
signal, particularly caspase-3 (429). Studies have shown that
an increased expression of interleukin 1�-converting enzyme
(caspase-1) and other caspases in NB are associated with a
favorable clinical outcome and histologic features (430–432).
These findings are in keeping with the notion that NB prone
to undergo apoptosis are more likely to spontaneously regress,
respond favorably to cytotoxic agents (45), or both This
suggests a key role for caspase-dependent apoptosis in the
regression process.

Caspase-3, caspase-8, and caspase-10 deregulation or defi-
ciency in NB leads to resistance to apoptosis (433, 434).
Caspase-8 is deleted or silenced (by methylation) in NB with
MYCN amplification (435). Loss of caspase-8 expression in
NB correlates with resistance to tumor necrosis factor related
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Table 7.11. Methylation in NB.

References

Epigenetic abnormalities, especially aberrant methylation of promoter CpG islands, may cause
inactivation of TSG in NB, either by hypomethylation or hypermethylation.

Thoraval et al 1996 (899)

von Noesel et al 2003 ( 426A)
van Noesel and Versteeg 2004 (900)
Yang et al 2004 (901)

Gene silencing in NB. Nahreini et al 2004 (902)
Silencing of important genes through methylation in NB was shown to be associated with a poor

prognosis.
Abe et al 2005 (425)

Methylation status of some genes (RASSF1A and DCR2) is a more reliable predictor of NB progression
than MYCN amplification. Furthermore, NB with single-copy MYCN showed a tendency to
progression when associated with methylation of the above-mentioned genes.

Banelli et al 2005 ( 903A, 903)

Methylation silenced nuclear receptor 112 gene in NB. Misawa et al 2005 (904)

apoptosis (436) and metastatic spread (437). Doxorubicin-
induced cell death in NB is caspase-independent (438). Apop-
tosis in NB is not Fas-dependent, but it is activated by caspase-
3, which is activated by Fas (439). Caspase-9 and apoptotic
protease activating factor 1 (Apaf-1) are expressed in NB
cell lines with LOH of 1p and MYCN amplification (440).
Caspase-8 acts in the early stages of the apoptotic process and
its silencing may have a role in tumor progression, including
NB (435), by the induction of tumor cell resistance to apop-
tosis triggered by cytotoxic and other agents (441,442). Induc-
tion of caspase-8 expression by gene transfer in NB cells
restored sensitivity to death-receptor ligands and to their
combinations with cytotoxic drugs (443, 444).

Interferon (IFN)-� sensitizes cells to apoptosis including
the induction of caspase-8 expression (445–450). The role of
IFN-� and other factors in conjunction with caspase-8 expres-
sion in the apoptotic process of NB cells has been described
previously (442).

Cells of favorable NB usually express high levels of the
high-affinity nerve growth factor (NGF) receptor gene TrkA,
and such cells differentiate in vitro in response to NGF
(420, 431). In NB, high levels of caspase-1 and caspase-3
are significantly correlated with a high level of TrkA expres-
sion, single copy of MYCN, younger age of patients, lower
stages of disease, and improved prognosis (431, 451–453).
Studies on the expression and cellular localization of these
proteases indicate that they are more highly expressed in the
nuclei of favorable NB than unfavorable tumors (43, 451–
453). In addition, it is suggested that these enzymes may be
translocated from the cytoplasm into the nuclei and play an
important role in the process of apoptosis in favorable NB
(430, 431, 452, 453).

Loss of caspase-8 protein expression was found in 7%
of NB and was not restricted to advanced stages of the
disease (455). No correlation was found between the loss of
caspase-8 expression and MYCN amplification or with even-
free or overall survival. The methylation status of caspase-
8 has been linked to MYCN amplification in some studies
(435, 436, 443, 448), but not in others (427, 433, 456).

Trk Receptors

Studies have shown a favorable clinical outcome of NB asso-
ciated with high levels of TrkA (NTRK) in these tumors
(279, 431, 452). Parallel with these studies have been in
vitro demonstrations of the antineoplastic effects of TrkA
(465A, 464–466).

An outline of the neurotrophin-signaling pathway includes
NGF, brain-derived neurotrophic factor (BDNF) and Trk
family of kinases and their receptors (TRKA, TRKB, and
TRKC). The neurotrophin pathway is critical to the devel-
opment of the sympathetic nervous system and hence plays
and important role in the biology and clinical behavior of
NB (466A).

The Trk family is a group of high-affinity receptor proteins
that are critical in the transfer of extracellular signals from
nerve growth and differentiation factors, or neurotrophins,
into the intracellular milieu of neural cells (467–470,470A).
Three relevant neurotrophin receptors, or Trk proteins, have
been identified: TrkA, TrkB, and TrkC. TrkA and TrkC
are differentiation-inducing proteins whose expression is
inversely related to NB stage and MYCN amplification (471).
TrkB, in contrast, is overexpressed in advanced tumors (45).

High levels of TrkA mRNA were present in tumors
from patients with favorable-stage disease (Figure 7.10),
whereas low-to-undetectable levels were observed in MYCN-
amplified tumors. In contrast, coexpression of full-length
TrkB (NTRK2) (there is also a truncated isoform lacking
the tyrosine kinase) and its ligand BDNF was highly asso-
ciated with MYCN amplification resistance to chemotherapy
(472) and advanced-stage NB and may represent an autocrine
survival pathway (468, 473). At variance with the aforemen-
tioned work, another study showed that an alternative-spliced
transcript of TrkA is preferentially expressed in high-risk
tumors, is resistant to the differentiation influence of its ligand
NGF, and likely plays an oncogenic role in human NB (474).
Thus, Trk overexpression may be a therapeutic target that
can exploit the relatively limited normal tissue expression and
theoretically provide a wide therapeutic index.

Differential expression of the neurotrophin receptors is
strongly correlated with the biologic and clinical features of



268 7. Neuroblastoma and Related Tumors

NB. Some primary NB differentiate in vitro in the presence
of NGF but die in its absence. Transfection of TRKA into
a non-TrkA–expressing NB cell line restores its ability to
differentiate in response to NGF(464, 465). TRKA expression
is inversely related to disease-stage and MYCN amplifica-
tion status (452). Thus, high TRKA expression is a marker of
“favorable” NB, and it is correlated with an increased prob-
ability of good outcome (431, 457–459, 462, 463). TRKB is
either expressed in low amounts, or as its truncated isoform, in
biologically favorable tumors. TRKC is expressed in favorable
NB, essentially all of which also express TRKA (Figure 7.11)
(460, 461, 463).

An evolving model of neurotrophin ligand/receptor inter-
actions in NB indicates that low-stage tumors, particularly
those in infants, usually express high levels of TrkA (475).
If NGF is present, TrkA-expressing cells will terminally
differentiate. In contrast, if NGF is limiting, TrkA-expressing
cells will enter a programmed cell death pathway (453).
MYCN-amplified higher-stage tumors usually express TrkB
and rely on autocrine production of BDNF to maintain a
growth-promoting signal, even in the absence of exogenous
neurotrophins. There is an inverse relation of TrkA expression
and MYCN amplification in NB (431, 452).

Neurotrophins have been shown to have diverse effects on
NB cell lines, depending on whether these lines expressed
p75NTR or TrkA, and on the cell type (476). The coexpres-
sion of both low- and high-affinity NGF receptors is not only
more efficient in the restoration of NGF-induced differentia-

Figure 7.11. Survival probability of children with NB with interme-
diate or high TrkC mRNA expression (solid line) versus those with
low TrkC expression (broken line). High TrkC expression is asso-
ciated with a significantly higher survival rate than cases with low
expression. Similar findings have been associated with TrkA expres-
sion (see text) (from ref. 460, with permission).

tion in NB cell lines but also leads to activation of the proapop-
totic activity of low-affinity receptor (p75NTR) and causes the
NB cells to become NGF-dependent and irreversibly differen-
tiated (477).

A NB cell line in which the cells either expressed TrkA
(NTRK1) or TrkB (NTRK2) was shown to be associated
with up-regulation of proapoptotic genes and angiogenesis
inhibitors in the former and with up-regulation of genes
involved in invasion or therapy resistance in the latter (478).

Neurotrophin effects are induced by binding to two
different classes of cell surface receptors, i.e., p75NTR (low
affinity) and Trk receptors (high affinity). The latter belong
to the large family of receptor tyrosine kinases, and p75NTR
is structurally a member of the Fas/TNF-R family. The Trk
receptors are mediators of neurotrophin action. The signaling
pathways involved are complex; see reviews of this area for
details (211)A.

The clinical and therapeutic aspects of the role of Trk recep-
tors in NB have received much attention (470)A, particularly
their prognostic effects, although they are not independent
predictors of patient outcome (481). In one study (481), levels
of TrkA expression did not add significant information to
prognostic grouping, as defined by a combination of clinical
stage, histopathology and MYCN status. There was a biolog-
ically relevant correlation between molecular properties, i.e.,
TrkA expression and MYCN amplification (Figure 7.12), and
histopathologic features of NB (481). Nevertheless, TrkA
remains one of the important potential targets in NB research,
if only as a guide related to developing of appropriate therapy
and management of NB.

Figure 7.12. Cumulative survival of NB patients according to
combined expression of Trk mRNA and MYCN amplification.
Survival is high when Trk expression is high and no amplification of
MYCN is present. Low survival is associated with low Trk expression
and MYCN amplification (from ref. 431, with permission).
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TrkB and BDNF can contribute to the chemoresistance of
NB of advanced stages via the phosphatidylinosital 3′-kinase
pathway (PI3K/c-Akt) (482). The complexity of the latter
pathway and its role in cellular survival have been reviewed
( 482A). Table 7.12 presents cogent areas of information
related to NB and the role of various neurotrophins in its
genesis and biology.

Conditions Related to or Confused with NB

Olfactory Neuroblastoma (ONB)

ONB (esthesioneuroblastoma, olfactory neuroepithelioma,
and olfactory neurocytoma) is a rare but distinctive tumor
of the sinonasal area thought to originate from the neuroen-
docrine cells of the olfactory epithelium based on morpho-
logic, immunophenotypic, and ultrastructural features (483–
488). A neural derivation is indicated ultrastructurally by
the presence of dense core neurosecretory granules and
neuritic processes within tumor cells and immunohistochemi-
cally by expression of neurofilament proteins, neuron-specific
enolase, and S-100 protein. Several origins of ONB have
been suggested, including the sympathetic fibers of the ante-
rior nasal cavity, the neuroectodermal cells of the olfac-
tory placode, the sphenopalatine ganglion, and the organ of
Jacobson (484,489). The proposed relationship to NB implied
in the name is based on morphologic similarities to prim-
itive forms of NB and a possible origin from sympathetic
fibers of the nervus terminalis located in the anterior nasal
cavity. Unlike NB, however, ONB rarely occurs in early
childhood, tends to behave less aggressively than NB, and
is rarely associated with catecholamine secretion (490, 491).
Moreover, the location of ONB within the nasal vault favors
an origin from neuroectodermally derived cells of the olfac-
tory placode. These considerations have led to the alternative
hypothesis that ONB is related to the pPNET family of prim-
itive sarcomas (492). Survival and prognosis in ONB have
been discussed previously (493).

An early report (494) of a t(11;22)(q24;q12) in one ONB
and reports of a few other such tumors with this cytoge-
netic change (490, 492) led to the speculation about the rela-
tionship of these tumors to ES and pPNET, even though
some cases studied cytogenetically, by FISH or by molec-
ular techniques, were shown not to have evidence of the
translocation (495–497). One ONB was shown to have +8
as the only change (496). Two established cell lines from an
ONB showed rearrangements of EWS; both lines expressed
EWS-FLI1 genomic fusion transcripts with in-frame junctions
between exon 7 of EWS and exon 6 of FLI1 as described for
ES and pPNET (492). Similar gene fusions were seen by these
authors (492) in four of six primary ONB. None of the cases
expressed tyrosine hydroxylases, indicating that ONB is not
an NB but a member of the pPNET group of tumors.

In contrast, in one study (498) no evidence for the EWS-
FLI1 fusion product (or MIC2 expression) in 11 ONB exam-
ined by RT-PCR was found. These findings were corroborated
by another study (499), which examined 16 cases of ONB
with MIC2 and found only one that was positive. When 13 of
these 15 ONB were evaluated for the EWS-FLI1 fusion with
FISH, distinct fusion signals were seen in only one tumor,
indicating that ES and pPNET tumors of the sinonasal cavity
occur rarely in that area and that the preponderance of these
tumors is related to NB (500). A study of a single ONB
revealed a complex hyperdiploid karyotype with none of the
aberrations being similar to those previously described (501).
The cytogenetic changes in one ONB were complex with a
hyperdiploid karyotype and quite dissimilar from the changes
in adenocarcinomas of the nasal area (260).

Examination for TrkA and p75 meurotrophin receptor
(p75N T R) expression in 10 ONB revealed both to be
expressed but at different levels (502). The demonstration of
such expression may assist in differentiating ONB from other
tumors.

CGH studies of ONB have shown variable results. The first
such study of a tumor from a 46-year-old woman showed
many changes, including gain of whole chromosomes 4, 8, 11,
and 14 and partial gains of 1q and 17q (100). Loss of entire
chromosomes 16, 18, 19, and X also was observed and partial
losses of 5q and 17p.

In another CGH study of three ONB, gain of the entire chro-
mosome 19 and partial gains of 8q, 15q, and 22q were found
(503). Loss of 8q also was observed. CGH studies of 12 ONB
revealed deletions or gains in most of the chromosomes (504).
Loss of 1p21-p31 was associated with a poor prognosis.

In a more extensive CGH study of 12 primary ONB and
10 metastases, loss of 3p and gain of 17q were found in all
cases (505, 506). Other frequent changes (>80% of cases)
were losses of 1p, 3p/q, 9p, and 10p/q and gains of 17p13,
20p, and 22q. Multiple other less frequent changes also were
encountered in metastases.

A pigmented ONB showed dual differentiation in nude
mice, with the melanotic part having a different chromosome
pattern than the ONB (507). The latter was shown to have a
modal chromosome number of 48, with many numerical and
structural changes (507). The results indicate that ONB is a
genetically distinct entity different from other conditions, e.g.,
loss of 1p was less common and that of 3p more common in
ONB than in NB in general.

An ONB (grade III–IV) with intracranial and extracranial
involvement was studied with several methodologies (e.g.,
cytogenetics, M-FISH, locus-specific FISH, and high-density
SNP arrays) (508). A large number of structural chromosome
changes were found, with del(2)(q37), del(6q), del(21)(q22),
and del(22q) being the most common. The authors stress the
usefulness of applying complementary methods for compre-
hensive cytogenetic analyses of ONB (508).

It would seem, then, that although a rare case of ONB
may belong to the PNET group of tumors containing the
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Table 7.12. Some aspects of the receptors for neurotrophins in NB.

References

TrkA High-affinity receptor for NGF. Developing neurons differentiate in response to this ligand or enter an
apoptotic pathway if NGF is withdrawn.

Barbacid 1995 ( 466A)

TrkB Binds with high-affinity both BDNF (and neurotrophin-4).
TrkC High-affinity receptor for neurotrophin-3.
A subset of NB with response to NGF may exist. Borello et al 1993 (905)
�-Interferon increases levels of Trk expression in NB cell line, while decreasing the MYCN levels. Shikata et al 1994 (906)
NGF induces apoptosis in NB cell line SK-N-KC expressing p75. Kuner and Hertel 1998 (907)
Neurotrophins and glial family ligands in CNS development and NB tumorigenesis. McConville and Forsyth 2003 (908)
TrkA and TrkB have opposite effects in NB. The former is activated by its ligand NGF and the latter by BDNF.

TrkA is a strong (positive) prognostic factor in NB without MYCN amplification, whereas NB with TrkB
expression are usually associated with MYCN amplification and a poor prognosis. Aggressive NB cells have
high BDNF and/or TrkB and escape control by NGF.

Eggert et al 2000 (908–913)

Some primary NB differentiate in vitro in the presence of NGF, but die in its absence. Transfection of TrkA into
NB cell line lacking TrkA restores its ability to differentiate in response to NGF.

Lavenius et al 1995 (464)

Lucarelli et al 1997 (465)
The expression of TrkA, a high-affinity receptor for NGF, and p75N TR , a low-affinity receptor for NGF, are

important indicators of prognosis. A favorable prognosis is associated with high levels of TrkA expression and a
poor prognosis with low levels of TrkA.

Nakagawara et al 1993 (431)

Nakagawara and Brodeur 1997 (451)
Nakagawara 1998, 2001, 2004 (420,
914, 915)

TrkA expression is inversely related to disease stage and MYCN amplification status in NB. High TrkA expression
is a favorable index in NB.

Nakagawara et al 1993 (431)
Kogner et al 1993 (457)
Suzuki et al 1993 (458)
Tanaka et al 1995 (459)
Combaret et al 1997 (462)
Svenson et al 1997 (463)

High levels of TrkA expression (p140) and p75N G F R neuro- trophic receptors determined by
immunohistochemistry are associated with favorable outcome in NB.

Dominici et al 1997 (916)

TrkA is frequently expressed in NB cell lines. Horii et al 1998 (465A)
Up-regulation of TrkA in NB leads to neuronal differentiation by NGF. Shikata et al 2000 (917)
Somewhat at variance with the information on TrkA in NB presented above are the findings in a study which

showed that an alternative-spliced transcript of TrkA is preferentially expressed in high-risk NB; this transcript
is resistant to the differentiation influence of its ligand NGF and likely plays an oncogenic role in NB.

Tacconelli et al 2004 (474)

Based on the findings of the above mentioned study, the authors challenged the concept of an exclusively
tumor-suppressing role for TrkA in NB, by showing a novel hypoxia-regulated mechanism for oncogenic TrkA
activation in NB cells.

Tacconelli et al 2004 (474)

TrkA induces apoptosis in NB through a p53-dependent mechanism. Lavoie et al 2005 (918)
High levels of expression of EPHB6, EFNB2 and EFNB3 are associated with low-stage NB and high TrkA

expression and prognostic significance of these parameters. NB cells with high TrkA and p75 have a favorable
outlook. Depletion of NGF is also a factor.

Tang et al 2000 (919, 920)

NGF is involved in differentiation of NB. Jensen et al 1992 (921)
The BDNF/TrkB pathway may be important for growth and differentiation of NB with MYCN amplification. Nakagawara et al 1994 (473)
TrkB (with tyrosine activity) preferentially expressed in advanced stage NB with MYCN amplification. These

tumors usually express BDNF, thus establishing an autocrine pathway promoting cell growth. TRKB is
expressed in low concentration or in its truncated (lacking tyrosine kinase) isoform in favorable NB.

Matsumoto et al 1995 (468)

Combaret et al 1997 (674)
PCR methodology for TrkB expression has been described. Eggert et al 2000 (922)
Autocrine and/or paracrine mechanisms involving BDNF may stimulate signal transduction via TrkB receptors in

NB with unfavorable outcome, resulting in aberrant survival of tumor cells.
Aoyama et al 2001 (923)

TrkB cooperates with c-Met to promote NB invasiveness. Hecht et al 2005 (924)
Akt serves as a mediator of TrkB effects in NB; possible role in therapy. Li et al 2005 (925)
Activation of TrkB induces VEGF expression via hypoxia- inducible factor 1-� in NB. Nakamura et al 2006 (926)
TrkC is expressed in favorable NB in which TrkA is also expressed. Ryden et al 1996 (460)

Yamashiro et al 1996 (461)
Svensson et al 1997 (463)

Although NB are of neural origin, the tumors develop only in differentiated sympathetic ganglia or in the adrenal
medulla. Genes important in the normal development of sympathetic neurons include MYCN (encoding a basic
helix-loop-helix transcription factor), MASH1 and PHOX2A and PHOX2B. GDNF and its receptors (Ret,
6FR�1-3) and ligands (neurturin, catenin), pleotrophin (PTN), medkine (MK), all affect the development and
physiology of sympathetic neurons, but their role in NB has not been established. The presence or absence of
NGF signals strongly affect and regulate survival or death or normal sympathetic neurons.

Three neuronal miRNAs were shown to control NB cell proliferation by repressing the truncated isoform of the
neurotrophin receptor tropomyosin-related kinase C. These miRNAs were found to be downregulated in NB
tumors.

Laneve et al 2007 (463)A
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characteristic t(11;22), the bulk of ONB belong to the NB
group of tumors, possibly showing features that differentiate
ONB from the other NB tumors.

Glioneuroblastoma

GNB is generally regarded as an intermediate form in the
maturation or regression process of NB, and it is associ-
ated with a better prognosis and survival rate than NB (509).
Indicative of the better prognosis was the absence of MYCN
amplification in the 16 GNB examined (509) and that the
various prognostic indices in GNB and NB indicated a more
favorable disease in the former than the latter. GNB is a rela-
tively benign form of NB, and it consists of a mixture of
fibrils, mature and maturing ganglion cells, and undifferenti-
ated neuroblasts.

Systems for the classification and grading of GNB have
been published previously (29, 31, 510, 511).

A primary site for GNB is often the thoracic region and
less frequently the adrenal medulla (512, 513). In a report
on thoracic NB (514), the better survival of these cases was
emphasized, possibly related to scarcity of MYCN amplifica-
tion in these tumors. Because the histology of these tumors
was not mentioned, one wonders whether they may have
been GNB.

The histologic heterogeneity of GNB is evidenced in
the molecular heterogeneity demonstrated in these tumors
(Figure 7.13) (515). A composite GNB was examined for
MYCN copy status and DNA content at initial resection and 2
years later after progressive disease. In the latter sample, the
more differentiated gangliomatous portion of the tumor was
analyzed separately from the neuroblastic foci and shown to
differ significantly (515).

Some reports have indicated that MYCN amplification was
lower in GNB than in NB (516–518). Some of the variability
may partly be due to institutional differences in the diagnostic
criteria for GNB and its subtypes (31). In one report (287),
MYCN amplification was found in two of 11 nodular type of

Figure 7.13. Histologic picture of a GNB composed of a mixture
of neuroblasts and ganglion cells surrounded by a fibrillary stroma
(from ref. 8, with permission).

GNB with undifferentiated cells, whereas no MYCN amplifi-
cation was found in well-differentiated or intermixed GNB.

Negligible cytogenetic, FISH, and LOH information is
available on GNB. It is possible that some GNB have been
included in studies of NB without the authors mentioning their
inclusion. Furthermore, in contrast to NB for which many
established cell lines are available, no known cell line of GNB
could be found in the literature.

Only a few CGH studies have been performed on GNB, the
results being somewhat at variance, e.g., in one study (519)
loss of 1p was present, whereas in another study (520) no such
loss was observed; the same applies to gains of 1p, 2p, 4p15.1,
5p15.1-p15.3, and chromosome 7. When results were similar,
the percentages showed wide variations. MYCN amplification
and expression in localized GNB (stroma-rich NB) were asso-
ciated with a good prognosis (521) (Figure 7.14).

A constitutional t(1;13)(q22;q12) in a patient with GNB
has been described previously (522); the cells of this patient
served as a source of establishing the breakpoint on chromo-
some 13 (523) and ultimately for the description of a gene,
WAVE3, an actin-polymerization gene, which seems to be
truncated and inactivated in GNB (524). Whether this gene,

Figure 7.14. Survival of patients with GNB versus that of NB cases.
(A) General survival that was significantly different between the two
groups. (B) Survival of GNB and NB cases without MYCN amplifi-
cation (from ref. 509, with permission).
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or the translocation described above, play a major role in the
development of GNB is an open question, because 13q12 is
not often affected by changes as determined cytogenetically
or by CGH either in NB or GNB (519,520). A study compared
NB with GNB and showed 1p36 deletions in the former but
not in the latter (359). It also was found that the neuroblastic
cells of these tumors differed from the schwann cells and that
schwann cells have a less aggressive phenotype and play a role
in tumor maturation (359).

Ganglioneuroma

Ganglioneuromas often arise in the posterior mediastinum
rather than the abdomen (525). They may represent evidence
of spontaneous maturation of previous NB (Figure 7.15), a
process occasionally noted in NB patients. Alternatively, they
may occur as metastatic, matured lesions in previously treated
children. Maturation of NB to ganglioneuroma both in an
extra-adrenal primary tumor and in local lymph node metas-
tases has been reported previously (526).

Allelic status of 1p and 11p15 was evaluated in NB and
ganglioneuromas (527) and loss of 1p found in one of the two
ganglioneuromas examined and in three of 25 NB. Changes
of 11p were observed only in NB. Cases of NB with loss
of 1p do not always follow an aggressive clinical course and
may differentiate into ganglioneuromas. The ultrastructural
features of such maturation have been described previously
(528).

The term “composite pheochromocytoma” is used for
rare examples of pheochromocytoma that contain a signif-
icant histopathological component resembling ganglioneu-
roma, ganglioneuroblastoma, or NB (529). Patients with
multiple endocrine neoplasia 2A with composite pheochro-
mocytomas have been reported, one with ganglioneuroma
(530) and another with ganglioneuroblastoma (531). Bilateral
adrenal composite pheochromocytomas with ganglioneuroma
in a 61-year-old woman with NF1 has been described previ-
ously (532).

A 58-year-old male with NF1, who died of necrotizing
enteritis, was discovered to have a tumor of the adrenal gland

Figure 7.15. Histologic picture of a ganglioneuroma showing clus-
ters of variably sized ganglion cells (from ref. 8, with permission).

consisting of pheochromocytoma and ganglioneuroma (533).
The association of pheochromocytoma with ganglioneurob-
lastoma has been described in a 14-year-old girl with NF1
(529) and in a non-NF1 case (534). A pheochromocytoma
with ganglioglioma was shown to produce catecholamines
and various neuropeptides (535).

Table 7.13 show facets of GNB and ganglioneuroma not
discussed in the text but cogent to these tumors.

The following sections present short descriptions of rare
neural tumors that, on occasion, are to be differentiated
from NB, ganglioneuroblastoma, and ganglioneuroma. These
tumors include ganglioglioma, central neurocytoma, and cere-
bellar liponeurocytoma. Although cytogenetic and molecular
genetic information on these tumors is sparse, considering
their rarity, the findings are sufficiently informative to serve
the purposes of diagnosis.

Ganglioglioma

Gangliogliomas are well-differentiated, slowly growing
neuroepithelial tumors composed of neoplastic, mature
ganglion (neural) cells, either alone (gangliocytoma), or in
combination with neoplastic glial cells (ganglioglioma) (536).

Gangliogliomas show an additional neoplastic glial compo-
nent, usually astrocytes, surrounded by a reticulin network.
In contrast to normal neurons, the dysplastic neuronal cells
of gangliogliomas show prominent neurosecretory activity
(537). Gangliogliomas may occur throughout the CNS,
including the cerebrum, brain stem, cerebellum, spinal cord,
optic nerves, pituitary gland, and pineal gland. The majority
are supratentorial and involve the temporal lobe (536–538).
About three fourths of patients with gangliogliomas have
seizures. Some of the chromosome changes in ganglioglioma
are shown in Table 7.14.

A complex abnormal karyotype with three sublines
showing inversions, translocations, and gains or losses of long
or short chromosome arms and involving chromosomes 6,
7, 11, 13, 15, 16, 18, 19, and Y was observed in a rare
case of ganglioglioma with malignant transformation (539).
In addition, a ganglioglioma with an abnormal karyotype
containing translocations and deletions of chromosomes (in
order of frequency) 1, 5, 21, 12, 8, 13, 10, and X has been
reported previously (540). Deletions on 17p were observed
in an anaplastic ganglioglioma with diffuse leptomeningeal
spread (541). Although the karyotypes described in gangli-
ogliomas indicate a neoplastic origin (542), the cytogenetic
data are too sparse to reach a conclusion regarding any recur-
rent changes.

A study based on CGH and FISH of five gangliogliomas
revealed loss of material in the distal 9p and gain of chro-
mosomes as the most common changes (543). An immuno-
histochemical study showed essentially absent expression of
EGFR (located at 7p11∼p13) in the five gangliogliomas
examined (544).
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Table 7.13. GNB and ganglioneuroma.

References

Ganglioneuroma and NB in a child with NF1. Knudson and Amromin 1966 (576)
Clinical aspects of maturing NB and of GNB. McLaughlin and Urich 1977 (927)
Abnormal DNA content in NB and ganglioneuroma. Taylor et al 1988 (928)
Five ganglioneuromas showed MYCN expression but none of MYC. Slavc et al 1990 (310)
An ACTH-secreting GNB associated with opsomyoclonic encephalopathy and Cushing syndrome has

been described.
Clerico et al 1993 (929)

Composite GNB showed DNA content and MYCN copy number different in the neuroblastic vs. the
more differentiated parts of the tumors.

Schmidt et al 1993 (515)

No p53 abnormalities found in 14 GNB and 1 ganglioneuroma. Moll et al 1995 (930)
Cytopathology of NB, GNB and ganglioneuroma. Mondal 1995 (931)
Ganglioneuroma, GNB and NB in cases of opsoclonus- myoclonus syndrome. Blatt et al 1997 (932)

Gambini et al 2003 (933)
A case of GNB and Wilms tumor has been reported in a 2-year- old child with NF1. Ito et al 1997 (934)
GNB may have areas with and without MYCN amplification as shown by FISH, findings of relevance to

therapy.
Lorenzana et al 1997 (935)

The p53 protein concentrations in adrenal PCC and ganglioneuromas were either normal or very low, in
contrast to the high levels of aldosterone-producing adenomas.

Adleff et al 1998 (1239)

A case of GNB and two of ganglioneuroma have been reported in NF1 patients. Geraci et al 1998 (936)
GNB and adrenal carcinoma in a child with Turner syndrome with germline mutation of p53

(Li-Fraumeni syndrome?).
Pivnick et al 1998 (937)

Ganglioneuroma in a Turner syndrome case. Sasaki et al 2000 (938)
Melanin-concentrating hormone receptor mRNA present in GNB and NB. Takahashi et al 2001 (939)
Glioblastoma development in resected ganglioneuroma. N.R. Kim et al 2003 (940)
A developmentally regulated gene, TUBEDOWN, whose expression has been found to be related to

tumor type, i.e., high in NB and low in GNB and ganglioneuroma. This may define tumor types more
accurately than other methodologies.

Martin et al 2007 (940A)

In a study of 6 gangliogliomas, microsatellite instability
was not observed (542). Numerous polymorphisms and a
novel mutation of the TSC2 gene were found in gangli-
ogliomas (545, 546). These changes seemed to affect the glial
component of the tumors. In another study, TSC1 and TSC2
genes were not inactivated (547).

The development of tumors (e.g., meningioma and astro-
cytoma) within gangliogliomas is an interesting phenomenon.
These tumors have a dual component, well-differentiated
neuronal and glial cells, often of the pilocytic type (536).

Although generally gangliogliomas have a low Ki-67 index
(>1%), increases in the Ki-67 index and expression of p53
in the neoplastic cells may be related to tumor recurrence
(537, 548, 549). No tumors had aberrant expression of p53
(548). Accumulation of p53 has been described in a gangli-
oglioma due to a mutation of TP53 (550). The aberrant
product was shown to be associated predominantly with the
neuronal (neoplastic) cells.

RFLP study in one ganglioglioma with diffuse
leptomeningeal involvement with probes for chromosomes 5,
6, 10, 12, 15, and 17 showed loss of an allele at 17p13.3 in
the tumor tissue but not in the blood cells (541). Microsatel-
lite instability was not found in six gangliogliomas exam-
ined (551).

An infantile ganglioglioma was characterized by telomere
association leading to the formation of dicentric and other
derivative chromosomes involving chromosomes 17, 19, 14,
11, 9, 5, and 22 in the order of frequency. About a year after
resection of the original tumor, a recurrent tumor was found
to have a normal 46,XY karyotype (552).

In a desmoplastic infantile ganglioglioma (553), nonclonal
chromosome changes were found, but the basic karyotype
was 46, XY. Interphase FISH was not informative. Molecular
studies showed no changes of TP53, EGFR, or the p14, p15,
and p16 genes, although hypermethylation of the promoter

Table 7.14. Chromosome changes in ganglioglioma.

Karyotype References

46,XY,del(6)(q25) Neumann et al 1993 (730)
47,XY,+r(1) Neumann et al 1993 (730)
49,XX,+5,+6,+7 Neumann et al 1993 (730)
**46,X,inv(Y),t(6;13)(q14;q33),t(18;?)(q11.2;?)/46,X,inv(Y) Jay et al 1994 (539)
43,XX,der(1)t(1;5)(q21;q12),-5,der(8;13)(q10;q10),-9, i(10)(q10) Debiec-Rychter et al 1995 (941)
*49,XY,+4,+5,inv(7)(q22q34),+7 Jay et al 1997 (942)

*Temporal lobe tumor which recurred with intracranial and spinal metastases.
**Anaplastic tumor with neural and astrocytic components.
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region of p14ARF was established. Bcl-2 and Bcl-X expres-
sion has been investigated in gangliogliomas (553).

Rosetted glioneural tumors have been examined by CGH.
A parietal lobe tumor in a 43-year-old man showed gain
of 7q21.1→qter and loss of 9p21→pter (554). A similar
tumor of the spine in a 16-year-old girl revealed by CGH to
contain loss of 1p and 22q ( 554A), changes that have been
described in gangliogliomas (543), to which these tumors may
be related. Table 7.15 shows observations on gangliogliomas
not presented in the text but of sufficient relevance to these
tumors to be of interest to the reader.

Central Neurocytoma

Central neurocytomas, rare supratentorial brain tumors, are
composed of uniform round-cells with neuronal differentia-
tion, typically located in the lateral ventricles in the region
of the foramen of Monro and affect mostly young adults
and have a favorable prognosis (555, 555A). It has been
suggested that central neurocytomas originate from bipoten-
tial progenitor cells in the periventricular matrix, which in the
mammalian brain persists throughout adult life (555). In large
surgical series, the incidence has ranged from 0.25–0.5% of
all intracranial tumors.

Central neurocytomas are rare in CNS neoplasms that occur
predominantly in young adults (555B,C). These tumors are
generally considered benign and associated with a favorable
prognosis.

Synaptophysin is the most suitable and reliable diagnostic
marker for central neurocytoma. Other neuronal markers are
expressed, including neuron-specific enolase (NSE), synapsin
I (555), neuron-associated class III �-tubulin, microtubule-
associated protein 2 (MAP2), and calcineurin.

A small number of central neurocytomas has been exam-
ined cytogenetically: the first to be examined had the kary-
otype 45,XY,-17 (556) and several nonclonal changes. In
another study, three of nine central neurocytomas had +7
by cytogenetic and FISH studies, and one tumor was tetra-
somic for chromosome 7 (557). A more complex karyotype
was obtained in another central neurocytoma: 45-48,X,-Y,
der(4)t(1;4)(q21;p16)t(1;4)(q32;q33),der(7)t(1;7)(q32;p15),
+der(8) t(8;?)(p21;?),der(16)t(16;?)(q2;?),der(18)t(18;20)
(q23;q11) (570). This tumor in an 11-year-old boy showed
aggressive behavior.

In a CGH study of 10 central neurocytomas, gain of
sequences was noted at 2p, 10q, and 18q (558). A study
based on array-CGH of 20 central neurocytomas showed gains
of 2p24.1-p22.1, 10q23-q26.3, 11q23-q25, and 18q21.3-qter
and losses of 1pter-p36.3, 1p34.3, 6q13-q21, 12q23-qter,

Table 7.15. Ganglioglioma.

References

Clinical aspects (pathology and radiology). Kalyan-Raman and Olivero 1987 (943)
Of 58 gangliogliomas, 30 were in the spinal cord, 19 in the cerebral hemispheres, and 9 in

the brain stem.
Lang et al 1993 (944)

Pathology of ganglioglioma. Miller et al 1993 (945)
IMHC study of Trk receptors showed those of TrkA and/or TrkB to be present in

gangliogliomas and cerebral neurocytomas, but not in intraventricular neurocytomas.
Gangliogliomas with high TrkA and TrkB expression had higher levels of neuronal
differentiation. Neurotrophin receptors seem to be involved in the evolution and
subsequent maturation of neuronal cell tumors.

Nishio et al 1998 (946)

Nishio et al 1998 (946)
Synaptophysin reaction in normal brain and gangliogliomas. Miller et al 1999 (947)

Quinn 1998, 1999 (948, 949)
Prognostic factors in supratentorial ganglioglioma. Rumana et al 1999 (950)
Ganglioglioma in a child with NF2. Sawin et al 1999 (951)
A positive reaction of neurons with synaptophysin and neurofilament protein (NFP) seems to

be nonpathogenomic in the diagnosis of neoplastic neurons in gangliogliomas.
Wierzba-Bobrowicz et al 1999 (952)

A malignant rhabdoid meningioma developing in the bed of a subtotally resected
ganglioglioma in a 54-year-old retired nuclear submarine officer has been described. The
tumor showed loss of one copy of NF2 and presentation of the INI1 region on 22q.

Bannykh et al 2002 (953)

“Gangliogliomas represent highly differentiated glioneural tumors frequently occurring in
young patients with focal epilepsies.” Dysplastic neurons are a neuropathological hallmark
of these tumors. Astrocytes are the essential glial component.

Becker et al 2002 (954)

The CDK5 (at 7q36) and DCX (on chromosome 8) genes (components of the reelin
pathway), which play a role in neuronal migration and cortical cytoarchitecture, had a
lower expression level in gangliogliomas than in control tissues.

Becker et al 2002 (954)

Based on CGH and other studies, Desmoplastic infantile gangliogliomas differ from
common astrocytomas.

Kros et al 2002 (1240)

Overexpression of major vault protein in gangliogliomas. Aronica et al 2003 (955)
Ceruloplasmin-secreting ganglioglioma. Knapp et al 2005 (956)
Ganglioglioma in a case of Peutz-Jeghers syndrome, autosomal dominant condition

associated with involvement of the LKB1 gene (serine-threonine kinase).
Resta et al 2006 (957)
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17p13.3, 17q11-q23, and 20pter-p12.3 ( 558A). Imbalances
of gene overexpression were found in several genes, including
overexpression of MYCN and PTEN and underexpression of
BIN1 and HRAS. The possible role played by some of these
genes (558B,C) in central neurocytomas was discussed by the
authors (558A).

Using NeuN (a neuronal marker), central neurocytomas
expressing this marker were shown to have a significantly
lower mitotic index (Ki-67 labeling index) than tumors
not expressing NeuN (559). The authors hypothesized that
neuronal differentiation suppresses proliferation.

Central neurocytomas, although usually benign tumors,
may in rare cases show clinically aggressive or even malig-
nant behavior with a wide spectrum of organ involvement.
The possible prognostic value of the MIB-1 labeling index in
central neurocytomas was evaluated in a large series of these
tumors (560), indicating that progressive recurrence rates and
death incidence were reflected in the level of the MIB-1 index,
e.g., the recurrence rate was nearly 50% in cases with an index
of >5% (561, 562), as have reports on the use of the MIB-1
index on the evaluation of cases (563–566). Central neuro-
cytomas with MIB-1 index of >10% show rapid growth and
dissemination (567).

Although LOH of 1p and 19q (19q13.2-q13.4) were
frequent in central neurocytomas (568), the majority of infor-
mative markers were retained at both 1p and 19q. Thus,
central neurocytomas are genetically distinct from NB and
oligodendrogliomas. MYCN and EGFR amplification and
TP53 mutations are rare in central neurocytomas (555,
568–570).

The expression of photoreceptor differentiation in central
neurocytomas may possibly relate them to pineocytomas
(571) and adipocyte differentiation in some of the central
neurocytomas may relate them to cerebellar liponeurocytoma,
although the absence of p53 mutations in the former (569,572)
and their presence in the latter tumors (573) separates these
entities.

Cerebellar Liponeurocytoma

Cerebellar liponeurocytoma is a rare cerebellar neoplasm of
adults with advanced neuronal/neurocytic and focal lipoma-
tous differentiation with a low proliferative potential, and a
favorable clinical prognosis (574). Patients typically present
during their fifth or sixth decade of life in the age range
from 36 to 67 years (mean age, 51 years). The age distribu-
tion differs from that of central neurocytomas, which occur in
patients of younger age.

Despite the cellularity of the lesion, tumor cells have a
uniform cytological appearance, with few mitotic figures.
They contain round or oval nuclei and often show a clear
cytoplasm resembling neoplastic oligodendrocytes. Advanced
neuronal differentiation is a histopathological hallmark.
Immunohistochemically, there is a consistent expression of
NSE, synaptophysin and MAP2. Focal glial fibrillary acidic

protein expression by tumor cells, indicating astrocytic differ-
entiation, is observed in the majority of cases.

The mitotic activity of these tumors is low. The growth frac-
tion, as determined by the Ki-67/MIB-1 labeling index, ranges
from <1 to 6%, with a mean value of approximately 2.5.

Despite the different age distribution and benign biological
behavior, cerebellar liponeurocytoma share several features
with cerebellar medulloblastomas, which may include an
origin from the periventricular matrix of the fourth ventricle
or the external granular layer of the cerebellum.

To establish the genetic profile of cerebellar liponeuro-
cytomas, an international consortium was collected tumor
samples from 20 patients (573). DNA sequencing revealed
TP53 missense mutations in 4 (20%), a frequency higher than
in medulloblastomas. There was no case with PTCH, APC, or
β-catenin mutations, each of which may be present in subsets
of medulloblastoma. Isochromosome 17q, a genetic hallmark
of medulloblastomas, was not observed in any of the cases
investigated by FISH.

cDNA array analyses were carried out on four cere-
bellar liponeurocytomas, four central neurocytomas, and
four medulloblastomas (573). Cluster analysis of the cDNA
expression data of 1,176 genes grouped cerebellar liponeu-
rocytomas close to central neurocytomas, but distinct from
medulloblastomas. These results suggest cerebellar liponeu-
rocytoma as a distinct tumor entity that is genetically different
from medulloblastoma. Furthermore, the cDNA expression
array data suggest a relationship to central neurocytomas,
but the presence of TP53 mutations, which are absent in
central neurocytomas, suggests that their genetic pathways are
different.

Hereditary and Congenital NB

Genetic Susceptibility

Constitutional chromosomal abnormalities have been
described in patients with NB, although no apparent pattern
was established ( 265A). A constitutional interstitial deletion
and a reciprocal t(1;17) translocation, both affecting 1p36,
have been observed in patients with NB (174, 175, 205, 252).
However, it is unclear whether these 1p36 rearrangements
contributed to predisposition to NB development.

Progress in narrowing the region and defining candidate
TSG within 1p36 has been slow, due in part to most 1p dele-
tions being large. In addition, although several NB cell lines
and constitutional chromosomal rearrangements involving
1p36 have been identified, the affected chromosomal regions
do not cluster tightly (196, 202–208, 252). Moreover, linkage
analysis of familial cases has excluded 1p36 as containing a
familial predisposition locus (209).

Related to familial NB with loss of 1p36 is the report (575)
of two siblings with NB and LOH of 1p36 in the tumors; the
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siblings inherited the predisposition to NB through an abnor-
mality in the paternal 1p36 region and the NB probably devel-
oped as a consequence of somatic loss of the maternal 1p36
allele.

There have been several reports of an association of NF1
and NB (576), but epidemiologic analyses have suggested that
this is coincidental (577). Two different transcripts of the NF1
gene in a NB tumor has been reported (578). Two studies
have documented NF1 gene mutations in some NB cell lines
(213, 579), and a patient with NF1 and NB whose tumor had
a homozygous deletion of the NF1 gene was reported (580).
However, familial NB is not linked to the NF1 locus, even
in a family in which the proband had both conditions (209).
Thus, germline inactivation of NF1 does not seem to predis-
pose to NB, but somatically acquired inactivation may occur
as a late event in tumor evolution in some cases. Patients with
familial NB exhibited chromosomal fragile sites (especially at
band 1p13.1), with unaffected members showing hypersensi-
tivity to aphidocolin-induced fragile sites (581). These find-
ings are of interest in view of the suggestion that interference
RNA (RNAi) (582) is synthesized at chromosomal fragile
sites.

Germline chromosome abnormalities have been found in a
relatively small group of NB patients. Of interest are two cases
of NB with germline interstitial deletions of 1p within band
p36 (175, 192), a region that may contain a TSG important in
the development of NB. Studies of a constitutional balanced
translocation t(1;17)(p36;q12-q21) have failed to reveal the
gene responsible for NB (174, 241, 250, 251, 583). All other

constitutional rearrangements in NB lack a consistent pattern
indicative that they may be coincidental rather than causative,
although views to the contrary have been expressed (207).
The latter authors (207) have opined that, based on the
incidence of NB in trisomy 21 cases (Down syndrome)
and in patients affected by X-chromosome anomalies, genes
of importance in the biology of NB may reside on these
chromosomes (207).

Table 7.16 shows combined data on the cases with consti-
tutional disorders and NB.

Hereditary (Familial) NB

Hereditary NB is rare, and a family history of the disease is
present in only 1–2% of NB cases (209, 281, 577, 584–586).
Patients with familial NB are characterized by an earlier
median age (9 months vs. 22 months) at diagnosis and a
higher frequency of multifocal primary tumors (577,584,587).
However, patients with hereditary NB show the same clin-
ical heterogeneity seen in sporadic cases, including cases as
disparate as those with spontaneous regression and others with
relentless progression within individual families (577, 585,
587). Thus, the rarity of familial NB may be explained, at least
in part, both by the incomplete penetrance and by the lethality
of the phenotype.

Familial NB was described as a distinct clinical entity in
1945 (588), and a genetic hypothesis was provided in 1972
(584). The families described in one study (585) conformed
to the predictions of the two-mutation model. The median

Table 7.16. Constitutional anomalies assoicated with NB.

References

Partial trisomy 15 Sanger et al 1984 ( 220A)
11q deletion and 12q duplication syndrome and NB Koiffmann et al 1995 (264)
The incidence of NB and ganglioneuroma is in higher Turner syndrome higher than in the

population; 12 cases reported, including one with an i(X)
Blatt et al 1997 (932)

Satgé et al 2003 (207)
Developmental anomalies, including those of the brain, occur in children with NB Blatt and Hamilton 1998 (958)
Balanced translocations (10 cases) (2 of 1p; 3 of 11q) Kaneko and Cohn 2000 (959)

Satgé et al 2003 (207)
Unbalanced anomalies (20 cases) (3 of 1p; 2 of 11q) Kaneko and Cohn 2000 (959)

Satgé et al 2003 (207)
Turner syndrome (12 cases) Kaneko and Cohn 2000 (959)

Satgé et al 2003 (207)
Although NB in XXX females or XXY males is rare, single cases of such have been reported Satgé et al 2001 (960)

Honma et al 2006 (962)
Gül et al 2003 (961)

Partial 2p trisomy (1 case) Dowa et al 2002 (963)
(5 cases) Satgé et al 2003 (207)
del(11q) Mosse et al 2003 (265)

Disseminated NB in NF1 patient with homozygous deletion of the NF1 gene. Origone et al 2003 (601)
Miscellaneous (2 cases) (+18,-22) Satgé et al 2003 (207)
Trisomy 13 (4 cases) Satgé et al 2003 (207)
Trisomy 21 (4 cases) Satgé et al 2003 (207)
NB has been described in patients with Fanconi anemia and Bakshi and Hamre 2004 (964)

Bloom syndrome: possibly related to fragile site at 1p31-1p32.
17p11.2 deletion in patient with Smith-Magenis syndrome Hienonen et al 2005 (965)
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age at diagnosis of 14 months (585) was lower than that
reported in surveys of large populations in sporadic NB cases,
where the median age has typically been reported to be 23
months (39, 587). In addition, one quarter of the patients
with familial NB were documented to have bilateral adrenal
NB or more than one primary tumor, whereas multifocality
is only rarely observed in sporadic NB (39). The seven
pedigrees studied (585) suggested incomplete disease pene-
trance with generation-skipping in at least one family. There-
fore, the penetrance value of 63% calculated in a previous
review of hereditary NB (584) is a reasonable estimate of the
chance of manifesting the disease in those with a heritable
predisposition.

Allelic loss at 16p12-p13 in sporadic NB was found in 13%
of 470 tumors (589). This loss was associated with favor-
able NB, possibly involving at least two candidate loci within
the region. In one study (590), inactivation of the HNB1
located at 16p12-p13 was found and the authors suggested that
this gene may contribute to the pathogenesis of familial and
sporadic NB.

In a subsequent linkage analysis of seven families with
two or more first-degree relatives affected by NB revealed
a single interval at chromosome bands 16p12-p13 and was
the only genomic region consistent with linkage (585). LOH
of multiple 16p polymorphic loci was identified in five of
11 familial NB and in 68 of 336 nonfamilial NB (20.2%).
Together, these data suggest that a hereditary NB predisposi-
tion gene (HNB1) is located at 16p12-p13 and that disruption
of this gene may also contribute to the pathogenesis of some
nonfamilial (sporadic) NB. The observation that two of seven
available tumor specimens from affected and 16p-linked indi-
viduals in these families showed 16p12-p13 LOH and that in
both cases the allele retained was from the parent predisposed
to the disease, further supports the conclusion that NB predis-
position occurs due to heritable mutation in a TSG located on
the short arm of chromosome 16 (16p) (585).

Three additional families were available for analysis, but
they were distinguished from the 16p12-p13-linked families
in that affected individuals were of second-degree or greater
relation (585). These three families consisted of two first-
cousin pairs and one uncle-proband pair. In none of these
families was NB predisposition linked to 16p12-p13. This
suggests that hereditary NB is genetically heterogeneous,
like other pediatric cancer predisposition syndromes, such as
familial Wilms tumor, and Li-Fraumeni syndrome (591–594).
Alternatively, it is possible that some or all of these NB pedi-
grees are actually examples of chance occurrence of a rela-
tively rare disease within the same family.

LOH was shown at multiple 16p12-p13 polymorphic loci
in 20% of a representative panel of sporadic NB (585).
This suggests that somatic deletions in this region might be
targeting the second allele of a gene harboring a hemizy-
gous mutation, but proof of this awaits identification of
HNB1.

The first observation of germline mutations transmitted
along a pedigree in NB patients (595) was reported for the
paired-like homeobox 2B (PHOX2B) gene, which is consid-
ered an essential regulator in the development of autonomic
neural crest derivatives (596) and is related to the TrkA differ-
entiation pathway in NB. Two different missense mutations
of PHOX2B were found in a transversion in a family with
NB and two ganglioneuromas, and a different transversion
in a sporadic case of Hirschsprung disease (HSCR) associ-
ated with NB. Another family with recurrent NB did not show
any anomaly of PHOX2B (595). Subsequently, a heterozygous
single-base deletion was found in a complex pedigree with
NB in which seven members of three generations had NB; two
of these patients also had HSCR (597). The proband had NB,
HSCR, and NF1.

PHOX2B germline mutations seem to be rare in familial
NB and when such mutations are involved in the initiation of
NB, they occur in patients with disorders of the autonomic
nervous system, i.e., HSCR and congenital central hypoventi-
lation syndrome (CCHS) (597).

The locus for PHOX2B at 4p12 is not known as a frequent
site of allelic deletions in NB (45), and to date biallelic inac-
tivation of PHOX2B has not been reported (597).

Verification of the presence of PHOX2B mutations in three
families with recurrent NB and one family with GNB and
isolated HSCR was attempted by a number of techniques
(598). No mutations were detected in the three exons of
PHOX2B by analyzing constitutional DNA of the 10 NB
patients and the one affected with BNG and HSCR. No haplo-
type segregation was found at the genomic interval encom-
passing the gene or in its vicinity. Therefore, the findings
(598) exclude PHOX2B as the NB susceptibility gene in the
families analyzed.

The different results obtained (595, 598) confirm the
remarkable genetic heterogeneity of NB and raise questions
about the PHOX2B involvement in the genetic determination
of the disease. Moreover, the two distinct missense muta-
tions affecting the homeodomain in the mid-portion of the
protein (595) are different from the polyalanine stretch expan-
sions of the distal portion of the protein, observed in sporadic
ganglioneuroma and NB associated with CCHS (599, 600),
and from the stop codon mutation detected in a single patient
affected with CCHS, HSCR, and NB (600). Thus, involve-
ment of PHOX2B might rather be limited to a subset of
patients sharing specific phenotypic features, e.g., multifocal
tumors and syndromic NB (595, 599, 600).

This hypothesis is further supported by a mutation
screening (597) that demonstrated a PHOX2B germline muta-
tion in only one of three generations of a NB family, but
did not show any evidence for mutation in the eight other
pedigrees. The family carrying a PHOX2B mutation showed
a complex pedigree that included seven patients: one with
ganglioneuroma, four with multifocal NB, and two with NB in
association with HSCR, one of whom had multifocal tumors
and NF1 (585). As the proband of this family was also shown
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Table 7.17. Familial NB.

References

NB of adrenal medulla in siblings. Dodge and Benner 1945 (588)
A family with NB and GNB, no chromosomal changes were present in blood cells. Klein et al 1975 (966)
NB in father and son. Arenson et al 1976 (967)
Risk of familial NB is <6% in siblings or offspring of NB cases. Kushner et al 1986 (577)
Only 22 hereditary cases in 10 families (18 of NB and 4 of ganglioneuromas) found

among nearly 3,000 patients with NB (<1% of all cases)
Claviez et al 2004 (968)

Familial NB has a multigenic mode of inheritance with the existence of different NB
loci genetically interacting to cause and/or modify the disease.

Longo et al 2005 (969)

to have an inactivating mutation in NF1, a NB patient with a
constitutional NF1 mutation was also screened (601), as were
his parents, without finding any PHOX2B mutations.

Six different frameshift PHOX2B mutations also have been
identified in a series of 237 sporadic NB and 22 cell lines
(2.3%). Two of these were de novo constitutional mutations
detected in two NB patients, one of whom was diagnosed with
CCHS and HSCR (602).

Combining the results obtained by PHOX2B mutation
screenings (595,597,598,602) with those achieved by linkage
analysis and deletion mapping, it is unlikely that a single gene
predisposes to familial NB. All these data further confirm
the remarkable genetic and consequent phenotypic (histo-
logic) heterogeneity of NB and reinforce the concept that an
oligogenic mode of disease transmission, probably governed
by a major susceptibility gene, is more likely to explain the
genetic basis of familial NB (597, 603). PHOX2B is mutated
in NB associated with high expression of delta-like-1 (Dlk1)
(604).

Except for a possible gene on 16p, a number of other
regions and genes as loci for putative TSG in familial NB
have been examined; linkage analysis at candidate loci has
excluded each of these regions, including 1p (209, 603, 605).
LOH on 4p was shown in two tumors from a family with NB
(132). Linkage for predisposition for NB located at 4p16 was
found to be rather weak (132).

Table 7.17 presents information on familial NB.

Miscellaneous Aspects of NB

This section presents an encapsulization of some of the exten-
sive, if not daunting, literature on the genetics and molecular
biology and other facets of NB.

Angiogenesis

Angiogenesis, or the formation of new blood vessels from
existing ones, is a fundamental requirement for tumor growth,
invasion, and metastasis (606). Vascular endothelial growth
factor (VEGF) together with its receptors has been shown to
play a significant role in tumor-induced neovascularization.
Disruption of the VEGF pathway has been shown in experi-
mental models of tumorigenesis to inhibit angiogenesis, and,

consequently, tumor growth. This has been done in a variety
of ways, including the administration of a soluble, truncated
VEGF receptor that inhibits VEGF action by a “dominant-
negative” mechanism (607).

Engineered expression of flk-1, a competitive inhibitor of
VEGF, by tumor cells results in the production of an inhibitor
of endothelial cell proliferation and migration that greatly
restricts the growth of the tumor cells in vivo (607). Inhibition
of growth of a xenograft of NB by an inhibitor of angiogen-
esis (TNP-470) has been reported (608, 609). Similar indica-
tions of possible effectiveness of antiangiogenetic agents, i.e.,
ABT-510 peptide derivative of natural angiogenic inhibitor
thrombospondin-1 and valproic acid, against NB have been
proposed (610). Gene therapy-mediated delivery of angiogen-
esis inhibitors may provide an alternative approach to treating
refractory tumors such as advanced NB. Areas related to
angiogenesis in NB and the role played by some factors in
angiogenesis are shown in Table 7.18.

p16 Pathway

The p16-CDK/cyclin D-pRb pathway plays a critical role
in cell cycle progression. Protein complexes of D-type
cyclins and cyclin-dependent kinase (CDK) (CDK4 and
CDK6) induce phosphorylation of pRb to promote the G1-
S-phase transition. The phosphorylated pRb releases tran-
scriptional factors such as E2F, which activate the expres-
sion of genes essential for S-phase entry. CDK inhibitor
proteins, including p16, play critical roles in the G1-S cell
cycle transition by inhibiting the cyclin D-CDK4/6-mediated
pRb phosphorylation. Alterations of any component of the
pathway, such as deletion/mutation of the p16 gene, ampli-
fication/overexpression of CDK or D cyclins, and mutations
to CDK that affect p16 binding, result in pRb phosphoryla-
tion and subsequent progression of G1 into S-phase. Similarly,
alterations of pRb itself may also lead to the G1-S-phase tran-
sition. These alterations have been found frequently in various
human tumors, including NB, suggesting that inactivation of
the p16-CDK/cyclin D-pRb pathway may play an important
role in their pathogenesis.

Deregulation of the p16-CDK/cyclin D-pRb pathway in NB
has been reported (214,332,337,611–617) in which almost all
of the NB cell lines and primary tumors were shown to retain
the wild-type p16 gene. It was demonstrated (611) that seven
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Table 7.18. Angiogenesis in NB.

References‘

Angiogenesis inhibitor (TNP-470) reduces growth of NB in nude mice and in other
systems.

Katzenstein et al 1999 (970)
Kim et al 2002 (971)

Angiogenetic characteristics and facets of NB do not seen to influence prognostic
aspects.

Cañete et al 2000 (972)

High expression of VEGF associated with advanced stage NB Eggert et al 2000 (973)
Pigment epithelium-derived factor (PEDF), a potent inhibitor of angiogenesis and

inducer of neural differentiation, is produced by ganglion cells and schwann cells,
but not by primitive tumor cells. PEDF may serve as an antitumor agent by
inhibiting angio- genesis, while promoting an increase in schwann cells and differ-
entiated tumor cells that in turn produce PEDF.

Crawford et al 2001 (974)

Deletion of retSDR1, a regulator of vitamin A metabolism, in NB with MYCN
amplification could compromise sensitivity of the cells to retinol, thereby
contributing to NB development and progression.

Cerignoli et al 2002 (975)

VEGF and its receptor (FIK-1) have been demonstrated in NB; these not only affect
angiogenesis but may act directly on the NB cells.

Fukuzawa et al 2002 (976)

Langer et al 2002 (977)
Flavopiridol inhibits VEGF effects induced by hypoxia or picolinic acid in NB. Rapella et al 2002 (978)
Arginine deiminase inhibits NB growth by its antiangiogenic effect. Gong et al 2003 (979)
The effects of imatinib in NB are probably produced through suppression of PDGFR

and KIT phosphorylation and inhibition of VEGF suppression.
Beppu et al 2004 (980)

VEGF levels in NB are regulated by autocrine and paracrine effects of growth factors
(e.g., hypoxia-inducible factor-1�), a system that may be affected by some drugs.

Beppu et al 2005 (981)

Neuropilin-1 and VEGF are determinants of NB growth. Marcus et al 2005 (982)
Poorly vascularized NB become immature and maintain an aggressive phenotype,

possibly due to stabilization and activation of hypoxia-inducible factor-2�.
Nilsson et al 2005 (983)

BH3 is a potent activator of apoptosis in NB. Goldsmith et al 2006 (984)
Glomeruloid microvascular proliferation (MVP) was significantly associated with

schwannian stroma-poor histology and decreased survival in neuroblastoma.
Peddinti et al 2007 (1243)

of 19 NB cell lines displayed very high p16 expression at both
the mRNA and protein levels. In addition, a preliminary study
of six primary NB samples revealed elevated p16 expression
in three samples, suggesting that the finding on cell lines may
represent a general feature of NB in vivo (611). It also was
demonstrated that in NB cell lines, alterations in components
downstream of p16, which may negate the regulatory effect
of p16, were limited to infrequent CDK4 gene amplifications
and cyclin D2 expression. All 19 cell lines exhibited various
degrees of phosphorylated pRb protein; p16 expression was
independent of the pRb phosphorylation status (611). These
results suggest that the elevated p16 protein may not be func-
tioning properly in the regulation of the pathway and that p16
transcription is induced by a pRb-independent mechanism, in
contrast to a pRb/p16 feedback regulatory loop that has been
reported in other cancers (615).

Alterations of the downstream components of the p16
pathway in NB were infrequent. pRb was deregulated in the
majority of samples investigated (20 of 33; 82%), 24 with
hyperphosphorylated pRb, and three with no pRb protein
(615). The phosphorylation status of pRb did not correlate
with p16 protein expression, suggesting that the elevated
p16 protein may not be functioning properly to regulate
the pathway. Among patients of all stages of NB, p16
expression was significantly associated with a lower overall
survival. There was no overexpression of MDM2, and loss

of p14ARF expression and p53 mutations were infrequent
events. Together, these findings suggest that upregulated p16
expression may represent a unique feature of aggressive
NB (615).

The p16 INK4A locus has been found to also encode a second
protein, p14ARF, with a distinct reading frame. Studies have
demonstrated that p14ARF regulates the cell cycle progres-
sion through an interaction with p53 and MDM2; it physi-
cally interacts with MDM2 and blocks both MCM2-induced
p53 degradation and transcriptional silencing of p53. Similar
to the p16-CDK/cyclin D-pRb pathway, the p14ARF-MDM2-
p53 pathway seems to also be inactivated in human cancers
through alteration of various components, such as deletion and
silencing of p14ARF, amplification of MDM2, or p53 mutation.
The deregulation of this novel cell cycle pathway in NB has
not been explored yet.

NB Cell Lines

Neuroblastoma cell lines are transformed, neural crest-derived
cells, capable of unlimited proliferation in vitro. These cell
lines retain the ability to differentiate into neuronal cell types
when exposed to various agents. Thus, the NB cell lines repre-
sent an excellent in vitro system for a wide range of studies,
including the effectiveness and neurotoxicity of drugs as anti-
cancer agents, including NB. The versatility of NB cell lines
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as an in vitro model in neurobiology and neuropathology has
been appropriately emphasized (618–623).

The description of the genetic and molecular changes in NB
cell lines is of importance in view of the widespread use of
these cell lines as models for the study of the biology of NB
(66). An application will be a comparison and interpretation
of gene expression data with the available knowledge on the
genomic abnormalities in these cell lines. FISH studies have
revealed cryptic chromosome rearrangements, e.g., t(2;4),
which was not ascertainable by CGH, and the latter confirmed
the many genomic changes frequently found in NB (e.g.,
1p-, 17q+, 11q-). Furthermore, established cell lines afford a
readily available, diverse, biologically and genetically well-
defined and manipulable source of NB cells for various studies
(624–627). The latter have ranged from protein markers (628),
gene expression analyses (629), response to NGF (630),
cadherin expression (631), the relation of loss of 1p to cellular
events (e.g., caspase-9 and APAF-1), genetics (632), apop-
tosis (633), effects of retinoic acid and vitamin A derivates
(634), differentiation studies (635) and a wide range of studies
on the MYCN gene, p53 effects and related molecular events
(636–638).

The cytogenetic findings in such lines are shown in
Table 7.18, and they date back more than three decades (639).
In interpreting the findings shown in Table 7.18, it should
be pointed out that somewhat different karyotypes may be
obtained on the same cell line in different laboratories and
in the same laboratory at different times of examination due
to several factors, e.g., variability in culture conditions, basic
instability or heterogeneity of the cell line, and the confusion
regarding the provenance or identity of a particular cell line
(640). A reproducible DNA fingerprinting or profiling method
should be routinely adopted for cell lines to ensure proper
authentication (640).

Early cytogenetic studies of established NB cell lines
showed them to contain abnormal karyotypes, e.g., 47,XX,
-22,+2mar in the SK-N-SH cell line and 46-47,XX,-2,-5,
-16,+20,+2mar,+dmin in the SK-N-MC cell line (639), which
were later rigorously defined with more advanced cytogenetic
methodologies (641) (Table 7.18). In another study of three
cell lines (CHP-100, CHP-126, and CHP-134), abnormal
karyotypes (not based on banding) with marker chromosomes
were present in each cell line (642). In a cell line (TR-14), an
hsr was present in three copies without any normal chromo-
somes 1 being present (643). The modal chromosome number
was 50, with four markers, one possibly being a t(1q;3q), and
dmin. Another cell line was shown to have the karyotype,
49,XX,-12,der(5),+17,+2mar,+dmin (644).

Cell lines may show karyotypic instability and hetero-
geneity (645) probably related to in vitro effects and condi-
tions not fully understood. An example is the SK-N-SH cell
line and those (SH-SY5Y and SH-EP) derived from it. This
karyotypic instability should be kept in mind when inter-
preting data based on established NB cell lines.

CGH studies of NB cell lines revealed findings often
encountered in NB tumors, i.e., gain of 17q, MYCN ampli-
fication and loss of 1p (646). Cell lines resistant to several
chemotherapeutic agents showed in addition gains at 13q14.1-
q32 and 7q11.2-q31.3 and amplification of 7q21.1, consistent
with MDR1 amplification.

Early studies on the changes in the karyotypes of NB cell
lines described abnormalities of the chromosome number and
the presence of abnormal (marker) chromosomes, e.g., 7q+
(in SK-N-SH cell line), hsr in the short arm of chromosome
1 (IMR-32 cell line), two markers in cell line SK-N-MC, a
marker with hsr in cell line LA-N-1 and an abnormal chromo-
some 1 in LA-N-2 (647).

In the SMS series, the seven lines examined had near-
diploid chromosome numbers with many structural changes
with del(1), del(11) and translocations involving chromo-
some 17 frequently present (648). All lines had dmin. No
detailed karyotypes were presented. Two chromosomes 12-
derived amplification units were found in the NFP cell line;
the regions involved were 12q24 and 12q21 (649).

In a cell line derived from an advanced NB, the
following karyotype was reasonably reflective of the find-
ings described (no karyotypes shown in the publication):
49–54,XY,+1p,+2,+7,+8,+12,+20,+hsr(13). The latter was
shown to contain MYCN (650).

Of the cell lines for which full karyotypes were available
(Table 7.17), more than half (17 of 28) had either hsr (13 cell
lines) or dmin (four cell lines) and MYCN amplification. One
cell line (IGR-N-91) contained hsr in one cell population and
dmin in another. Some of the cell lines without demonstrable
hsr or dmin in the karyotypes were shown to have MYCN
amplification.

In general, the chromosome changes in NB cell lines were
more complicated and numerous than those in primary tumors
(Tables 7.3 and 7.19). In a few cell lines, the karyotypes
showed instability, although retaining some of the chromo-
some changes during the evolution of the sublines.

Retinoids and Neuroblastoma

Among retinoid agents, retinoic acid, particularly its isomers
all-trans-RA (ATRA) and 9-cis (9CRA), have been found to
have a significant therapeutic effect in acute promyelocytic
leukemia, juvenile chronic myelocytic leukemia and to have
antitumor effects against NB in vitro (651).

The role played by retinoids and their receptors, particu-
larly their effects on cell growth by inducing different degrees
either of apoptosis or differentiation in NB has been reviewed
( 653A, 651–653). The use of retinoic acid isomers in the
treatment of NB continues to receive attention (654–656).
Down-regulation of hASH1 via retinoic acid-induced differ-
entiation of NB cell lines has been reported (657). Some infor-
mation on retinoic acid in NB is supplied in Table 7.20.
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p53

The protein products of the TP53 gene, p53, has been
described to be involved in a host of human tumors. Under
normal conditions, p53, a phosphorprotein localized in the
nucleus, plays a central role in the regulation of cell growth
and tumor formation, because p53 operates as a cell cycle

checkpoint and monitors DNA damage. Inactivation of p53
occurs in about 50% of all cancers, either by point mutation
of one allele or by LOH of the reciprocal allele (658). The
TP53 gene is rarely mutated in NB (659–661). Mutation of
p53 was found in a NB cell line established after the patient
had received chemotherapy (662).

Table 7.19. Chromosome changes in neuroblastoma cell lines.

Cell line Karyotype References

MC-NB-1 44,XY,del(1)(p22:),-4,-7,+del(7)(q22:),-16,+t(7;16)(q22;q24),-17 Casper et al 1983 (624)
GI-LA-N 45,XY,-4,-10,del(1)(p32),t(1;11)(q43;q14),del(7)(q31),+mar Donti et al 1988 (232)
GI-ME-N 90,XX,-X,-X,-1,-1,-2,-2,-4,-4,-10,-10,-11,-11,+13,-15,-19,-19,+der(1)t(1;?)

(p36.2;?),dup(2)(p21p24)x2,dup(4)(q25q34)x2,del(6)(p21),del(6)(q13)x2,
der(10)t(10;?)(p11;?)x2,der(11)t(11;17)(q13;q11)x2,+2mar

Donti et al 1988 (232)

N206 47∼50,X,-1,+der(1)t(1;3)(q12;?),+t(1;7)(q?;p?),+add(2)(p14),+add(3)(p12),
-4,add(5)(p13),-6,-7,add(7)(p15),-8,-9,add(10)(q26),add(11)(q23),
+add(12)(q24),add(14)(q32),+add(15)(?),-17,-17,+5-6mar,hsr in 2 of the markers

Versteeg et al 1990 (985)

KP-N-NS 46,XX,-1,+der(1)t(1;?)(p36.1;?) Yoshihara et al 1993 (986)
CLB-Ba 75,XXY,add(1)(p22)x2,del(2)(p16)x2,-7,+8,+add(11)(p14)x2,+17,+18,+22 Combaret et al 1995 (753)
CLB-Be 49∼53,XY,del(1)(p2-p3?) or add(1)(p2?),hsr(2)(q11),hsr(6)(q12),+7,+9,+12, -14,add(15)

(p13),+18,+3mar,inc
Combaret et al 1995 (753)

CLB-Br 87,XXX,-X,add(1)(p33),del(2)(p21),-3,-8,+9,-10,-11,-20 Combaret et al 1995 (753)
CLB-Ca 46,XY,der(1)t(1;8)(p21;p12),t(3;15)(p22;q21),t(4;5)(p15.1;p15.3),add(7)(p14),

der(8)t(1;8)(p21p33;p12),t(12;22)(q14;q13),-14,+21,del(22)(q12),+r
Combaret et al 1995 (753)

CLB-Ga 45,X,-Y,der(1)t(1;17)(p31;q25),der(3)t(3;17)(p12;q22q24),add(4)(p15),t(14;17)
(q23;q23),del(6q12),del(11)(q14),add(13)(q23),der(17)t(3;17)(p12;q22q24)

Combaret et al 1995 (753)

CLB-MA 46,XX,add(1)(p22)/46,idem,2-40dmin/46,idem,del(1)(q26) Combaret et al 1995 (753)
CLB-Pe 56,XXX,del(6)(q21q26),-10,-10,-13,add(13)(q33),-19,-19,add(21)(p13),

add(22)(q13),hsr(22)(q11),+2mar
Combaret et al 1995 (753)

NGP 47,XY,der(1)t(1;15)(p36;2;q24),hsr(4)(p16),der(6)t(6;17)(q?;q21),der(10)t(1;10)
(q23;q26),der(11)t(2;11)(p14;q14),hsr(12)(q13),del(15)(q24),der(18)t(1;18)
(p36.2),del(19)(q13),+19

Muresu et al 1995 (987)
Van Roy et al 2001 (66)

MASS-NB-SCH1 42,XY,+1,1p-,+4,-10,-15,-16,-17,19q+,-22,-22 Hiraiwa et al 1997 (988)
KSC 45-47,XX,del(1)(p13),del(9)(p21),dmin Kao and Correa 1997 (989)
MHH-NB-11 49-54,XY,+1p-,+1p-,+3,+7,+12,hsr(13q),+20 Pietsch et al 1988 (650)
SIMA 45,XY,t(1;17)(q35;q12),t(6;9)(p21;q33),?inv(12)(q?15-21q21-24),-17,

der(22)t(17;22)(q22;p13); 22% of cells near-triploid
Marini et al 1999 (990)

IGR-N-331 46,XX,der(1)t(1;7)(p22;q11),der(5)t(5;17)(q35;q21),dmin Valent et al 1999 (784)
IGR-N-337 52,XX,-1,+der(1)t(1;17)(p35;q21)x2,+2,+2,+4,+der(7)t(7;7)(p21;q21),-15,-16,

+18,+20,+mar1,dmin/53,XX,idem,+mar1,+mar2,dmin
Valent et al 1999 (784)

IGR-N-91 43-44,XY,del(1)(q12),der(2)t(2;10)(p14;q11),der(4)t(1;4)(q12;p15),add(6)(q22),
der(9)t(9;17)(q34;q21),-10,der(16)t(16;17)(q24;q22),-17,+der(?)t(?;2;10),
+mar1,+mar2,hsr(14)(q32)/43-44,idem,+1/42-44,XY,-del(1)(q12),
der(2)t(2;10;17)(p14;q11;q22),der(4)t(1;4)(q12;p15),del(9)(p13),-10,-13,
-17,der(21)t(13;21)(q13;p13),+der(?)t(?;2;10),+mar1,dmin

Valent et al 1999, 2001 (784, 991)

GICIN-1 53,XY,dup(1)(q21q32),t(2;4)(p23;q32),+der(2)t(2;4)(p23;q32)del(2)(q13),
+der(6)t(6;7)(q15;p12),+der(10)t(3;10)(q13;q22),der(11)t(11;17)(p15;q12)
t(11;17)(q22;q12),+12,+der(15)t(3;15)(?;p13),+20,+der(22)t(1;22)(q12;p13)

Panarello et al 2000 (785)

BCH-N-DR 44,X,-Y,der(1)t(1;11)(p32;q13)t(11;17)(q13;q21),inv(2)(p11q21),del(3)(p21p25),
der(4)t(2;4)(p13;p16),dic(6;22)(q11;p11),der(11)t(11;17)(q13;q21),
der(18)t(3;18)(p21;q21),der(20)t(2;20)(p?23;q13),der(21)t(17;21)(p13;p11),
der(22)t(13;22)(q14;p11)

McConville et al 2001 (786)

BCH-N-JW 46,XY,i(1)(q10),t(2;17)(q33)q24∼q25),der(3)t(3;17)(p21;q21),t(4;5)(q21;p15),
+der(4)t(4;5),der(4)t(4;7)(p14;p13),der(11)t(11;17)(q13;q21)t(2;17)
(q33;q24∼q25),add(14)(q24),-17,add(21)(q22)

McConville et al 2001 (786)

G1-ME-N 78∼82,XX,-X,-X,der(1)t(1;17)(p36;q11.2)x2,dup(2)(p21p24)x2,- 4,
dup(4)(q25q34),der(5)t(4;5)(?;p14)x2,der(6)t(6;19)(p11;?)x2,der(6)t(6;10)
(q12;p13)x2,-7,-9,-9,-10,der(10)t(6;10)(?;p13),der(11)t(11;17)(q13;q11.2)x2,
-13,-15,-17,-17,der(17)t(17;22)(p12;q11),-19,-21,-22

Van Roy et al 2001 (66)

NBL-S 49,XY,der(1)t(1;1)(q32;q12),+2,t(2;4)(p24.3;q34.3),del(6)(p23),-11,+15,+19, +r(11) Van Roy et al 2001 (66)
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Table 7.19. Continued

Cell line Karyotype References

NLF 78∼82,XXY,-Y,der(1)t(1;17)(p36;q12)x2,del(3)(p13),-4,der(4)t(4;13)(q34;q31),
der(4)t dup(4)(q22q28),der(6)t(6;17)(q21;q21)x2,der(8)t(2;8)
(p22;q23),hsr(8)(q12),hsr(8)(q?),der(8)t(8;19)(?;?),der(9)t(7;9)(p13;p21),
-11,-13,del(13)(q31),+del(13)(q31),-14,der(16)(16pter→16q23::hsr::8?),
-17,-18,-19,-20,-21,-22

Van Roy et al 2001 (66)

NMB 81,XX,-X,-X,der(1)t(1;17)(p36;q12),der(2)t(2;10)(q13;q22),der(3)t(3;11)(?;q14),
-4,-5,der(5)(2pter→2p12::5p14→5q32::2p12→2pter),+der(7)t(7;20)(q32;?),
-9,-10,-11,der(12)t(1;12)(?;q?),hsr(13)(p11.2),+hsr(13)(p11.2),-13,-14,
der(14)t(14;16)(q22;p12),-18,+del(20)(p11.2),-21,-22

Van Roy et al 2001 (66)

SJNB-6 47,XY,der(1)t(1;2)(p31;p12),del(2)(p12),del(3)(p14),hsr(3)(p25),+der(11)
t(11;17)(?;q12),der(16)hsr(16)(?),del(17)(p?12),der(19)t(17;19)(q21;q13.1),
der(22)t(1;22)(p?;p?10)

Van Roy et al 2001 (66)

SJNB-8 44,X,-X,der(1)t(1;17)(p33;q12)t(1;6)(q43;?),der(2)t(2;6)(p22;?),+der(2)t(2;6),
der(5)t(5;15)(q34;q25),hsr(6)(p22),der(6)(8pter→8p12::6p12→6q16::15q24→
15qter),der(8)t(1;8)(p33;q21),der(9)t hsr(9)(p24),19(9qter→9p24::hsr::19?),
der(14)t(9;14)(?;q32),-18,-19,der(22)(?;p15;p?34)

Van Roy et al 2001 (66)

SJNB-12 83,XXXX,-1,der(1)t(1;17)(p34;q11∼12),+der(1)t(1;17),-2,der(2)t(2;14)(q36;q21),
der(2)t(2;3)(p10;p12)x2,+del(2)(q24),-8,der(8)t(8;16)(q22;?),der(9)t(9;16)
(p13?),-10,-11,-13,-14,-14,der(15;22)(q10;q10)x2,der(15)t(2;15)(q?;q10),
der(16)t(16;19)(p?;?)x2,der(17)t(1;17)(q12;q24),-17,r(20),+dmin

Van Roy et al 2001 (66)

SK-N-BE 66,XX,-1,der(1)t(1;2)(p22;p15)x2,-2,-2,add(2)(p24)x2,der(3)t(3;14)(p12;q12),
der(3)t(3;17)(p21;q12),hsr(4)(q24),hsr(6)(p12),+7,-10,-11,+12,-13,der(13)
t(13;15)(q10;q10),-14,-15,del(16)(?),der(17)t(11;17)(q12;q?12),der(17)
(4?::8?::17q24→17pter),der(19)t(16;19)(q12;q13.3)x2

Van Roy et al 2001 (66)

SK-N-FI 48,XY,del(1)(q42),del(6)(q13q16),+12,+13,der(14)t(7;14)(q32;q24),t(5;15)
(q26;q11.2),t(17;19)(q11∼12;q13)

Van Roy et al 2001 (66)

STA-NB-12 47,XY,der(1)t(1;2)(p34;p15),del(6)(q23),der(10)t(7;10)(q22;q24),+12 Van Roy et al 2001 (66)
IMR-32 48,XY,+1,der(1)t(1;17)(p32;q12)hsr(17)(q21)x2,+6,der(16)t(15;16)(q21;q23)
SK-N-AS 42-45,XX,der(3)t(3;17)(p13;q21),der(4)t(4;8)(q32;q24.2),inv(5)(p15.3q11.2),

der(6)t(4;6)(q25;q21),del(8)(q24.2),der(9)t(8;9)(q23;p21),der(11)t(11;17)
(q13;q11),dup(13)(q12q23)ins(13;8)(q32;q22q24),der(14)inv(14)(q13q32),
der(16)t(12;16)(q24;q24),del(22)(q13)

Kim et al 2001 (783)
Spengler et al 2002 (641)

SK-N-MC 46,XX,t(2;3)(q23;q27),del(4)(p12),t(5;10)(q11;q21),+6,del(8)(p12),del(9)(q34),
-10,der(11)add(11)(p15)add(11)(q23),-15,der(17)t(16;17)(p10;p10),
der(21)t(21;22)(p11;q13.1),del(22)(q12),+mar

Spengler et al 2002 (641)

SK-N-SH 47,XX,+7,der(9)t(7;9)(q22;q34),der(22)t(17;22)(q21;q13) Kim et al 2001 (783)
Spengler et al 2002 (641)

SK-N-SH 47,XX,dup(1)(q12q25),+7,t(7;8)(q34;q24.2),der(9)t(2;9)(p15;q34),der(22)
t(17;22)(q21.3;q13)/47,XX,dup(1)(q12q25),+7,t(7;8)(q34;q24.2),der(9)
t(9;18)(q34;?),del(12)(q?),der(18)t(18;12;2)(q23;q13q21;p15),der(22)t(17;22)
(q21.3;q13)/47,XX,dup(1)(q12q25),+7,t(7;8)(q34;q24.2),der(9)t(9;18)(q34;?),
del(12)(q?),der(18)t(18;12;11;2)(q23;q13q21;q14q23p15),der(22)t(17;22)
(q21.3;q13)/47,XX,+der(7)t(1;7)(q12;q3?),t(7;8)(q34;q24.2),der(9)t(2;9)
(p15;q34),der(22)t(17;22)(q21.3;q13)

Cohen et al 2003 (992)

SH-SY5Y 47,XX,der(1)dup(1)(q25q11)dup(1)(q44q25),der(9)t(79)(q22;q34),der(22) t(17;22)(q21;q13) Kim et al 2001 (783)
Spengler et al 2002 (641)

SH-SY5Y 47,XX,dup(1)(q12q25),+7,t(7;8)(q34;q24.2),der(9)t(2;9)(p15;q34),der(22) t(17;22)(q21.3;q13) Cohen et al 2003 (992)
*SH-EP 47,X,-X,+i?(1)(q10),+7,t(7;8)(q34;q24.2),der(19)t(10;19)(?;?),der(22)t(17;22)

(q21.3;q13)/49,XX,+i?(1)(q10),+del(5)(q1?),der(5)t(3;5)(?;p13),+7,t(7;8)
(q34;q24.2),der(22)t(17;22)(q21.3;q13)

Cohen et al 2003 (992)

*SH-EP 49,XX,+i(1)(q10),+del(7)(p11.2),t(7;8)(q34;q24.2),+der(8)t(7;8)(q34;q24.2),
t(12;14)(p13;q12),der(22)t(17;22)(q21;q13)

Cohen et al 2003 (992)

SMS-KCNR 46,XY,del(1)(p34),der(6)t(2;6)(p16;q16),der(20)t(17;20)(q21;q13) Spengler et al 2002 (641)
NB-1643 46∼48,XY,der(1)t(1;17)(p?43;?q22),+der(1)t(1;17)(p?34;q?22),+7 Yoon et al 2006 (781)
NB-1691 41∼52,XX,der(3)hsr(3)(p26)hsr(3)(q29),hsr(3)(q29),+der(3)add(3)(q29),

del(4)(q24),+7,der(14)add(14)(p11),+17,+17
Yoon et al 2006 (781)

The SH-SY5Y and SH-EP cell lines were derived from the SK-N-SH cell line. However, the exact phenotypic (cellular) provenance of the two former cell lines
has not been settled (993, 994). The two karyotypes of SH-EP shown in Table 7.18 were determined in two different laboratories (993). Cell line SK-N-MC
may have originated from a Ewing type of tumor (640).
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Table 7.20. Retinoic acid in NB.

References

Retinoic acid and cell death in NB. Piacentini et al 1992 (995)
High levels of retinoic acid receptor-� reflect a good prognosis in in NB; work through effects on p21

expression and consequent G0/G1 cell cycle arrest.
B. Cheung et al 1998 (996)

HMGI(Y) (at 6p21) and HMGI-C (at 12q13-q15) genes, expressed in NB and NB cell lines, may participate
in the differentiation and growth-related progression of NB, possibly affecting response to retinoic acid.

Giannini et al 1999 (997)

Retinoids in NB. Raschellà et al 2000 (651)
Vertuani et al 2003 (653)

Retinoic acid induces apoptosis in NB cell lines and is associated with nuclear accumulation of p53. Takada et al 2001 (998)
retSDR1, a short-chain retinal reductase, is retinoic acid-inducible and frequently deleted in NB cell lines.

Overexpression of RAR-� increases apoptosis in NB cell lines in response to retinoic acid but not to
fenretinide. Retinoid therapy in pediatric tumors, including decreased MYCN expression, precedes
retinoic acid-induced NB differentiation.

Cerignoli et al 2002 (975)
Goranov et al 2006 (999)
Reynolds and Lemons 2001 (1000)
Thiele et al 1985 (1001)

Activation of PI3/Akt signaling pathway by retinoic acid is required for neural differentiation of the
SH-SY5Y NB cell line.

López-Carballo et al 2002 (1002)

Fenretinide (a synthetic retinoid) as therapy in NB. Garaventa et al 2003 (656)
Synthetic retinoid (Ro 13-6307) inhibits NB growth and induces differentiation. Ponthan et al 2003 (1003)
Retinoic acid up-regulates Wnt-5a gene expression in NB. Blanc et al 2005 (1004)

A candidate TSG located at 1p36 with sequence and struc-
tural homology to the TP53 gene is TP73 (663). TP73 may
share functional similarities with TP53. In nine NB cell lines
studied, no mutations of TP73 were found (663). Several
studies failed to demonstrate a key role for TP73 in the tumori-
genesis of NB (194, 212, 664–666). The changes and other
information on p53 in NB are shown in Table 7.21.

H-ras and NB

Although the ras family of oncogenes plays a major role in the
genesis of several tumors, their role in NB tumorigenesis has
not been established (667). H-ras through its protein product
p21, a member of the G protein family, located on the inner
surface of the cell membrane, relays signals from transmem-
brane receptors to intracellular effector proteins (658). Also,
p21 is highly expressed in neuronal cells and participates in
the NGF signal transduction pathway. The role of H-ras in
NB development remains unknown. Nevertheless, it has been
promulgated that expression of H-ras (p21) in NB is associ-
ated with a favorable prognosis and can serve as an indepen-
dent prognostic factor (658, 668) and as a more informative
marker than MYCN amplification.

CD44 and NB

CD44 represents a heterogeneous group of cell surface and
secreted glycoproteins. CD44 expression is widely distributed
in many tissues and cells and has been related to a variety
of physiological processes, including cell–cell and cell–
extracellular matrix interactions (669). The CD44 hyaluronan
receptor is differentially expressed (more highly) in low-
grade versus high-grade NB (670, 671). Further information
on the role of MYCN, the enzymatic systems involved in the
regulation of CD44 glycosylation, and the consequences of

nonfunctional CD44 receptor expression in NB growth and
tumorigenesis should facilitate the understanding of the inva-
sive mechanisms involved in NB progression and dissemina-
tion (669).

CD44 is repressed in NB through hypermethylation;
reactivation of CD44 could be a target of NB therapy (672).
Lack of CD44 expression is a prognostic marker in NB, asso-
ciated with aggressive disease (462, 670, 673, 674).

CD44 is one of the most powerful factors for predicting
clinical outcome in NB at the time of initial staging (674).
Thus, CD44 expression is strongly correlated with favorable
tumor stages and histology, younger patient age and normal
MYCN copy numbers (675). The authors strongly recom-
mend the determination of CD44 expression as an additional
biological markers in the initial staging of NB (676, 677).
Hypermethylation of CD44 may regulate its expression in
NB (678).

Mass Screening of NB

Mass screening to detect aggressive NB has produced para-
doxical results, in that it has revealed an increased incidence
of infantile NB, whereas NB with unfavorable biological
markers were rarely found in the screening-positive tumors
(679, 680). It is possible that the mass screening systems
tend to identify additional NB cases that would regress spon-
taneously or mature (679). The lack of MYCN amplifica-
tion and the presence of its expression in NB detected by
screening suggest that the role of MYCN differs in NB iden-
tified by screening vs. MYCN-amplified tumors (679). The
general experience with mass screening has been discussed in
previous publications (681–688).
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Table 7.21. p53 in NB.

References

Loss of p53 function in NB and NB cell lines leads to regression of NB. Bill 1968 (1005)
Absence of p53 gene mutations in NB. Komuro et al 1993 (1006)

Vogan et al 1993 (660)
Adesina et al 1994 (1007)

The p53 pathway is intact in NB and has a low frequency of mutations. Hosoi et al 1994 (661)
Goldman et al 1996 (1008)

Wild-type p53 protein is sequestered to the cytoplasm in undifferentiated NB; this may result in loss of
p53 function. However, the cytoplasmically sequestered p53 protein may be relocated to the nucleus
by a C-terminal peptide.

Moll et al 1995 (930)
Ostermeyer et al 1996 (1009)
Isaacs et al 1998 (1010)

Concomitant p53 mutation and MYCN amplification in case of NB. Manhani et al 1997 (1011)
p73 (located at 1p36.3), a member of the p53 family, is not a serious cause of NB. Ejeskär et al 1999 (1012)

Yang et al 2000 (1013)
Barrios et al 2001 (1014)
Ichimiya et al 2001 (1015)
Matos et al 2001 (1016)
Norris et al 2001 (666)

though vagaries in its activity have been reported, Kaghad et al 1997 (663)
Romani et al 1999 (193)
Takada et al 1999 (1018)

including a role in NB progression. Yang et al 2000 (1013)
Casciano et al 2002

(1014A, 1015A)
Silencing of p73 is unlikely to be due to methylation in NB. Banelli et al 2000 (1016A)
Ha-ras, p53 and p73 in NB. Tanaka and Bénard 2000 (658)
Loss of p53 confers high-levels multidrug resistance in NB cell lines. Keshelava et al 2001 (1208)
Wild-type p53 in NB is in a conformation that is refractory to integration into the transcriptional

complex, resulting in partial transcriptional inactivity, hyperactive nuclear export, and resistance to
degradation by exogeneously expressed MYCN.

Wolff et al 2001 (1017A)

Galectin-7 (p53-induced gene 1) shows p53-linked proapoptotic activity and as a lectin acts on the cell
surface to reduce cancer cell proliferation, including NB.

Kopitz et al 2003 (1018A)

A review of central neurocytoma, including the clinical aspects, neuropathology and molecular
cytogenetic findings has appeared.

Schmidt et al 2004 (1232)

With FISH, gain of chromosome 7 was seen in neurocytomas. Teruscio et al 1997 (1233)
The EGFR gene (located on 7p) is not altered in central neuro- cytomas. No mutations of p53 in these
tumors have been found.

Fujisawa et al 2002 (1234)
Buxton et al 2001 (1235)

The p53 gene and its homologue p73 are rarely mutated in NB. The interactions of p53 and p73 (in its
various forms) may lead to the accumulation of p53 protein in NB cells and cooperation with
wild-type p53 in the activation of BTG2.

Goldschneider et al 2005 (1019)

The p53 status determines multidmg sensitivity in childhood NB. Xue et al 2007 (1019A)

Interference RNA

Studies on RNAi and microRNA (miRNA), single-stranded
RNA molecules of about 21–23 nucleotides, and thought
to regulate gene expression, may play a role in leukemia
and cancer development (582, 689–693). Little is known
about their role in NB. Silencing of the insulin-like growth
factor binding protein-5 (IGFBP-5) with miRNA and RNAi
in NB cell lines has revealed the importance of IGFBP-5 in
cellular proliferation, differentiation and apoptosis (694,695).
Silencing of MYCN was accomplished with RNAi and led
to the induction of differentiation and apoptosis of NB cells
(696). Such studies may shed light on the complicated genetic
aspects associated with NB.

Exposure of NB cells (tumors and cell lines) to ATRA
causes profound alterations in miRNA expression and direct
siRNA inhibition of MYCN causes similar miRNA expres-

sion alterations (697). Overexpression of one locus, miRNA-
184, caused massive apoptosis in a cell line. The authors
(697) suggested that miRNA may have potential as thera-
peutic agents in NB.

The many facets of NB have been addressed in a sea of
publications, e.g., cellular heterogeneity (698, 699), genetic
and epigenetic changes (700, 701), genetic and biological
markers (1, 702, 703), genes and differentiation in NB (704),
genes in high- and low-risk NB (705), heterogeneity of DNA
content (706), NB subgroups and outcome in NB (707), clonal
evolution (708, 709), molecular aspects (23, 44, 710–713),
DNA ploidy and prognosis (714), genetic heterogeneity by
FISH and PCR (715), a “disease with many faces” and ther-
apeutic approaches to it (716), and a mathematical tumor
progression model (717).

Tables 7.22–7.24 present not only information on various
facets (e.g., genetic, molecular, and clinical) of NB but also
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Table 7.22. Some features of NB.

References

MYCN amplification and expression is important in monitoring various stages of NB, though karyotyping and DNA
measurement may be useful.

Schuster and Kreth 1987
(1020)

Since MYCN amplification and loss of 1p combined occur in ca 50% of advanced NB, other genetic events must be
involved in the genesis and progression of NB. Tumors of patients with advanced NB are characterized by
nonrandom primary chromosome and molecular alterations, such as MYCN amplification, 1p deletion and gain of
17q, along with other nonrandom abnormalities, such as del(11q), del(9p) and gain of chromosome 12.

Schwab 1993 (710)
Maris and Matthay 1999
(45)

Prognostic and risk factors in NB; survival data; MYCN amplification and various stages of NB. Ambros et al 1995 (1021)
Castleberry et al 1997 (1022)
Rudolph et al 1997 (1023)
Castleberry 1999 (1024)
Katzenstein et al 1998 (1025)
Kaneko et al 1998 (1026)
Ladenstein et al 1998 (1027)
Mora et al 2001 (201)
Laprie et al 2004 (1028)

NB in Europe vs. the disease in the USA. Why does NB attract us so much? Powell et al 1998 (1029)
De Bernardi 2005 (1030)

The genetic features of NB of surviving patients are very similar to those of children with localized disease retaining
additional copies of several chromosomes. This suggests that an extra copy of an entire chromosome in both
localized and disseminated NB characterizes a less aggressive tumor phenotype.

Brinkschmidt et al 1997 (96)
Plantaz et al 1997 (99)
Vandesompele et al 1998
(104)

Up-regulation of integrin NB associated with cell differentiation. Rozzo et al 1997 (1219)
Retinoic acid family of compounds induce neuronal differentiation and/or apoptosis and have been used widely for

therapy in NB. Studies in NB lines have shown that overexpression of Bcl-2 is one of the key mechanisms endowing
NB cells with resistance to retinoic acid, i.e., ineffectiveness of ATRA to induce apoptosis. It is possible that
combined ATRA and Bcl-2 inhibitor therapy may overcome this resistance.

Matthay et al 1999 (35)
Niizuma et al 2006 (1231)

Reduced expression of plakoglobin correlates with adverse outcome in NB. Amitay et al 2001 (1188)
Opsoclonus-myoclonus-ataxia is a paraneoplastic syndrome seen in 2–3% of children with NB and characterized by

myoclonic jerking, dancing, random eye movements and ataxia. It is thought to be due to an immune-mediated
process which may respond to steroid therapy and other forms of treatment.

Cooper et al 2001 (1032)

NB was found in a 4-year-old after therapy (rituximab) for opsoclonusmyoclonus. Chang et al 2006 (1033)
Partial deletions of 1p: 1p36.1-2, 1p32-34 and 1p36.3, are all associated with aggressive tumors, possibly due to the

presence of MYCN amplification and/or telomerase reactivation.
Hiyama et al 2001 (678)

Diploidy and especially tetraploidy in NB (by DNA measurement) showed a worse outcome than cases with triploidy;
the former had MYCN amplification, 1p-, age >1 year, stage 4 disease, elevated ferretin and LDH.

Ladenstein et al 2001 (1034)

Proliferation marker KI-65 discriminates between favorable and unfavorable NB with or without MYCN amplification. Krams et al 2002 (1210)
Whole chromosome gains are usually associated with low-stage disease and favorable outcome Loss of 1p, 3p, and 11q

and unbalanced gain of 17q and MYCN amplification are indicative of high-stage disease and unfavorable outcome.
A number of genes whose pattern of expression highly correlated with 11q loss has been demonstrated.

McArdle et al 2004 (21)

Authors have described genes (EPHB6, EFNB2, EFNB3, NTRK1, and CD44) whose high level of expression predicts
favorable NB outcome and forced expression of these genes inhibits growth of unfavorable NB. This area may have
an impact on the development of therapeutic strategies for unfavorable NB.

Tang et al 2004 (671)

NB may occur in congenital central hypoventilation syndrome (PHOX2B gene involved) or Hirschsprung disease. In a
family with 2 ganglioneuroma cases and one with NB, all had PHOX2B germline mutations. Another case with a
germline mutation of PHOX2B and Hirschsprung disease developed multifocal NB. LOH for the gene was not found
in the tumor, suggesting that haploinsufficiency, gain-of-function or dominant-negative effects of these mutations.
PHOX2B appears to be a gene predisposing to hereditary NB in some families.

Bourdeaut et al 2005 (1035)

To-date no TSG has been established as a strong candidate for a primary role in the causation of NB. It is likely that a
gene dosage effect (haploinsufficiency or epigenetic alteration of an allele) may be a common mechanism for
disrupting genes critically involved in NB tumorigenesis.

Maris 2005 (44)

Expression of the multidrug transporter, MRP4/ABCC4 may be a marker of poor prognosis in NB. Norris et al 2005 (1017)
COX-2 inhibitors are capable of reducing NB growth. Parashar et al 2005 (1152A)
SNP microarrays were used to detect copy number changes and allelic imbalance in 6 NB cell lines. This approach

confirmed previously reported abnormalities in the cell lines, including 1p deletion, MYCN amplification, 17q+
and deletion of 11q and 14q. However, SNP revealed gain of 8q21.1-q24.3 in the IMR-32 cell line, losses of
4p16.1-p15.3 and 16p12.3-p13.2 and LOH in 11q14.3-q23.3 in the SJNB-1 cell line and loss of 8p21.2-p23.3 and
9p21.3-p22.1 with corresponding LOH in the cell line SHP. In general, there was concordance between SNP arrays,
CGH and the cytogenetic findings. One of the advantages of SNP is the identification of LOH without changes in
copy number (uniparental disomy).

Carr et al 2006 (1036)

Prolonged hypoxia leads to resistance to therapy of NB; therapies aimed at inhibiting HIF-� may prove useful in NB. Hussein et al 2006 (1037)
ARID3B, a member of the AT-rich interaction domain family of proteins, plays an essential role in the survival of the

neural crest during embryogenesis .Involvement of ARID3B in NB has been demonstrated by its expression in 5 NB
cell lines, and in 85% of stage IV tumors as shown by DNA microarray data and a number of findings in vitro and in

Kobayashi et al 2006 (1038)



286 7. Neuroblastoma and Related Tumors

Table 7.22. Continued

References

mice. The authors suggested that ARID3B may play a key role in the malignant evolution of NB and may serve not
only as a marker of malignancy but also as a potential target for cancer therapy of stage IV NB, for which there is
currently no effective treatment available.

Hypoglycemia-induced cell death in a NB cell line mediated through the induction of the transcription factor [EBP
homology protein (CHOP)] and hypoxia counteracted this cell death via repression of CHOP and induction of VEGF.

Kogel et al 2006 (1039)

Doppel-induced apoptosis, which may be counteracted by cellular prion protein, has been studied in NB cells. Qin et al 2006 (1040)
The successful use of a small-molecule MDM2 antagonist to disrupt the p53-MDM2 pathway holds promise as therapy

for NB without imposing a genotoxic effect.
Van Maerken et al 2006 (1041)

A highly significant correlation was found between a high mitotic karyotypic index and MYCN amplification in 43 NB.
Neither 1p36 deletion nor p36 imbalance significantly correlated with the mitotic karyotypic index. Deletion of 1p36
was found to be a reliable parameter in determining unfavorable prognosis in NB.

Altungöz et al 2007 (1042)

A novel attenuated oncolytic poliovirus has been suggested as a candidate for effective oncolytic treatment of NB (or
other cancers) even in the presence of induced antipolio immunity, based on studies in novel poliovirus-susceptible
mice

Toyoda et al 2007 (1042)A

A possible role of ploidy heterogeneity in localized NB in relation to prognosis has been evaluated. Mora et al 2007 (1042B)
Synthetic triterpenoids were found to be inhibitors of growth and induce apoptosis in NB (and glioblastoma) cells

through inhibition of the Akt, nuclear factor-kB, and Notch1 pathways.
Gao et al 2007 (1244)

Pathology and biology guidelines for NB resection. Ambros et al 2001 (1244A)
A study of isolated neuroblasts revealed a profile compatible with NB originating from these cells, as well as revealing a

number of molecular and genetic pathways of importance in NB biology.
De Preter et a1 2006 (1244B)

Clonal ploidy heterogeneity based on DNA content has been found in locoregional NB and related to prognostic facets. Mora et al 2007 (1244C)
Profiles of genomic DNA content of NB predict clinical phenotype and regional gene expression. Mosse et al 2007 (1244D)
Methylguanine-DNA methyltransferase is widely expressed in NB and may serve as a cogent target in the treatment of

NB.
Wagner et al 2007 (1244E)

Table 7.23. Molecular and genetic changes in NB.

References

Differentiation of NB cells in vitro and suppression of tumorigenicity are controlled by many genes. Bader et al 1991 (176)
P-glycoprotein and multidrug resistance in NB. Chan et al 1991 (1044)

Favrot et al 1991 (1045)
ILGF-II mediated proliferation in NB occurs with TrkA inactivation. El-Badry et al 1991 (1046)

C.J. Kim et al 1999 (1047)
Russo et al 2005 (1048)

NM23 overexpression, DNA amplification and mutation in aggressive NB. Leone et al 1993 (1049)
Pituitary adenylate cyclase activating polypeptide (PACAP)-like immunoreactivity in NB and GNB may play a role in

these tumors.
Takahashi et al 1993 (1050)

DNA ploidy and H-Ras (p21) in NB. Kusafuka et al 1995 (1051)
Coamplification of DEAD box gene and MYCN in NB; no MYCN amplification, no DDXT amplification. Manohar et al 1995 (1052)
No significant changes affect p16, p18 and p27 in NB. Kawamata et al 1996 (612)
Survey of allelotype in NB. Perri et al 1996 (1053)
Mutations of p16 do not play a part in NB. Castresana et al 1997 (613)
MEN-2B/RET enhances metastatic spread and activates Jun kinase in NB; RET proto-oncogene in NB. Marshall et al 1997 (1054)

M. Takahashi et al 1991 (1055)
GDNF regulates growth and differentiation and apoptosis in NB. Hishiki et al 1998 (1056)
Serum levels of NSE parallel NB stage. Massaron et al 1998 (1057)
Metastatic sites of grades 4 and 4S NB: age, tumor biology, and survival. DuBois et al 1999 (1058)
Achaete-scute homologue-1 (HASH-1) is down-regulated in differentiating NB. Soderholm et al 1999 (1059)

Cooper et al 2001 (1032)
Ganglioside expression and stratification in NB; may be used as a marker for NB cells in marrow. Hoon et al 2001 (1060)

Hettmer et al 2003 (1061)
Gem, a small GTP-binding protein within the Ras family, promotes differentiation in NB. Leone et al 2001 (1062)
PTEN/MMAC1 alterations detected in NB. Moritake et al 2001 (1214)
Possible role for melanin-concentrating hormone receptor in GNB and NB. K. Takahashi et al 2001 (939)
SWI1 expression in NB. K. Takahashi et al 2001 (939)
Deletion of CDKN2A (p16 and p14) but not of 1p36 in NB. Thompson et al 2001 (135)
Novel products of the HUD, HUC, NNP-1, and �-internexin found in NB. Behrends et al 2002 (1191)
Galanin and its receptor in NB. Perel et al 2002 (1063)
ALX is hypermethylated in NB. Wimmer et al 2002 (1064)
ILGF binding protein 5 (IGFBP-5), a modulator of IGF-2, is a determinant of proliferation and metastases in NB. Cesi et al 2004 (1065)
SDHD not involved in NB. De Preter et al 2004 (1066)
Cyclooxygenase-2 (COX-2) is expressed in NB and may be a target for nonsteroidal agents as additional therapy. Johnsen et al 2004 (1067)
Tubulin tyrosine kinase in NB. Kato et al 2004 (1068)
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Table 7.23. Continued

References

KIT expressed in NB with a favorable prognosis and may be an area for therapeutic considerations. Krams et al 2004 (1069)
Uccini et al 2005 (1070)

EWS/FLI1 may change NB to PNET/ES. Rorie et al 2004 (1071)
Authors describe genes (EPHB6, EFNB2, EFNB3, NTRK1 and CD44) whose high level of expression predicts favorable

NB outcome and forced expression of these genes inhibits growth of unfavorable NB. This area may have an impact
on the development of therapeutic strategies for unfavorable NB.

Tang et al 2000 (919, 920)

CDK9 is expressed in more differentiated NB and correlates with tumor grade. De Falco et al 2005 (1072)
Effects of histone deacetylase inhibitor (BL1521) on gene expression in NB. de Ruijter et al 2005 (1073)
Growth of NB is mediated by EGFR, which can be inhibited by therapy. Ho et al 2005 (1074)
Delta-like gene is up-regulated in glioneuromas but not in NB or GNB. Hsiao et al 2005 (1075)
Calreticulin is a prognostic factor in NB, its expression correlates with differentiation. Hsu et al 2005 (1076)
Glucose-regulated protein 78 (GRP78), an endoplasmic reticulum protein, is essential for differentiation of NB and its

presence correlates with a good prognosis.
Hsu et al 2005 (1077)

Glutathione S-transferase polymorphisms not related to NB susceptibility. Lanciotti et al 2005 (1078)
NM23-H1 protein in the serum and clinical significance. Okabe-Kado 2005 (1079)
MDR-associated protein 1 gene in NB biology and outcome. Pajic et al 2005 (1080)
Protocol for obtaining NB specimens for various analyses. Qualman et al 2005 (1081)
The PTEN gene in NB. Qiao et al 2005 (1082)
Ras/MAPK signaling in NB. Stockhausen et al 2005 (1083)
Copy number defects of MYCN, CDC42 and NM23 and differentiation pathway in NB. Valentijn et al 2005 (1084)
Anti-proliferative effects of an agonist for PPAR� (peroxisone proliferators-activated receptor �) in NB cell lines. Cellai et al 2006 (1085)
Polysialic acid is expressed in NB and is synthesized by sialyltransferase (STX), whose mRNA levels have potential

utility as a molecular marker for metastases.
Cheung et al 2006 (1086)

FCGR2A polymorphism and clinical outcome in NB. Cheung et al 2006 (1087)
Flavonoids can activate calpain and caspase cascades for mediation of apoptosis. Das et al 2006 (895)
Protein kinase B modulates the sensitivity of NB ILGF inhibition. Guerreiro et al 2006 (1088)
MRP1 (multidrug transporter gene-1) expression is a poor sign in NB. Haber et al 2006 (1089)
High expression of N-acetylglucosaminyltransferase V is a favorable sign in NB. Inamori et al 2006 (1090)
BMCC1 (has homology to BCH) expression is associated with favorable outcome in NB. Machida et al 2006 (1091)
In high-grade NB, caspase-8 levels correlate with those of STAT-1 (signal transducer and activator of transcription-1), but

not in lower grades.
Muscat et al 2006 (1092)

P2X7 receptor, substance P-dependent mechanism and NB growth. Raffaghello et al 2006 (1093)
A study of genomic events in a NB cell line led the authors to propose a sequence of translocation-excision-deletion-

amplification of oncogenes (involving MYC and ATBF1), rather than the breakage-fusion-bridge model previously
favored.

Van Roy et al 2006 (1094)

Integrative genomics points to multiple gene alterations in NB. Wang et al 2006 (1095)
The synergy between hypoxia and etoposide causing purging of the NB stem cell compartment in vitro may have

applicability to spontaneous regression of NB.
Marzi et al 2007 (1095A)

A protective effect of DMSG against H2O2-induced cell death in a NB cell line (SY5Y) via inhibition of both mRNA
and protein expression levels of BAX and CASP3 has been described.

Park et al 2007 (1241)

A CGH study of NB without MYCN amplification, although confirming previous findings, attempted to define those
cases likely to relapse.

Schleiermacher et al 2007
(1245)

LOH of 1p is an indicator of a poor prognosis in NB. Schleiermacher et al 1996
(1246)

Neuroblastic brain tumors containing abundant neuropil and true rosettes may constitute an entity with the PNET. Eberhart et al 2000 (1247)
High expression of the gene Skp2 characterizes high-risk NB independent of the MYCN status. Westermann et al 2007 (1249)
Recombinant human erythropoietin (Epo) and its receptor (EpoR) were expressed, but did not modify tumor cell

proliferation in NB. High expression of EpoR was associated with an increased survival. The authors suggested that
Epo may be used safely in children with NB.

Sartelet et al 2007 (1250)

A study utilizing high-resolution oligonucleotide array CGH showed losses of whole chromosomes 3, 4, 10 and 16 and
gains of 6, 7, 8, 13, 17, 18, and 20 in localized NB. In contrast, disseminated tumors showed gain of 17q and 3p and
11q loss among a number of structural chromosomal changes.

Scaruffi et al 2007 (1251)

The existence and spatial distribution of neurotrophin receptors in NB lend supportive evidence that neurotrophic
influences may be involved in tumor persistence or regression.

Hoehner et al 1995 (1252)

T-Cadherin is a negative growth regulator of epidermal growth factor in NB cells. Jakeuchi et al
Anaplastic lymphoma kinase (ALK) gene activation was responsible for SHH-C (a member of docking proteins)

hyperphosphorylation in NB cell lines.
Miyake et al 2002 (1252B)

The insulin-like growth factor (IGF) axis is frequently activated in NB and its cell lines. By using miRNA and siRNA to
silence endogenous expression of IGF Binding Protein-5 in NB to cause mitochondria1 apoptosis, which was
characterized by release of cytochrome C into the cytoplasm and activation of caspase-9, Erk-1 and Erk-2 inhibition
and up-regulation of pro- apoptotic proteins Bim and Bax.

Tanno et al 2006 (1252C)

The complexity of changes in NB is reflected in a study utilizing microarrays and FISH in which more than 1000 genes
were identified, whose expression was consistently altered due to genomic alterations (reflected in loss of lp, 3p, 4p,
10q and 11q and gain of 2p, 17q and the MYCN amplicon). Of these genes, 84 correlated with survival, with 17q gain
and 4p loss being significant. These genes are involved in RNA and DNA metabolism and in apoptosis.

Łastkowska et al 2007
(1252D)
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Table 7.24. Genes and related factors in NB.

References

DNA loop attachment and replication sites. Smith et al 1984 (1096)
Neuron-specific enolase in the diagnosis of NB. Tsokos et al 1984 (1097)
A NB xenograft with loss of 1p and the presence of either dmin or hsr has been used for testing the

effects of various agents.
Makino et al 1986, 1993 (1098, 1099)

Procoagulant activity in NB cell lines and their growth. Esumi et al 1989 (1100)
MYCN/max system in NB. Wenzel et al 1991 (1101)

Wenzel and Schwab 1995 (1102)
Achaete-scute homolog 1 in olfactory and autonomic neuron development. Guillemot et al 1993 (1103)
NM23-H1 mutations in NB. C.L. Chang et al 1994 (1198)
Stem cell factor and c-kit in NB. P.S. Cohen et al 1994 (1104)
ErbB2 expression in NB. Goji et al 1995 (1105)
Pleiotrophin and midkine in NB. Nakagawara et al 1995 (1106)
RET not mutated in sporadic and hereditary NB. Hofstra et al 1996 (1107)
Calbindin proteins in NB. Ishiguro et al 1996 (1108)
Expression of MDR gene and outcome in NB. Norris et al 1996 (1109)
NM23H1: poor prognostic factor independent of LOH of 1p in NB. Takeda et al 1996 (1110)
Effects of RET (MEN-2B gene) in NB. Marshall et al 1997 (1054)
Cerebellin and its mRNA in GNB and NB. Satoh et al 1997 (1111)
Mononucleotide repeat instability is infrequent in NB. Hogarty et al 1998 (1112)
When taken with other factors affecting the biology of NB, determination of bcl-2 protein levels can

provide prognostic information.
Mejia et al 1998 (1242)

Kinases and their effects on NB cell line. Encinas et al 1999 (1113)
EPHB6, EFNB2, and EFNB3 expression with low tumor stage and high TrkA in NB. Tang et al 1999,2000 (919, 920, 1114)
Antigen expression and complement susceptibility in differentiated NB cells. S. Chen et al 2000 (1115)
Gene expression of neuronal nitric oxide synthase and adrenomedullin in NB. Dotsch et al 2000 (1116)
Integrins in NB. Erdreich-Epstein et al 2000 (1117)
Genomic imprinting of ILGF-2 in NB. Hattori et al 2000 (1118)
Gene encoding DNA fragmentation factor 40 (caspase-activated nuclease) gene in a TSG in NB. Judson et al 2000 (1119)
Cross-resistance of topoisomerase I and II inhibitors in NB cell lines. Keshelava et al 2000 (1120)
ALK gene in NB. Lamant et al 2000 (1121)
hCDC10 and favorable prognosis in NB. Nagata et al 2000 (1122)
Drosophila Delta gene in NB. van Limpt et al 2000 (1123)
Composite pheochromocytoma with NB. Candanedo-Gonzalez et al 2001 (1124)
Inhibition of SK-N-MC cell line growth by y nucleotide phosphodiesterase inhibitors. Giorgi et al 2001 (1125)
Factors in NB differentiation. Han et al 2001 (1126)
EPB4.1 gene at 1p36. Huang et al 2001 (1127)
CD2 synthase: molecular marker for NB. Lo Piccolo et al 2001 (1128)
SMARCF1, truncated SWI1, in NB. Takeuchi et al 2001 (1129)
M-FISH in NB reveals targets for study. Van Roy et al 2001 (66)
HUD, HUC, NNP1, and �-internexin genes identified by autologous antibody screening of a pediatric

NB library.
Behrends et al 2002 (1191)

Ras and Seppuku in NB. Reynolds 2002 (422)
Survivin: Fas ratio is predictive of recurrent NB. Sandler et al 2002 (1130)
RASSF1A as TSG in NB. Agathanggelou et al 2003 (1131)
RT-PCR of tyrosine hydroxylase gene expression for MRD in NB. Lambooy et al 2003 (1132)
In vitro and in vivo effects of liposomal fenretinide on NB. Raffaghello et al 2003 (1133)
Dopamine decarboxylase expression in marrow and blood as NB marker. Bozzi et al 2004 (1134)
No alterations of topoisomerase in NB cells resistant to irinotecan. Calvet et al 2004 (1135)
ID2, CDKN1B and CDKN2A in NB. Gebauer et al 2004 (1136)
HGF/c-Met in experimental human NB. Hecht et al 2004 (1137)
PRAME, a tumor-associated antigen, associated with high-stage NB and poor prognosis. Oberthuer et al 2004 (1138)
EWS/FLI-1 effect on p53 in NB. Rorie and Weissman 2004 (1139)
Nestin in NB. Thomas et al 2004 (1140)
Galectins in NB growth and physiology. Andre et al 2005 (1141)
LM03 and HEN2 interaction: act as an oncogene in NB? Aoyama et al 2005 (1142)
DLK1-GTL2 alteration epigenetically. Astuti et al 2005 (1143)
Sperm protein 17 expression defines subsets of NB. Bumm et al 2005 (1144)
P244 receptor participates in the concomitant to differentiation and cell death in SH-SY5Y NB cells. Cavaliere et al 2005 (1197)
HDL blocks differentiation of NB by inhibiting EGFR. Evangelopoulos et al 2005 (1145)
cAMP enhances siRNA-mediated gene silencing in NB. Hanson et al 2005 (1146)
Gangliosides in NB cell lines. Hettmer et al 2005 (1147)
NB vasculature and matrix metalloproteinase-9. Jodele et al 2005 (1148)
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Table 7.24. Genes and related factors in NB.

References

No KIT mutations similar to GIST in NB. Korja et al 2005 (1149)
Neurokinin receptors and NB proliferation. Mukerji et al 2005 (1150)
MRP4/ABCC: marker of poor prognosis in NB. Norris et al 2005 (1017)
Doublecortin gene, a marker for MRD in NB. Oltra et al 2005 (1151)
Anaplastic lymphoma kinase in NB. Osajima-Hakomori et al 2005 (1152)
Cox-2 inhibitor effects on NB cell growth. Parashar et al 2005 (1152A)
Shc family expression in poor outcome NB. Terui et al 2005 (1153)
NPFF2 receptor in NB cell line Anko and Panula 2006 (1154)
Mutations of UBE4A and UBE4B ubiquitination factors in NB. Carén et al 2006 (1155)
WSB1 increased copy number correlates with increased survival in NB. Chen et al 2006 (1199)
PDMP, hyperdiploidy and sensitivity of NB cells to paclitaxel. Dijkhuis et al 2006 (1156)
Lactoferricin B is cytotoxic to NB. Eliassen et al 2006 (1157)
BMI1, target gene of E2F-1, strongly expressed in NB. Nowak et al 2006 (1158)
Risk estimation of localized NB based on loss of 1p and loss of 11q. Simon et al 2006 (1159)
The results obtained with gene-expression studies may be useful in the risk estimation of treatment in

NB.
Oberthuer et al 2006 (1159A)

A subset of NB in which enhanced expression of DDXl and low expression of NAG, consequent to
DDXl amplification without that of NAG, may contribute to therapy response.

Kaneko et a1 2007 (1159B)

DDXI (DEAD box polypeptide 1) and NAG (neuroblastoma amplified gene) are part of the MYCN
amplicon.

Based on high-resolution arrayCGH results, classification of NB according to their genomic
manifestations has been proposed.

Michels et al 2007 (1159C)

l�-hydroxyvitamin D2 inhibits growth of human NB cells in grafted mice. van Ginkel et a1 2007 (1159D)
Overexpression of 2p was found in almost all NB cell lines with MYCN amplification. Using

comparative expressed sequence hybridization, it was shown that expression peaks were present at
2pter, 2p24 (MYCN locus), 2p23.3-p23.2, and/or 2p23.1. Cell lines with enhanced peak at
2 p23.2-p23.3 had also amplified ALK gene; the latter is associated with a poor prognosis. The data
indicate that besides MYCN amplification, other genes proximal and distal to it are highly expressed
in NB.

Stock et al 2008 (1159E)

Table 7.25. Some of the methodologies used for the determination of changes in NB.

References

Methods for determining MYCN expression and amplification in
NB have been described over the years and have included Southern blotting,
chromogenic in situ hybridization, RT-PCR, dot blotting, and various FISH
procedures. The latter approach seems to be favored by workers in the field. It
should be stressed that these methodologies are also generally applicable to
fixed tissues.

Crabbe et al 1992 (1161A)
Hiyama et al 1999 ( 150A)
Barroca et al 2001 (1160)
Bhargava et al 2005 (1161)
de Cremoux et al 1997 (1162)
Layfield et al 2005 (1163)
Mathew et al 2001 (1164)
Melegh et al 2003 (1165)
Miyajima et al 1996 (1166)
Raggi et al 1999 (1167)
Sartelet et al 2002 (1168)
Squire et al 1996 (1169)
Thorner et al 2006 (1170)

SKY and M-FISH studies may reveal novel regions as genetic targets worthy of
investigation in NB.

Van Roy et al 2001 (1171)

Detection of LOH in NB can be accomplished with single- strand conformation
polymorphism techniques.

White et al 1993 (1172)

Detection of MYCN amplficiation with competitive PCR quantitation. Oude Luttikhuis et al 2000 (1173)
Methodologies for quantitation fo marrow disease in NB by PCR, as well as of

GD2 synthase mRNA have been described.
Cheung et al 2001,2002,2003 (1174–1176)

Laser-capture microdissection applied to the genetic profiling of NB has been
reported.

De Preter et al 2003 (1177)
Mehes et al 2001,2003 (1178, 1179)

The establishment of DNA copy number and levels in NB can be accomplished
by several techniques.

Mosse et al 2005 (1180, 1181)
Michels et al 2006 (1182)

The application of PCR for the detection of disseminated NB has been
described.

Swerts et al 2006 (1183)

Gene expression studies may serve as predictors of outcome in NB. Wei et al 2004 ( 381A)
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Table 7.25. Continued

References

Automatic detection anda genetic profiling of disseminated NB cells. Méhes et al 2001 (1178)
Quantitation of MYCN, DDX1 and NAG genes has been determined by PCR. De Preter et al 2002 (1184)
RT-PCR assay for prediction of the uptake of labeled iodobenzyl- guanidine by

NB.
Carlin et al 2003 (1185)

Laser-capture microdissection in the genetic analysis of NB cells and their
precursors.

De Preter et al 2003 (1177)

Measurement of circulating NB cells by quantitative RT-PCR and correlation
with findings in marrow and other disease markers.

Cheung et al 2004 (1186)

The detection of minimal residual disease in NB has been evaluated. Beiske et al 2005 (1187)
Multiplex real-time PCR appears to be a promising approach for reducing the

complexity of information obtained from whole-arm genome array studies.
Such an approach could be a clinically useful test to predict NB outcome.

Schramm et al 2007 (1187A)

reflect the complexity of these facets associated with the
process of tumorigenesis. No specific gene has been found
to be consistently associated with NB. Even in conditions,
e.g., CML, in which a specific translocation involving known
genes is associated with the genesis of the disease, molecu-
larly the pathways leading to the development and progression
of CML, are complex. Hence, it is not surprising that NB, and
many other tumors, are associated with a host of changes as
seen in Tables 7.22 and 7.23.

Table 7.25 are presented some comments regarding the
methodologies used to determine changes in NB and a listing
of some of these techniques.

Closing Comments

Almost all of the genes, their products, and related substances
mentioned in this chapter are involved in signaling and related
pathways of great complexity, making the deciphering of the
key and ensuing events responsible for the development and
progression of NB a challenge yet to be met. In this NB is
not unique, because the aforementioned statements apply to
almost all cancers and leukemias.
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(1997) Chromosomal imbalance maps to malignant solid
tumors: a cytogenetic survey of 3185 neoplasms. Cancer
Res. 57, 2765–2780.

261. Van Roy, N., Laureys, G., Plantaz, D., Feuerstein, B.G.,
Brinkschmidt, C., Christiansen, H., Lastowska, M., Bown,
N., Nicholson, J.C., Ross, F., and Speleman, F. (1999) Multi-
center CGH analysis of 184 neuroblastomas reveals charac-



References 301

teristic gains and losses in localised tumors and high inci-
dence of 11q loss in stage 4 tumors without MYCN amplifi-
cation and/or 1p deletion. Cancer Genet. Cytogenet. 112, 70.

262. Srivatsan, E.S., Ying, K.L., and Seeger, R.C. (1993) Deletion
of chromosome 11 and of 14q sequences in neuroblastoma.
Genes Chromosomes Cancer 7, 32–37.

263. Takita, J., Hayashi, Y., Kohno, T., Shiseki, M., Yamaguchi,
N., Hanada, R., Yamamoto, K., and Yokota, J. (1995)
Allelotype of neuroblastoma. Oncogene 11, 1829–1834.

264. Koiffmann, C.P., Gonzalez, C.H., Vianna-Morgante, A.M.,
Kim, C.A., Odone-Filho, V., and Wajntal, A. (1995)
Neuroblastoma in a boy with MCA-MR syndrome, deletion
11q, and duplication 12q. Am. J. Med. Genet. 58, 46–49.

265. Mosse, Y., Greshock, J., King, A., Khazi, D., Weber, B.L.,
and Maris, J.M. (2003) Identification and high-resolution
mapping of a constitutional 11q deletion in an infant with
multifocal neuroblastoma. Lancet Oncol. 4, 769–771.

265A. Bown, N.P., Pearson, A.D., and Reid, M.M. (1993) High
incidence of constitutional balanced translocations in
neuroblastoma. Cancer Genet. Cytogenet. 69, 166–167.

266. Hecht, F., Hecht, B.K., Northrup, J.C., Trachtenberg,
N., Wood, T.S., and Cohen, J.D. (1982) Genetics of
familial neuroblastoma: long range studies. Cancer Genet.
Cytogenet. 7, 227–230.

267. Luttikhuis, M.E.M., Powell, J.E., Rees, S.A., Genus, T.,
Chughtai, S., Ramani, P., Mann, J.R., McConville, C.M.
(2001) Neuroblastomas with chromosome 11q loss and
single copy MYCN comprise a biologically distinct group of
tumours with adverse prognosis. Br. J. Cancer 85, 531–537.

268. De Preter, K., Vandesompele J., Menten, B., Carr, P., Fiegler,
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Ibañez, C.F., and Kogner, P. (1996) Expression of mRNA
for the neurotrophin receptor trkC in neuroblastomas with
favourable tumour stage and good prognosis. Br. J. Cancer
74, 773–779.

461. Yamashiro, D.J., Nakagawara, A., Ikegaki, N., Liu, X.,
and Brodeur, G.M. (1996) Expression of TrkC in favorable
human neuroblastomas. Oncogene 12, 37–41.

462. Combaret, V., Gross, N., Lasset, C., Balmas, K., Bouvier,
R., Frappaz, D., Beretta-Brognara, C., Philip, T., Favrot,
M.C., and Coll, J.L. (1997) Clinical relevance of TRKA
expression on neuroblastoma: comparison with N-MYC
amplification and CD44 expression. Br. J. Cancer 75,
1151–1155.

463. Svensson, T., Ryden, M., Schilling, F.H., Dominici, C.,
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Böhm, W., Wolburg, H., Schweizer, P., and Girgert, R.
(1999) SiMa, a new neuroblastoma cell line combining
poor prognostic cytogenetic markers with high adren-
ergic differentiation. Cancer Genet. Cytogenet. 112,
161–164.
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Barettino, D. (2002) Activation of the phosphatidylinos-
itol 3-kinase/Akt signaling pathway by retinoic acid is
required for neural differentiation of SH-SY5Y human
neuroblastoma cells. J. Biol. Chem. 277, 25297–25304.

1003. Ponthan, F., Johnsen, J.I., Klevenvall, L., Castro, J., and
Kogner, P. (2003) The synthetic retinoid Ro 13–6307
induces neuroblastoma differentiation in vitro and inhibits
neuroblastoma tumour growth in vivo. Int. J. Cancer 104,
418–424.

1004. Blanc, E., Le Roux, G., Bénard, J., and Raguénez, G. (2005)
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achaete-scute homologue 1 (HASH-1) is downregulated in
differentiating neuroblastoma cells. Biochem. Biophys. Res.
Commun. 256, 557–563.

1060. Hoon, D.S.B., Kuo, C.T., Wen, S., Wang, H., Metelitsa,
L., Reynolds, C.P., and Seeger, R.C. (2001) Ganglioside
GM2/GD2 synthetase mRNA is a marker for detection
of infrequent neuroblastoma cells in bone marrow. Am. J.
Pathol. 159, 493–500.

1061. Hettmer, S., Malott, C., Woods, W., Ladisch, S., and Kaucic,
K. (2003) Biological stratification of human neuroblastoma
by complex “B” pathway ganglioside expression. Cancer
Res. 63, 7270–7276.

1062. Leone, A., Mitsiades, N., Ward, Y., Spinelli, B., Poulaki,
V., Tsokos, M., and Kelly, K. (2001) The Gem GTP-
binding protein promotes morphological differentiation in
neuroblastoma. Oncogene 20, 3217–3225.

1063. Perel, Y., Amrein, L., Dobremez, E., Rivel, J., Daniel,
J.Y., and Landry, M. (2002) Galanin and galanin receptor
expression in neuroblastic tumours: correlation with their
differentiation status.Br. J. Cancer 86, 117–122.

1064. Wimmer, K., Zhu, X.X., Rouillard, J.M., Ambros, P.F.,
Lamb, B.J., Kuick, R., Eckart, M., Weinhäusl, A., Fonatsch,
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8
Medulloblastoma, Primitive Neuroectodermal
Tumors, and Pineal Tumors

Summary Chapter 8 addresses three different tumors: medulloblastoma, primitive neuroectodermal tumors, and pineal
tumors. The genetic and molecular studies in medulloblastoma are legion; yet, the basic changes responsible for the develop-
ment of these tumors have remained evasive. Nevertheless, cytogenetically about one third of the medulloblastomas contain
loss of 1p or i(17q), and less common anomalies of chromosomes 1 and 7, loss of chromosome 7, and loss of chromo-
some 22 (-22) and other changes. Of interest is the presence of double minutes in some medulloblastomas (approx 7%). The
aforementioned changes have been supplemented with those obtained by spectral karyotyping, fluorescence in situ hybridiza-
tion, comparative genomic hybridization (CGH), and loss of heterozygosity (LOH) results. Possible candidate genes playing
a role in medulloblastoma development may reside at 10q or 8p. The changes of MYCN (amplification) in approximately
10% of medulloblastomas are of interest. Other genes investigated in these tumors include TP53 and ARF, IGF, epidermal
growth factor receptor (EGFR)-ErbB, PDFGF�, RAS/MAPK, and PAX and ENI. The sonic hedgehog (SHH) and Wingless
signaling pathways may play a role in medulloblastoma biology, and also neurotrophins and other factors (related to apop-
tosis), such as somatostatin receptors, Notch signaling, epigenetic events, the HIC gene, caspase8 gene, RASSF1A gene, and
telomerase activity. The hereditary and genetic susceptibilities to medulloblastoma development are discussed. Chapter 8 also
addresses primitive neuroectodermal tumors (PNET) cytogenetically; the changes in PNET show a variable pattern, as do the
changes obtained with CGH and LOH. Molecular studies of PNET have included p53, Notch signaling, and the SHH pathway.
Approaches similar to those used for the study of PNET have been applied to pineal tumors with the results being variable and
not specific for any of the tumors.

Keywords medulloblastoma · PNET · pineal tumors · genetics · molecular biology.

Introduction

Chapter 8 has been divided into three main sections: medul-
loblastoma (posterior fossa or infratentorial tumors), prim-
itive neuroectodermal tumors (PNET) (anterior fossa or
supratentorial tumors or cerebral neuoblastomas) and pineal
tumors (primarily pineoblastoma). Although there is biologic
and histologic overlap among these tumors (1, 2), we have
followed “a rule of thumb” in which we treat all infraten-
torial (posterior fossa) tumors, essentially those of the cere-
bellum, as medulloblastomas, and those of supratentorial
(anterior fossa) location as PNET, including cerebral neurob-
lastomas. Although problems arose in occasional cases with
this approach, in the preponderant number of tumors the
correlations seemed to be valid and informative. Gener-
ally, the genetic changes (particularly cytogenetic) in these
tumors complemented their anatomic location, histology and

behavior, lending the approach not only practicality but also a
correlative meaning.

Medulloblastoma

Clinical Aspects and Pathology
of Medulloblastoma

Medulloblastoma is a malignant, poorly differentiated, highly
aggressive, invasive embryonal tumor of the cerebellum
primarily affecting children, showing predominantly neuronal
differentiation, and an inherent tendency to disseminate via
the cerebral spinal fluid (CSF) pathways (3–5,5A). Adult
cases, although rare, have been reported, and their manifesta-
tions summarized (5B). Information regarding the incidence,
epidemiology, and histoclinical aspects of medulloblastoma is
given in Table 8.1.
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Table 8.1. Some features of medulloblastoma incidence, histology, and clinical aspects.

References

Medulloblastoma is the most common CNS tumor in children. Kaplan and Meier 1958 (625)
Medulloblastomas account for 20–25% of all childhood brain tumors, and only for 1% in adults. Fuller 1996 (626)
Incidence of medulloblastoma is 1–2 cases per million and 1:150,000 children with a peak of patient age of 5–7 years. Lantos et al 1996 (627)

Packer et al 1999 (628)
Approximately 65% of patients with medulloblastoma are male. Over 70% of medulloblastomas occur in patients

younger than 16 years.
Arseni and Ciurea 1981 (628A)
Roberts et al 1991 (629)

In adults, 80% of medulloblastomas arise in patients 21–40-years-old; these tumors are rare beyond the 5th decade of life. Hubbard et al 1989 (629A)
Giordana et al 1999 (630)

In general, more than 80% of medulloblastomas are infratentorial (posterior fossa) and arise primarily in the cerebellum.
PNET are located supratentorially (anterior fossa). Spinal medulloblastomas are very rare.

Dirks et al 1996 (547)
Girschick et al 2001 (536)

Progress and future challenges in the therapy of medulloblastoma have been addressed. At present, 5-year survival rates
of patients with medulloblastoma range from 40–80% and 10-year rates 40–50%.

Packer 1999 (697)

Medulloblastomas are believed to originate from cerebellar granule cell precursors that transform and fail to undergo
differentiation, based on expression of the neurotrophin receptor p75 NTR. However, alternative origins may exist,
e.g., subependymal cells of the medullary velum region and possibly the internal granule cell layer.

Bühren et al 2000 (385)
Provias and Becker 1996 (230)

The bulk of childhood medulloblastomas are in the vermis (arising from the ventricular matrix) and project into the
fourth ventricle. Involvement of cerebellar hemisphere increases with age of the patient.

Giangaspero et al 2000 (4)

In adults, medulloblastomas occur more often in the cerebellum than the vermis and are usually desmoplastic. Greenberg et al 2001 (630A)
Medulloblastomas are the most frequent malignant brain tumors. They are composed of primitive neural cells with some

medulloblastomas showing signs of differentiation along neuronal, glial, myogenic and rarely melanocytic or retinal
lineages.

Rubinstein 1985 (631)
Giangaspero et al 2000 (4)
Kleihues et al 2002 (6)

Medulloblastomas express neuronal intermediate filaments, synaptic vesicle proteins, growth factor receptors and
adhesion molecules, suggesting that these tumors in general arise from neuroblasts that escape terminal differentiation.

Trojanowski et al 1992 (632)

Medulloblastomas in adults (often desmoplastic) often do not require the aggressive therapy needed in pediatric tumors
(often classic). The differences in adult vs. pediatric medulloblastoma are also reflected in the clinicopathologic
aspects, proliferation index (MIB-1) and apoptotic index.

Sarkar et al 2002 (414)

Clinical, histologic, diagnostic markers and prognosis of medulloblastoma. Gajjar et al 2004 (742)
Gilbertson 2002 (743)
McLendon et al 1999 (744)

Stratification of medulloblastomas on the basis of histopathological grading and the problem of establishing strict criteria
for large cell/anaplastic medulloblastoma have been discussed.

Min et al 2006 (739)

Low capillary permeability and blood flow were demonstrated in medulloblastoma, findings which could explain the
limited response rates of these tumors to chemotherapy.

Warnke et al 2006 (740)

Genome-wide expression profiles of medulloblastomas can partition large tumor cohorts into subgroups that are enriched
for specific genetic alterations, an approach which may ultimately assist in the selection of patients for clinical trials of
molecularly-targeted therapies.

Thompson et al 2006 (777)

Understanding the various biological and molecular aspects of medulloblastoma, advances in the clinical management of
these cases may be made.

Frühwald and Plass 2002 (780)

HLA class I-related APM component defects have been described in pediatric medulloblastomas. These findings may be
useful in the development of T-cell immunotherapy of medulloblastoma using autologous tumor-specific CTL.

Raffaghello et al 2007 (778)

Histologic grading of adult medulloblastomas, based on the presence of anaplasia and large-cell morphology has been
proposed.

Rodriguez et al 2007 (779).

Medulloblastoma are not simple tumors histologically. The
World Health Organization (WHO) classification (6) lists
four variants in addition to the classic type (i.e., desmo-
plastic, large-cell, medullomyoblastic, and melanotic). Other
types have been described and reviewed previously (1). The
WHO classification of brain tumors (6, 7) has been generally
accepted, with some sobering but mostly approving commen-
taries regarding the WHO classification (8–10).

Chapter 8 provides the genetic information for those medul-
loblastoma types for which such information is available. Not
infrequently, there is no clear-cut dividing line existing in the
histologic features of medulloblastomas, particularly between
classic and large-cell types, and this may account for some
of the variability of results for these tumors presented in the
literature.

The salient histologic features of the various types of
medulloblastoma applicable to the interpretation of the
genetic and molecular data presented here summarized in
Figures 8.1 and 8.2. Concise descriptions of the histologic
aspects of medulloblastoma are presented in Table 8.2.

Classic medulloblastomas

Classic medulloblastomas account for about 80% of all
medulloblastomas (1), and they grow as sheets of cells with
a high nuclear:cytoplasmic ratio and a capacity to invade
adjacent brain and leptomeninges. Classic medulloblastomas
are composed of densely packed cells with round-to-oval or
carrot-shaped highly hyperchromatic nuclei surrounded by
scanty cytoplasm. Neuroblastic rosettes are a typical but not
a constant feature (observed in <40% of tumors) (4). Round
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Figure 8.1. Histologic appearance of a medulloblastoma in an adult
showing sheets of undifferentiated cells without glial or neuronal
differentiation (637).

Figure 8.2. Histologic presentation of a desmoplastic medulloblas-
toma with a lobulated pattern and high cellularity.

cells with chromatin of varying density are frequently inter-
mingled, and occasionally they form the main population of
classic medulloblastomas. Occasional ganglion cells may be
seen. Mitoses are infrequent and seen in about 25% of the
cases (11,12). Apoptosis is frequent, whereas areas of necrosis
are less common.

Large-Cell Medulloblastoma

Large-cell medulloblastoma, a highly malignant tumor, has
emerged as a variant with significant clinical and molecular
associations, such as a poor prognosis and early dissemination
through the CSF pathways (13). Large-cell medulloblas-
tomas represent approximately 4% of all medulloblastomas
(13, 14). The cells of these tumors have large, round and/or
pleomorphic nuclei with prominent nucleoli and a more
abundant cytoplasm than that found in classic medulloblas-
toma. Large areas of necrosis, high mitotic activity, and
high apoptotic rate are common findings in large-cell medul-
loblastomas. This variant resembles atypical teratoid/rhabdoid
tumors (AT/RT) of the cerebellar region, but it differs on the
basis of immunophenotype and cytogenetic findings (14), e.g.,
deletion of 22q or monosomy of chromosome 22 often seen
in AT/RT. Most large-cell (and some classic) medulloblas-
tomas contain regions where the cells show an anaplastic
immunophenotype, increased nuclear pleomorphism and a
distinctive molding of cells in one another; these tumors have
been labeled as anaplastic. Large-cell/anaplastic medulloblas-
toma has been a label applied to these tumors (15). Although
reported cases of large-cell/anaplastic medulloblastoma are
few, the age of manifestation ranged from 13 months to 4-
years, and all the patients were male. These neoplasms are
usually located in the cerebellar vermis, and they are char-
acterized by highly aggressive behavior. MYC amplification
is seen more often in large-cell medulloblastoma than other
types (14), as are double minutes and an isochromosome 17q
(16, 17).

Classic, anaplastic, and large-cell medulloblastomas are not
distinguished by their immunophenotype; reactivities signi-
fying variable degrees of differentiation along neuroepithelial
lines can be evident (or not) in each variant.

Table 8.2. Histologic highlights of medulloblastomas.

Type References

Classic medulloblastomas: cells contain small round nuclei which are generally arranged in sheets. Frank et al 2004 (207)
Desmoplastic medulloblastomas: contain nodules of tumor cells that frequently demonstrate neurocytic

differentiation and are surrounded by collagen-rich tissue.
Frank et al 2004 (207)

Desmoplastic medulloblastomas have astroglial differentiation as shown by reactivity for glial fibrillary acidic
protein (GFAP), in comparison with the classic type.

Herpers and Budka 1985 (633)

Large-cell/anaplastic medulloblastomas: contain large cells with pleomorphic nuclei, prominent nucleoli and
abundant cytoplasm Regions of anaplasia also characterize large-cell/anaplastic medulloblastomas, a tumor type
associated with a poor prognosis.

Eberhart et al 2002 (5)
McManamy et al 2003 (28)

Medulloblastomas with extensive nodularity: These tumors may show considerable neuronal differentiation and are
characterized by intranodular nuclear uniformity. These tumors have a favorable outcome.

Pearl and Takei 1981 (22)
Burger and Scheithauer 1994 (12)
Giangaspero et al 2000 (4)
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Desmoplastic Medulloblastomas

Desmoplastic medulloblastomas (constitute 15% of all medul-
loblastomas) are prevalent in adult patients (18) and show
distinctive architectural features, combining reticulin-free
nodules and reticulin-rich internodular regions (Figure 8.2).
These nodular, reticulin-free zones (“pale islands”) are
surrounded by densely packed, highly proliferative cells that
produce a dense intercellular reticulin fiber network (12, 16,
19). The nodules have reduced cellularity, a rarified fibrillar
matrix and marked nuclear uniformity. Medulloblastomas
showing only an increased amount of collagenous and retic-
ulin fibers without the nodular pattern are not classified as a
desmoplastic variant. The mitotic count and growth fraction,
as assessed by the Ki-67 immunolabeling index, are higher
in internodular regions; yet, apoptotic bodies tend to be more
frequent in the nodules (20, 21). This biphasic phenotype is
reflected in immunohistochemical patterns of protein expres-
sion. Signs of neuronal differentiation, such as synaptophysin
reactivity, tend to be greater in the nodular than internodular
regions.

Medulloblastomas with Extensive Nodularity (MBEN)

MBEN show advanced neuronal differentiation, intranodular
nuclear uniformity, and cell streaming in a fine fibrillary
background. Large nodules, some looking ovoid or reniform,
dominate the histopathology of MBEN. These tumors had
been labeled in the past as cerebellar neuroblastomas (12, 22,
23). MBEN represents the most differentiated form of the
nodular/desmoplastic medulloblastomas. Cells in the nodules
show neurocytic differentiation, adopt a laminar pattern, and
they are set against a neuropil-like background. A neuronal
immunophenotype is characteristic. Mature ganglion cells
may be observed. These neoplasms occur predominantly in
children less than 3 years of age, and they seem to be associ-
ated with a favorable prognosis. Neoplasms of this type occa-
sionally undergo maturation to more differentiated ganglion
cell tumors, i.e., gangliomas (24, 25). It has been suggested
that they constitute a pathogenetically separate group (26).

Despite the current emphasis on molecular classification
of tumors, including medulloblastoma, the histopathological

classification of medulloblastomas continues to evolve (1,27).
The poor prognosis associated with the anaplastic variant,
has now been demonstrated in two large cohorts of chil-
dren treated in clinical trials (5, 14, 28). Large-cell/anaplastic
medulloblastomas seem to have an aggressive course, as
reflected in the increased cellular proliferation (28), and,
hence, an unfavorable prognosis compared with the other
types of medulloblastomas (1, 5, 14).

Immunohistochemistry of Medulloblastoma

The common immunohistochemical (IMHC) features of
medulloblastoma are shown in Table 8.3. The application
of appropriate immunohistochemical markers can be quite
helpful diagnostically in these tumors (4, 29, 30). In contrast,
the application of immunohistochemical data to the prog-
nosis of medulloblastoma has been criticized (31) on the
basis that the data of various immunohistochemical assays
in medulloblastoma are heterogeneous and that universally
applicable markers for verification of medulloblastomas are
not yet a reality. Furthermore, these authors (31) do not
consider any immunohistochemical variable to be a weighty
prognostic indicator, which, in addition to clinical factors,
is useful for the further definition of medulloblastoma risk
groups and for choice of optimal medulloblastoma treatment.
Perhaps MYC and tyrosine kinase (Trk)C mRNA levels could
be more useful for clinical purposes, but to introduce these
biomolecular markers in clinical protocols, its distinct prog-
nostic significance needs to be proved by prospective studies
(31). Reviews on the clinical, histologic, and epidemiologic
aspects of medulloblastoma besides those already referred to
may be found in a number of publications (32–37).

Cytogenetic Findings in Medulloblastoma

In the following sections, results obtained with indi-
vidual techniques, e.g., cytogenetics, comparative genomic
hybridization (CGH), fluorescence in situ hybridization
(FISH), and loss of heterozygosity (LOH), are presented;
however, a more informative and panoramic view of the
genetic changes in medulloblastoma should be based on

Table 8.3. IMHC features of medulloblastomas.

Positivity for synaptophysin is prominent in tumor nodules and in the centers of neuroblastic rosettes.
Nestin expression is not unique for medulloblastoma.
Vimentin is strongly reactive in classic medulloblastomas.
GFAP-positive cells are present in classic and desmoplastic medulloblastomas; such cells are not present in large-cell medulloblastoma.
Photoreceptor proteins (rhodopsin and retinal S-antigen) may be focally expressed in medulloblastoma.
Neural cell adhesion molecules (N-CAM) expression may be seen in medulloblastoma, but is not specific, for such expression may be seen in other tumor

types.
High-affinity NGFR (nerve growth factor receptor), also known as Trk (A–C), is comomonly expressed in medulloblastoma.
Neuron-specific enolase and neurofilament protein are markers of differentiation in medulloblastoma (741)
Apoptosis, based on histologic criteria of involved nuclei, is present in classic and desmoplastic medulloblastoma, though the distribution of apoptotic cells

is uneven and tends to occur in areas with a high mitotic index and the presence Ki-67–positive cells.

Based on Giangaspero et al. (4), where further details and references dealing with the IMHC features may be found.
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a composite of the findings obtained with all techniques.
Although each of the methodologies used for studying the
genetic aspects of medulloblastoma tends to cover some of the
same ground, each affords nevertheless different or additional
views and details sufficient to warrant separate sections within
this chapter.

A detailed chromosome analysis of medulloblastomas was
first reported in 1970 (38) in which four tumors were exam-
ined, including one with a metastasis. For two of these tumors,
prebanding karyotypes were presented. The modal chromo-
some numbers for the four tumors were 45, 60, 46, and 83,
respectively. Three of the tumors had cell populations in the
triploid-tetraploid range, and two tumors had distinct marker
chromosomes.

Subsequent studies have demonstrated that the most
common aberration detected by chromosomal banding was
loss of 17p, which has been detected in 30–50% of the cases
(39–45). This was substantiated in a large interphase FISH
study in which deletions of chromosomal arm 17p were seen
in 44% and an i(17q) in 30% of the cases (46). In another
study based on CGH, gain of only 17q or only loss of 17p in
separate groups of patients was observed (47), suggesting that
these two abnormalities may involve different tumorigenic
pathways. In a small number of medulloblastomas, partial or
complete loss of 17p may occur through several mechanisms,
e.g., variable interstitial deletions (48), monosomy 17 (–17),
or an unbalanced translocation (49).

Abnormal karyotypes of all published cases of medul-
loblastoma, PNET, and pineal tumors are shown in Table 8.4.
Non-clonal changes are not included in Table 8.4.

The published cytogenetic changes in >160 medulloblas-
tomas shown in Table 8.4 by and large reveal that most
of these tumors have many chromosomal alterations, and
some were associated with very complicated karyotypes.
The chromosome number in medulloblastomas ranged from
hypodiploidy (<46 chromosomes) to >150 chromosomes
(Figures 8.3–8.6). Approximately one third of the tumors had
a pseudodiploid (46 chromosomes but with an abnormal kary-
otype), and the remaining two thirds were equally distributed
in the hypodiploid (<46 chromosomes), hyperdiploid (from
47 to >60 chromosomes) and triploid-tetraploid (69–92 or
more chromosomes) ranges.

In keeping with the heterogeneity of the histological picture
in medulloblastoma, it is possible that cytogenetically defined
groups represent subtypes of medulloblastoma at the genetic
and consequently at the histologic and clinical level, and
although some studies point in that direction, this hypoth-
esis remains to be more rigorously determined in appropriate
studies.

The most common specific abnormality in medulloblas-
tomas, which is present in approximately one third to one
half of reported cases, is an isochromosome 17q [i(17q)]
(39, 40), with the breakpoint in the proximal portion of the
p-arm, so that the resultant structure is dicentric. In Table 8.4,
containing the karyotypes of published medulloblastomas,

one third had an i(17q). In about 5% of these tumors,
an i(17q) was the sole cytogenetic change (Figure 8.3).
This is a unique phenomenon, because an i(17q) generally
occurs as a secondary change in leukemias and solid tumors
(50, 51). This observation has been confirmed by restric-
tion fragment length polymorphism (RFLP) and microsatellite
analyses.

In a review of isochromosomes (51) in human neoplasia,
6% of “malignant neurogenic neoplasms” were found to have
an i(17q), most of these occurring in patients <15 years old
(20 of 24) and having medulloblastomas or PNET. In five
of 24 cases, an i(17q) was the only anomaly, as reported
previously (41, 52). Although other karyotypic changes were
present, both structural and numerical, rearrangements of
chromosome 17 were found in 25% of medulloblastomas,
with most of these tumors showing the net result of loss of 17p
rather than gain of 17q (49). The authors of a review on i(17q)
(51) mention that only two of 37 tumors had been described
to have TP53 rearrangements (49, 53, 54).

Changes of chromosome 1, often translocations and dele-
tions, were present in 20% of medulloblastomas (39, 40, 44),
and next to chromosome 17, was the most commonly involved
chromosome in medulloblastoma. However, the types of
abnormalities were variable, including unbalanced transloca-
tions, deletions, and duplications (39, 40). Although there is
no consistency with regard to specific breakpoints or type
of rearrangements of chromosome 1, these alterations often
result in an extra copy of all or part of 1q through an unbal-
anced translocation, gain, of a deleted chromosome (55).

Trisomy 7 (+7) was present in 15% of medulloblastomas,
and except for one case in which it was the only change,
+7 was part of complex karyotypes and often accompanied
the i(17q) (40, 41, 47, 55, 56). In addition to +7, four tumors
had loss of chromosome 7 (–7) and nine displayed struc-
tural anomalies of this chromosome. The potential oncogenic
contribution of +7 remains unclear inasmuch as trisomy 7
also has been detected in normal tissue adjacent to neoplasms
lacking this change (57).

Examination of the changes of chromosome 10 in medul-
loblastoma revealed more than 10–12% of these tumors to
have a deletion or loss of this chromosome (–10). Only one
tumor had +10 in addition to other abnormalities in the kary-
otype. Structural changes (translocations or inversions) of
chromosome 10 were seen in a small number of cases. No
medulloblastoma with an anomaly of chromosome 10 as the
sole karyotypic change has been reported to date.

Nearly 10% of the medulloblastomas had monosomy 22
(–22) as the sole karyotypic change (Table 8.4), a finding that
may indicate that a subgroup exists within medulloblastomas
whose genetic background is different from those with i(17q).
In some studies as much as 25% of medulloblastomas showed
–22 as the sole cytogenetic abnormality (55, 56, 58). In addi-
tion to those cases with –22 as the sole anomaly, >10% of
the medulloblastomas had –22 or loss of 22q as part of more
complicated karyotypes (59, 60), again pointing to a possible
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Table 8.4. Chromosome changes in medulloblastoma, PNET, and pineoblastoma.

Karyotype References

Medulloblastoma
47,XY,8q+,+11,17p+,20q+ Friedman et al 1985 (269)
47,X,-Y,+2mar/52,X,-Y,inc Latimer et al 1987 (634)*
47,XY,+11,i(17q),der(8)t(8;?)(q13;?),der(20)t(5;20)(q11;q13) Bigner et al 1988 (39)
46,XX,der(20)t(?13;20)(?q13;q13) Bigner et al 1988 (39)
49,XY,+del(1)(p13),+6,+8,i(17)(q10),+18,-22,dmin Bigner et al 1988 (39)
87-XXYY,del(1)(p22),+del(1)(q24),-2,-8,-8,-9,del(11)(q22),-13,-14,i(17)(q10)x2 Bigner et al 1988 (39)
49,XY,+,6+8,-22,+del(1)(p13),+i(17q),+dmin Friedman et al 1988 (113)
45,XY,-6/45,idem,del(3)(q?) Griffin et al 1988 (40)
46,XY,add(1)(q44) Griffin et al 1988 (40)
46,XX,?del(6)(q?) Griffin et al 1988 (40)
47,XY,+mar Griffin et al 1988 (40)
78-80,XXY,+Y,add(1)(p3?), der(4)t(1;4)(q21;q35), add(5)(p13), inv(7)(p13q11), del(9)(p13p21),

del(11)(p13),i(17)(q10), inc
Griffin et al 1988 (40)

46,XY,dmin Pearson et al 1988 (635)∗
45,XY,der(5)t(5;11)(q35;q11),add(8)(p23),-11,i(17)(q10) Biegel et al 1989 (41)
45,XX,-6 Biegel et al 1989 (41)
45,X,-X,add(5)(q35),del(11)(q14),add(22)(q13) Biegel et al 1989 (41)
45,X,-X,i(17)(q10) Biegel et al 1989 (41)
45,X,-Y,i(17)(q10) Biegel et al 1989 (41)
46,XY,del(1)(p21), +del(1)(q31), der(3)add(3)(p?)add(3)(q?),add(4)(q?), add(4)(q35), add(5)(q35),-6,-6,-12,-12,

add(16)(q12-q21), add(17)(p13),+18,-19, del(22)(q11),+4mar
Biegel et al 1989 (41)

46,XY,del(9)(q22),dmin Biegel et al 1989 (41)
46,XY,del(16)(q11) Biegel et al 1989 (41)
46,XY,der(10)t(4;10)(q23-q25;q23-24),dmin Biegel et al 1989 (41)
46,X,-X,+i(17)(q10) Biegel et al 1989 (41)
46,XY,t(16;20)(q13-q22;q13), i(17)(q10)/46, idem, del(2)(q2?) Biegel et al 1989 (41)
53,XY,+4,+4,+5,+7,+7,+12,+13,i(17)(q10),dmin Biegel et al 1989 (41)
69,XXX,add(11)(q23),add(16)(q11-q12),inc Biegel et al 1989 (41)
83-89,XXYY,-3,-4,+7,+der(7)t(7;11)(p11;q11),-8,-10,-11,-11,-13,del(16)(q11),i(17)(q10)x2, -20,+mar,dmin Biegel et al 1989 (41)
84,XX,-X,-X,-3,-8,-10,-13,-15,i(17)(q10),-20,add(21)(q22) Biegel et al 1989 (41)
89,XXX,-X,+del(1)(p13p32-p35)x2,-4,-4,-5,+7,+8,+8,add(11)(p15),-14,-14,-16,-17,-

17,-18,-18,add(19)(q13)x2,+3mar
Biegel et al 1989 (41)

91-101,XXYY,+13,+17 Biegel et al 1989 (41)
49,XX,+6,+7,-8,+der(11)t(8;11)(q11;p11),+i(17)(q10)/50,idem,+18 Callen et al 1989 (636)
61-66,XY,-X,-3,+add(5)(q35),+del(6)(q21q25),+der(6)(6;?8)(q13;q13),-7,-8,-8,+9,+der(11)

t(8;11)(q11;p11),-13,-14,+15,+add(16)(p?),+i(17)(q10),+18,+19,-21,+mar
Callen et al 1989 (636)

46,XY,t(1;15)(p36;q11), der(4)/46,XY, t(2;12)(q21;q23), t(3;9)(q27;q22), del(4)(p14),t(7;19)
(p11;p11),t(13;15)(q32;q22)

Chadduck et al 1991 (550)

46,XY,t(3;12)(p21;q13), t(3;17)(p13;p13), t(5;8;10)(q34;q24;q24)/46,XY,t(1;1)(q32;p15), del(4)(p?), add(9)(q?),
der(11)

Chadduck et al 1991 (550)

46,XY, del(9)(q12), del(11)(q22) Lòpez-Ginés et al 1991 (637)
48,XY,+8,+8,der(14)t(1;14)(q11;p11),i(17)(q10)/51, idem,+5,+6,+20/51, idem,+5,+6,+20, dmin Sawyer et al 1991 (109)
46,XX,der(6)t(1;6)(q21;q13) Stratton et al 1991 (638)
46,XX,del(7)(q32) Karnes et al 1992 (639)
46,XX,del(7)(q33) Karnes et al 1992 (639)
46,XY,-11,+mar Karnes et al 1992 (639)
48,X,-Y, der(1)t(1;11)(q31;q21), dup(2)(q11q31), del(6)(q12),-8,-9,der(11)t(1;11)(q32;q12), add(12)(q21),+14, Karnes et al 1992 (639)

der(17)i(17)(q10)t(11;17)(q13;q22),+21,+3mar/90,XX,-Y,-Y,-6,+11,del(11)(q11)x2,
+der(11)t(11;12)(p11;q13),+12,+t(16;17)(q?;q?)x2,i(17)(q10)x2,-18,-18, -19,-19

92,XXYY,+4,+5,+7,+7,-8,-8,-10,+11,-14,-14,-16,i(17)(q10),+18,-19,+21 Karnes et al 1992 (639)
45,XX,-22 Vagner-Capodano et al 1992 (52)
45,XY,-22 (3 cases) Vagner-Capodano et al 1992 (52)
45,XY,-17 Vagner-Capodano et al 1992 (52)
46,XY,add(10)(q?),der(11),-17,+mar Vagner-Capodano et al 1992 (52)
46,XY,i(17)(q10) Vagner-Capodano et al 1992 (52)
46,XX,t(1;8)(q25;q22),add(3)(q29),del(9)(p12),dup(12)(q12q23),-17,+22 Vagner-Capodano et al 1992 (52)
46,XY,t(1;14)(p22;q31) Vagner-Capodano et al 1992 (52)
46,XX,inv(2)(p13q37),del(13)(q14) Dressler et al 1993 (68)
45,XX,t(9;19)(q22;q13),-22 Neumann et al 1993 (43)
45,XY,-6/45,idem,?del(17)(p?) Neumann et al 1993 (43)
46,Y,del(X)(p?) Neumann et al 1993 (43)
46,XY,t(12;13)(p13;p11)/46,XY,del(1)(q11) Neumann et al 1993 (43)
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Table 8.4. Continued

Karyotype References

46,XY,-11,+mar Neumann et al 1993 (43)
50,Y,der(X)t(X;1)(p22;q21),+5,+6,+8,+8,i(17)(q10) Neumann et al 1993 (43)
49,XX,+5,+6,+8, add(11)(q?)x2,i(17)(q10), add(22)(p?)/50,XX,+5,+6,+8, add(11),+13,i(17)(q10), add(22) Stuart et al 1993 (640)
45,XY,-22 Fort et al 1994 (172)
44-46,XY,+16,-18 Fujii et al 1994 (44)
44-46,XX,+20 Fujii et al 1994 (44)
45,X,-X,i(17)(q10)/45,idem,+2,-8/89-94,XX,-X,-X,i(17)(q10)x2 Fujii et al 1994 (44)
51-54,XY,+4,+5,+10,+11,+14,+15,i(17)(q10),+18,3-5dmin/102-108,XXYY,i(17)(q10)x2,5-10dmin Fujii et al 1994 (44)
54-60,XX,+1,+2,+4,+5,+10,+11,+12,+14,+15,+17,+18,+21,+22 Fujii et al 1994 (44)
62,XY,-X,-3,-5,-6,-8,-9,-10/115,XXYY,inc Fujii et al 1994 (44)
78-91,XXY,-Y,-1,-6,-8,-10,-14,-15,-16,i(17)(q10)x2 Fujii et al 1994 (44)
90-93,XXY,-Y,-3,-10,-15,+18,+21 Fujii et al 1994 (44)
148-153,X?,inc Fujii et al 1994 (44)
68-78,XXY,+Y,+Y,-2,-3,-4,+add(5)(q11),-8,-9,-10,-11,add(12)(p13),t(?15;16)(q13;p13),

+add(16)(q13),+17,add(17)(p11)x2,add(18)(q12),+20,-22,+5-15mar,dmin
Tomlinson et al 1994 (108)

43-45,XX,-22 Vagner-Capodano et al 1994 (93)
44-50,XY,+21 Vagner-Capodano et al 1994 (93)
45,XX,add(9)(p24),-10 Vagner-Capodano et al 1994 (93)
45,XX,-22 (2 cases) Vagner-Capodano et al 1994 (93)
45,X,-X,i(17)(q10) Vagner-Capodano et al 1994 (93)
46,XY,add(10)(q26),-17,+mar Vagner-Capodano et al 1994 (93)
46,XX,i(17)(q10) Vagner-Capodano et al 1994 (93)
46,XY,-22 Vagner-Capodano et al 1994 (93)
48-54,XX,+1,+11 Vagner-Capodano et al 1994 (93)
49,XX,+7,+11,+12 Vagner-Capodano et al 1994 (93)
49-52,XY,+1,i(17)(q10) Vagner-Capodano et al 1994 (93)
36-91,XX, del(1)(p36), add(2)(q33),t(3;6)(p21;q12),add(7)(q22), add(8)(q24),der(12;16)(q10;p10) Agmanolis and Malone 1995 (554)
40-88,X,-X,-X,-X,t(2;15)(q37;q15),add(5)(p15),t(5;6)(q13;q21),add(11)(p15)x2,add(14)(p11),

add(21)(p11),+3-6mar
Agmanolis and Malone 1995 (554)

80-91,XX,-X,-X,-3,+7,-8,-13,-13,i(17)(q10) x2,+18 Agmanolis and Malone 1995 (554)
45,XY,-8,i(17)(q10) Biegel et al 1995 (46)
46,XY,add(11)(p11),i(17)(q10)/47,idem,+7 Biegel et al 1995 (46)
46,XY,del(3)(q?),del(6)(q?) Biegel et al 1995 (46)
46,XX,del(5)(q3?),add(6)(p22),del(6)(q?) Biegel et al 1995 (46)
46,XY,i(17)(q10),dmin Biegel et al 1995 (46)
46,XY,t(1;6)(p21;q11-q13) Biegel et al 1995 (46)
47,XX,+mar Biegel et al 1995 (46)
45-46,XX,?del(17)(p?),inc
47,XY,+19 Biegel et al 1995 (46)
70-73,XX,-X,+3,-4,+6,+7,+7,+7,+9,-14,+19,-20,-22 Biegel et al 1995 (46)
74-90,XXYY,-3,+7,+7,-8,-11,-14,-14,-15,-16,i(17)(q10)x2,+2mar Biegel et al 1995 (46)
82-92,XXY?Y,-2,+7,-8,-10,-11,-13,i(17)(q10)x2,inc Biegel et al 1995 (46)
90,XXX,-X,i(17)(q10)x2,-21 Biegel et al 1995 (46)
93-96,XXYY,-3,-3,+7,-8,-8,i(11)(q10)x2,+13,-17,i(17)(q10),inc Biegel et al 1995 (46)
45,XY,add(1)(p32),del(6)(q21),t(7;13)(q11;q34),add(9)(q?),del(11)(q23),-16,der(20)t(1;20) (p13;q13) Sainati et al 1996 (641)
45,X,-Y,i(17)(q10) Sainati et al 1996 (641)
46,XY,add(8)(q?),i(17)(q10)/46,idem,dmin Sainati et al 1996 (641)
46,XY,add(1)(p?)/46,XY,der(3)t(1;3)(q23;p25) Sainati et al 1996 (641)
46,XX,t(17;17)(p?;p?) Sainati et al 1996 (641)
48,XY,+add(1)(p13),add(4)(q?),+8,+10,dup(11)(q13q23),+12,-16,-20 Sainati et al 1996 (641)
84-88,XXYY,i(17)(q10)x2,inc Sainati et al 1996 (641)
44,X,-X,i(17)(q10), dmin/90, idemx2/50-95,idemx2,+5,+6,+7/106,

idemx2,+X,+X,+5,+5,+6,+6,+7,+7,+7,+8,+9,+10,+12,+13,+19,+20
Bhattacharjee et al 1997 (56)

45,XY,-8,del(11)(q21q23),add(18)(p11)/47,idem,+7,+8,add(20)(q13) Bhattacharjee et al 1997 (56)
45,XY,-8,i(17)(q10)/67-93,idem,x2,-3,+7,+7,-11 Bhattacharjee et al 1997 (56)
45,XX,-22 (2 cases) Bhattacharjee et al 1997 (56)
45,XX,-22/44,idem,-10 Bhattacharjee et al 1997 (56)
45-52,XY,add(3)(q13),+5,+6,+7, add(14)(q32),i(17)(q10),+18,+19, +mar Bhattacharjee et al 1997 (56)
46,XY,add(8)(p11) Bhattacharjee et al 1997 (56)
46,XY,inv(3)(p21q27),del(10)(q22q26) Bhattacharjee et al 1997 (56)
46,XY,+7,i(17)(q10),+mar Bhattacharjee et al 1997 (56)
46,XX,-22,+mar/46,idem,i(7)(q10) Bhattacharjee et al 1997 (56)
46-92,XXYY, del(9)(p22), add(13)(q?34)x2, add(16)(q?13)x2,i(17)(q10)x2 Bhattacharjee et al 1997 (56)
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Table 8.4. Continued

Karyotype References

57-129,XXYY,i(17)(q10),+mar,inc Bhattacharjee et al 1997 (56)
60,XX,-?X,-2,-3,+5,-8,-11,-12,-15,-20,-21,-22/114-116,idemx2 Bhattacharjee et al 1997 (56)
63-98,XY,-X,i(1)(q10),inc Bhattacharjee et al 1997 (56)
66,XY,-X,+Y,-2,-3,+5,-6,+9,-10,+11,+12,-16,-18,+20,-21,-22 Bhattacharjee et al 1997 (56)
67,XXY,t(1;3)(p13;p13),-2,+3,+5,+7,-8,-10,-11,-13,der(16)t(1;16)(q21;q24),+17,+18,-21,-22 Bhattacharjee et al 1997 (56)
67-84,XXY,+1,add(2)(q21),+3,+4,+6,+7,+8,+9,+11,+12-13,-14,-15,-16,-17,add(19)(q13),+21,+7-13 mar Bhattacharjee et al 1997 (56)
85-96,XXYY,+7,+8,i(17)(q10),+18 Bhattacharjee et al 1997 (56)
46,XY,i(17)(q10) Biegel and Wentz 1997 (100)
51,XX,+6,+8,+8,+13,i(17)(q10),+19 Biegel and Wentz 1997 (100)
44,X,-Y,+del(1)(p13),-16,i(17)(q10),-21,dmin/45-46,idem,+6,+8,+18,+mar Bigner et al 1997 (55)
45,XY,+del(1)(p22p34),del(3)(q12),-22,-22/46,XY,+der(1)t(1;19)(q11;q13),+3,del(3)x2,+9,-18,-19,-22,-22,+mar Bigner et al 1997 (55)
45,XY,-8,i(17)(q10) Bigner et al 1997 (55)
45,XX,-22 (2 cases) Bigner et al 1997 (55)
46,XX,der(13)t(1;13)(p11;q34),i(17)(q10),dmin/50,idem,+3,+6,+18,+21 Bigner et al 1997 (55)
46,XY,t(1;4)(q31;q35) Bigner et al 1997 (55)
47,XY,+7 Bigner et al 1997 (55)
53,XX,der(1)t(1;1)(p36;q21),+6,+7,+17,+18,+18,+19,+21 Bigner et al 1997 (55)
56,XX,+der(1)t(1;1)(p36;q25), add(4)(q35),+6,+7,+8,+13, add(16)(q24),+18,+20,+20, +2mar Bigner et al 1997 (55)
79,X,-X,-Y,+1,+1,+2,+2,+3,-6,+7,+7,-10,+11,+12,-13,-13,-15,add(15)(p11)x2,-16,-17,-18,+20,+7-8mar,dmin,inc Bigner et al 1997 (55)
87,XXYY,add(1)(p36)x2,i(17)(q10)x2,dmin,inc Bigner et al 1997 (55)
94-96,XX,-X,-X,del(3)(p13p25),i(17)(q10)x2,inc Bigner et al 1997 (55)
91,XXXX,del(9)(q13),-12,add(12)(q24),-14,der(15)t(3;15)(q11;p11),-17,i(17)(q10),+2mar Lpez-Gins et al 1997 (642)
46,XX,add(16)(q24),der(19)t(1;19)(q23;q13)/65-68,XX,-X,+der(19)t(1;19)x2 Vagner-Capodano et al 1997 (643)
39-49,X,-X(or -Y),add(6)(p22 or p23),add(8)(q23 or q24),add(16)(q10),i(17)(q10) add(20)(q13) Bruggers et al 1998 (185)
45,XY,del(10)(q22), der(13)t(1;13)(q11;p11), der(16)t(7;16)(q21;q24), idic(17)(p11),-21 Scheurlen et al 1999 (643A)
43-46,X,der(Y)t(Y;15)(q?;q?),-5,+8,+11,-12,-15,-21 Bayani et al 2000 (85)
45,XX,der(1)t(1;7)(p36;?),der(15)t(15;21),-21,-22,+der(?)t(?;1;7)/42,XX,+der(4),-6,

-11,der(12)t(12;19)(p?;q?),-15,-19,-20/46,XX,der(8)t(8;21),der(15)t(15;21),der(20)t(13;20),dmin
Bayani et al 2000 (85)

45,X,der(3)(p?),der(7)(q?),-10,t(17;18)(p11;q11),-22,+mar,60dmin,inc Bayani et al 2000 (85)
45-46,XY,der(1),-22,?der(22) Bayani et al 2000 (85)
46,XY,add(14)(q24)/47,idem,+7 Bayani et al 2000 (85)
46,XY,inv(7)(p11q34),inv(10)(q12q22), add(18)(p11),-20, +mar/46,XY,del(8)(p21), +mar/46,XY, del(5)(p13),

t(11;13)(p13;q14),t(18;22)(q23;q11)/46,XY,t(1;3)(q32;q27),inv(10)(p12q25),add(16)(p?)/46,XY,del(3)(q?)x2,
t(6;14)(q27;q11),-18,+2mar

Bayani et al 2000 (85)

46,XY,-3,+der(5)t(5;7), der(10)t(10;14)(q2?3;q3?1), del(11)(p?)/41,XY, der(3)t(3;7)(q11;q11),-8, der(10)t(10;14),
-11,-17,-21,-22/45,XY,der(3)t(3;7),+i(7)(q10),del(11),-22,inc/46,XY,-3,+der(5)x2,-10,del(11)(p?)

Bayani et al 2000 (85)

46,XX,-6 Bayani et al 2000 (85)
46,XX,-10,+r Bayani et al 2000 (85)
47,XY,add(5)(q?),?del(6)(q?),-9,-10,+13,+14,?i(17)(q10), ?add(22)(q?), +mar Bayani et al 2000 (85)
92,X?,100-200dmin,inc Bayani et al 2000 (85)
95,XXYY,+6,+8,-13,-14,-15, del(17)(p11),+20,+21,+2mar Bayani et al 2000 (85)
99-105,XXX,-X,+1,-3,-4,+7,-8,-10,-11,+12,-13,+14,+15,-16,+17,+18,+18,+19,+20,-21,-22 Bayani et al 2000 (85)
45,XY,-7,add(8)(q24.1), add(16)(q13), i(17q)(q10), der(20)t(1;20)(q12;q13.3) Gilhuis et al 2000 (117)
46,XX,del(10)(q22q24) Gilhuis et al 2000 (117)
80-90,XXXX,-1,-9,-12,-14,-16,del(17)(p11),-18,+mar Gilhuis et al 2000 (117)
46,XY,add(8)(p?),-10,add(11)(p13),-15,del(15)(q12),?del(17)(p?),+2mar/92,idemx2 Roberts et al 2001 (593)
46,XY,?add(17)(q?) Roberts et al 2001 (593)
46,XY,der(2)add(2)(p24)add(2)(q33),del(15)(q1?q21) Roberts et al 2001 (593)
46-47,XX,+2,+mar/89-92,XX,-X,-X,+add(1)(q?),+2,+add(2)(p?),-6,-6,-7,-7,+8,-10,-14,-14,-16,-17,-17,

-17,-20,+4mar
Roberts et al 2001 (593)

80-86,XYY,add(X)(p22),i(3)(q10)x2,der(7)t(7;11)(q22;q13),i(9)(p10),-11,add(11)(q23),-14,-14,-16,-17,20,-22 Roberts et al 2001 (593)
93,XX,-Y,Y,+X,-2,-3,-5,-8,-8,+9,+9,+9,-10,-10,-11,-11,-13,-13,-

15,+17,+add(17)(p11)x2,i(17)(q10)x2,+18,+18,+18,+18,+20,+20,+20,-21,+22,+2mar
Roberts et al 2001 (593)

46,XY,ins(1;10)(q31;q23q26) DeChiara et al 2002 (644)
47,XY,+4,i(17)(q10)/92-93, idemx2/88-92, idemx2,der(8)t(8;17)(p21;q2?3)x2/48, idem,+7, der(8)t(8;17)/48,

idem,+7, der(8)t(8;17)der(19)t(12;19)(p12;q13)/47,idem,dup(7)(q?),der(19)t(12;19)/92-93,
idemx2,dup(7)(q?)x2,der(19)t(12;19)x2/49,idem,der(8)t(8;17),der(19)t(12;19),+r

Cohen et al 2004 (551)

86-90,XX,-X,-X,der(11)t(11;14)(p11;q11)x2,-12,der(13)t(X;13)(?;p11)x2,-14,-14,der(16) t(X;16)(p11;q22)x2,
add(19)(q13)x2, der(22)t(2;22)(?;q13)x2,+r/88, idem,10-200dmin/88, idem,t(10;16)

Cohen et al 2004 (551)
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Table 8.4. Continued

Karyotype References

45-46,XY7add(l)(p3l.l),t(2;8)(p21;q24.l ),add(3)(q25),t(9;15)(q22;q13),add(12)(p11.2), +1 -2mar,inc (lingual
metastasis)

Donner et al 2005 (746)

40-46,XY,add(l)(p36.l),add(2)(q33),t(2;8)(p21;q24.1),-3,t(3;5)(q21;p15.1 ), add(4)(p14),-5,de1(5)
(q 15q33),de1(6)(p2l.l),add(8)(q13),-9,add(9)(p22),t(9;15)(q22;q13), add(10)(q22),add(11)(p13),-12,add(12)
(p11.2),de1(12)(q15),-14,add(l7)(q25),add(18)(q21 ), add(20)(q13. 1),-22,+1-5mar.inc (vertebral
metastasis)

36-47,X,-X,+der(1)t(1;14)(p22;q11),del(2)(q23),ins(3;?)(p21;?),-4,del(5)(q22),del(6)(p21),
der(7)t(7;15)(q22;q15), add(8)(p23), add(11)(q23), add(12)(q24),-13,-14, der(16)t(8;16)(p11;p13),-17,
der(20)t(2;20)(q21;q13), add(22)(q13),+r,inc

Glanz et al 2007 (807)

45,XX,-22 (2 cases) Glanz et al 2007 (807)
46,XY,der(1;8)(q10;q10),i(7)(q10),add(17)(q21),der(18)t(1;18)(p13;q21) Glanz et al 2007 (807)
88,XXYY,+1,+1,-3,-3,-11,-11,-17,-17 Glanz et al2007 (807)
PNET
46-47,XY,+3,del(3)(q13)x2,+del(5)(p11)x2,-10,del(11)(p13),?i(13)(q10),-18 Bigner et al 1988 (39)
85-87,XXYY,del(1)(p21)x2, del(1)(q11)x2, add(2)(q37), del(3)(p11), ?i(3)(p10), i(17)(q10)x2, dmin,inc Bigner et al 1988 (39)
45,XY,-22 Chadduck et al 1991 (550)
43-44,XY,+2,-6,der(10)t(10;11)(q26;q21),-12,-13,+mar/84-90,XXYY,der(10)t(10;11)(q26;q21)der(10)

t(10;11)(q26;q21),del(11)(q21),del(11)(q21),+2mar
Fujii et al 1994 (44)

46,XY,+i(1)(q10),-9,t(9;11)(q34;q13) Bhattacharjee et al 1997 (556)
46,XY,t(6;19)(q21;q13),del(10)(q22)/45,idem,t(11;13)(q15;q11),-13 Bigner et al 1997 (55)
49,XX,add(3)(q23 or q24),+5,+8, dup(11)(q12q22.3 or q13q23), del(16)(q22q24), add(19)(p13), +21 Burnett et al 1997 (99)
90,XX,add(X)(p22)x2,dic(1;9)(q42;p21)x2,dic(4;9)(q3?5;p2?2),-6,add(6)(p24),-9,add(11)(p15)x2,-

15x2,add(16)(q2?2),+mar1,+mar2
Burnett et al 1997 (96)

46,X,?der(X),?der(10)(p?), ?der(14)(q?), add(19)(q?), ?add(22)(q?), del(22)(q?) Bayani et al 2000 (85)
46,XY,t(6;13)(q25;q14) Bayani et al 2000 (85)
55-75,XX,-X,del(1)(p22),i(4)(p10),-5,+6,+add(7)(q36),add(9)(p21),-11,-13,-17,add(18)(q23),-19,-

19,+13mar,dmin
Bayani et al 2000 (85)

70-103,X?,+2r,dmin,inc Bayani et al 2000 (85)
46,XX,del(2)(p22p23),del(5)(q33q35)/46,idem,del(17)(q21q21) Roberts et al 2001 (593)
56-59,Xc,+X,+1,+add(1)(p?), +add(1)(q?),+del(2)(p24),+7, +add(8)(q?),

der(9;15)(q10;q10)x2,+11,+13,+18,+20,+20
Roberts et al 2001 (593)

69-75,XX,-X,add(1)(q42)x2,-4,-4,add(4)(q3?),-10,-11,del(11)(q2?),-13,-16,-18,+7-13mar,dmin Roberts et al 2001 (593)
52,XX,+1,+1,add(3)(q25),+7,+7,add(11)(q25)x2,+21,+21 Uematsu et al 2002 (645)
49,XX,+9,der(11)del(11)(q?)t(1;11)(p?;q?),+13,+der(18)t(11;18)(q?;q?) Batanian et al 2003 (552)
39-42,X,-X,-1,ins(1)(q21q42q12), t(1;8)(q1?;q2?), der(2)t(2;21)(q37;q10), der(3)t(3;13)(q27;?),

der(4)t(4;21)(q1?;q10),der(5)t(5;21)(q?;?),der(6)t(2;6)(?;q26),der(7)t(7;13;4)(q22;?;q2?),
der(11)t(11;14)(p13;q11),-13,-14,-21,-21/39-42,idem,der(2)t(2;15)(p11;q?),-6/39-42,X,-X,del(1)(q12),t(1;8),
der(1)t(1;14)(q12;?),der(2)t(2;16),der(3)t(3;13)(q27;?),der(4)t(4;21)(q1?;q10),der(5)t(5;21)(q?;?),der(6)t(2;6)(?;q26),
der(7)t(7;13;4),der(9)t(2;9)(?;q34),der(11)t(11;14),-13,-14,-14,-16,-19,-21,-21
39-42,idem,der(2)t(2;21)(q37;q10),-der(2)t(2;16),-11

Cohen et al 2004 (551)

Pineoblastoma
42-46,XX,add(1)(p36), del(1)(p13p21), inc Griffin et al 1988 (40)
45-47,XY,add(1)(q44),Dq+,inc Grififn et al 1988 (40)
46,XY,del(11)(q13.1q13.5) Sreekantaiah et al 1989 (646)
45,XY,-22 Fort et al 1994 (172)
Near-diploid,i(17q) Kees et al 1994 (594)*
72-86,add(Xp)x2,-3,-9,-10,-12,-13,add(13q),-17,i(17q),dmin Kees et al 1994 (594)*
46,XX,+14,-22/46,idem,-20,+mar Bigner et al 1997 (55)
46,XY,der(10)t(10;17)(q21;q22-q23),der(16)t(1;16)(q12;q11.2) Kees et al 1998 (595)
45,XX,-22 Roberts et al 2001 (593)
63-82,XXX,+X,+2,+3,+4,+5,+7,+9,+11,+12,-14,+15,+16,+17,+18,+20,+21,+22 Roberts et al 2001 (593)
*42,XX,+1, dup(1)(q11q25)x2,-8, der(11)t(11;17)(p11.2;q11),

der(13)t(13;?;17)(p11;?;q11),-16,-17,-18,-19,-20,-21, +2mar/42, idem, add(2)(p21)
Brown et al 2001 (744)

*54∼56,XX,t(1;16)(p13;q13),+add(1)(p21)x2,-15,+19,+19,del(19)(q13),+21,+21,+2-4mar Brown et al 2001 (744)
*80-83<4n>,XXXX,-1,-2,-3,-4,-6,-9,add(12)(p13),-13,-16,-20,-21,+mar Brown et al 2006 (744)
*93-99,XXXX,+9,-13,+14,i(17)(q10),+19,+19,+20,+0-5mar/93 99,idem,der(1)t(1;11)(p36;q14),-6,+12 Brown et al 2006 (744)

*See text.
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Figure 8.3. A pseudodiploid karyotype of the
medulloblastoma shown in Fig. 1 with 46 chromo-
somes and an i(17q) as the only change in this tumor
(637).

Figure 8.4. A karyotype containing 90 chromosomes in a medulloblastoma. The only structural abnormality, in addition to the many
numerical changes, was the presence of two i(17q), an abnormality seen in a substantial proportion of medulloblastomas.

significance of this cytogenetic change. Loss of chromosome
22 (–22) is common in AT/RT (61) and meningioma, although
it is not uncommon in medulloblastoma. Table 8.4 contains
13 medulloblastomas with –22 as the only anomaly and 11
tumors in which –22 was part of more complicated kary-
otypes. However, in contrast to AT/RT, mutations of the INI1
gene are very rare in medulloblastoma (62,63). Thus, it seems
that different genes are involved in the two types of tumors
with –22.

Because of the complex histologic nature of AT/RT, they
are often misclassified as PNET or medulloblastoma (64, 65).
As mentioned above, it has been suggested that medulloblas-
tomas bearing monosomy 22 (–22), either alone or in conjunc-
tion with other abnormalities, may constitute a separate noso-

logic subset (55, 56). Four cases of desmoplastic medul-
loblastoma with monosomy 22 as the only change have been
reported (52), suggesting that monosomy 22 may be associ-
ated with the desmoplastic phenotype. In addition, the pres-
ence of a t(11;22) in AT/RT (66,67) further differentiates these
tumors from medulloblastoma.

Less frequent cytogenetic alterations in medulloblas-
toma include structural alterations, unbalanced translocations
(Figure 8.6), or deletions of chromosomes 3, 4q, 5q, 5p12,
chromosomes 6 and 8, 8q, chromosomes 10 and 11, 12q, 16q,
and chromosomes 21 or X (39, 40, 43, 44, 47, 56, 60, 61, 68).
Abnormalities of chromosomes 11 combined with those of 17
have been reported: three patients with monosomy 11 (–11)
and i(17q), and three patients with monosomy 11 (–11) and
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Figure 8.5. A hyperdiploid karyotype of a medul-
loblastoma containing 51 chromosomes and three
dmin. The latter are usually associated with gene
amplification. Of interest in this case is that neither
MYC nor MYCN was amplified. The presence of an
i(17q) in this tumor is a common finding in medul-
loblastoma. The abnormal chromosome 14 was due
to an unbalanced translocation (1;14)(p11;p11) (109).

Figure 8.6. Pseudodiploid karyotype of a medul-
loblastoma containing 46 chromosomes and an
abnormal chromosome 6 (der 6) due to an unbal-
anced translocation (1;6)(q21;q13). The breakpoints
involved are shown by arrows in the inset (638).
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gain of chromosome 17 (47). The loss of chromosome 11
was found to be more frequent in patients who had localized
disease (47).

As with other malignant tumors, examination of the cytoge-
netic changes in medulloblastomas reveals varying numbers
of normal karyotypes in some tumors, particularly after short-
term culture, and the meaning of the normal karyotypes has
been a subject of controversy, i.e., whether they belong to the
tumor or are of normal cell origin with growth advantages over
the tumor cells in short-term cultures.

An example is the study (69) of nine medulloblastomas
with normal karyotypes after culture of tumor samples for
4–9 days. Centromeric FISH probes for chromosomes 3 and
17 were applied to touch preparations of frozen tumor tissues
and revealed seven of nine of the medulloblastomas to contain
significant numbers of cells with three to four signals (indica-
tive of triploidy or tetraploidy), although in four of the tumors
the majority of the cells had 2 normal signals (diploidy)
for chromosome 3 or 17 (two tumors showed two signals
for both chromosomes). DNA studies on paraffin-embedded
tumor showed six of the tumors to contain 3-4n values. The
results are somewhat baffling, particularly in the tumor with
a 2n DNA content and yet containing 70% of cells with three
signals for chromosome 3 and 18% for chromosome 17, and
tumors with preponderantly disomic signals for chromosomes
3 and 17 and with 3-4n DNA content. It would seem that in
the nine tumors with normal karyotypes, the normal diploid
cells had a growth advantage over the polyploid cells, if in fact
the latter were tumors cells.

Cytogenetic Aspects of Chromosome 17
in Medulloblastoma

Much attention has been given to changes of chromo-
some 17 in medulloblastomas, due to its frequent involve-
ment in rearrangements in these tumors, i.e., as an iso(17q)
(Figures 8.3– 8.5) and variable loss of the short arm of chro-
mosome 17 (17p), and the strong possibility that this arm
harbors a gene (other than TP53) causally related to medul-
loblastoma (41, 70–72, 72A).

The key role of i(17q) in the pathogenesis of medulloblas-
toma has already been mentioned, particularly because cases
with this karyotypic change as the sole anomaly have been
reported (Table 8.4). Deletion of 17p may occur indepen-
dently of the i(17q) formation and vice versa. Other struc-
tural changes of chromosome 17, including nonreciprocal
translocations have been reported (55,73,74). LOH and CGH
studies have shown variable loss of 17p in 30–50% of medul-
loblastomas (47, 59, 60, 75–87). Although loss of 17p usually
involves substantial parts of the chromosome arm, small distal
deletions have been described previously (49, 76). Mutations
of TP53 (located at 17p13.1) occur in <10% of medul-
loblastomas (75, 88–91), and cogent genes on 17p related
to medulloblastoma causation are yet to be identified. The
effects of an isochromosome (17q) in medulloblastoma are

mediated by gene-dosage effects of genes on 17p or 17q
rather than by the disruption or deregulation of a “breakpoint”
gene (91A).

Most medulloblastomas with 17p loss have breakpoints at
17p11.2 (78). This chromosomal region is deleted or dupli-
cated in the Smith–Magenis syndrome (92), and instability
in this region is a plausible explanation for the tendency for
17p loss to occur through isochromosome formation. Even
though the incidence of medulloblastoma is not increased in
this syndrome, the underlying mechanism that produces chro-
mosomal disruption and recombination within this region of
chromosome 17 might be relevant to medulloblastoma genesis
(78). Isochromosome 17q has been demonstrated in inter-
phase of medulloblastoma nuclei using FISH (46, 93, 94).
Although i(17q) is the most common mechanism for 17p
loss in medulloblastomas, in some cases, partial or complete
loss of 17p occurs through interstitial deletions, unbalanced
translocations, or monosomy 17 (49).

Because loss of the short arm of chromosome 17 is a most
common cytogenetic and molecular change in medulloblas-
toma, much effort has been expended in studies attempting to
delineate the area on 17p in which is located a gene possibly
responsible for the development of medulloblastoma. The
failure to find TP53 (located at 17p13.1) mutations or involve-
ment in a significant percentage of medulloblastomas (95–98),
has led to the suggestion that a gene distal to TP53 is the likely
candidate.

Loss at 17p13.3 is not parentally related (99), nor is the
origin of the i(17q) (100). Attempts to identify a possible gene
on 17q that may play a role in medulloblastoma have so far not
been successful (101). Deletions of 17p lead to loss of REN
effects, particularly as a SHH antagonist, thus removing a
checkpoint of SHH-dependent events during cerebellar devel-
opment and tumorigenesis (101A).

LOH studies of 17p13.3-p13.2, although revealing loss in
50% of medulloblastomas, excluded the involvement of the
TP53 and ABR genes (102). Loss of 17p in medulloblas-
toma has been reported to be associated with an unfavorable
outcome (Figure 8.7) (90, 103, 104); yet the presence of an
i(17q) seems not to influence the outcome (105). Examina-
tion of Table 8.4 reveals that loss of a sex chromosome is not
infrequent in medulloblastoma, i.e., -Y in 5% of the males and
loss of an X in >10% of the tumors, mostly of female origin.
These findings are reflected by the not infrequent loss of the
X-chromosome revealed by CGH and the rather infrequent
loss of the Y-chromosome.

dmin in Medulloblastoma

Table 8.4 reveals that approximately 7% of medulloblastomas
have dmin as part of their karyotypes (Figure 8.5). These
dmin are usually associated with gene amplification (e.g.,
MYC or MYCN), they and are present in a majority of medul-
loblastoma cell lines and xenografts (39), where they may
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Figure 8.7. Survival of patients with medulloblastoma is related to LOH of 17p and MYC amplification. Survival was shortest for the
patients with amplification of MYC in their tumors. LOH of 17p carried with it a poor survival outcome (from ref. (79) with permission).

assume the morphologic form of homogeneously staining
regions (hsr).

Amplification of MYC in medulloblastoma (90, 106, 107)
and less often of MYCN (108), as mentioned, seem to be
related to the presence of dmin (85, 109). An association of
MYC amplification with the presence of dmin and an unfavor-
able clinical course in patients with medulloblastoma has been
reported previously (78, 110).

A study (111) investigated MYC amplification in 77 cases of
paraffin-embedded medulloblastomas and found four positive
tumors (5.2%). This is in keeping with the general experience
regarding the incidence of dmin in medulloblastoma, which
has ranged from 5 to 10%.

In a study (106) of three medulloblastoma cell lines and
four xenografts, four of seven were shown to contain dmin,
and MYC amplification. No amplification was present in the
specimens without dmin, although in one tumor MYC was
rearranged. A medulloblastoma cell line with a complex kary-
otype contained dmin (112). The presence of dmin is almost
always associated with gene amplification, but the latter may
occur in the absence of dmin.

Dmin are more commonly seen in medulloblastoma cell
lines than in primary tumors (113–115).

It is of interest that the incidence of dmin in medulloblas-
toma (approx 7%) observed cytogenetically is similar to the
percentage of tumors with MYC amplification.

SKY and FISH Studies in Medulloblastoma

FISH analysis, for which a large number of specific probes
are available, can identify chromosomal anomalies not only
in metaphases, but most importantly in interphase cells. Thus,
dividing cells obtained on fresh tissues and cells are not
always necessary for FISH analysis, which can be performed
on archival and fixed specimens. For example, i(17q) was

identified in interphase nuclei of medulloblastomas by FISH
(46,93). In fact, the dicentric nature of the i(17q) in these spec-
imens was thus established (46).

Recent advances in molecular cytogenetic procedures have
allowed the recognition of the provenance of abnormal chro-
mosomes (usually labeled as “markers”) and for detection
of subtle chromosomal rearrangements that usually are not
recognized by conventional G-banding analysis. SKY and
multiplex-FISH (M-FISH) and related techniques are multi-
colored FISH procedures that allow for the simultaneous iden-
tification of all chromosomes, both normal and abnormal.
SKY has become a powerful tool in detecting complex
chromosomal rearrangements, including the chromosomal
origins of marker chromosomes, and in elucidating struc-
tural rearrangements that may provide more insight into the
nature of the disease. Together with other methods, such as
G-banding, CGH, FISH, and molecular assays, the amount
of information that can be generated from one specimen has
greatly increased. These procedures are complementary and
when used in combination they can identify abnormalities not
detectable by conventional cytogenetic analysis (85).

One study (85) analyzed 24 pediatric cases in a retro-
spective manner, including 19 medulloblastomas and five
PNET, by using conventional G-banding, CGH, SKY, FISH,
and semiquantitative polymerase chain reaction (PCR), either
alone or in combination. The goal of the study (85) was
to screen a series of tumors to ascertain the chromo-
somal changes that occur both numerically and structurally,
and to determine whether there are consistent rearrange-
ments or translocations specific to medulloblastomas and
PNET.

The combined results, although in line with those reported
previosuly, e.g., gain of 17q and chromosome 7 in 60% of the
tumors, revealed a higher frequency of rearrangements than
that observed by any single technique (85). For example, a
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normal CGH pattern in one case was shown to be abnormal
by cytogenetics and loss or gain or chromosomal material
was more evident in some tumors upon CGH analysis than
by cytogenetics. Yet, loss of 17p, the commonest alteration
in medulloblastoma, was observed in only one of 10 tumors
by CGH, with no indications that the other methodologies
pointed to such loss.

CGH Studies in Medulloblastoma

A succinct and yet comprehensive review of CGH findings in
central nervous system (CNS) tumors, including medulloblas-
toma, PNET, and pineoblastoma has been published (36).
Studies using quantitative comparative genomic hybridization
(CGH) (116) have demonstrated a greater degree of genomic
imbalance in medulloblastoma than previously recognized,
confirming loss of 17p with gain of 17q as the most frequent
findings (47, 59, 60, 117). Table 8.5 and Figure 8.8 show the
common changes (e.g., gains, losses, and amplifications) of
chromosomal material as determined by CGH in medulloblas-
toma. In general, little variation was present among the more
frequent findings in the various CGH studies, although some
authors pointed to special features or unique observations
related to these tumors, some of which are mentioned in the
following paragraphs.

Not all chromosomal gains and losses in medulloblas-
toma determined by CGH are shown in Table 8.5, primarily
because they were encountered in a small number of these
tumors. Yet, some of these infrequent changes may be related
to small subsets of medulloblastoma associated with if not
caused by genes, e.g., the PTCH gene and loss of 9q and
the DCC gene and loss of 18q and the minimally deleted
region of 13q14-q22 and genes RB1, DBM1, and BRCA2.
Some detailed features of CGH findings in medulloblastoma
are listed in Table 8.6.

Table 8.5. Common CGH findings in medulloblastoma.

Losses: 8p, 10q, 11q, 16q, 17p
Gains: 1q, 2p, chromosome 7, 8q, 12q, 17q
Amplifications at: 17q, 7q, 8q24, 2p21, 5p15.3, 11q22.3 (in order of their

frequency)
Minimal deletion regions: 1q31-q32, 10q25, 11p13-p15.1, 16q24.1-q24.3

The data represent our consensus of the most common CGH changes in the
150 medulloblastomasthe available in the literature [Brown et al 2000 (14),
Reardon et al 1997, 2000 (17, 59), Avet-Loiseau et al 1999 (47), Russo et
al 1999 (82), Rienstein et al 2000 (83), Aldosari et al 2000 (84), Bayani et
al 2000 (85), Nishizaki et al 1999 (86), Langdon et al 2006 (110), Gilhuis
et al 2000 (117), Rickert and Paulus 2004 (118), Eberhart et al 2002 (120),
Michiels et al 2002 (121), Rossi et al 2006 (122),Tong et al 2004 (126),Jay et
al 1999 (180), Inda et al 2004 (562), Frhwald et al 2000 (563), and Hui et al
2005 (647).
The introduction of array-CGH methodologies with higher sensitivity (at 1
Mbp resolution) Rossi et al 2006 (122), Hui et al 2005 (647), Lo et al 2007
(648)], than that of previous methods ( 10 Mbp) will undoubtedly lead to
modifications and expansion of the data shown in the Table.

Although one CGH study (86) suggested an association
between the number of chromosomal changes in medulloblas-
toma and an unfavorable prognosis on the basis of only six
cases, larger studies (59,80,81,117) failed to identify specific
genetic abnormalities or patterns associated with prognosis.
In one of these studies (80), an association of loss of chromo-
some 22 (–22) and a poor prognosis in classic medulloblas-
tomas possibly existed. The classic tumors with –22 tended to
occur in young patients with a median age of 8 months (80).
Loss of 22 (–22) was found in 12% of medulloblastomas in
another study (82). These findings point to a possible relation-
ship between these medulloblastomas and AT/RT in which –
22 is common (118). Although an association between LOH
on 17p and an adverse prognosis has been reported previously
(119), these findings could not be supported by CGH findings
(59, 80, 86).

Loss of 17p by CGH is more frequent in classic than desmo-
plastic medulloblastomas (80), and it has been reported to
occur almost exclusively in anaplastic tumors (120) in which
there is a strong association between MYC and MYCN ampli-
fication and loss of 17p. Gain of 17q did not influence
survival (80).

Gain of 12q was encountered in 16–20% of medulloblas-
tomas based on CGH (59, 80, 120), possibly involving the
EGFR pathway (80). Gain of the distal chromosome arm 2p
(117) is of interest in medulloblastomas because it contains
the MYCN gene, amplification of which has been detected in
about 7% of medulloblastomas and it may be associated with
a poor prognosis (121).

A cell line studied by CGH showed amplification on the
distal end of chromosome arm 8q, which corresponds to
the 20-fold amplification of MYC established previously by
Southern hybridization (117). Thus, the gains of 2p and 8q
in medulloblastomas, as detected by CGH, probably represent
amplifications of MYCN and MYC, respectively.

Amplification of MYC (located on 8q24) and MYCN
(located on 2p24) in some medulloblastomas based on CGH
studies (121) are associated with a poor prognosis (60, 85,
117, 120). An aggressive medulloblastoma with both MYC
and MYCN amplification has been reported (107). In a CGH
study of 27 medulloblastomas (81), eight of 27 were found to
have an i(17q), an additional nine tumors had either loss of
17p or gain of 17q and 10 tumors were apparently balanced.
Concomitant results with FISH were concordant with those of
CGH in 21/27 medulloblastomas.

Loss of 10q (10q22-10qter, possibly 10q25.1) determined
by CGH (122) was present in 18–42% of medulloblastomas
(relevant tumor suppressor genes located on that chromo-
somal band are DMBT and PTEN) (47, 59, 83, 117).

Medulloblastomas with +7 or gain of 7q also had –8 (82).
About 80% of medulloblastomas with loss of 8p also had gain
of 17q. The latter did not influence survival (80).

Oncogene amplifications as determined by CGH are rela-
tively rare in medulloblastoma (59, 90, 114, 123), when they
occur they involve MYC (at 8q24), MYCN (at 2p24.1) and
EGFR (at 7p12) (85, 107, 108, 114, 124, 125).
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Figure 8.8. CGH results of chromosomal gains
(bars to the right) and losses (bars to the left) in
medulloblastoma (upper part) and in PNET (lower
part). Loss of 17p and gain of 17q were the most
common changes in medulloblastoma. In this series
of cases, loss of the X chromosomes was frequent.
An extra chromosome 7 was seen in both types of
tumors. Note absence of chromosome 17
involvement in PNET. The thick bars, denoting
amplifications, indicate such changes in 1p, 3p, 4p,
and 6p in medulloblastoma and none in PNET (from
ref. (82) with permission).

Amplification based on CGH studies of oncogenes included
PGY1 (located at 7q21.1), MDM2 (at 12q14.1-q15), and
ERBB2 (at 17q21.2) (126) in nearly 40% of the medul-
loblastomas studied. The results were confirmed with FISH
studies.

Digital karyotyping revealed amplification at 14q22.3 in 2/5
medulloblastomas, which included the OTX2 gene, a home-
obox gene of importance in brain embryogenesis (127).

The genesis and nature of the i(17q) seen in medulloblas-
toma, besides its apparent dicentric morphology, may be more
complicated in some cases. Thus, in a study of a medulloblas-
toma cell line (84), an apparent i(17q) was, in fact, an unbal-
anced translocation between two copies of chromosome 17,
with breakpoints at p12 and q11.1, an explanation that recon-
ciled the cytogenetic and LOH findings (84). This observa-

tion suggests that the chromosomal breakpoints may play a
more important role than the imbalance of genetic material on
the short or long arm of chromosome 17 in medulloblastoma
(122). Besides the results on chromosome 17, CGH (122)
revealed losses of 8p, 10q, 16q, and 20p and gains of 2p, 4p,
and chromosomes 7 and 19, findings in keeping with those
shown in Table 8.5. Fine-resolution mapping provided by
arrayCGH regarding small deletions included 1q23.3-q24.2,
2q13.12, 6q25-qter, 8p23.1, 10q25.1, and 12q13.12-q13.2.
Amplifications were rare, the most common involving MYC
in 16% of the medulloblastomas (122).

Based on arrayCGH, the most frequent aberration was the
coincident loss of part of 17p and gain of 17q through forma-
tion of an isochromosome 17q. The breakpoint on 17p in
this study (122) occurred consistently within a small interval,
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Table 8.6. Highlights of CGH studies in medulloblastoma.

References

Desmoplastic and large-cell medulloblastomas exhibited higher karyotypic heterogeneity, amplification, and aneusomy
than the classic type, as shown by CGH and SKY.

Bayani et al 2000 (85)

CGH revealed amplicons at 2p24-p25, 2q12-q22 and 17p11, and losses at 11q and chromosome 18, and low level gains at
3q, 11p, 13q, and 14q in a large-cell medulloblastoma. MYCN amplification was present, but not of p53.

Reardon et al 2000 (17)

In a CGH study of eight high-grade intraventricular medulloblastomas, loss of 4q was found in six of the tumors and of 6q
in four; losses of 10q and 16q were seen in three and two of the tumors, respectively.

Shlomit et al 2000 (797)

Desmoplastic medulloblastomas had gains of 4q and 13q, changes not found in other types of medulloblastomas.
Desmoplastic medulloblastomas were also characterized by loss of 9q in 25% of cases, whereas gain of 17q was seen in
only 10% of these tumors. Desmoplastic tumors had fewer DNA copy number changes than the other subtypes of
medulloblastoma.

Eberhart et al 2002 (120)
Rickert and Paulus 2004 (118)

Large-cell/anaplastic medulloblastomas had more alterations (6.8 per tumor, especially gains) than other types of
medulloblastoma (3.3 per tumor). A high percentage (50%) of these tumors showed either MYC or MYCN amplification
in conjunction with loss of 17p.

Eberhart et al 2002 (120)
Lamont et al 2004 (15)

In classic medulloblastomas gain of 17q was the single most common alteration in 45–61% of the tumors. Deletions of 17p
was the single most common loss in 30–50% of medulloblastomas, often resulting from the formation of an i(17q).

Rickert and Paulus 2004 (118)
Nicholson et al 2000 (81)

The combination of gain of 17q, as a result of i(17q) formation, and loss of 17p is the most common imbalance in
large-cell/ anaplastic medulloblastomas, occurring in 33 and 62% of cases, respectively.

Rickert and Paulus 2004 (118)

Trisomy 7 (+7), often seen in tumors with an i(17q), was the second most common abnormality among classic and
desmoplastic medulloblastomas.

Rickert and Paulus 2004 (118)

Utilizing array-CGH homozygous deletion was demonstrated in a medulloblastoma cell line and single copy loss in 30.3%
of medulloblastoma tumors.

Hui et al 2005 (647)

Metaphase and array CGH studies of medulloblastoma in South American patients yielded results somewhat at variance
from those of other geographical areas. The association of MYCN and TERT amplification with a poor prognosis in
medulloblastoma was stressed.

Yoshimoto et al 2006 (743A)

Utilizing array-CGH, losses of 1p12-p22.1 and gains of 19p were shown to be more frequent in PNET than in
medulloblastoma. By means of FISH, deletions of 9p21 were common in PNET, some of them being homozygous. All
9p21 deletions were associated with loss of CDKN2A protein expression, a rare finding in medulloblastoma. Gains of
19p were more common in PNET than in medulloblastoma, whereas gains of 17q showed an opposite picture. The
authors suggested that genetic differences exist between PNET and medulloblastomas, and it will be an important line of
future research to identify the cells of origin for both tumor entities and molecular pathways in their development. This
may also provide novel options in the treatment strategy of these pediatric neoplasms.

Pfister et al 2007 (808)

with high-resolution analysis, suggesting that the breakpoint
occurred 5′ of the EPN2 gene (122). Whether the genetic event
that gives rise to this loss of 17p material specifically affects
this gene, rather than exposing recessive mutation in as-yet-
undetermined genes on 17p, is not known (122). The EPN2
gene (128) is expressed in the cerebellum and interacts with
proteins in the endocytic machinery related to protein trans-
port within the cell.

The reasons for some of the discordant results of CGH
versus cytogenetics are likely due to weaknesses of both
procedures. Cytogenetic analysis only evaluates a limited
number of clones, i.e., those in division within each tumor.
Dividing cells (metaphases) generally constitute a minor
population of tumor cells, compared with the dominance of
interphase cells, which primarily contribute to CGH results.
Hence, routine cytogenetic examination may not provide a
complete overview of all genetic aberrations within a tumor.
Culturing of solid tumors is not always successful, and the
cultures may be overgrown by normal cells. CGH only detects
copy number changes involved. Balanced translocations and
inversions cannot be detected by CGH, because equal amounts
of tumor and control DNA are used in CGH experiments.

Although a substantial amount of genetic information has
been accumulated using CGH, as mentioned, a more complete
picture of medulloblastoma can be obtained by correlating

data obtained by a combination of CGH, FISH, and LOH
(110). For example, >40% of medulloblastomas were shown
to have genetic losses by LOH without evidence of DNA copy
number alterations detected by CGH and FISH (110). This
indicates that genetic alterations in medulloblastoma arise
through a complexity of established mechanisms.

LOH Studies in Medulloblastoma

The methodologies used to ascertain LOH in medulloblas-
toma have included RFLP, single-strand conformation poly-
morphism (SSCP), and microsatellite analysis combined with
reverse transcription-polymerase chain reaction (RT-PCR).

These methodologies are more sensitive (84) than CGH,
cytogenetics, or FISH in establishing certain genetic changes
in tumors, although for optimal results a combination of these
methodologies should be used (110).

LOH studies in medulloblastoma (49, 70, 84) dealt with the
common loss of 17p in up to 50% of these tumors, particularly
the region 17p12-p13.1 (49,70,75,78,79,110,129,130), prob-
ably containing a gene of significance in medulloblastoma
development (70, 78, 79, 90, 96, 103, 110, 119, 129, 131–134).
Addressed was the possible involvement of TP53; however,
these studies showed that the LOH area was more distal
to and distinct from TP53, although occasional mutations
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(5–10% of medulloblastomas) of this gene were encountered
(49,70,88,135,136), suggesting that the TP53 gene alterations
may contribute to the pathogenesis of only a small subset
of tumors and that a second tumor suppressor gene may be
located on the short arm of chromosome 17. In support of the
latter hypothesis, deletion mapping has indicated the presence
of another locus distal to TP53 (90, 129). Using pulsed-field
gel electrophoresis, an active BCR-related (ABR) gene locus in
this region that is deleted in approximately 90% of informative
medulloblastomas has been reported previously (129). A dele-
tion mapping study localized a common chromosomal disrup-
tion within a more centromeric region, 17p11.2, in roughly
35% of cases (78).

Loss of 17p has been reported to be indicative of a poor
prognosis (70, 90), although others disagree (103, 104, 132).
However, it has been emphasized that patients with LOH of
17p usually had metastases at the time of diagnosis (79).

Critical loss of 17p may occur through a number of mecha-
nisms: often as a result of i(17q) formation, terminal deletions,
breakage of the i(17q), unbalanced translocations, or homolo-
gous recombinations (84).

Next in LOH frequency in medulloblastoma was involve-
ment of 10q (minimal region 10q21.1-q26.3), observed in
approximately 20–25% of the tumors. Loss at 10q25 was
thought to be the most frequent (137). LOH of 16q22
(minimal region 16q24.1-q24.3) involved about 20% of
medulloblastomas (137). Less frequent (10–15%) LOH has
been shown for both arms of chromosome 11 (11q24-qter),
although conflicting reports have been published (76). For
example, in one study of 19 medulloblastomas, no LOH of
11p was found (76), whereas others have shown LOH changes
in both 11p and 11q in a substantial percentage of these tumors
(13–30%) (79,138–141). The LOH on 11p has been localized
to 11p15.5-pter (139) or 11p13-p15.1 (137). The same state-

ment applies to LOH of 22q (131, 141). Loss of 9q22 was
primarily seen in the nodular/desmoplastic variant of medul-
loblastoma, whereas loss of 10q24 was seen in all histologic
types (15).

LOH at 17p13, a frequent finding in medulloblastoma, was
explored as to the possible genes involved (142). The gene
KCTD11 (REN) was found to be expressed at a lower level in
medulloblastoma than in adult cerebellum and higher than in
neural stem cells. Another gene mapping to 7p13, HIC1, was
not involved in medulloblastoma pathogenesis.

Less commonly LOH affected chromosomal sites at 9q, 8p,
2p, and chromosome 1. Involvement of 9q could be impli-
cated in changes of the PTCH gene (located at 9q22.3-q31)
and that of chromosome 1 in the PTCH2 gene (located at
1p32.1-p32.3), genes that have been shown to have mutations
in sporadic medulloblastoma (143–146, 146A).

LOH in chromosomes and chromosome regions in medul-
loblastoma is shown in Table 8.7, including the frequently
affected chromosomes and chromosome arms and more
defined chromosome regions affected by LOH.

Discrepancies in LOH findings in medulloblastoma may
be explained (141) by the small number of tumors examined
in some studies (123, 138–140) or by the small number of
markers used (76, 79, 123, 138). LOH studies in medulloblas-
toma have been often restricted to specific regions, e.g., 9q,
11p, 17p (76), chromosome 11 and 22q (141) and 10q, and
chromosomes 11 and 16 (137).

Molecular Genetics of Medulloblastoma

Candidate Genes on Chromosome Arm 10q

Losses of genetic material on 10q have been observed
in approximately 20–40% of medulloblastomas (59,
79, 134, 140). The frequency of these alterations varied

Table 8.7. Chromosomes and chromosomal regions (exclusive of 17p) affected by LOH in medulloblastoma.

References

Chromosome arms most frequently affected by LOH: 10q, 11p, 16q, 6q, 9p
Chromosome arms less frequently affected by LOH: 1q, 11q, 22q (1p, 5q, 8p, 16p) James et al 1990 (138)

Thomas and Raffel 1991 (131)
Batra et al 1995 (90)
Blaeker et al 1996 (140)
Albrecht et al 1994 (76)
Kraus et al 1996 (134)
Slavc et al 1997 (649)
Scheurlen et al 1998 (79)
Lescop et al 1999 (141)
Yin et al 2001, 2002 (137, 148)
Zakrzewska et al 2004 (559)

Chromosome regions affected by LOH: 1q31, 9q22, 10q21-q26.3, 11p13-p15.1, Blaeker et al 1996 (140)
11q24-qter, 16q22, 16q24.1-q24.3 Scheurlen et al 1998 (79)

Yin et al 2001, 2002 (137, 148)
Langdon et al 2006 (110)

Homozygous deletion by LOH: 8p22-p23.1 Yin et al 2001, 2002 (137, 148)

Not shown in this table are LOH data on chromosome 17, which affects approximately 50% of medulloblastomas and is the most
common genetic change in these tumors (see text).
LOH of 9q were rare and not seen at 11p in one study (76).
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between different studies, and the target genes were not
always identified with certainty. Two candidate genes
located on 10q have been studied in some detail. The tumor
suppressor gene PTEN located on 10q23 and encoding a
dual-specific phosphatase was found to be frequently affected
in glioblastomas, but only in a single medulloblastoma (59).
Using representational difference analysis, a homozygous
deletion at 10q25.3-q26.1 was identified in a medulloblas-
toma cell line and a novel gene, DMBT1, spanning this
deletion was cloned (147). DMBT1 shows homology to the
scavenger receptor cysteine-rich (SRCR) superfamily. Intra-
genic homozygous deletions have been detected in two of 20
medulloblastomas (147). Therefore, DMBT1 may represent a
putative tumor suppressor gene implicated in the pathogenesis
of a small subset of medulloblastoma. Refined mapping of the
region 10q23.3-10q25.3 in medulloblastomas and cell lines
was undertaken (147A). Allelic loss on 10q was found in five
of 32 of the former and in two of eight of the latter. Changes
of three TSG were evaluated (MXI1, SUFU, and BTRC);
except for one MXI1 mutation, no other changes were found.

Allelic Losses at 8p in Medulloblastoma

A high-resolution genome-wide allelotype analysis was
performed on 12 medulloblastomas (148), with an aim to
characterize putative tumor suppressor loci involved in this
malignant neoplasm. With this methodology, nonrandom
allelic losses somewhat at variance with those obtained with
the usual LOH techniques (Table 8.7), were identified on 8p
(66.7%), 16q (58.3%), and 17p (58.3%), strongly indicating
that alterations of these chromosome arms play critical roles
in medulloblastoma tumorigenesis. Further detailed mapping
showed 8p22-p23.1 to be a region of homozygous deletion.

The aforementioned findings, especially loss of 8p (148),
were compared with those of previous investigations; genetic
data from six genome-wide studies covering a total of 107
medulloblastomas were reviewed (47, 59, 80, 117, 140, 149)
and the summarized results revealed that deletions of 17p
(39%), 10q (35%), 8p (32%), 11p (28%), 11q (28%), and 16q
(28%) were the most frequent genetic abnormalities.

The most striking finding in the study on allelic losses in
medulloblastoma (148), although based on only 12 tumors,
was the high incidence (67%) of allelic deletion on 8p. This
result is in agreement with that of previous low-resolution
allelotyping studies, but it was about twofold higher than those
determined by CGH studies (47, 59, 80, 117, 140). The use of
high-density markers in the microsatellite analysis (148) prob-
ably explains the increased sensitivity of detecting allelic loss.
Frequent deletion of 8p has also been detected in a variety
of tumors, such as prostate, breast, lung, colorectal, bladder,
head and neck, liver, ovarian, and gastric cancers (148).

Deletion mapping has identified several subchromosomal
regions on 8p that are important for cancer development.
These regions are localized to 8p12, 8p21, 8p22, and 8p23,
although the region encompassing an interval of 1.8 cM of

homozygous deletion at 8p22-p23.1 seems to be particu-
larly affected in medulloblastoma (148). However, the exact
gene(s), located in this region and responsible for medul-
loblastoma pathogenesis has remained elusive (148, 149A).

PinX1, a gene located at 8p23.1, a region often deleted
in medulloblastoma through its protein product, is a potent
inhibitor of telomerase activity. Studies in medulloblas-
tomas and PNET revealed no suppression of PinX1 func-
tion, although telomerase activation was present in these
tumors (150).

In a study reflecting the general experience, involving a
large number (approx 150) of medulloblastomas (15), the
frequency of molecular cytogenetic abnormalities in patho-
logic variants of these tumors revealed the following: except
for nodular desmoplastic, i(17q) and loss at 17p13.3 involved
all other tumor types, loss at 9q22 was seen primarily in
nodular desmoplastic and large-cell/anaplastic medulloblas-
tomas and loss of 10q24 affected all types.

Hereditary Syndromes and Medulloblastoma

Highlights of the three most common familial syndromes
with a high (but variable) incidence of medulloblastoma are
outlined in Table 8.8. These syndromes are associated with
mutations of the genes shown in Table 8.8.

There is an association between medulloblastoma and
Gorlin syndrome, or nevoid basal cell nevus syndrome. This is
an autosomal dominant syndrome associated with jaw cysts,
skeletal abnormalities, and multiple basal cell carcinomas.
Population-based studies, however, have suggested that the
association is not as strong as was originally thought, with
medulloblastomas being seen in perhaps 2% of all patients
with Gorlin syndrome and in 5% of those under age 3
(151, 152).

A strong association between medulloblastoma and certain
forms of Turcot syndrome may exist. Turcot syndrome may
be genetically diverse, with germline mutations in either the
adenomatous polyposis coli (APC) gene on 5q or in DNA
mismatch repair genes referred to as hMLH-1 and hPM52. In
the APC form of Turcot syndrome (Table 8.8), seven medul-
loblastomas were seen in 10 patients in one study, suggesting
that the APC gene may be an important oncogene in sporadic
medulloblastomas; however, initial mutational analyses have
been negative (152).

Germline mutations in the TP53 gene have been shown
to be present in at least 50% of families with Li-Fraumeni
syndrome (153–156). However, not all patients who carry a
TP53 germline mutation fulfill the criteria for Li-Fraumeni
syndrome, which are development of a sarcoma before the
age of 45, at least one first–degree relative with any tumor
before the age of 45, and a second (or first)-degree relative
with cancer before age 45 or a sarcoma at any age (156, 157).
In a review of 91 families with germline mutations in the
TP53 gene, only 45 (49%) met these criteria (158). Thus, the
definition of Li-Fraumeni syndrome includes only a subset of
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Table 8.8. Autosomal dominant familial syndromes with high incidence of medulloblastoma.

References

Nevoid basal cell carcinoma syndrome (NBCCS or Gorlin syndrome) Approximately 3–5% of
patients develop medulloblastomas, usually desmoplastic.

Gorlin 1987 (650)
Lacombe et al 1990 (651)

Responsible gene is PTCH located at 9q22. Evans et al 1993 (151)
Hahn et al 1996 (276)
Johnson et al 1996 (277)
Ragge et al (277A)

Turcot syndrome (Type 2) Patients with Turcot syndrome (type 2) develop medulloblastoma in
the setting of familial adenomatous polyps of the colon (20% of which become malignant).
Responsible gene is APC located at 5q21.

Hamilton et al 1995 (368)
Hahn et al 1996 (276)
Paraf et al 1997 (652)

Li-Fraumeni syndrome Nearly 15% of the tumors in families with the Li-Fraumeni syndrome are
brain tumors (astrocytomas, ependymomas, choroid plexus tumors, schwannomas,
meningiomas), with medulloblastomas constituting about 10% of these tumors.

Li et al 1988 (157)
Malkin et al 1990 (154)

The dominant tumors in Li-Fraumeni families are sarcomas and carcinomas of the breast, lung,
and gastrointestinal tract.

Responsible gene is TP53 located at 17p13.

families with TP53 germline mutations. In contrast, not all
Li-Fraumeni families have been found to carry TP53 muta-
tions (153, 158). It is unclear whether these families have
genomic alterations outside the commonly screened TP53
coding regions, e.g., in the promoter region or in intronic
gene sequence, or carry germline mutations in other, not
yet identified, genes. In addition, it remains to be clarified
whether the definition of Li-Fraumeni syndrome should be
modified in order to allow inclusion of those families with
TP53 germline mutation that for genetic or epigenetic reasons
happen to present with a different spectrum of malignancies.
Thus, although the incidence of medulloblastoma is higher in
patients with the Li-Fraumeni syndrome than in the general
population, the number of cases described so far has not
been very high.

About 12% of the tumors that occur in patients with TP53
germline mutation are located in the central nervous system,
and more than two thirds of these are astrocytic gliomas (158).
Only five histologically proven medulloblastomas have been
reported in patients carrying a TP53 germline mutation (158).

Rubinstein–Taybi syndrome, a complex malformation
syndrome is caused by germline mutations in the gene for the

transcriptional coactivator CGP (159,160) and may be associ-
ated with medulloblastoma (161).

Only a small number of reports of familial medulloblas-
tomas have been published. These included medulloblastomas
in monozygotic twins (162–164) and in dizygotic twins and
siblings (165–167, 167A). In one report on desmoplastic
medulloblastomas occurring simultaneously in monozygotic
twins, the tumors had been investigated by molecular-genetic
techniques (163). The authors (163) found no evidence of
tumor-associated LOH on 17p and 9q, suggesting that alter-
ations of the TP53 gene on 17p13.1 and the PTCH gene on
9q22 were not involved in the pathogenesis of these tumors.

Genetic Susceptibility to Medulloblastoma

Table 8.9 shows unique cases of medulloblastoma demon-
strating the complexity, including genetic, that may be asso-
ciated with these tumors. Associations of medulloblastoma
with other brain tumors (168) and extraneural malignancies,
including Wilms tumor (169, 170) and renal malignant rhab-
doid tumor (171, 172), also have been observed. Occasion-
ally, medulloblastomas develop within the setting of complex
malformations, e.g., intestinal malrotation, omphalocele, and

Table 8.9. Unique cases of medulloblastoma.

References

A 5-year-old girl with NF-1 developed a Wilms tumor, T-acute lymphoblastic leukemia,
medulloblastoma, and then acute myelocytic leukemia in the sequence shown.

Perilango et al 1993 (653)

Molecular characterization of critical region and breakpoint cluster on 17p for the
Smith-Magenis syndrome, findings possibly applicable to medulloblastoma.

Wilgenbus et al 1997 (654)

Identical twin infants with medulloblastoma. Chidambaram et al 1998 (737)
Histological evidence that a medulloblastoma in an adult woman originated in the fetal

external granular layer of the cerebellum.
Miyata et al 1998 (655)

Two patients with Gorlin syndrome developed BCC at the site of radiation for
medulloblastoma; another patient developed a glioblastoma and still another a
meningioma after radiation of medulloblastomas.

Stavrou et al 2001 (656)

An 11-year-old girl with Gorlin syndrome had a cerebellar medulloblastoma resected, which
recurred with CSF seeding and followed by a “spontaneous” cure.

Su et al 2003 (275)
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bladder entrophy (173), and Coffin–Siris syndrome (mental

retardation, deficiency of postnatal growth, joint laxity, and

brachydactyly of the fifth digit with absence of the nail bed)

(174). Some studies suggest that relatives of patients with

medulloblastomas have an increased risk of developing other

childhood malignancies, particularly leukemia and lymphoma

(175, 176).

MYC and MYCN Genes in Medulloblastoma

As with other genes described in this chapter, so it is with
MYC and MYCN, i.e., much has been written about them and
much is known about them, yet much is unknown about them,
particularly as it applies to medulloblastoma.

Anomalies of MYC and MYCN genes in medulloblastoma
are shown in Table 8.10.

Table 8.10. Some features of MYC and MYCN changes in medulloblastoma.

References

Two medulloblastomas with MYCN amplification exhibited neuronal differentiation. Rouah et al 1989 (124)
Infrequent MYC and MYCN amplification in medulloblastomas; more common in cell lines of these tumors. Bigner et al 1990 (106)

Fuller and Bigner 1992 (125)
Batra et al 1995 (90)

Expression of MYC is elevated in a much higher proportion of medulloblastomas than is MYCN and is not
necessarily related to MYC amplification; however, hyperexpression of MYC may indicate a poor prognosis.

MacGregor and Ziff 1990 (179)
Brown et al 2000 (14)
Herms et al 2000 (115)
Grotzer et al 2001 (188)
Eberhart et al 2004 (189)

Amplification and overexpression of MYC have an unfavorable impact on medulloblastoma. Badiali et al 1991 (107)
Liu et al 2001 (657)
Aldosari et al 2002 (182)
Ellison 2002 (1)

The high frequency of MYC expression (>50%) in medulloblastomas cannot be explained by gene amplification
alone (4% incidence in medulloblastoma) and therefore other factors are responsible for this overexpression.

Badiali et al 1991 (107)
Herms et al 2000 (115)
Eberhart et al 2004 (189)
Misaki et al 2005 (658)

Amplifications in 5–15% of MYCNand MYC, respectively, occur in medulloblastomas, usually associated with
anaplastic/large-cell phenotype and aggressive behavior.

Valery et al 1991 (659)

Jay et al 1995, 1999 (180, 660)
Scheurlen et al 1998 (79)
Brown et al 2000 (14)
Gilbertson et al 2001 (661)
Taipale and Beachy 2001 (336)
Eberhart et al 2002 (120)
Ellison 2002 (1)
Ellison et al 2003, 2005 (324, 662)
Frank et al 2004 (207)
Lamont et al 2004 (15)

MYC may be activated in the nucleus by �-catenin in some medulloblastomas. However, �-catenin binding sites
in the MYC promoter were not required for elevated MYC expression In two medulloblastoma cell lines.

He et al 1998 (354)
Siu et al 2003 (663)

Since MYC is located downstream of the Wnt signal pathway, activating mutations of upstream components
including APC, Axin and β-catenin genes have been described, but only in approximately 5% of
medulloblastomas for each of these genes. Thus, these findings cannot account for MYC overexpression.

He et al 1998 (354)
Siu et al 2003 (663)
Zurawel et al 1998 (346)
Eberhart et al 2000 (371)
Huang et al 2000 (361)
Koch et al 2001 (365)
Yokota et al 2002 (370)
Baeza et al 2003 (366)
Misaki et al 2005 (658)

Amplification of MYC and MYCN are more likely to be associated with large-cell/anaplastic than other types of
medulloblastomas; these tumors tend to be aggressive.

Brown et al 2000 (14)
Reardon et al 2000 (59)
Leonard et al 2001 (181)
Eberhart et al 2002 (120)

Not all medulloblastomas with an increased MYC copy number have elevated expression of this gene. Grotzer et al 2001 (188)
MYCN amplification, seen often in nodular and anaplastic medulloblastomas, is associated with a trend to a

poor outcome; reports in the past held that it is indicative of a poor prognosis.
Eberhart et al 2004 (198)
Tomlinson et al 1994 (108)
Eberthart et al 2001 (20)
Reardon et al 2000 (59)

MYCN can substitute for ILGF signaling in a murine model of SHH-induced medulloblastoma. Brown et al 2006 (738)
MYC overexpression causes anaplasia in medulloblastoma. Stearns et al 2006 (185A)
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MYC, the protein encoded by the MYC oncogene, is a
transcription factor. Normally, MYC is induced after mito-
genic stimulation, it is required for cell cycle entry, and it
promotes cell proliferation, providing that growth factors are
available. However, MYC may also induce apoptosis when
insulin-like growth factor (IGF) and platelet-derived growth
factor (PDGF), which normally suppress MYC-induced apop-
tosis, are not available. It has been proposed (177, 178) that
when MYC is active, there is simultaneous induction of
cell proliferation and apoptosis. This apparently paradoxical
coupling may be regarded as a safeguard against neoplasia.
Successful cell proliferation requires a dual signal, one of
which overrides the apoptotic pathway and another, which
simultaneously promotes growth. IGF, PDGF, and BCL2 all
inhibit MYC-induced apoptosis independent of cell prolifera-
tion. The precise mechanisms of MYC-induced apoptosis are
not clear, and p53 may not be necessarily involved.

In interpreting results on amplification, it should be kept
in mind that the range in MYC and MYCN amplification in
medulloblastoma may be affected by, among other factors, the
methodology utilized, i.e., FISH, Southern blotting, or CGH.
For example, studies of MYC and MYCN amplification in
medulloblastoma based on FISH showed variable results both
in terms of the pattern of FISH signals in individual nuclei
and the proportion of nuclei demonstrating amplification (15).
Indicative of a wide range of amplification of MYC and MYCN
is the failure to find any amplification of MYCN in 27 medul-
loblastomas (107), a study in which only one tumor was found
to have MYC amplification associated with the presence of
dmin and an aggressive clinical course.

MYC and MYCN amplifications have been reported in
approx 10 and 5%, respectively, of medulloblastomas (13,
15, 90, 107, 108, 114, 115, 123, 125, 179–182). As mentioned,
MYCN gene amplification is usually found in the form of dmin
by cytogenetics (17, 84, 107, 108, 114) and may be associated
with a poor response to therapy (Figure 8.7) (78, 79, 99). All
patients with evidence of MYC amplification in their tumors
died within months of diagnosis, compared with only 50%
of patients who died within the same period with nonampli-
fied tumors (182). These data support the observation that
MYC amplification may serve as a marker of poor prognosis
in medulloblastoma. The prognostic significance of MYCN
amplification is uncertain, although it has been reported in
three aggressive tumors (14, 17, 108).

CGH studies showed high copy number for regions on 8q24
and 2p24, suggesting amplification of the MYC and MYCN
genes in 10–22% of cases, respectively (60, 117). In contrast,
a report using the same method, none of these regions was
amplified (47,79). Two of 20 tumors showing MYCN amplifi-
cation also exhibited neuronal differentiation (124).

MYC amplification is relatively high in the large-cell variant
of medulloblastoma (14,15) and established cell lines of such
tumors (113,114,183), although the association is not absolute
(17, 180, 184). MYC amplification is seldom seen in desmo-
plastic medulloblastoma (15, 23). The association between

MYC amplification and large-cell/anaplastic phenotype was
seen when the extent of amplification was high, whereas
when it was low, the medulloblastomas generally had a classic
phenotype (15).

In contrast to amplification, MYC expression is common
in medulloblastomas with elevated levels of the protein being
present in the absence of MYC amplification (185). MYC over-
expression appears to play an important role in the develop-
ment of anaplasia in medulloblastoma (185A) and may be a
useful marker of aggressive disease. Increased expression of
MYCN may be an indicator for poor prognosis in medulloblas-
toma and PNET (186). Low levels of MYC protein expression
in medulloblastoma were associated with a relatively long
disease-free interval (187, 188). Overexpression of MYC has
been reported in >40–90% of medulloblastomas (111, 185),
such overexpression being associated with an unfavorable
outcome (Figure 8.9) (115, 188).

The role of MYCN in medulloblastoma pathogenesis is not
well established. MYCN expression seems to be regulated by
Hedgehog signaling (see Section 2.15) in embryogenesis and
medulloblastomas, providing a link between development and
neoplasia. However, several unanswered questions remain,
including whether MYCN expression is linked to clinical

Figure 8.9. Progression-free survival and survival probabilities in
patients with medulloblastoma as related to MYC expression. High
expression carried with it a poor prognosis (from reference 402 with
permission).
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outcome and to the anaplastic medulloblastoma phenotype.
To address these issues, MYCN and MYC expressions were
analyzed in a large group of medulloblastomas using in situ
hybridization, correlating mRNA levels with tumor subtype
and clinical outcome (189). The study (189) examined several
mechanisms, such as gene amplification, Wnt signaling and
MXI1 (a regulator of MYC) mutation, that might account for
increased MYC activity in medulloblastomas.

SHH signaling positively regulates MYCN expression in
cerebellar granule cells, providing a mechanism for the
increased MYCN expression in all six nodular medulloblas-
tomas examined (189A). MYCN expression may not have the
prognostically unfavorable effect as it does in non-nodular
tumors with elevated SHH activity. In the study referred to
above (189), all six patients with nodular tumors were long-
term survivors despite expression of MYCN. However, anal-
ysis of non-nodular medulloblastoma alone did not reveal
a significant association between MYCN expression and
survival.

The data (189) support the value of MYC mRNA level as
a prognostic marker in medulloblastoma patients and indicate
that increased MYC expression, in addition to gene ampli-
fication, is associated with the large-cell/anaplastic subtype.
MYCN’s potential as a prognostic marker is less clear, perhaps
due to its expression in more-differentiated tumors as a conse-
quence of Hedgehog signaling. Regulation of MYC transcrip-
tion in the medulloblastomas examined was apparently not
affected by Wnt signaling or changes in the MXI1 gene.

A screening study of 20 medulloblastomas by using a panel
of known oncogenes, including ERBB1, GLI, NEU, RAS, SIS,
FOS, and SRC, showed amplification in only a single tumor;
the amplified gene was ERBB1 (114). Immunohistochem-
ical expression of the ERBB2 product has been detected in
approximately 84% of tumors studied. In a separate study the
combined incidence for MYC, MYCN, and ERBB1 amplifica-
tion in medulloblastomas was reported as approximately 10%
(125). Amplification of EGFR and MDM2 genes is very rare,
and it does not seem to represent a major mechanism of onco-
gene activation in medulloblastomas (90, 125).

TP53/p53 and ARF Pathways in Medulloblastoma

Among its many diverse functions (190A), the p53 protein
acts as a transcription factor that upregulates or represses the
activity of a range of genes, including several that modulate
apoptosis. The p53 protein normally prevents DNA replica-
tion in cells that have sustained DNA damage by reversibly
maintaining the cell in G1 for “DNA repairs.” If the DNA
damage is irreparable, the cell undergoes apoptosis. In cells
lacking functional p53, there is reduced susceptibility to apop-
tosis induced by radiation and cytotoxic drugs. Cells with
inactivated p53 might therefore survive abnormally and allow
further genetic damage to accumulate. Missense mutations in
TP53 are very commonly encountered in many cancer types,
and p53-deficient tumors show reduced apoptosis, thereby
facilitating tumor growth. However, this is not supported by
experimental data or by observations on spontaneous human
tumors. One p53 function is to inhibit malignant transforma-
tion resulting from DNA damage or ectopic oncogenic expres-
sion, by activation of genes involved in cell cycle arrest and
apoptosis (190).

Using array-CGH genetic instability was shown in medul-
loblastomas of mice resulting from inactivation of p53
together with deregulation of proliferation induced by Rb loss
leading to neoplastic transformation with acquisition of addi-
tional genetic changes mainly affecting MYCN and PTCH2
genes. The p53 loss influences molecular mechanisms that
cannot be mimicked by the loss of p19ARF, p21, or ATM
(190B). Some features of p53 changes in medulloblastoma are
presented in Table 8.11.

Due to its role in controlling cell growth, p53 function is
tightly regulated by the oncogene MDM2 (12q14), a ubiq-
uitin ligase that facilitates degradation of p53 by proteasomes
(Figure 8.10). Loss of p15ARF, a critical upstream regulator
of p53 (190C), also can represent a common mechanism of
functional p53 loss in tumors. The different expression of the
isoforms of p53 in human tumors may explain the difficul-
ties in correlating p53 status to the biological properties of the
tumors and drug sensitivity (190).

Table 8.11. Some findings related to p53 changes in medulloblastoma.

References

High expression of p53 may be seen in medulloblastoma cell lines, compared with the low levels in primary
tumors.

Loda et al 1992 (664)

Low levels of expression of p53 are common in medulloblastomas, whereas overexpression is much less
common (apprx 10%) and carries with it an unfavorable prognosis. Expression of p53 has been shown in
18% of all medulloblastomas, in 45% of anaplastic tumors, in 67% of AT/RT and in 88% of PNET.

Jaros et al 1993 (572)
Mirabell et al 1999 (254)
Jaros et al 1993 (572)
Gudkov and Kamarova 2003 (206)
Ray et al 2004 (665)

The absence of germline and somatic aberrations of p53 in medulloblastoma has been stressed. Portwine et al 2001 (666)
Intense nuclear staining for p53 may be a most important prognostic indicator of non-metastatic

medulloblastoma. No correlation was obtained for disease-free interval and immuno-histochemical staining
for KI-67 index, glial fibrillary acidic protein (GFAP) or synaptophysin.

Woodburn et al 2001 (203)

Elevated p53 levels were found in an anaplastic medulloblastoma, but not in the classic or nodular types. JCV
was not detected in any of these tumors.

Eberhart et al 2005 (524)
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Figure 8.10. Schematic presentation of a partial loop of the
p53/ARF pathway (from ref. (191), with permission). The activation
and enhancement of the effects of p53 by a number of oncogenes
(E2F1, �-catenin, RAS, MYC) are mediated in part by a positive
feedback loop that results in the transcription of p19 or p14ARF

(196A,523A,195–197,523), which in turn inhibits MDM2 ubiquitin
ligase that is responsible for inactivating p53 (523B), resulting in an
increased level of p53 in the cell.

In addition to the complexity in interpreting findings for
p53 introduced by the p53 positive and negative feedback
loops (191), the description of a family of p53 proteins further
complicates this situation (192). The protein product of the
murine double minute-2 gene (MDM2) has a controlling effect
on p53. For example, the proapoptotic activity of p53 can be
nullified by the amplification or overexpression of the MDM2
protein by forming complexes with the p53 protein. Ampli-
fication of MDM2 has not been found in pediatric (89, 90)
and adult medulloblastomas (193). From a clinical viewpoint,
this relationship is important, because the response of medul-
loblastoma to radiation depends on an active apoptotic system
in which p53 is an essential component. Loss of p53 function
can be the consequence of TP53 mutations or the amplifica-
tion and/or overexpression of the MDM2 gene.

In a study of 51 medulloblastomas the immunohisto-
chemical expression of MDM2 protein and p53 were mutu-
ally exclusive, however, both being associated with a short
survival. This association may be due to a disruption of the
p53 apoptotic pathway by two distinctive but still unclarified
events resulting in the accumulation of wildtype p53 and over-
expression of the MDM2 protein, thus reducing response to
radiation (193).

In a study of 56 pediatric medulloblastomas, LOH of 17p
was present in eight of 18 (29%) of the tumors examined (90),
and were associated with a poor prognosis. Mutations of TP53
were found in only two of 46 tumors and MYC amplifica-
tion in three of 43. None of the medulloblastomas showed
amplification of the MYCN, EGFR, or MDM2 genes (90).
Similar findings had been obtained in an earlier study (89).
In a subsequent study (193), an analysis of 51 adult medul-
loblastomas revealed no amplification of MDM2, although 10
showed expression of MDM2, only one had a TP53 muta-
tion and overexpression of p53 were shown in 16. Only two
tumors showed both MDM2 and p53 expression. The authors
concluded that the overexpression of MDM2 protein and the
accumulation of wild-type p53 are unrelated in medulloblas-

toma, but both may result in a reduced apoptotic response after
radiotherapy and contribute to a shortened survival.

The TP53-ARF tumor suppressor pathway is disrupted in
the majority of human cancers (194). This pathway includes
ARF, one of two cell cycle inhibitors encoded by the INK/ARF
locus (Figure 8.11). Activated oncogenes, including MYC,
induce ARF expression via E2F-1 and thus regulate p53-
dependent apoptosis (195–197). In turn, ARF stabilizes TP53
by sequestering the TP53-negative regulator MDM2, thereby
diverting cells to either cell cycle arrest or apoptosis (198).
Disruption of this tumor suppressor pathway in cancer can
occur directly by inactivating TP53 mutations, or though
mutually exclusive p14ARF inactivation (by hypermethyla-
tion or deletion) or by amplification of MDM2 (194). Alter-
ations in TP53 have been implicated in the formation of at
least a subset of medulloblastomas. For example, loss of p53
accelerated medulloblastoma development in genetic mouse
models (199–202), and humans carrying germline muta-
tions of TP53 (Li-Fraumeni syndrome) are predisposed to

Figure 8.11. Simplified schematic presentation of the regulation of
the pRB and p53 based on Li et al (2005) (360). INK4�/ARF tumor
suppressor pathway that may be deregulated in medulloblastoma and
PNET. The INK4� locus encodes p16INK4a and ARF through the use
of alternate reading frames. The p16INK4a and related INK4 proteins
(INK4b–d) inhibit CDK4/6 activity with consequent hypophospho-
rylation of pRB. Hypophosphorylated pRB acts with E2F proteins
to repress transcription of genes necessary for the G1-S phase tran-
sition. The p14ARF regulates p53 activity by inhibiting MDM2-
mediated degradation of p53, allowing p53 to induce cell cycle arrest.
Thus, this pathway plays a key role in controlling cell growth by
integrating multiple mitogenic and antimitogenic stimuli, which may
serve as targets for therapy (from ref. (523C) with permission).
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Figure 8.12. Disease-free survival of patients with medulloblas-
toma according to the intensity of staining for p53 in the tumors.
Intense staining, reflective of overexpression of p53, carries with it a
poor outcome (from ref. (203) with permission).

developing medulloblastoma. TP53 mutations also have been
identified in 10% of sporadic human medulloblastomas (1),
and high-level expression of p53 in medulloblastoma is asso-
ciated with a poor clinical outcome (Figure 8.12) (203, 204).

The identification of TP53-ARF pathway alterations may
have important implications for the treatment of medulloblas-
toma. This pathway plays a critical role in modulating tumor
radio- and chemosensitivity (205, 206); thus, the finding that
this pathway is disrupted in large-cell medulloblastoma (207)
may explain, at least in part, why this tumor subtype is
highly resistant to treatment (1, 5, 207). A study of the TP53-
ARF tumor suppressor pathway (207) showed three of 29
(10%) of large-cell medulloblastomas to have mutated TP53,
but a further 10% of these tumors had mutually exclusive
alterations in the INK4A/ARF pathway indicating that the
TP53/ARF pathway is likely to be disrupted in about 20% of
large-cell medulloblastomas. Five of these tumors were large-
cell/anaplastic medulloblastomas or tumors with significant
anaplasia. The authors (207) suggested that the alterations
within the TP53-ARF pathway may contribute to the develop-
ment of aggressive forms of medulloblastoma.

Gene Expression by Microarrays in Medulloblastoma

The technology of DNA microarrays and similar methods
have been used for gene expression profiling and prediction of
clinical outcome in medulloblastoma (208, 209).

Gene expression studies in medulloblastoma of mice and
humman identified a group of genes that may be central to
medulloblastoma tumorigenesis, including high expression of
MYC and ERBB2 (210).

A gene expression profiling study showed a large number
of genes to be either up-regulated or downregulated in medul-
loblastoma (211). Of interest was the up-regulation of matrix
metalloproteinases 11 and 12. Down-regulated genes included
TrkC. Matrix metalloproteinases were expressed in varying
extents in four medulloblastomas tested (including a desmo-
plastic type) (212). Metalloproteinases were expressed in
different patterns in gliomas and ependymomas versus medul-
loblastomas (212A). The aforementioned studies represent the
search for biological markers helpful to investigate the embry-
ological origin of medulloblastoma and for markers relevant
to the prognosis and therapy of these tumors (213, 214).

A microarray study showed cohorts of genes that exhibited
differences from control cerebellum specimens (215). The
most accurate outcome in medulloblastoma is best predicted
through microarray gene expression profiling, an opinion
voiced in a review of risk stratification based on new direc-
tions in this area (217A). Genome-wide expression profiles
are capable of partitioning tumor groups into subgroups asso-
ciated with specific genetic alterations; the latter may ulti-
mately be of high utility in the selection of appropriate therapy
(217B).

Other Genes and Factors in Medulloblastoma

Survivin, encoded by the BIRC5 gene, located at 17q25, a
chromosomal region frequently amplified in medulloblastoma
(55), is a member of the family of inhibitors of apoptosis and
plays an important role in the control of cell division (216,
217). Its expression is upregulated in most cancers, including
those of the nervous system (218). Generally, survivin is unde-
tectable in most adult tissues, including the cerebellum, but
BIRC5 is strongly expressed in embryonic and fetal organs
and in virtually every tumor studied (218). BIRC5 was found
to be overexpressed in all 23 medulloblastomas examined,
both pediatric and adult (219), but not in adult cerebellum or
brain. Similar to pigment epithelium-derived factor (PEDF),
survivin has been advocated as a therapeutic target in medul-
loblastoma (219, 220).

The MATH1 gene encodes a basic helix-loop-helix tran-
scription factor specifically expressed in the granule cell
precursors and essential for genesis of cerebellar granule
neurons (221). Medulloblastomas expressing MATH1 origi-
nate from the external granule layer and have high expres-
sion of Trk-C and PEDF (located at 17p13.1) and occur in
the cerebellar hemispheres, whereas medulloblastomas that
do not express MATH1 originate in the ventricular matrix and
are located in the vermis (219). Furthermore, MATH1 controls
cerebellar granule cell differentiation by regulating multiple
components of the Notch signaling pathway (222). Overex-
pression of MATH1 may disrupt this differentiation (223).

PEDF is a potent and broadly acting neurotrophic factor
that protects neurons in the CNS against insults and damage
(224). Thus, cerebellar cells in culture use PEDF as a survival
factor (225, 226). PEDF is also a strong antiangiogenic factor
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and activates a number of pathways which could be appro-
priate therapeutic targets (224).

The MXI1 gene, whose protein product is a member of the
MAD family of proteins, capable of repressing the effects of
MYC (227), was studied for mutations in 22 medulloblastomas
(189). None was observed. In another study the MNT gene,
located at 17p13.3, was studied in medulloblastomas of which
49% of informative cases had allelic loss of that chromosomal
region (228). The results of the study indicated the presence
and functional integrity of MNT and that MNT is not likely to
be a gene involved in the pathogenesis of medulloblastoma.
MNT is thought to be a TSG encoding a MAX-interacting
nuclear protein with transcriptional-repressor activity (228).
MAX, in contrast, heterodimerizes with MYC to regulate gene
expression (227).

Prognostic Factors in Medulloblastoma

The prognostic aspects of medulloblastoma have been
addressed from clinical, histologic, cytogenetic and molecular
viewpoints, and although consensus may exist about some
of them, the sizable literature in this area is witness to the
uncertainty of the prognostic value of some of these aspects.
Findings in medulloblastoma that generally have a favorable
prognostic impact are shown in Table 8.12.

Unfavorable prognostic factors in medulloblastoma are
shown in Table 8.13 essentially in their effective order,
although unanimity does not exist regarding the prognostic
impact of each of the factors. The interpretation of the prog-
nostic elements involved in medulloblastoma is still compli-
cated by the difficulty in the critical interpretation of the
clinical, therapeutic and histologic factors involved (1, 15).

Prognosis in medulloblastoma has been linked to histolog-
ical variants, with the desmoplastic type tending to have a

more favorable outcome than classic medulloblastomas (229,
230). However, other studies (80, 117) found no difference in
survival between patients with desmoplastic and nondesmo-
plastic tumors. The need for more practical changes in medul-
loblastomas applicable to the clinical situation and then to the
prognosis of this tumor has been voiced (230A). For further
discussions and evaluations of prognostic aspects of medul-
loblastoma, the following publications should be consulted
(32, 231–247).

Mitotic Indices in Medulloblastoma

Data on dividing cells within tumors, so-called prolifera-
tion or mitotic indices, have been established for almost
all tumors, medulloblastoma included. Ki-67 is a nuclear
antigen expressed in all phases of the cell cycle, excluding
the G0 phase. Initially selected as a measure of dividing cells
was the reaction of an antibody with Ki-67, which had the
major disadvantage that its immunohistochemical application
required fresh or frozen tissue; hence, retrospective studies
on paraffin-embedded tissues were not possible (248). Subse-
quently, other Ki-67 analog antibodies raised to bacterially
expressed Ki-67 peptide sequences were introduced. These
reacted well in formalin-fixed tissues. The most widely used
of these antibodies is MIB-1 (248). Results obtained with
MIB-1 immunostaining have generally shown that high scores
were related to tumor grade and prognosis, including find-
ings in medulloblastoma. Even with a caveat (249), the Ki-67
mitotic index remains a valuable prognostic marker in tumors.

Another index of mitotic activity is that demonstrated by
the proliferating cell nuclear antigen (PCNA), which is an
auxiliary protein of DNA polymerase-� necessary for DNA
replication; its expression is highest in the G1/S cell cycle
phase. Results obtained with anti Ki-67 antibodies are less

Table 8.12. Favorable prognostic factors in medulloblastoma.

References

Sex-female Roberts et al 1991 (629)
Weil et al 1998 (667)

Gross total resection Zeltzer et al 1999 (668)
No metastases present Zeltzer et al 1999 (668)
Desmoplastic histology Chatty et al 1971 (669)
Increased apoptotic index (A1) Haslam et al 1998 (401)
Hyperdiploidy (DNA levels) Gajjar et al 1993 (265)
High TRKC expression Segal et al 1994 (670)

Kim et al 1999 (671)
Grotzer et al 2000 (184, 263)
Pomeroy et al 2002 (208)
Ray et al 2004 (665)

�-catenin expression Ellison et al 2005 (665)
Misaki et al 2005 (658)

Expression of genes characteristic of cerebellar differentiation �-NAP, NSCL1, sodium channels/and
genes encoding extracellular matrix proteins (PLDD lysyl hydroxylases, collagen type V and I
elastin)NSCL1, sodium channels/and genes encoding extracellular matrix proteins (PLDD lysyl
hydroxylases, collagen type V and I elastin)

MacDonald et al 2001 (129)
Pomeroy et al 2002 (208)
Fernandez-Teijeiro et al 2004 (672)

Table based on Fisher et al. 2004 (214).
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Table 8.13. Unfavorable prognostic factors in medulloblastoma.

References

Young age of patients Gurney et al 1999 (673)
McNeil et al 2002 (674)

Subtotal resection Zeltzer et al 1999 (668)
Metastases present Zeltzer et al 1999 (668)

Ray et al 2004 (665)
Large-cell/anaplastic histology of medulloblastoma Giangaspero et al 1992 (13)

Eberhart et al 2002 (120)
McManamy et al 2003 (28)

Elevated Ki-67/MIB-1 proliferative index Grotzer et al 2001 (251)
Aneuploidy (DNA level) Zerbini et al 1993 (266)
Increased ERBB2 expression Gilbertson et al 1998, 2001 (426,661)

Gajjar et al 2004 (742A)
Ray et al 2004 (665)

Increased expression or amplification of MYC Scheurlen et al 1998 (79)
Brown et al 2000 (14)
Herms et al 2000 (115)
Grotzer et al 2001 (188)
Aldosari et al 2002 (182)

Upregulation of PDGFR Scheurlen et al 1998 (79)
MacDonald et al 2001 (129)

Overexpression of calbindin-D28K Pelc et al 2002 (675)
Genes related to cell proliferation and metabolism (MYBL2), enolase 1, LDH, HMG1(Y),

cytochrome c oxidase, and multidrug resistance (sorcin)
Pomeroy et al 2002 (208)
Fernandez-Teijeiro et al 2004 (672)

High MIB index and anaplasia Miralbell et al 1999 (254)
Eberhart et al 2000 (371)
Ellison 2002 (1)
Ray et al 2004 (665)

Active apoptosis Korshunov et al 2002 (31)
Value of apoptotic rate as prognostic indicator has been questioned.
17p loss in medulloblastoma*

Pizem et al 2005 (676)
Cogen et al 1992 (70)
Batra et al 1995 (90)
Scheurlen et al 1998 (79)
Gilbertson et al 2001 (661)
Lamont et al 2004 (15)

Isolated 17p LOH in medulloblastoma Bigner et al 1988 (39)
Biegel et al 1997 (104)
Gilbertson et al 2001 (661)

Amplifications of EGFR (HER2 and HER4), MYCN, ERBB2 and ERBB4 genes Gilbertson et al 1997, 2001 (425,661)
Herms et al 2000 (115)

Note that an increased apoptotic index (AI) has been listed as a favorable prognostic factor.
Two studies indicate either an unfavorable or lack of prognostic value to the AI. No
prognostic value was found for the KI-67 index or for the reaction to GFAP or
synaptophysin.

Grotzer et al 2001 (402)
Ray et al 2004 (665)
Miralbell et al 1999 (254)
Woodburn et al 2001 (203)

Loss of caspase-8 protein expression Pingoud-Meier et al 2003 (483)
Iso(17q) in poor-risk childhood medulloblastoma Pan et al 2005 (677)

This table is based partially on an editorial on biologic risks in medulloblastoma (214). The factors are listed in the order of their significance.
*Failure to find an association between 17p loss and prognosis has been described (103, 104).

variable than those obtained with PCNA; thus, Ki-67 seems
to be a more specific marker of proliferation. A high Ki-67
index (>20%) has been considered to be an unfavorable sign
in medulloblastoma (and in PNET(250–252)); other found no
such association (253, 254). The high Ki-67 indices found in
the above studies are in keeping with those of previous reports
(253, 255–258). Medulloblastoma is one of the most rapidly
proliferating primary intracranial tumors and, hence, MIB-1
(Ki-67) indices are high (≥20%) (256, 258).

Molecular Causation and Progression
in Medulloblastoma

Evidence of molecular progression in medulloblastomas and
other CNS embryonal tumors is reflected in and associated
with sequential genetic alterations of the type seen in most
other tumors (27). The strongest support comes from cases
in which tumoral material was available for molecular anal-
ysis on more than one occasion. For example, CGH analysis
of material from both a primary nodular medulloblastoma and
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an anaplastic recurrence removed 3 years later (27) showed
that the genetic alterations in the recurrent tumor involved the
same four chromosomes as in the primary tumor and six addi-
tional chromosomes as well.

A study (259) compared gene expression profiles of
23 metastatic and nonmetastatic medulloblastomas using
oligonucleotide arrays and identified increased signaling
through the MAP kinase pathway via up-regulation of PDGF�
in tumors that spread from the cerebellum, suggesting this
pathway also may be involved in malignant progression and
metastasis.

Although many details of molecular and histological
progression in medulloblastoma are still unclear, a rough
framework can be suggested (Figure 8.13). The increased
incidence of medulloblastomas in patients inheriting muta-
tions that lead to activation of Wnt and SHH signaling
pathways indicates that these pathways act early in medul-
loblastoma formation, with the latter pathway especially
important in the pathogenesis of nodular lesions (143, 208).

Figure 8.13. Schematic presentation of molecular progression of
medulloblastoma (from ref. (27), with permission). As suggested by
these authors, the increased incidence of medulloblastoma in patients
inheriting mutations that lead to activation of the Wnt and SHH
signaling indicates that these pathways act early in some medul-
loblastoma formation, with the latter pathway especially important
in the pathogenesis of nodular lesions (77, 208), and as supported
by animal studies (260, 261). Undoubtedly other genetic events
involving pathways other than Wnt an SHH are involved in early
medulloblastoma causation. Subsequent events, including amplifica-
tions, overexpressions or mutations of genes may be responsible for
progression of the medulloblastomas.

Animal models also support this concept (260, 261). Addi-
tional genetic hits, including ‘initiation’ events involving path-
ways other than hedgehog or Wnt, almost certainly occur as
well. All medulloblastoma subtypes can then progress histo-
logically and molecularly via mutation or amplification of
oncogenes (MYC, MYCN, hTERT), upregulation of various
signaling pathways (PDGF) or loss of as yet uncharacterized
tumor suppressor loci especially on i(17p) (27).

Future studies will map the genetic and histological course
of medulloblastoma progression more fully. Primary and
recurrent lesions should be compared both histologically
and molecularly to determine what molecular abnormalities
and gene expression changes that are associated with recur-
rence and progression. Similar analyses of microdissected
anaplastic and nonanaplastic regions should yield additional
information. A better understanding of how molecular and
microscopic events interrelate will hopefully facilitate greater
precision and efficacy in the treatment of patients with medul-
loblastoma.

Molecular and Cytogenetic Correlations
with Medulloblastoma Phenotype

The molecular alteration most strongly associated with the
large-cell/anaplastic medulloblastoma subtype is MYC onco-
gene amplification found in an early study, which was
prompted by the presence of numerous dmin in a large-
cell medulloblastoma (13). MYC is well known to promote
cellular proliferation, increased cell size and apoptosis, all
features of large-cell/anaplastic medulloblastomas. MYCN or
MYC amplification has been detected in the majority of large-
cell/anaplastic medulloblastomas examined (14, 27, 85, 120,
180, 181, 262). Increased MYC mRNA levels predict an unfa-
vorable clinical outcome (115, 263).

Several groups have detected increased aneuploidy in large-
cell/anaplastic medulloblastomas, suggesting that additional
genetic changes associated with anaplasia are yet to be
discovered (85, 120). On average, there are more than twice
as many chromosomal copy number alterations in tumors
with anaplasia than in their non-anaplastic counterparts
(27). Examination of additional large-cell anaplastic medul-
loblastomas may ultimately reveal specific chromosomal loci
commonly altered in these tumors. Expression profiling,
which has already been used to discriminate between classic
and nodular lesions (208), should prove useful in identifying
genes contributing to the large-cell/anaplastic medulloblas-
toma phenotype.

In a study of 87 medulloblastomas using FISH to detect
chromosome 17 abnormalities and losses of 9q22 and 10q24
and amplification of MYC and MYCN (15), the frequency of
abnormalities was essentially in keeping with results previ-
ously published (16, 79, 90, 111, 120, 264). In toto, these
findings suggest an association between pathological vari-
ants and genetic abnormalities, e.g., an association between
diploid status and desmoplastic phenotype, a high incidence
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of i(17q) and loss of 17p in large-cell tumors and the lack of
correlation between ploidy status and clinical outcome (15).
However, conflicting data in the literature exist on the latter
issue (264–266).

Established Medulloblastoma Cell Lines

Established medulloblastoma cell lines whose studies have
yielded information of direct interest to this chapter date back
several decades (267). In general, the findings in cell lines
essentially limn those in primary tumors, though some differ-
ences exist, e.g., complex karyotypes observed in some of the
cell lines (112), although often containing changes common in
primary tumors, e.g., 10q-, i(17q), –22 (72,111,113), a higher
incidence of dmin (182,268) and hence MYC amplification in
cell lines (106).

The use of medulloblastoma cell lines and their xenografts
(269–274) for the study of various genetic, metabolic, and
therapeutic parameters has been advocated.

Increased MYC expression was shown to exist in medul-
loblastoma cell lines (275) without the presence of amplifi-
cation. The authors suggested that a number of mechanisms
exist for increased MYC expression.

The two pathways to be discussed next, i.e., SHH and Wnt
pathways, although they may account for the development of
only a small percentage of medulloblastomas, particularly of
the sporadic type, the understanding of these pathways and the
information they have yielded on medulloblastoma tumorige-
nesis will certainly help to decipher the processes involved in
the development of these tumors.

SHH Signaling Pathway in Medulloblastoma

To simplify annotations referring to genes and other factors in
human tumors, we have used the following annotations for the
human homologs of those of the mouse (276, 277), i.e., SHH
to refer to the sonic hedgehog, PTCH to signify patched, and
SMOH to refer to smoothened. Table 8.14 shows some of the
changes affecting members of the SHH signaling pathway in
medulloblastoma.

Interest in some of the genes involved in the SHH signaling
pathway and their possible role in medulloblastoma devel-
opment stems from a number of observations. The most
cogent is related to mutations of the PTCH gene respon-
sible for the nevoid basal cell carcinoma (Gorlin) syndrome
(NBCCS) (Table 8.8), which is associated with a high inci-
dence of medulloblastoma (277), especially of the desmo-
plastic type (26). The gene responsible for NBCCS acts as a
tumor suppressor gene (TSG) in medulloblastoma (278).

Another observation is the spontaneous development of
medulloblastomas in mice with mutations of the PTCH gene
or other anomalies of the SHH pathway (279–284).

The key role played by the SHH signaling pathway in cere-
bellar development and especially as a potent mitogen for

the granular cell precursor(s) is another source of interest
(285).

Studies of medulloblastoma in mice defective for PTCH
(260, 261, 286–290) have thrown much light on events
in the human, though also revealing important differences
(290A). Puzzling has been the observation that only approx-
imately15% of these mice develop medulloblastoma in the
first year of life, akin to the incidence in the human (290B,C).
Hence, other factors must be implicated as causative agents
for medulloblastoma tumorigenesis, e.g., IGF has been
reported as a required factor in medulloblastoma formation in
mice (284A, 289). Incidentally, DNA microarray studies have
shown increased expression of IGF in desmoplastic medul-
loblastoma (208).

SHH, produced by the Purkinje neurons of the cerebellum,
regulates the proliferation of cerebellar granule cell precur-
sors (CGCP) (285, 291, 291A, 292) The SHH antagonist,
RENKCTD11, regulates proliferation and apoptosis in devel-
oping granule cell precursors (292A). Mutational inactivation
of PTCH may result in inappropriate or sustained proliferation
of these progenitor cells in the external granular layer of the
cerebellum (291, 292), suggesting that developmental control
genes play an important role in the pathogenesis of medul-
loblastoma (285).

Activity of SHH proteins is required for expansion
of specific neuronal precursor populations. SHH signaling
upgrades expression of MYCN and cultured CGCP and thus
may play a role in medulloblastoma tumorigenesis (293).

The SHH signaling pathway is a very complicated one
with many constituents and functions, (Figure 8.14) the latter
required for normal regulation of cell proliferation and differ-
entiation during a diverse array of patterning events, including
neural tube differentiation in vertebrates (294, 295). Aberrant
activity of the SHH pathway is associated with the initiation
and growth of a variety of human malignant tumors, including
medulloblastoma (296). The already existing complexity of
the SHH pathway is further compounded by the significant
gaps remaining in our understanding of SHH signal trans-
duction (297). In this chapter, only those aspects of the SHH
pathway shown to be involved in medulloblastoma will be
presented.

SHH-PTCH-SMOH signaling has a novel signal transduc-
tion mechanism (298, 299). In the absence of the SHH signal,
the transmembrane protein PTCH represses the constitutive
signaling pathway of a second membrane protein, SMOH, by
virtue of its ability to form PTCH-SMOH complexes. The
interaction of SHH with PTCH or mutations or the PTCH
gene result in failure of PTCH to inhibit SMOH and leads
to constitutive activity of the SHH pathway and to transcrip-
tion of SHH target genes and to cancer (e.g., basal cell carci-
noma), including medulloblastoma (144, 277, 285, 300–302).
The secreted protein SMOH becomes activated, leading to
post-transcriptional modification and nuclear translocation of
the GLI family of transcriptional factors. Once in the nucleus,
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Table 8.14. Some changes in the SHH pathway in medulloblastoma.

References

Inactivating mutations of PTCH identified in approximately 8–12% of sporadic medulloblastomas, although the
percentages have been much lower or much higher in some of the studies.

Schofield et al 1995 (26)
Pietsch et al 1997 (143)
Raffel et al 1997 (144)
Vorechovsky et al 1997 (317)
Wolter et al 1997 (145)
Zurawel et al 2000 (290B)

One study suggested that such mutations occur preferentially in desmoplastic medulloblastomas. Pietsch et al 1997 (143)
Mutations of PTCH (located at 9q22) and loss of this locus primarily occur in desmoplastic medulloblastoma, but

may also occur in other variants of medulloblastoma.
Schofield et al 1995 (26)
Pietsch et al 1997 (143)
Lamont et al 2004 (15)

A point mutation of SHH in exon 2 was found in 1/14 medulloblastoma. However, this mutation was not found in a
larger series of cases.

Oro et al 1997 (320)
Wicking et al 1998 (321)
Zurawel et al 2000 (290B)

Activation of the SHH pathway occurs primarily in nodular sub-types of medulloblastoma. Pietsch et al 1997 (143)
Pomeroy et al 2002 (208)

SSCP analysis showed PTCH mutations in 10–15% of medulloblastomas. Pietsch et al 1997 (143)
Raffel et al 1997 (144)
Berman et al 2002 (318)
Di Marcotullio et al 2004 (305)
Oliver et al 2005 (290A)

LOH of PTCH in 5/24 medulloblastomas; in three of these, mutations of remaining allele were identified and
located on exon 17.

Raffel et al 1997 (144)

In two separate studies, LOH of 9q22-q23, locus for PTCH, or mutations of the gene were found in 6/50
medulloblastomas, in 3/10 PNET and in 2/9 BCC.

Vorechovsky et al 1997 (317)
Wolter et al 1997 (145)

Mutations of PTCH found in 2/15 classical and in 2/17 desmoplastic medulloblastomas and in 1/5 PNET. Wolter et al 1997 (145)
PTCH mutations (nonsense) found in 2/14 sporadic medulloblastomas. Xie et al 1997 (315A)
Missense mutations of SMOH found in two medulloblastomas. One of these mutations was of the activating variety,

as described in basal cell carcinoma (BCC).
Reifenberger et al 1998 (304)
Lam et al 1999 (298)
Xie et al 1998 (315)

No SHH mutations found in 55 medulloblastoma samples from 52 patients; nine were desmoplastic. Wicking et al 1998 (321)
SSCP and heteroduplex analyses showed inactivation of one allele of PTCH2 (located at 1p32-p34) in 1/92 samples

of medulloblastomas.
Smyth et al 1999 (146)

LOH of PTCH found in 2/2 medulloblastomas from patients with NBCCS and in only 1/33 sporadic tumors. Vortmeyer et al 1999 (316)
A method for detecting PATCHED mutations in medulloblastoma has been described, utilizing direct sequencing.

The results did not differ from those obtained by other methods, e.g., SSCP, i.e., about 2% of the tumors
contained mutations of PATCHED.

Dong et al 2000 (781)

The down-regulation of the SHH pathway in cultured medulloblastoma cells and reversal of the effects of
mutations in this pathway as they relate to possible therapeutic approaches have been described.

Taipale et al 2000 (678)
Sasai et al 2006 (679)

The SHH pathway in development and disease. Villavicencio et al 2000 (740)
Whereas, PTCH is believed to have tumor suppressor activity, both ligand-encoding genes SHH and SMOH are

candidates for putative oncogenes.
Zurawel et al 2000 (290B)

PTCH involved in the transcriptional regulation of the WNT and TGFβ gene families. Zurawel et al 2000 (290B)
PTCH mutations occurred in 3/37 medulloblastomas; SHH and SMOH were not mutated. Zurawel et al 2000 (290B)
The SUFU gene (located at 10q24.3) may be affected by loss of the locus in all medulloblastoma variants.

Mutations of SUFU occur in low frequency in medulloblastoma.
Rubin and Rowitch 2002 (680)
Taylor et al 2002 (308)

A caveat regarding the use of cultured medulloblastoma cell lines for testing inhibitors of the SHH pathway was
issued. The authors indicate that the propagation of tumor cells in culture inhibits SMOH activity, raising
concern about the use of such cells to test the efficacy of SHH pathway inhibitors as anticancer therapies.

Gumireddy et al 2003 (681)
Hallahan et al 2003 (682)
Sasai et al 2006 (679)

Reviews of some of the molecular pathways, e.g., hedgehog/PTCH, which may serve as a target for appropriate
therapy in medulloblastoma have appeared.

Pomeroy and Sturla 2003 (782)
Gilbertson 2004 (783)
Newton 2004 (784)

Low-level SHH signaling in medulloblastoma is associated with the selective maintenance of high cytoplasmic
domain expression of the CYT-1 isoform of ErB-4, a phenomenon that exerts a tumor-promoting effect.

Ferretti et al 2006 (741)

From results in mice and literature data, it was proposed that SHH signaling might synergize simultaneously with
Notch and Wnt signaling in medulloblastoma development by controlling Notch and Wnt pathway ligand and/or
target gene expression.

Dakubo et al 2006 (742)

GLI proteins bind to DNA and increase the transcription of
specific target genes (303).

Of the known components of the SHH signaling pathway,
the only gene mutated with notable frequency in sporadic

medulloblastoma is PTCH (located at 9q22.2) (290B). These
mutations affect medulloblastomas, more often, but not exclu-
sively, of the desmoplastic type. Mutations of the SHH, SMOH
and SUFU genes appear to be rare events in medulloblastoma
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Figure 8.14. SHH signaling pathway. PTCH, a membrane protein,
is a receptor for SHH ligand, a secreted signaling protein. SMOH is
another membrane protein inhibited by Patched, in the absence of an
SHH signal. When SHH signaling inhibits PTCH, SMOH becomes
active and transduces signals that convert Gli proteins into transcrip-
tional activators of target genes. Inactivating mutations of PTCH
or activating mutations of SMOH may be involved in medulloblas-
toma tumorigenesis. The gist of the pathway involves PTCH which
encodes a transmembrane glycoprotein that functions as a negative
regulator of the SHH signaling pathway. Binding of the SHH ligand
to the PTCH receptor liberates SMOH activity, which leads to release
and nuclear translocation of activator and repressor forms of the GLI
family of zinc protein transcription factors (from refs. (329) and
(330), with permission). Inactivation of PTCH via loss-of-function
mutation leads to constitutive pathway activation due to unrestrained
SMOH activity (310,328,331,332,335), leading to overexpression of
the oncogene GLI1 and some members of the WNT and TGFβ gene
families (284A).

(290B, C, 298,304). For example, a point mutation of the SHH
gene was seen in one of 14 tumors, of SMOH in 1/21, and of
SHH in none of >50 samples.

Information regarding the SHH pathway was enlarged by
studies of the REN gene (305). The REN gene, located at
17p13.2, was given attention since deletions at that chromo-
somal region occur in nearly 40% of sporadic medulloblas-
tomas and LOH in up to 50% of these tumors (1, 102) and
might involve the REN gene. The REN gene is involved
in neural cell proliferation and differentiation in the mouse
(306), in which it consistently induces growth arrest and
differentiation of neural cells.

REN displays allelic deletion as well as significantly
reduced expression in medulloblastoma (142, 305). Further-
more, REN inhibits medulloblastoma cell proliferation and

colony formation in vitro and suppresses xenograft tumor
growth in vivo. REN seems to inhibit medulloblastoma growth
by negatively regulating the SHH by a number of mech-
anisms: it antagonizes the GLI-mediated transactivation of
SHH target genes, by affecting GLI1 nuclear transfer, and by
its growth inhibitory activity being impaired by GLI1 inac-
tivation. Therefore, REN seems to be a suppressor of SHH
signaling and its inactivation might lead to a deregulation of
the tumor-promoting SHH pathway in medulloblastoma.

Another gene involved in the SHH pathway is SUFU
located at 10q24.3, a band often affected by deletions in
medulloblastoma. SUFU (suppressor of fused) affects the
functions of the SHH pathway, including functional repres-
sion of GLI1 (307). A subset of children with medulloblas-
toma was found to carry germline and somatic mutations of
SUFU, accompanied by LOH of the wildtype allele (308).
Mutations of SUFU in four of 46 (9%) medulloblastomas have
been reported (308). This is comparable to the frequency seen
for PTCH (9%) and CTNN�1 (encoding �-catenin) of 5%
(310). The truncated proteins of SUFU are unable to export
the GLI transcription factor from the nucleus to the cytoplasm,
thus activating the SHH signal (308). The authors concluded
that SUFU functions as a TSG in a subset of desmoplastic
medulloblastomas. Interestingly, when patients with NBCCS
but without PTCH mutations were examined for possible
SUFU mutations, none was found (308).

As already mentioned above, mutations of PTCH, SMOH,
and SUFU genes lead to abnormal SHH pathway activation
in a proportion of syndrome-associated and sporadic medul-
loblastomas (309). Mutations of PTCH (located at 9q22.2)
and related genes (e.g., SMOH) are the cause of NBCCS or
Gorlin syndrome in >50% of these cases (276,277,310–313);
such mutations also are seen in one of three of sporadic
basal cell carcinomas (BCC) (145,298,304,308,314–316) and
in 10–15% of medulloblastomas, more often of the desmo-
plastic type than others (26, 76, 143–145, 290A, 290A, 304,
305, 308, 315A, 317, 318). Thus, it seems that inactivation of
PTCH function is involved in at least a subset of sporadic
medulloblastomas. This is in keeping with observed losses on
9q in 10–18% of medulloblastomas (26, 76, 319), including
the locus for PTCH (276).

Rare mutations of the SHH gene in medulloblastoma have
been described (320), although more extensive studies have
failed to find such mutations (290B, C, 321, including desmo-
plastic medulloblastomas.

Proliferation of cerebellar granule neuron precursors
(CGNP) is largely driven by basic helix-loop-helix transcrip-
tion factors in the HES family and the helix-loop-helix zip
transcription factor, MYCN (290A, 293, 322). Notch signaling
induces HES family members and SHH signaling induces
GLI1 and MYCN. Both pathways regulate Cyclin D1, a
possible mediator of CGNP proliferation (288). MYCN is
a direct target of the SHH pathway functioning as a regu-
lator of cell cycle progression in cerebellar granule neuron
precursor(s) (290A, 293).
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Analysis of neurodevelopmental pathways in medulloblas-
toma provides the foundation for new therapies that may
specifically block mitogenic signal transduction (285, 292,
323). The combined mutations causing increased SHH
pathway activity have been identified in up to 20% of medul-
loblastoma (144, 298, 308, 317, 324, 325). These include inac-
tivating mutations of PTCH1 or SUFU, genes that encode
negative regulators of SHH signaling or activating mutations
of SMOH, a gene that encodes the SHH-mediated SMOH.
Agents have been shown to block SHH signaling in medul-
loblastoma cell cultures, thus causing extensive cell death and
could serve as a basis for therapy (318, 323).

SHH and Notch pathways were activated in 16/24
medulloblastomas, including all desmoplastic tumors. Of
nondesmoplastic medulloblastomas, 50% (nine of 18) had
elevated GLI1, indicating that SHH pathway activation is
much more common than previously known. GLI2 was
elevated in all desmoplastic medulloblastomas and in 39% of
others. MYCN, a direct target of SHH in CGNP, was elevated
in 88% (21 of 24) medulloblastomas. PTCH1 expression was
present in 33% (2/6) of desmoplastic and 11% (2/18) of
nondesmoplastic tumors. PTCH2 paralleled that of PTCH1
(288).

The BTRC gene (ubiquitin ligase involved in SHH and
Wnt signaling), located at 10q24.3, distal to the PTEN gene,
located at 10q23.31, showed no mutations in 21 and 36 medul-
loblastomas, respectively (308).

Allelic deletion of PTCH is infrequent in sporadic classic
medulloblastoma and a major role for PTCH in sporadic
medulloblastoma appears unlikely (316). In the two medul-
loblastomas (both desmoplastic) of patients with NBCCS,
LOH of the PTCH locus was present. In sporadic BCC, PTCH
acts as a TSG (311) and is found to be mutated in more than
30% of BCC (314). SMOH, when mutated, can function as an
oncogene in BCC (315), and it has been found to be mutated
in 20% of BCC (298).

An additional putative tumor suppressor gene that is a
homolog of the PTCH gene has been isolated, the PTCH2
gene (146), which maps to 1p32.1-p32.3. Using SSCP and
heteroduplex analysis, inactivation of one allele of this gene
was demonstrated in one of 92 medulloblastoma tissue
samples and cell lines studied. It remains a possibility that
mutation of PTCH2 may be involved in the development of
some medulloblastomas (146). Patched-1, a TSG, containing
exon 12b may be expressed in some medulloblastoma tissues
and cell lines, possibly playing a role in the pathogen-
esis of this tumor (146A). Appropriate information may
be found in the literature dealing with the broad facets of
the SHH pathway in embryogenesis and cancer (301, 303,
326–339, 339A).

Wnt Signaling Pathway in Medulloblastoma

The cellular functions of the Wnt pathway have been compre-
hensively reviewed (339B, 340–342), including its possible
role in medulloblastoma tumorigenesis (343).

Wnt proteins, named after the Drosophila protein “wing-
less” and the mouse protein “Int-1”, represent a large family of
secreted cysteine-rich glycosylated proteins (344). Members
of the Wnt family of secreted signaling proteins induce
subsets of target genes at defined distances from their source
by activating conserved transduction cascades (341). Aber-
rant activation of these pathways can lead to various types of
cancers, possibly including medulloblastoma (336, 342A).

Table 8.15 shows features of �-catenin changes and effects
in medulloblastoma.

The Wnt pathway controls transcription of target genes
via its central component �-catenin, which serves as
an interaction hub for a complex array of membrane-
associated, cytosolic and nuclear proteins (Figure 8.15)
(343A). At the cell membrane, �-catenin associates with
E-cadherin in adherens junctions to provide a cell adhe-
sion, signal transduction, cell proliferation and transcrip-
tional control functions (344A, 345–347). In the absence of
Wnt signaling, the remaining cytoplasmic �-catenin protein
is constitutively marked for proteasomal degradation by
glycogen synthase kinase 3� (GSK3�)-mediated phospho-
rylation (344A, 340, 348–351). GSK3� is part of a degra-
dation complex comprising Axin and APC. APC and Axin
proteins form a complex with �-catenin in the cytoplasm and
act together with the GSK3 kinase to promote �-catenin phos-
phorylation and degradation (352, 353). Upon binding of an
extracellular Wnt ligand to members of Frizzled receptors,
the degradation complex is disrupted (345). As a result, the
levels of free cytoplasmic �-catenin rise and �-catenin enters
the nucleus where it interacts with Lef/Tcf DNA binding
proteins to initiate transcription of Wnt-responsive genes, e.g.,
MYC, Cyclin D1 and others (354, 355, 355A). Like the SHH
pathway, the Wnt pathway is also very complicated with gaps
remaining at various levels, from the structure of the core
complex formed by �-catenin to the mechanisms controlling
transcription of Wnt targets (341). The available information
on the Wnt pathway in medulloblastoma must be viewed with
the above background in perspective.

Activation of the Wnt/Wg signaling pathway occurs in up to
25% of medulloblastomas and is associated with a favorable
outcome. Medulloblastomas showing evidence of Wnt/Wg
activation (CTNNB1 mutation, �-catenin nuclear stabilization,
or both) were exclusively associated with a distinct genomic
signature involving loss of an entire copy of chromosome 6
with few other changes (341A). In contrast, Wnt/Wg-negative
medulloblastomas clustered into an unrelated subgroup char-
acterized by multiple genomic defects common in these
tumors (loss of 17p, chromosomes 8, 10, and 16; gain of chro-
mosome 7 and 17q). Activation of the Wnt/Wg pathway was
independent of chromosome 17 aberrations. Wnt/Wg active



374 8. Medulloblastoma, Primitive Neuroectodermal and Pineal Tumors

Table 8.15. Some features of �-catenin in medulloblastoma.

References

β-catenin interacts in the nucleus with T-cell factor 4 (Tcf-4), which leads to the overexpression of MYC,
which, may be related to tumor growth.

Korinek et al 1997 (682A)
Morin et al 1997 (649)

β-Catenin mutations not present in medulloblastoma with PTCH mutations. Raffel et al 1997 (144)
Zurawel et al 1998 (346)

β-catenin expression and mutation in sporadic medulloblastomas. Mutations present in approximately 5% of
tumors.

Zurawel et al 1998 (346)
Eberhart et al 2000 (371)
Huang et al 2000 (361)
Koch et al 1996 (130)
Yokota et al 2002 (370)

β-Catenin expression binding to SOX proteins modulates Wnt signaling. Zorn et al 1999 (683)
β-catenin upregulates Cyclin D1 rather than MYC, whereas γ -catenin activates MYC. Barker and Clevers 2000 (684)

Kolligs et al 2000 (685)
β-Catenin was found in the nuclei of 9/50 (18%) of sporadic medulloblastomas by immunohistochemistry and

in a tumor from a patienat with Turcot syndrome. The nuclear localization of β-catenin expression points to
activation of the Wnt pathway.

Eberhart et al 2000 (371)

β-Catenin activity can be repressed by being dislocated from the nucleus through binding to the SUFU protein
(Meng et al 2001).

Meng et al 2001 (686)

β-Catenin and γ -catenin function in the Wnt signal pathway in the nucleus through binding to the SUFU
protein in a similar manner.

Misaki et al 2005 (658)

β-Catenin was expressed in nearly 80% of medulloblastomas (19/24), γ -catenin in 37% (9/24) and Cyclin D1
in 25% (6/24). No amplification of these genes was found.

Misaki et al 2005 (658)

γ -Catenin expression and accumulation has been evaluated in medulloblastomas and found to be a favorable
prognostic index. The reverse was true of Cyclin D1.

Misaki et al 2005 (658)

tumors could not be distinguished on the basis of clinical or
pathological features.

APC is a crucial part of this degradation complex which
plays a role in controlling the subcellular localization, accu-
mulation and activity of �-catenin (356–358). As already
mentioned, the latter functions as a downstream transcrip-
tional activator of the Wnt signaling pathway and also as
a submembrane component of a cell-cell adhesion system
(357, 359, 360).

Of relevance to medulloblastoma is that �-catenin may
assume oncogenic potential through several mechanisms
including mutations of APC which ablate its ability to degrade
�-catenin, through mutations of �-catenin which prevent its
down-regulation by wild-type APC, or through mutations of
the AXIN gene resulting in the activation of Wnt receptors
(347, 361, 262).

The higher incidence of medulloblastoma in patients with
Turcot syndrome (363), who have germline mutations of the
APC gene (located at 5q21) as an underlying cause of their
disease (364) (Table 8.8) has received much attention as to
the possible role this gene and the Wnt pathway may play
in medulloblastoma development. In a series of 173 sporadic
medulloblastomas, 3–5% had Gorlin syndrome (151).

Malfunctions of the Wnt signaling pathway constitute a
hallmark of many aggressive cancers (340, 365). Disruption
of the Wnt pathway through either β-catenin, APC or AXIN
mutations or GSK3� dysfunction is involved in the develop-
ment of a small but significant fraction of medulloblastomas
(10–15%) (316, 362, 366).

Involvement of the Wnt pathway in the evolution of
sporadic medulloblastomas was first indicated by the presence
of �-catenin mutations in three of 67 (4.5%) of these tumors

(346). This raised the question whether sporadic medulloblas-
tomas also contain APC mutations.

In the absence of Turcot syndrome, somatic mutations of
the APC gene were shown in early studies to be very rare
in sporadic medulloblastomas (316, 367–369). In one study
(367), for example, no mutations of APC were found in 41
sporadic medulloblastoma and another group (369) observed
no LOH at the gene locus on 5q in 27 sporadic medul-
loblastomas. No LOH of the APC locus was demonstrated
in 35 medulloblastomas (including two from NBCCS cases),
although amplification of APC was present in 32/35 of these
tumors, a finding to which the authors attached no significance
(316).

However, in a study using SSCP and direct DNA
sequencing, three miscoding APC point mutations were found
in two of 46 (4.3%) medulloblastoma (361). In addition,
miscoding �-catenin mutations (in codons 33 and 37) were
detected in four additional tumors (8.7%). APC and �-catenin
mutations were mutually exclusive and occurred in a total of
six of 46 cases, suggesting involvement of the Wnt pathway
in approximately 13% of sporadic medulloblastomas (361).

A study of the APC gene in three subjects with Turcot
syndrome (a rare and probably autosomal recessive disorder)
with colonic tumors and two with medulloblastoma, showed
germline mutations in the three patients and a somatic muta-
tion of APC in 3 colonic adenomas of one patient (367).
Examination of the medulloblastomas from the two cases of
Turcot syndrome, and 91 archival medulloblastomas, failed to
reveal any mutations of APC.

The study referred to in the preceding paragraph seems to
be the only one in which the mutated germline genes in one of
the syndromes described in Table 8.8 have been examined in
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Figure 8.15. Schematic presentation of the Wnt signaling pathway.
Secreted proteins of the Wnt family act by binding to transmembrane
receptors called Frizzled and by regulating the levels of intracellular
�-catenin. In the absence of Wnt signal, �-catenin is phosphory-
lated and degraded by a complex of proteins that includes GSK3�,
the APC tumor suppressor protein and the scaffolding protein Axin.
Binding of Wnt to Frizzled inactivates GSK3�, reducing the phos-
phorylation and degradation of �-catenin. This allows �-catenin to
translocate to the nucleus where it binds to transcription factors of
the Lef/Tcf family, converting them from repressors to activators.
The �-catenin-Lef/Tcf complex induces expression of target genes
such as MYC and Cyclin D1, which promote cell cycle progression.
Mutations inactivating APC or Axin render �-catenin resistant to
degradation are associated with a variety of tumor types, including
medulloblastoma.

the tumors of affected individuals. The lack of other informa-
tive studies on such tumors in all three syndromes leaves a gap
in our understanding of the pathogenesis of medulloblastoma
in these conditions.

One study (346) examined the status of the β-catenin and
GSK3β genes in 67 sporadic medulloblastomas. Mutations of
the β-catenin gene were observed in a small proportion (three
of 67) of the tumors, suggesting that this gene may be involved
in the development of a limited subset of medulloblastomas.
Although LOH of the GSK3β locus was detected in some
tumors (seven of 32), none had an alteration in the remaining
GSK3β allele, indicating that this gene is not a significant
TSG for medulloblastoma.

In five of 23 sporadic medulloblastomas accumulation
of �-catenin was present by immunohistochemical staining;
two cases were positive for Wnt-1 and another showed
either mutation of AXIN1 or CTNNB1. The AXIN1 mutation
involved exon 3, site of GSK3� binding and that of CTNNB1
(�-catenin gene) at exon 3, corresponding to its phosphoryla-

tion site. These events could upregulate the Wnt signaling and
accumulation of �-catenin, followed by cell proliferation and
medulloblastoma development (370). Although the frequency
of �-catenin mutations is low in medulloblastoma, pathways
leading to its activation may be relevant to medulloblastoma
biology.

AXIN1 gene, a component of the Wnt pathway, was
screened in 39 medulloblastomas, but only two tumors had
missense mutations (366). Large deletions of AXIN1 in 5/12
medulloblastomas may not have significance, because they
were seen in similar frequency in normal brain tissue and
could also be due to RT-PCR errors (366). Alterations of
AXIN1 (Axis inhibition protein-1) were seen in 12% of 86
medulloblastomas and 11 cell lines and manifested often as
large deletions (362), but they have been pointed to as possible
methodological artifacts of RT-PCR (366).

About 5–10% of sporadic medulloblastomas have inacti-
vating and usually exclusive point mutations of the APC and
β-catenin (CTNNB1) genes (343, 346, 361, 371). Codons 33
and 37 of the β-catenin gene constitute mutational hotspots in
medulloblastoma.

Table 8.16 shows some salient findings in the three path-
ways (SHH, Wnt, and p53) in medulloblastoma.

Neurotrophins in Medulloblastoma

Cerebellar granule cell neuron growth and differentiation have
been shown to occur in coordination with the expression of the
neurotrophin family of growth factors (372). The members of
this family include nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin (NT)-3, NT-4/5,
and NT-6 (373–380). Medulloblastomas express one or more
of the neurotrophins, and their receptors (381).

Two classes of transmembrane glycoproteins serve as
receptors for the neurotrophins. The first class, represented
by the p75 low-affinity nerve growth factor receptor, has
no tyrosine kinase activity. It binds NGF, BDNF, and NT-3.
NGF, when bound to the p75 receptor, may promote the
survival of normal and neoplastic neurons by blocking apop-
tosis (378,382), although this is an area that is not totally clear
(383). The activity of p75 is critical for cerebellar develop-
ment under pathologic conditions where neurotrophin levels
are reduced (384); p75 is present in cerebellar granule cells
and in Purkinje cells (384, 385).

The second class of neurotrophin receptors is represented
by members of the Trk family of tyrosine kinases, homol-
ogous with a previously described oncogene, tropomyoses
receptor kinase, or Trk (375, 378). These glycoproteins func-
tion as selective high-affinity neurotrophin receptors whose
tyrosine kinase is activated by neurotrophin binding. Acti-
vated kinases, in turn, autophosphorylate tyrosine residues in
the cytoplasmic domain of the receptors. The first member of
this family, TrkA, preferentially binds NGF. Another member,
TrkB, specifically binds BDNF and NT-4/5, whereas TrkC
binds only NT-3. The biological effects of NT4/5 and NT6 are
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Table 8.16. Some of findings in the SHH, Wnt, and p53 pathways in medulloblastoma.

Constitutive activation of the SHH signaling pathway occurs in approximately 25% of cases overall in medulloblastoma, by mutually exclusive mutations of
the PTCH1, SUFU, and SMO genes (462).

Activation of the Wnt signaling pathway occurs in 10–30% of medulloblastomas by mutations of β-catenin (CTNNB1), APC, or AXIN1 genes (462).
Defects in the TP53 tumor suppressor pathway in approximately 20% of medulloblastomas are due to TP53 mutations and p14ARF deletions (462).
Critical evaluation of the functional and clinical relationship of the genetic defects just mentioned substantiate their roles in medulloblastoma

tumorigenesis and suggest that their differential involvement may indicate divergent mechanisms of pathogenesis and clinical behavior in subsets of
medulloblastoma (462).

Despite the progress reflected by the aforementioned findings in medulloblastoma, a genetic basis for the majority of medulloblastomas remains to be
discovered (462).

A review of the role of the Wnt signaling pathway in cancer has been publsihed (802).
A study demonstrated that wild-type AXIN2 antagonized Wnt signaling in medulloblastoma cells (785), whereas a truncated AXIN2 increased T-cell factor

(TCF) activity. The findings indicated that mutations of AXIN2 can lead to an oncogenic activation of the Wnt pathway in medulloblastomas. The authors
(785), stated that the presence of β-catenin, APC, AXIN1, and AXIN2 mutations in medulloblastomas described in other studies suggests that disruption of
the Wnt signaling pathway by different mechanisms is involved in the molecular pathogenesis of these tumors and the findings (785) underline those of
others (662, 777) that activating mutations within the Wnt pathway define a subset of medulloblastomas.

Activation of AXIN2 expression by �-catenin-T cell factor has been described (786).

not as well delineated at this time, but NT4/5 binds to both
TrkA and TrkB (386,387). Both BDNF and NT-3 are found in
the immature cerebellum. Early cells in the external granule
cell layer of the cerebellum respond to BDNF, whereas more
mature granule cells respond to NT-3 but not BDNF.

The neurotrophin receptor TrkC, whose expression in
medulloblastoma is generally considered to be a favorable
indicator, is given some attention in Table 8.17, in which its
mechanisms of action are listed. During development, TrkC
is expressed in the most mature granule cells of the cere-
bellum (381, 388), cells from which arise at least some of
the medulloblastomas. Thus, the favorable outcome in cases
expressing TrkC may be related to the above observation
(Figure 8.16) (389). Some of the characteristics of the receptor
TrkC are presented in Table 8.17. Some characteristics of
TrkC in medulloblastoma are shown in Figure 8.16A.

Two studies on neurotrophins and their expression in
medulloblastomas (and a few PNET), performed by essen-
tially the same group of investigators (390, 391), found that
expression for TrkA was seen in 25–27% of the tumors,
for TrkB in 40–62%, and for TrkC in 48–85%. The pres-
ence of NGF, BDNF, NT-3, and NT-4/5 was observed
in 15–40% of medulloblastomas. These studies imply that
signal transduction pathways mediated by neurotrophins, their
receptors, or both influence the induction or progression of
medulloblastomas.

Neurotrophins act through their cognate receptors to
promote the differentiation, survival, or both of neuronal

progenitor cells, immature neurons, and other cells (392). The
best-studied representative of neurotrophins to date has been
NGF. Studies have indicated that a NGF/TrkA signal trans-
duction pathway could activate apoptosis in medulloblastoma
(392).

In a medulloblastoma cell line, NGFR expression could be
inhibited by NGF (393). In a study based on the expression of
p75, the authors indicated that progenitor cells of the external
granule cell layer of the cerebellum served as precursors of
medulloblastoma, particularly of the desmoplastic type (385).

The expression of neurotrophins and neurotrophin recep-
tors by PNET (medulloblastoma?) cell lines was variable. The
presence of activated Trk receptors may be required for rapid
growth (394).

NGF, which has the potential to induce cellular differentia-
tion, was found to be present in four of 10 medulloblastomas
(272A) and confined to 5–8% of the cells, an observation
previously made by others (395); attempts to increase NGF in
an in vitro system were essentially negative. Thus, it seems
unlikely that NGF will be a useful therapeutic agent for
medulloblastoma (272A).

An early study (396) showed >50% of medulloblastomas
to be positive for NGF receptors, particularly those tumors
with glial features. Although the NGF receptor-positive
tumors may be responsive to the effects of NGF, other reports
(397, 397A) indicate that the mere expression of NGF recep-
tors does not guarantee that NGF will induce differentiation
of such tumors.

Table 8.17. Some characteristics of the receptor TrkC in medulloblastoma.

References

Expressed in most mature granule cells of cerebellum and may underlie possible reason for favorable outcome
in medulloblastoma expressing TrkC.

Segal et al 1992 (389)
Pomeroy et al 1997(208)

Inhibits the growth of medulloblastoma xenografts in mice. Kim et al 1999 (671)
TrkC expression highly correlated with apoptosis in medulloblastoma. Kim et al 1999 (671)
TrkC-mediated NT3 signaling promotes apoptosis by activating multiple parallel signaling pathways and by

inducing early expression of JUN and FOS genes. In toto, the biological actions of TrkC activation affect
medulloblastoma outcome by inhibiting tumor growth through the promotion of apoptosis.

Kim et al 1999 (671)
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Figure 8.16. Cumulative survival of
patients with medulloblastoma according to
expression levels of MYC and TrkC.
Survival was the best in the group with high
levels of TrkC expression and with low
MYC expression, whereas patients with low
levels of TrkC expression, regardless of
those of MYC had the worst survival (from
ref. (188), with permission).

The expression of neurotrophins and their high-affinity
Trk receptors in medulloblastoma is variable, in part due to
inconsistencies in laboratory techniques and growth condi-
tions (394).

A review of the neurotrophin signal transduction and appli-
cability to the development of agents against medulloblastoma
has been published (398).

Apoptosis in Medulloblastoma

The term apoptosis is derived from the Greek and means liter-
ally “to drop off,” as in leaves falling from a tree (190A).
As used in cell biology, apoptosis refers to genetically medi-
ated individual cell death affected by a host of genes and
factors, e.g., BCL2, p53, MYC, BAX, FOS, RB1, and caspases,
to name a few (Table 8.18 and Figure 8.17). These genes
and their products constantly interact, thereby potentiating or
repressing one another’s apoptosis-regulating effects (399).
The literature on apoptosis is vast and hence here we shall
confine ourselves to its role in medulloblastoma.

Table 8.18. Selected oncogenes and TSG
initiators or stimulators of apoptosis.

Stimulators of Inhibitors of
Apoptosis Apoptosis
MYC BCL2
p53 BCLXL
BAX MCL1
BAK ABL
BAD RB1
BCLXS
FOS
JUN

Based on Staunton and Gaffney (190A), where appro-
priate references may be found.

Figure 8.17. Schematic presentation of the parts played by the BAX
and BCL genes and their protein products in the control of apop-
tosis. Increased expression of BAX promotes apoptosis and increased
expression of BCL2 suppresses apoptosis. BCL2 expression has been
shown to confer resistance to cell death and thus promote tumor
formation by prolonging cell survival inappropriately (736B). Alter-
native splicing of BCLX gene produces two transcripts with opposing
effects, i.e., BCLXS promotes apoptosis, whereas BCLXL suppresses
it. The proteins encoded by these genes form dimers with competing
effects on apoptosis. Thus, the BAX-BAX homodimer promotes
apoptosis, whereas the BCL2-BAX and BCLXL-BAX heterodimers
suppress apoptosis. The BCLXS-BCL2 dimer may promote apop-
tosis by blocking the formation of the antiapoptotic BCL2-BAX
heterodimer. The relative expression of the genes shown appears to
determine whether a cell will undergo apoptotic death. Figure based
on the composite information in Boise et al. 1993 (737B), Oltavi
et al. 1993 (409), Sedlak et al. 1995 (738B), Kroemer 1997 (739A),
Levine 1997 (740B), Bruggers et al. 1999 (410), and Cory et al. 2003
(736B).

Apoptosis (programmed cell death) is a crucial regulator of
normal development and tissue homoeostasis, and the abro-
gation of apoptotic pathways is a frequent event in tumor
development. Apoptosis requires energy in the form of ATP,
indicating that programmed cell death, as opposed to necrosis,
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is an energy-dependent active physiological and pathophysio-
logical phenomenon (400).

Apoptosis in medulloblastoma can be identified by light
microscopy, electron microscopy, agarose gel electrophoresis,
flow cytometry, in situ labeling, and time-lapse video
microscopy (190A). Each of these methods assesses a some-
what different aspect of apoptosis, hence the use of more
than one technique yields more cogent and meaningful
information.

The number of cells involved by the apoptotic process,
i.e., the so-called apoptotic index (AI) can be established
by a number of methodologies, some of which are far from
optimal.

The methodological inconsistencies in determining the AI
(apoptotic index) in medulloblastomas have led to contrasting
results (401, 402) and, hence, the interpretation of findings
based on AI must take these inconsistencies into considera-
tion.

The use of techniques other than terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL) to
evaluate apoptosis has been advocated as more reliable in
answering important questions about tumor biology and treat-
ment (402, 403).

Classic and desmoplastic medulloblastomas have a 1.3 ±
0.5% apoptotic nuclei (258). The distribution of apoptotic
nuclei in medulloblastoma was uneven, i.e., they were gener-
ally more frequent in areas of the tumor with a high mitotic
index and higher numbers of Ki-67-positive cells (404). No
definable differences were observed in the number of apop-
totic cells among types of medulloblastoma; also, the AI
varied from tumor to tumor and in different areas of the
same tumor (21), nor does it correlate with prognosis (402),
although it is higher in recurrent tumors. The AI was higher in
medulloblastomas of male than female patients (31) and had
a negative relation to patient age (21).

An AI of >1.5% was associated with an unfavorable
outcome (31, 405). This contrasted with the limited prog-
nostic value of MYC and TrkC expression. Inactivation of
p53 causes decreased levels of radiation-induced apoptosis in
medulloblastoma (406). A positive correlation between apop-
tosis and expression of cell-cycle inhibitor p27KIP-1 in medul-
loblastoma has been reported (407, 408).

NGF acting through TrkA may induce apoptosis in medul-
loblastoma (392), although the process and mechanism of this
effect are rather complex.

Undoubtedly, apoptosis plays an important role in medul-
loblastoma tumorigenesis; however, the information on the
genes and pathways involved (except for bcl-2 and p53) is
relatively scanty.

Deregulated cell proliferation, together with apoptosis,
operates to support neoplastic progression (178, 190A). Thus,
there is little doubt that apoptosis is an integral part of
the tumorigenic process in medulloblastoma, but what has
remained controversial is the meaning of the quantitative and
qualitative aspects of apoptosis biologically and prognosti-

cally in these cases (21). The primary role that apoptosis plays
in neural development, oncogenesis, and therapeutic response
suggests that aberrantly expressed apoptotic genes could be
molecular determinants of tumorigenesis in the brain.

The BCL2 gene product is a potent inhibitor of apoptosis,
thus prolonging cell survival. BCL2 is considered a down-
stream regulator of apoptosis because it inhibits apoptosis
induced by a variety of stimuli, including gamma radiation,
hyperthermia, chemotherapeutic agents, and steroids. Thus,
BCL2 expression is one of several defined mechanisms of
chemoresistance and radioresistance in medulloblastoma.

BCL2 and its homologs interact closely in the regulation
of apoptosis. The ratio of BCL2/BAX and that of their protein
products is a critical determinant for the induction of apop-
tosis; when BAX is present in excess, apoptosis is stimulated,
and when BCL2 is present in excess, apoptosis is inhibited
(409). The complexity of the apoptotic process is reflected in
the BAX and BCL and their related genes effects and interac-
tions, where the formation of dimers of the protein products
of the genes either increase or decrease apoptosis (410).

In three medulloblastoma cell lines, expression of BCL2
and BCLXS was not present, whereas BCLXL and BAX were
expressed (410). In a PNET cell line, BCL2, BCLXL, and BAX
were expressed, but not BCLXS. The findings in these cell
lines and those of other brain tumors, and in tumor specimens,
led the authors to conclude that coexpression of proapoptotic
and antiapoptotic genes in these tumors supports the hypoth-
esis that the relative expression of competing genes deter-
mines the apoptotic threshold (410).

Positivity for BCL2 expression in medulloblastoma has
varied among studies, e.g., in one study, BCL2 was not
expressed in any medulloblastoma cell line or tumor specimen
(411, 412). However, 25–30% of medulloblastomas showed
positivity in other studies (407, 413). In another study (414),
only 7.8% (7/90) of medulloblastomas were positive for
BCL2, three were classical and four desmoplastic.

One group (415) reported increased levels of BCL2 protein
expression in a significant proportion of medulloblastomas,
possibly associated with an unfavorable outcome. Others
(254) did not find such a correlation (416, 417). It has been
suggested (254) that medulloblastomas being undifferentiated
tumors, it is not surprising that BCL2 expression is frequently
absent in these tumors.

In a study based on RT-PCR analysis for expression of
BCL2, BCLXL, BCLXS, and BAX, genes affecting apoptosis,
three medulloblastomas and one PNET cell line were exam-
ined (410). All cell lines BCLXL and BAX and only the PNET
cell line also expressed BCL2. The coexpression of proapop-
totic (BCLXL) and antiapoptotic (BAX) genes in the same
tumors is to be noted. Medulloblastomas expressing BCL2
have been found to show features of neuronal differentia-
tion (407).
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Growth Factors and Their Receptors
in Medulloblastoma

In an article published a little over a decade ago (418), the
author referred to the fact that growth factors and their recep-
tors had been extensively studied in glial tumors, but not in
medulloblastoma, and the few reports that were published
(418A,419,420) did not shed much light in this area. However,
since 1996 several studies on these growth factors in medul-
loblastoma have benn published and are summarized in the
following paragraphs.

IGF in Medulloblastoma

Insulin like growth factor (IGF) may play a role in medul-
loblastoma development (289). For example, DNA microarray
studies have shown increased expression of IGF2, mainly in
desmoplastic medulloblastomas (208). Evidence for the role
of IGF2 is reflected in murine models (284A). The effects of
IGF2 are mediated by the IGF1 receptor (IGF1R), a receptor
tyrosine kinase. Immunohistochemistry studies (421) have
shown expression of insulin receptor substrate 1 (IRS-1) and
phosphorylated (activated) IGF1R in medulloblastomas. The
authors of one study (289) indicated that the combined activa-
tion of the SHH and IGF signaling pathways is an important
mechanism in medulloblastomas pathogenesis. IGF1R was
shown to be present in a single medulloblastoma by quantita-
tive autoradiography (418A).

In a study using an established medulloblastoma cell line
(422), stimulation of IGF1 led to phosphorylation of its
receptor (IGF1R) and resulted in cell proliferation. Antibodies
to IGF1R blocked the effects of IGF1, as did an inhibitor of
the mitogen-activated protein kinase (MAPK) pathway (422).
The results point to an autocrine IGF1/IGF1R loop and to
IGF1 promoting proliferation via the MAPK pathway.

IGF1R is a multifunctional tyrosine kinase receptor that
regulates cellular growth by a number of different ways, i.e.,
by being mitogenic, by protecting normal and tumor cells
from apoptosis, by controlling neuronal differentiation and by
maintenance of the transformed phenotype (423).

Positive staining for IGF-1R in 6 medulloblastoma biop-
sies and overexpression in 6 medulloblastoma cell lines led
the authors (423) to suggest that IGF1R may contribute to the
growth of medulloblastoma.

Similar to the synergism of MYC with SHH in inducing
medulloblastoma formation from nestin-expressing neural
progenitors in mice (424), IGF likewise cooperated with SHH
in tumor induction (289). The IGF1R has been proposed as a
potential therapeutic target in medulloblastoma (424A).

EGFR-ErbB Oncogenes in Medulloblastoma

This group of genes belongs to the RTK-I (receptor tyrosine
kinase) signaling family which includes ErbB1-4 and is asso-
ciated with a complex network of ligands of the neuregulin
(NRG) family (425–427).

The malignant phenotype of medulloblastoma (including
PNET) is maintained by the expression of the EGFR family of
genes (428). Very high expression of erbB4 was found in 73%
of the 48 tumors examined. Transcript levels of erbB2 and
erbB3 exceeding 10-fold that of the cerebellum were found in
35% of the cases. Only two tumors had erbB1 expression at
these levels. The results suggest that various forms of stimula-
tion through these receptors may contribute to the malignant
phenotype of medulloblastoma (428).

In isolated immunohistochemical studies of medulloblas-
toma, EGFR has been detected in a small proportion of the
tumors, but survival analyses have not shown any statistical
significance (425). In a study erbB2 expression was found in
the majority of the 55 medulloblastomas examined and was
associated with an unfavorable outcome (429). In a subse-
quent study (429A), expression of erbB2 was much less
common, particularly in tumors of children <3 years old.
Possible reasons for this discrepancy were discussed (105).
The results of the studies of these authors (105) showed
that overexpression of erbB2 was neither evident nor correl-
ative with the presence of i(17q). Coexpression of erbB2
(HER2) and erbB4 (HER4) demonstrated prognostic signifi-
cance (425), in contrast to expression of individual receptors
or NRG expression.

PDGFR� and RAS/MAPK Oncogenes
in Medulloblastoma

In a study of expression profiles of 23 medulloblas-
tomas (259), PDGFR� and members of the downstream
RAS/MAPK signal transduction pathway were up-regulated
in tumors with metastases, as evidenced by overexpression of
PDGFR� in another set of tumors examined immunohisto-
chemically. In vitro studies (259) showed that PDGFR� can
enhance medulloblastoma aggressiveness and increase down-
stream phosphorylation of MAPK components; the latter
could be blocked by antibodies to PDGFR�. The PDGFR�-
RAS/MAPK pathway may be associated with medulloblas-
toma development in certain cases. No evidence of oncogenic
mutations of KRAS, NRAS, HRAS, BRAF, or PDGFRB were
found (259A).

In a previous study (420) on expression of PDGF in
5 medulloblastomas, none of the tumors had the ligand
and/or receptor for either the PDGFR� or PDGFR� autocrine
loop (420).

Basic fibroblast growth factor expression was not found in
an immunohistochemical study (419). The vascular endothe-
lial growth factor (VEGF), which is of demonstrated impor-
tance in glial tumorigenesis, has not been studied sufficiently
in medulloblastoma. An investigation of the angiogenic
profile of medulloblastoma showed that VEGF may not be the
only determining factor in the vascularization of these tumors
(430), neither was PEDF one of the factors tested.
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Other Genes and Factors in Medulloblastoma

OTX Genes and Expression

The transcription factors OXT1 and OTX2 are essential for
normal development. It has been found that the OTX2 gene is
amplified in medulloblastoma (127, 431, 432) and may reflect
a major role for OTX2 in medulloblastoma pathogenesis,
though it is unknown how OTX2 relates to the clinical and
histopathologic features of medulloblastoma. Expression of
OTX1 and OTX2 has been used as a means of defining layers
and regions in the developing cerebral cortex and cerebellum
(433).

Almost all medulloblastomas 114 of 152 (75%) and cell
lines expressed either OTX1 or OTX2 or both; the OTX2 gene
was highly amplified in a medulloblastoma cell line (432).
OTX2 was expressed in 29/34 classic medulloblastomas and
OTX1 in nine of 11 of the nodular/desmoplastic type. The
more frequent OTX2 expression in tumors (127) could, there-
fore, result from analysis of a different histologic subset. No
expression of either OTX1 or OTX2 was detected in postnatal
normal cerebellum. IMHC analysis showed OTX2 expression
in 83 of 107 (75%) classic medulloblastomas (432). These
tumors were preferentially localized in the vermis, whereas
the negative cases were frequently localized in the cere-
bellar hemispheres. Amplified OTX2 was found in eight of
42 medulloblastoma tumors and in two of 11 medulloblas-
toma cell lines (127). No OTX2 amplifications were seen in 44
analyzed tumors, and only in three of 13 medulloblastoma cell
lines (431). Taken in toto, the findings strongly suggest that
amplification of OTX2 is not a frequent or consistent event in
medulloblastomas but rather is found in medulloblastoma cell
lines (431, 432).

Serial analysis of gene expression (SAGE) in a medul-
loblastoma of an 11-year-old girl and fetal cerebellum (433A)
revealed high expression of OXT2 in the tumor, and in the
cerebellar germinal layers, supporting the hypothesis that
medulloblastomas arise from the germinal layer of the cere-
bellum. Analysis by suppression subtraction hybridization of
a medulloblastoma cell line library revealed upregulation of
the homeobox OTX2 (434).

Interference with OTX2 expression inhibited medulloblas-
toma growth in vitro; ATRA repressed OTX2 expression and
induced apoptosis only in cell lines that expressed OTX2
(431). The authors stated that OTX2 seems essential for the
pathogenesis of anaplastic medulloblastoma and that tumors
expressing OXT2 may be candidates for ATRA therapy.

PAX and EN Genes in Medulloblastoma

Members of the paired box-containing (PAX) gene family
code for transcription factors expressed in specific regions
of the brain, e.g., PAX6 is expressed in the granule cells of
the developing cerebellum and is implicated in the control
of cell fate specification, proliferation, and/or migration of
neuroectodermal precursor cells during development (435).

In addition, PAX genes have shown the potential of onco-
genes, e.g., the involvement of PAX3 and PAX7 genes in
specific translocations in rhabdomyosarcoma (436); hence,
their possible relationship to medulloblastoma (435). The
homeobox-containing genes EN1 and EN2 are transcribed
in the embryonic brain region giving rise to the cere-
bellum (437); hence, their possible role in medulloblastoma
development.

Consistent expression of PAX5, PAX6, EN1, and EN2
ranging from 60 to 80% in medulloblastomas has been
demonstrated (435). EN1, EN2, and PAX6 are expressed in
normal cerebellum, adding evidence that medulloblastomas
originate from the external granular layer of the developing
cerebellum (435). PAX5 was not expressed in neonatal cere-
bellum and its deregulated expression in medulloblastoma
indicates its possible role in the development of this tumor and
correlates positively with cell proliferation and inversely with
neuronal differentiation in desmoplastic medulloblastomas.
PAX2 and PAX3, which are expressed in cell types other than
the granular in the cerebellum, are rarely transcribed in medul-
loblastoma.

In another study (438), the results suggested a regulatory
loop between PAX6 and EN in medulloblastoma. The PAX3
and p53 genes were examined by several molecular tech-
niques in 58 medulloblastomas and 50 paraffin-embedded
medulloblastoma tissues, respectively (439). Four mutations
of p53 were encountered, whereas only one polymorphism
was identified in the PAX3 gene.

Somatostatin Receptors in Medulloblastoma

Somatostatin (SST) is a neuropeptide found in different
central and peripheral nervous system structures and in tissues
involved in endocrine, digestive and immune functions (440).
SST has a number of active forms which play a role in central
nervous system functions, although of interest to this chapter
is their participation as growth regulators of the developing
cerebellum, and their antiproliferative activity (440, 441),
which involves a number of membrane receptors for SST
(440–442), including some in the cerebellum (443, 444).

The receptors for SST are expressed in a high proportion
of medulloblastomas (445–447). Some types of SST, e.g.,
SSTR2, are more noticeably expressed than others (446,447);
this opens some interesting prospects for the diagnosis and
therapy of medulloblastoma. Clinically, somatostatin receptor
scintigraphy has been used in the diagnosis of medulloblas-
toma and in the follow-up of pediatric cases (445).

Notch Signaling Pathway in Medulloblastoma

Notch signaling is involved in the differentiation of cere-
bellar granule neuron precursors and other aspects of cere-
bellar development (322, 448); hence, it bears cogently on
medulloblastoma tumorigenesis. The role of notch signaling
in cancer development has been documented, although
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its specific role in medulloblastoma pathogenesis remains
unknown (449, 450).

In embryonal brain tumors, Notch1 and Notch2 have
opposing effects on growth that parallel their functions
in normal development (448). These strikingly antagonistic
changes are highly unusual, and further characterization of the
immediate effectors and downstream targets of Notch1 and
Notch2 in these tumors should provide insight into the growth
control functions of the Notch pathway. Using RNA interfer-
ence and inhibition of �-secretase, an ongoing requirement
for Notch2 and its transactivation of gene targets, e.g., Hes1
(451) in medulloblastoma growth was documented (448),
suggesting that modulation of Notch signaling may be a ther-
apeutically useful approach (452).

The demonstration that malignant cells with activated
notch1 signaling become chemoresistant through inhibition
of the p53 pathway (453) may have therapeutic and clinical
implications in medulloblastoma.

The best-characterized Notch effector, Hes1, negatively
regulates basic helix-loop-helix neurogenic transcription acti-
vators such as the human Achaete Scute 1 gene (hASH1)
(360). Expression of the Notch pathway target gene, Hes1,
in medulloblastoma was associated with an unfavorable prog-
nosis (448). Notch1 was more frequently overexpressed in
medulloblastoma than was Notch2; Hes1 and Hes2 were
shown to be Notch effectors in medulloblastoma. Several
ligands of the Notch receptor have been characterized (454).

Much has to be learned about how the Notch pathway may
contribute to the development of cancer, including medul-
loblastoma. Inappropriate activation or inactivation of the
Notch pathway will derail cells from their normal course of
differentiation (454), suggesting that the Notch pathway might
offer a novel route for therapeutic intervention.

Epigenetic Events in Medulloblastoma

Epigenetics is the study of stable alterations in gene expres-
sion patterns that are not attributable to mutations of or base
changes in primary DNA sequences. One focus of epigenetics
is DNA methylation. Cytosines located 5′ to guanines, called
CpG dinucleotides, are found clustered (CpG islands) in the
regulatory regions of approximately 50% of all human genes.
In normal cells, the cytosines in the CpG dinucleotides are
generally unmethylated or methylated at low frequency.

Aberrant methylation of normally unmethylated CpG
islands has been documented as a relatively frequent event
in immortalized and transformed cells and is associated with
transcriptional inactivation of defined TSG in human cancers.

Genes methylated in medulloblastoma are shown in
(Table 8.19). The genes have been arranged in three cate-
gories: consistently methylated genes, less frequently methy-
lated genes and possibly methylated genes. The cellular
effects of these genes are also shown. Genes not methylated
in medulloblastoma are shown in Table 8.20.

Table 8.19. Genes affected by methylation in medulloblastoma.

Consistently affected in >60% of medulloblastomas
RASSF1A (microtubule stabilization;

regulation of mitosis)
CASP8 (regulation of apoptosis)
HIC1 (regulation of transcription)
p16INK4A (cell cycle regulator)
Consistent evidence of hypermethylation
MGMT (DNA repair)
CDH1 (regulation of cell adhesion)
TIMP3 (regulation of extracellular matrix)
GSTP1
DAPK (regulation of extracellular matrix)
Possibly methylated
p14ARF (cell cycle regulator)
TP53 (cell cycle regulator)
TP73 (cell cycle regulator)
EDNRB
MCJ (response to chemotherapy)
RB1 (cell cycle regulator)
THBS1

Frühwald et al 2001 (87), Harada et al 2002 (466, 467), Lusher et al 2002
(468) Rood et al 2002, 2004 (469, 470), Zuzak et al 2002 (471), Gonzalez-
Gomez et al 2003 (472,473,687), Horiguchi et al 2003 (474), Rathi et al 2003
(475), Waha et al 2003 (476), Ebinger et al 2004 (477), Chang et al 2005
(688), Inda et al 2006 (689), Lindsey et al 2004, 2006 (478, 690).

The information in the table findings in medulloblastoma tumors and
tumor cell lines. Because the latter show a higher frequency of methylation
of CpG islands, the information should be viewed with that in mind.

Based on Lindsey et al. 2005 (462).

Table 8.20. Nonmethylated genes in medulloblastoma.

Reference

APC Harada et al 2002 (467)
CDHI Harada et al 2002 (467)
DLC1 Pang et al 2005 (479)
FHIT Chang et al 2005 (688)
p15INK4B Frühwald et al 2001 (465), Lindsey et al 2004 (478)
RAR� Harada et al 2002 (467)
RIZ1 Lindsey et al 2004 (478)
sFRP1 Chang et al 2005 (688)
TSLC1 Lindsey et al 2004 (478)
VHL Frühwald et al 2001 (87, 465)

A large body of evidence now implicates a major role
for epigenetic mechanisms in cancer development (455–460),
particularly hypermethylation which affects specific genes
and leads to their epigenetic inactivation and thus to play
more specific functional roles in cancer pathogenesis (459).
The latter mechanism represents the most widely investigated
epigenetic events in cancer, and typically occur somatically at
CpG islands, resulting in an altered chromatin structure and
transcriptional silencing.

Aberrant DNA hypermethylation events affecting a large
number of TSG have been described for most tumor types,
including medulloblastoma, and characterize genes involved
across the spectrum of tumor development processes (455,
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459,461,462). Epigenetic expression (through methylation) of
RASSF1A but not CASP8 occurs in PNET and AT/RT (462A).

Somatic methylation of CpG islands in cancer is accom-
panied by associated histone modifications, transcriptional
silencing, growth advantage, and subsequent clonal selection
(463, 464).

The epigenetic events affecting TSG by promoter hyper-
methylation have become the focus of intense investigations
in multiple tumor types, including medulloblastoma (462).
These investigations have led to the identification of common
gene-specific events that can occur either independently of
or in conjunction with other genetic defects to disrupt genes
involved in tumor pathogenesis. This area has been compres-
sively reviewed, as it applies to medulloblastoma (462).

The list of genes examined for evidence of CpG island
methylation in medulloblastoma contains >24 genes, with
more genes expected to be added to the list as studies are
expanded in this area. Tables 8.19 and 8.20 contain informa-
tion regarding some of these methylated genes (87, 462, 465–
479). It has been suggested that the variation in the frequen-
cies of methylation between studies may be related to small
cohorts analyzed in some studies and to different methods
used in others (462).

In the following paragraphs, we present some information
regarding the most consistently affected genes by hyperme-
thylation in the bulk of medulloblastomas examined.

HIC-1 Gene (Located at 17p13.3)

The chromosomal location of this tumor suppressor gene
is frequently affected by abnormalities as demonstrated by
cytogenetic studies (Table 8.4) (324). HIC-1 methylation
is observed in a significant number of medulloblastomas
(469, 475, 476). Mutations of HIC-1 in medulloblastoma
are very rare. Findings to-date indicate that inactivation of
HIC-1 arises either through biallelic epigenetic mechanisms
or epigenetic mechanisms together with chromosomal dele-
tions (480). The protein product of HIC-1 functions as a tran-
scriptional repressor. Accumulated genetic, epigenetic and
functional evidence implicates HIC-1 as an epigenetically
inactivated TSG and as a strong candidate for a TSG in medul-
loblastoma (462). Expression of HIC-1 is activated by p53
(480A, 481); however, much remains to be clarified on HIC-1
as a TSG.

CASP8 Gene (Located at 2q33-q34)

Cysteine-aspartyl-protease-8 (caspase-8) encodes an initiator
caspase involved in death receptor-mediated apoptosis and
other facets of apoptosis (462, 481A, 481B). A significant
proportion of medulloblastomas show evidence of complete
methylation of CASP8 (478), although deletion of 2q33-q34
is rare in these tumors, compatible with an epigenetic mecha-
nism for inactivation of this gene. CASP8 is a candidate for a
TSG in medulloblastoma and inactivation of CASP8 by CpG

island methylation may play a role in abrogation of apop-
totic pathways involved in medulloblastoma tumorigenesis.
Methylation of CASP8 was present in 81% of medulloblas-
tomas (15 of 18) and highly correlated with methylation of the
TSG RUSSF1A (located at 3p21.3). CASP10 (466), a related
but functionally independent gene, also was methylated.

Studies have shown activated caspase-3, caspase-7 and
poly(ADP-ribose) polymerase 1 (PARP1) cleavage in medul-
loblastoma (482). Cleaved caspase-3 and PARP expression
parallel apoptosis. Some cleavage of caspase-7 was also
found.

Ras-Associated Domain Family 1 Isoform
A (RASSF1A) Gene (Located at 3p21.3)

Inactivation of this gene occurs by biallelic hypermethyla-
tion with no involvement of genetic mutation or deletion in
medulloblastoma (468). That the expression of CASP8 may
have clinical implications is shown in Figure 8.18. Essen-
tially, weak expression of caspase-8 (? due to hypermethy-
lated gene?) was associated with an unfavorable outcome
compared with cases with a moderate or strong expres-
sion (483). RASSF1A is a TSG (462, 484–486). Among its
functions are microtubule stabilization, effects on apoptosis
and cell cycle arrest mediated through both the G1/S-phase
and G2/M-phase mitotic checkpoints (462). Methylation of
RASSF1A was found in two of three of medulloblastomas
(467). Aberrant methylation of normally unmethylated CpG
islands located in the promoter regions is associated with
transcriptional inactivation of defined TSG in human tumors,
thereby contributing to the pathogenesis and progression of
malignant states. Cell lines are more likely to show methyla-
tion than primary tumors.

Telomerase in Medulloblastoma

Telomerase is an enzyme synthesizing the repetitive
nucleotide sequence TTAGGG in chromosome telomeres.
Human telomerase consists of an RNA subunit (hTR), which
is widely expressed, and a protein subunit, telomerase reverse
transcriptase (hTERT), whose expression is more tightly regu-
lated. The hTERT gene is located at 5p15.33; its expression is
repressed in normal human somatic cells, but it may be reac-
tivated in most tumors (487). In many neoplasms, increased
telomerase activity is associated with a poor clinical outcome
(487). It has been reported (488) that telomerase activity is
controlled through MYC-dependent inhibition and alternative
splicing of hTERT.

High-level gains of chromosomal material of the 5p15
region have been detected in some medulloblastomas
(489–491), suggesting that the hTERT gene could be ampli-
fied in these tumors (59,60,121), although data on telomerase
levels in medulloblastoma are sparse.

A study (491) showed that the hTERT oncogene is ampli-
fied in a significant proportion of medulloblastomas and other
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Figure 8.18. Progression-free survival and
survival probabilities in patients with
medulloblastoma based on the expression of
caspase-8 in their tumors. Moderate to strong
caspase 8 expression was associated with a much
better outcome than that of patients whose tumors
showed a weak caspase-8 expression (from ref.
(483), with permission).

CNS embryonal neoplasms. This gene amplification corre-
lates with increased expression of hTERT mRNA. Measure-
ment of the latter in medulloblastoma showed that 38 of 50
(76%) had up-regulated expression. The finding indicated a
possible role of telomerase in the pathogenesis of medul-
loblastoma and the presence of alternative lengthening of
telomeres in subsets of medulloblastoma and PNET, which
could be addressed therapeutically (492).

A study indicated that hTERT may enhance tumorigenesis
and regulate the expression of genes that control cell growth,
activities which cannot be explained by telomere stabiliza-
tion per se (493). The correlation of hTERT expression with
aggressive tumor behavior suggests that hTERT levels could
be a useful molecular prognostic marker (491). The role of
telomerase and telomere anomalies in tumorigenesis have
been extensively reviewed (487, 494–498).

Basic Helix-Loop-Helix Genes
in Medulloblastoma

Escape of cells from terminal differentiation is appar-
ently related to the NeuroD family of basic helix-loop-
helix (bHLH) proteins, NeuroD and other achaete scute
transcription factors regulate activation of genes that commit
progenitors to a neural fate and induce terminal neuronal
differentiation (499). NeuroD and achaete scute genes are

expressed in overlapping but distinct populations of neurob-
lasts during neuronal development. NeuroD1, NeuroD2, and
NeuroD3 (neurogenin) are expressed throughout cerebellar
development and in the adult cerebellum, primarily in the
granule cell layer (500–502).

NeuroD family members may be expressed in medul-
loblastomas as markers of a neurogenic lineage. Because
distinct populations of neurons express different neurogenic
bHLH transcription factors during development, it was further
hypothesized that bHLH patterns would vary between tumors
(medulloblastoma, PNET) arising from different neuronal
lineages (499).

NeuroD1 (located at 2q32) was expressed in all of the
12 medulloblastomas examined, and in two cell lines (499),
whereas NeuroD2 (located at 17q12) and NeuroD3 (neuro-
genin) (located at 5q23-q31) were expressed in partly over-
lappig subsets of medulloblastoma and in all tumors with
distant metastases. The human achaete scute homolog,
HASH1, was not expressed in medulloblastoma, but it was
expressed in 3/5 PNET (499). These findings may contribute
to or reflect biological differences that arise during malig-
nant transformation in medulloblastoma and PNET (499).
However, the study of mammalian neurogenic bHLH tran-
scription factors is complex and their prognostic implications
are yet to be established.
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Human Polyomavirus (HPV) and Medulloblastoma

HPV, and especially the JC virus (JCV), have been impli-
cated in the pathogenesis of medulloblastoma. JCV, a
neurotrophic HPV, is the cause of progressive multifocal
leucoencephalopathy (503) and is ubiquitously present in the
world population, infecting >70% of humans (503). The virus
has been implicated in brain tumor development, including
medulloblastomas, based on experimental animal studies
(504–513) and the presence of virus DNA sequences in
tumors (508, 514). However, studies in which viral sequences
could not be found in medulloblastomas and other brain
tumors also have been reported (515–520). The possible role
of products of JCV in medulloblastoma has received support
from studies on agnoprotein, a product of JCV (513,521). The
finding of agnoprotein expression in the absence of T-antigen
expression, suggests a potential role for agnoprotein in path-
ways involved in the development of JCV-associated medul-
loblastomas (513,521). This area continues to be controversial
and its solution is not likely to occur soon (520, 522).

Adenovirus E1A oncogene activates p53 through a
signaling pathway involving the Rb protein and the tumor
suppressor gene p19ARF (523). Increased expression of p53,
as shown by immunoreactivity, in anaplastic medulloblas-
tomas and PNET is not caused by JC virus (524).

Of clinical (therapeutic) interest is an in vitro study (525)
on JCV T-antigen–positive mouse medulloblastoma cell line
in which IRS-1 when translocated to the nucleus where it
coo-localized with Rad51, one of homologous recombination-
directed DNA repair proteins, sensitized the medulloblastoma
cells to the genotoxic effects of cisplatin and �-radiation.

Comments on the Genetic Changes
in Medulloblastoma

Table 8.21 presents genes that may or may not be involved in
the biology of medulloblastoma or are rarely involved in these
tumors. The genes listed complement those already discussed
above.

Table 8.21. Changes affecting some genes and factors in medulloblastoma.

References

p16I N K 4A and p15ARF (located at 9p21), are adjacent genes whose proteins are suppressors of certain
CDKs.They also regulate pRB ad p53. In one study, deletions of these genes were found in glioblastomas, but
not in medulloblastomas. In a subsequent study, 1/20 medulloblastomas was associated with p16 inactivation.
Rare homozygous deletions of p16 have been reported, but no point mutations.

Jen et al 1994 (691)
Petronio et al 1996 (692)
Sato et al 1996 (693)
Barker et al 1997 (694)
Roussel 1999 (695)

Up to 25% of large-cell and aggressive medulloblastomas show genetic or epigenetic lesions in the INK4/ARF/p53
pathway.

Frank et al 2004 (207)

ZIC (located at 3q24), is expressed in the nuclei of the cerebellar granule cells; its protein was present in 26/29
medulloblastomas, but not in PNET or other tumors, a finding supporting the origin of medulloblastoma from the
germinal layer of the cerebellum. ZIC could serve as a potential biomarker for medulloblastoma (similar to
OXT2).

Yokota et al 1996 (434A)
Michiels et al 1999 (433A)

DMBT1 (located on 10q), is a possible TSG with homology to the scavenger receptor cysteine-rich (SRCR)
superfamily. Homozygous deletions were present in 2/20 medulloblastomas in one study and in 7/31
medulloblastomas and 1/5 PNET in another study. DMBT1 may play a role in the pathogenesis of these tumors.

Mollenhauer et al 1997 (147)
Inda et al 2004 (562)

INI1/hSNF5 (located at 22q11.2), is a gene whose involvement is frequent in atypical teratoid/rhabdoid tumors
(AT/RT) and whose deletions are characteristic of these tumors and thus can be used to separate these tumors
from confusing medulloblastomas, PNET and pineoblastomas.

Rorke et al 1997 (532)
Versteege et al 1998 (696)
Taylor et al 2000 (572A)
Kraus et al 2002 (63)
Judkins et al 2004 (621)
Imbalzano and Jones 2005 (698)

PEDF (pigment epithelium-derived factor), is located at 17p13; LOH of PEDF was found in 10/20
medulloblastomas, but with no evidence that it is a TSG.

Slavc et al 1997 (649)

Waf1/p21 is a cyclin-dependent kinase (CDK) inhibitor gene. A silent mutation of this gene was described in 1/6
medulloblastomas.

Tsumanuma et al 1997 (620)

The Fas ligand/Fas system appears to participate in ATRA-associated chemosensitivity in medulloblastoma.
ATRA inhibited medulloblastoma cell proliferation and induced apoptosis in part by activating
caspase-3/poly(ADP-ribose) polymerase 1 pathway.

Liu et al 2000 (699A, 699)
Gumireddy et al 2003 (681)

Insulin-like growth factor II and its receptor are not expressed in medulloblastoma (and central neuroblastoma) and
this can be used to differentiate it from other lesions and tumors, e.g., AT/RT, choroid plexus papilloma and
anaplastic ependymoma.

Ogino et al 2001 (738A)

SOX proteins are transcription factors involved in neural development with a possible role in medulloblastoma.
SOX4 and SOX11 expression is strong in classic medulloblastomas.

Lee et al 2002 (700)

BTRC (located at 10q24.3) (�-transducin repeat-containing protein), is a negative regulator of both Wnt and SHH
signaling pathways. BTRC encodes a ubiquitin ligase affecting these pathways. No mutations of BTRC were
found in 62 medulloblastomas and four PNET, though it was expressed in all the tumors. BTRC probably does
not play a role in the pathogenesis of medulloblastoma.

Taylor et al 2002 (308)
Wolter et al 2003 (561)
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Table 8.21. Continued

References

DLC1 gene (deleted in liver cancer) (located at 8p22-p23.1), has been analyzed in medulloblastomas without showing
homozygous deletions or somatic mutations. Loss of expression of DLC1 was found in 1/9 medulloblastomas and in
1/3 PNET. Except for the one PNET, no hypermethylation of DLC1 was found in a large series of medulloblastomas,
PNET and their cell lines.

Yin et al 2002 (148)
Pang et al 2005 (479)

ERBB2 overexpression in medulloblastoma is associated with a poor prognosis and metastases. In a study it was shown
that ERBB2 up-regulates the expression of a number of pro-metastatic genes, including S100A4, via a pathway
involving phosphatidylinositol 3-kinase, AKT1, and extracellular kinase 1/2. Some activity can be blocked by the
ERBB tyrosine kinase inhibitor OSI-774.

Hernan et al 2003 (787)

ATM gene (located at 11q), a possible TSG, was not involved in 19 pediatric medulloblastomas. Liberzon et al 2003 (701)
A large-cell medulloblastoma with an i(17q) cytogenetic change produced arrestin-like protein not related to visual

arrestin.
Vincent et al 2003 (560A)

KIT is a receptor tyrosine kinase oncogene involved in a number of signal transduction pathways. All 10
medulloblastomas examined showed KIT expression, but no mutations.

Chilton-Macneill et al 2004 (702)

PTEN gene (located at 10q23), is a possible TSG. Homozygous losses were found in 7/23 medulloblastomas and none in
9 PNET and 7 PNET cell lines. Rare mutations of PTEN have been described in medulloblastoma.

Inda et al 2004 (562)
Rasheed et al 1997 (703)
Kraus et al 2002 (560)

Blockade of apoptosis by Bcl-2 cooperates with SHH-stimulated proliferation to transform cerebellar progenitor cells and
induce medulloblastoma formation in mice. Clinically, a correlation between Bcl-2 expression and prognosis could not
be established suggesting to the authors that Bcl-2 might not be required for the maintenance of established tumors.

McCall et al 2007 (788)
Schüller et al 2004 (789)
McCall et al 2007 (788)

The cytogenetic and other differences among the medulloblastoma cell lines may explain their different responses to
differentiation aspects.

Li et al 2004 (809)

ERBB2 (HER2/neu) may be involved in a prometastatic pathway in medulloblastoma and possibly provide a target for
therapeutic intervention in these tumors.

Hernan et al 2003 (810)

Utilizing medulloblastoma cell lines, it was demonstrated that ATRA (all-trans-retinoic acid) inhibited cell proliferation
and induced apoptotic cell death in part by activating the casepase-3/poly(ADP-ribose) polymerase 1 effector pathway.
The latter leads to cleavage of PARP.

Gumireddy et al 2003 (811)

Retinoic acids and novel retinoids may be potential agents in the therapy of medulloblastoma. These agents may
modulate fas expression and enhance chemosensitivity of medulloblastoma.

Liu et al 2000 (812)

Syngeneic fibroblasts transfected with IL-2 and IL-12 mediate therapeutic effects against established tumors, possibly
related to generating immunological memory. Such an approach may provide an immunotherapeutic strategy for the
treatment of medulloblastoma.

Barker et al 2007 (813)

Utilizing an established medulloblastoma cell line (DAOY), a study showed that cell cycle arrest, rather than apoptosis, is
the main mechanism of retinoic acid (RA) inhibition of cell proliferation in DAOY cells. Inhibition of Cyclin D1 or
C-myc which regulates the G1 S-phase transition and are the targets of b-catenin-LEF/TCF pathway may be
involved in the mechanism of retinoid retardation of cell cycle progression. RARb is likely to play a role in RA
and b-catenin-LEF/TCF pathways. Therefore, ATRA may have potential clinical value in the management of
medulloblastoma.

Chang et al 2007 (814)

Members of the S100 gene family of calcium-binding proteins show divergent patterns of cell and tissue-specific
expression, and the expression of specific family members is disrupted in a range of disease including cancer.
Overexpression of several of the S100 proteins is thought to be involved in tumor progression, such as S100A4 and
S100A, which is upregulated in many cancers including medulloblastoma and promotes angiogenesis and metastasis.
Other S100 proteins are downregulated in tumors and have putative tumor suppressor roles, including S100A2 and
S100A6.

Lindsey et al 2007 (815)
Hernan et al 2003 (810)
Lindsey et al 2007 (815)

A study showed complex patterns of somatic methylation affecting S100 genes in the normal cerebellum and changes in
these genes in medulloblastoma vis-à-vis those of the cerebellum, i.e., S100A6 and S100A10 were hypermethylated
and associated with aggressive large-cell/anaplastic medulloblastoma, whereas S100A4, a pro metastatic factor, was
hypomethylated.

Lindsey et al 2007 (815)

Overexpression of DNA topoisomerase II a and b mRNA was found in medulloblastoma with the levels showing a
correlation with etoposide sensitivity

Uesaka et al 2007 (816)

INI1 protein was found in 152/158 medulloblastomas (classic, nodular/desmoplastic, large cell types); the 6 negative
tumors were of the classic type.

Haberler et al 2006 (793)

Changes affecting various genes in medulloblastoma are
shown in Table 8.22, in categories of their mechanisms of
action in the cell, i.e., cell cycle genes, signaling pathways,
and transcription factors.

Table 8.23 Some highlights of findings of a number of
aspects of medulloblastoma (some of which have been
discussed in the text of the chapter). The information
presented in Tables 8.21–8.24 is in some respects a recapit-

ulation of the content presented above for medulloblastoma.
What appears clear from Tables 8.21–8.23 and the findings
presented in this chapter is that medulloblastoma is generally
an embryonic tumor whose genesis is due to developmen-
tally uncontrolled events affecting a number of different and
diverse genes and their products and leading to abnormal
growth and accounting for the clinical, histologic, molecular
and biologic heterogeneity of medulloblastoma (199, 526,



386 8. Medulloblastoma, Primitive Neuroectodermal and Pineal Tumors

Table 8.22. Genetic molecular anomalies in medulloblastoma.

References

Cell cycle genes
TP53 mutations (<10%)* Cogen et al 1990 (75), Badiali et al 1993 (705A)

Ohgaki et al a1 1993 (88), Raffel et al 1993 (569),
Batra et al 1995 (90), Felix et al 1995 (704),
Nozaki et al 1998 (571), Orellana et al 1998 (91),
Adesina et al 2000 (705)

TP53 increased expression (<40%)* Jaros et al 1993 (572), Adesina et al 1994 (89),
Giordana et al 1998 (94), Woodburn et al 2001 (203),
Burns et al 2002 (204)

MDM2 expression (<20%) Batra et al 1995 (90), Giordana et al 2002 (193),
Adesina et al 2000 (705)

p15/p16 mutation or deletion (rare) Jen et al 1994 (691), Petronio et al 1996 (692),
Sato et al 1996 (693), Barker et al 1997 (694),
Ebinger et al 2004 (477)

CDK4/cyclin D amplification (rare) Petronio et al 1996 (692), Sato et al 1996 (693)

Signaling pathways

PTCH mutations (<20%)** Pietsch et al 1997 (143), Raffel et al 1997 (144),
Vor̆echovskŷ et al 1997 (317), Wolter et al 1997 (145),
Vortmeyer et al 1999 (316),
Zurawel et al 2000 (290B, C)

SMOH mutations (rare) Reifenberger et al 1998 (304)
APC mutations (<5%) Mori et al 1994 (367), Huang et al 2000 (361),

Baeza et al 2003 (366)
β-catenin mutations (<15%) Huang et al 2000 (361), Zurawel et al 2000 (290C),

Baeza et al 2003 (366)
Axin1 mutations (rare) Dahmen et al 2001 (361), Baeza et al 2003 (366)
ErbB2/HER2 expression (<39%)* Gilbertson et al 1995, 1998, 2001 (426, 429, 661)
TrkC overexpression (<75%)§ Goumnerova 1996 (418)

Grotzer et al 2000, 2001 (263, 418)
Transcription factors
PAX5 abnormal expression (?70%)§ Kozmik et al 1995 (435)
NeuroD3 abnormal expression (?60%)* Rostomily et al 1997 (499)
Zic overexpression (?90%) Yokota et al 1996 (434A)
MYC amplification (<10%)† Badiali et al 1991 (107), Fuller and Bigner 1992 (125),

Batra et al 1995 (90), Scheurlen et al 1997 (78),
Giangaspero et al 1999 (23), Aldosari et al 2000 (84),
Eberhart et al 2002 (120)

MYC overexpression (<50%)* Debiec-Rychter et al 1994 (564), Bruggers et al 1998 (185),
Grotzer et al 2001 (188), Herms et al 2000 (115)

MYCN amplification (<10%) Badiali et al 1991 (107), Fuller and Bigner 1992 (125),
Batra et al 1995 (90), Aldosari et al 2000 (84),
Lamont et al 2004 (15)

FOXG1 deregulation is frequently Adesina et al 2007 (185C)
found in medulloblastoma based
on arrayCGH studies.

No methylation of PTCH1 was found Pritchard and Olson 2008 (186A)
in medulloblastoma.

*Associated with aggressive disease.
**Desmoplastic medulloblastoma.
§Favorable outcome.
†Anaplastic medulloblastoma.
Table based on Ellison 2002 (1) with some modifications.

527). This heterogeneity is reflected by the large number of
genes involved in the pathogenesis of medulloblastoma.

Developments in the genetic aspects of medulloblastoma
have been related to two areas which have shed much light
on this field. One of these areas is the identification of
genes responsible for hereditary conditions associated with

a much higher incidence of medulloblastoma than in the
general population (Table 8.8). The results of investigations
of these genes in sporadic medulloblastoma are presented in
this chapter. Another area with an extensive literature based on
experimental results is that of medulloblastoma development
in genetically affected or modified animals, particularly the
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Table 8.23. Some molecular biologic features of medulloblastoma.

References

Desmoplastic medulloblastomas are associated with inactivating mutations of the PTCH gene, activating mutations
of its interaction partners, and an activation of the SHH-Patched signaling pathway.

Pietsch et al 1997 (143)
Raffel et al 1997 (144)
Wolter et al 1997 (145)
Zurawel et al 1998 (290B)
Reifenberger et al 1998 (304)

It has also been shown that PI3K/AKT signaling enhances the effects of SHH in these tumors and their cerebellar
precursors and may, in fact, represent an indispensable mediator for the realization of the SHH signal.

Hartmann et al 2005 (750)
Rubin et al 2003 (765)
Klein et al 2001 (766)

In contrast, the classic subtype of medulloblastoma has been less characterized molecularly, though there is
evidence for PI3K/AKT signaling playing a part in these tumors, i.e., several growth factor receptors involving
PI3K/AKT signal transduction are expressed in classic medulloblastoma, e.g., ILGF1-R,TrkB, PDGFR, CXCR4,
ErbB2, and c-Kit.

Patti et al 2000 (422)
Wang et al 2001 (423)
Washiyama et al 1996 (390)
MacDonald et al 2001 (259)
Gilbertson and Clifford 2003 (767)
Barbero et al 2002 (768)
Schüller et al 2005 (754)
Ray et al 2004 (665)
Chilto-Macneill (702)

Also, classic medulloblastoma often show allelic losses at10q23 where the PTEN gene is located; this gene is a
regulator of the PI3K/AKT signaling pathway.

Li et al 1997 (769)

Thus, a recent study confirmed much of the above and provided evidence that PI3K/AKT signaling may play an
important role in human medulloblastoma, in particular in context with further signaling pathways involved in its
pathogenesis, e.g., Hedgehog and Wnt signaling. The data also indicate that PTEN may be involved in the
activation of the PI3K/AKT pathway in medulloblastoma, possibly representing an alternative or additional
molecular step to abundant membrane receptor activation or mutations in PI3KCA. Additional studies will be
required to further characterize the role of the PI3K/AKT/PTEN system in medulloblastoma.

Hartmann et al 2006 (770)
Broderick et al 2004 (771)

A study of 69 medulloblastomas frozen samples for the status of a number of TSG revealed no significant
association between amplification of MYC and clinical outcome and a high level of methylation of caspase-8. No
evidence was found for GAS7 as a TSG in medulloblastoma.

Ebinger et al 2006 (745)

A case of classic medulloblastoma differentiating into a metastatic large cell medulloblastoma with focal rhabdoid
differentiation led the author to conclude that some AT/RT of the cerebellum and medulloblastoma may be
histogenetically related.

Donner 2005 (746)

In keeping with the findings previously obtained in a number of studies, it was shown in a mouse model that genetic
alterations in medulloblastoma genesis from primary cerebellar granule neuron precursors involves the
functional interplay between a network of specific genes that recurrently contribute to this genesis.

Zindy et al 2007 (747)

The presence of OVCA2, a putative serine-hydrolase, was shown to be present in high abundance in
medulloblastoma and its cell lines.

Azizi et al 2006 (748)

The minichromosome maintenance protein 4, required for initiation and elongation of chromosomal DNA, ensuring
that DNA replication takes place only once, was found to be present in a medulloblastoma cell line (DAOY) but
not in 11 other cell lines.

Gruber-Olipitz et al 2006 (749)

Medulloblastomas were shown to depend on IGF-II) for control of cellular proliferation in both cerebellar
precursors and medulloblastoma cells.

Hartmann et al 2005 (750)

Ku80, a factor in the maintenance of the genome by repairing DNA double strand breaks, in conjunction with
p53-mediated neuronal apoptosis, suppresses neoplasia caused by non-specific DNA damage in a mouse model.

Holcomb et al 2006 (751)

JPO2, a novel binding protein to MYC NH2-terminal domain, is specifically expressed in human and murine
medulloblastoma and may play a role in the neoplastic process.

Huang et al 2005 (752)

Elevated expression of survivin mRNA, a member of the inhibitor of apoptosis protein family, was common in
medulloblastoma but not in normal brain. Overexpression of survivin-deltaEx3 was predictive of a poor clinical
outcome, and may serve as a therapeutic target in medulloblastoma. Similar observations have been made in
other types of brain tumors.

Li et al 2007 (753)
Pizem et al 2005 (753A)
Body et al 2004 (753B)
Fangusaro et al 2005 (753C)
Yamada et al 2003 (753D)

The chemokine receptor gene CXCR4 is essential for normal differentiation of the cerebellar cortex. Very low levels
of CXCR4 were found in classic medulloblastomas; high amounts were expressed in desmoplastic and nodular
medulloblastomas. A significant correlation was found between the high CXCR4 expression and the presence of
neurotrophin receptor p75NTR or expression of ATOH1 and GLI1. The data suggest that CXCR4 may be involved
in the pathogenesis of medulloblastoma.

Schüller et al 2005 (754)

Expression of the neurotrophin-3 receptor tyrosine kinase C (TrkC) is associated with a favorable prognosis in
medulloblastoma, probably due to increased tumor apoptosis induced by TrkC. The latter action may be
inhibited by the MAPK. A study of these parameters demonstrated an apoptosis pathway independent of TrkC
and neurotrophin-3 and involving extracellular signaling regulated kinase-5 (MAP/ERK5) and myosis enhancer
factor-2 (MEF-2).

Sturla et al 2005 (755)

Histone deacetylase inhibitors (HDI) are a promising class of anti-tumor agents due to their ability to induce
apoptosis and growth arrest of cancer cells. Studies have suggested that HDI may be useful as a monotherapy in
medulloblastoma and particularly in combination with ionizing radiation, appropriate cytostatics and TRAIL.

Sonnemann et al 2006 (756)
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Studies on a medulloblastoma cell line indicated that abnormal expression of REST/NRSF, a transcriptional
repressor of neuronal differentiation genes, and of MYC, cause cerebellar tumors originating from
undifferentiated neural stem/progenitor cells present in the external granule layer of the cerebellum. These
events may play a role in the formation of human medulloblastoma.

Su et al 2006 (757)

In pediatric medulloblastomas, methylation of INK4C(CDKN2C) was seen in 4/23 tumors and loss of the
p18INK4C in 14/73 tumors, pointing to the latter as a contributor to medulloblastoma formation in children.

Uziel et al 2005 (758)

Studies in vitro with Slit2, a secreted protein which guides the projection of axons and developing neurons,
showed inhibition of medulloblastoma invasion by this protein.

Werbowetski-Ogilvie et al 2006 (759)

ERBB2 (HER2/neu) signaling through the phosphatidylinositol- 3’-kinase (PI3K) pathway deregulates cellular
proliferation, impairs apoptosis and increases the metastatic potential of cancer cells. ERBB2-dependent
medulloblastoma cell invasion in vitro and prometastatic gene expression in vivo in xenografted mice can be
blocked by an ERBB tyrosine kinase inhibitor (OSI-774).

Hernan et al 2003 (760)

The APO2L ligand (APOL), also termed tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL), is a member of the TNF cytokine family, which induces apoptosis by interacting with its receptors
DR4 and DR5 in a number of cancer cell lines. In medulloblastoma strong APO2L expression was seen in
intra-tumoral-reactive astrocytes, but was not seen in the neoplastic cells.

Nakamura et al 2000 (761)

In vitro studies with medulloblastoma cells demonstrated that 5-dAzaC and INF-� at relatively low
concentrations cooperate to restore caspase-8 expression and sensitize resistant medulloblastoma (and
neuroblastoma) cells to TRAIL-induced apoptosis.

Fulda and Debatin 2006 (762)

High levels of ERBB2 and ERBB4 correlate with a poor prognosis in medulloblastoma. Drugs that block ErbB
signaling have been introduced into clinical trials.

Gilbertson et al 1995, 1997 (425,429)

A number of genes involved in normal granule cell development are also expressed in medulloblastomas. Lee et al 2003 (210)
Leung et al 2004 (764)

AKT/protein kinase B is a mediator involved in the signal trans- duction of different growth-controlling
pathways (ILGF-1 receptor, EGFR) that involve PI3K. Medulloblastomas or PNET express the activated
form of AKT independent of histologic subtype.

Rao et al 2004 (289)
Del Valle et al 2002 (421)
Damodar Reddy et al 2001 (772)

Transcription factors such as Sox proteins, involved in cerebellar development, have been found to be highly
expressed in medulloblastoma.

Lee et al 2002 (700)
Cheng et al 2001 (773)
Scotting et al 2000 (774)

The CIC (capicua) gene, the ortholog of a Drosophila gene implicated in c-erB signaling, contains an HMG box
that encodes an HMG domain most similar to that found in the SOX genes. Like several SOX genes, the CIC
gene is also expressed in the developing cerebellum including immature granule cells. CIC was found to be
significantly expressed in medulloblastomas, though the levels varied among different subtypes of these
tumors.

Lee et al 2002 (775)
Lee et al 2005 (776)

Although medulloblastomas may express a retinoblastoma-like phenotype, others have found normal Rb
transcripts in these tumors.

Jaffey et al 1995 (790)
Lee et al 1987 (791)

The neuronal repressor element 1 silencing transcription factor/neuron-restrictive silencer factor (REST/NRSF)
may serve as a target for therapeutic intervention in medulloblastomas, through agents such as REST-VP16.

Lawinger et al 2000 (792)

Human growth factor receptor 2 (HER2) may serve as a target antigen for immunotherapy in medulloblastoma. Ahmed et al 2007 (806)
Based on differential methylation hybridization, a CpG island within the 5’ region and untranslated first exon

of the secretory granule neuroendocrine protein 1 gene (SGNE1/7B2) showed hypermethylation in
medulloblastoma. This was detected in 16/23 tumors and in 7/8 cell lines. The authors suggested that SGNE1
may play a significant role in medulloblastoma development.

Waha et al 2007 (804A)

mouse. In the present chapter, the information gathered from
and applied to human medulloblastoma was presented. The
interested reader can find comprehensive coverage of medul-
loblastoma in animal models in ref. (283).

Reiterating the heterogeneity and complexity of the genetic
and molecular events underlying medulloblastoma tumorige-
nesis has been the search for anomalies affecting a slate of
genes with none of them, however, yielding to date the basic
information required to decipher the background to medul-
loblastoma development or emerging as the premier cause of
this tumor.

In evaluating the findings on medulloblastoma presented
here, a conundrum is encountered. Some of the studies were
reported more than a decade ago and though most of them
held at that time much promise in enlightening the field on

the genetics and molecular biology of medulloblastoma, these
studies have “fallen by the wayside,” leaving one to wonder
about their significance.

All the pathways, systems, and genetic events associated
with medulloblastoma, and for that matter with most of the
tumors discussed in this book, are very complex and the
information given in this chapter is that which is cogent
and directly applicable to the tumor under consideration. For
further details regarding these areas, comprehensive reviews
have already been referred to in the text of this chapter, but in
addition others are available, e.g., on TSG in medulloblastoma
(71), on the p53 and pRb pathways (528), on molecular appli-
cation to therapy of medulloblastoma (529), on cytogenetics
of childhood tumors (530), and on neuregulins (530A).
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Table 8.24. Medulloblastoma, PNET, and pineoblastoma.

References

The labeling index of medulloblastomas ranged from 8–14.4%, appreciably higher than in malignant gliomas. Hoshino et al 1985 (712)
The majority of long-term survivors with medulloblastoma experience severe neurologic side effects, including

intellectual impairment, neuroendocrine defects, and psychological sequelae.
Park et al 1983 (215)
Dang et al 1999 (227)
Kawashima et al 2000 (565)

The DNA status of medulloblastomas, reflecting the chromosome number (Table 8.4), showed a wide range of
values, i.e., ranging from mild hypodiploidy to tetraploidy

Tomita et al 1988 (266A)
Yasue et al 1989 (264)
Gajjar et al 1993 (265)
Zerbini et al 1993 (266)

More diploid tumors were seen in young patients and in desmoplastic medulloblastomas. Tomita et al 1988 (266A)
Yasue et al 1989 (264)
Zerbini et al 1993 (266)
Giangaspero et al 1991 (16)

No alterations of the RB1 gene detected in medulloblastomas. This is contrast to deregulated inactivation of pRB in
the G1-phase of the cell cycle which appears to be a universal mechanism underlying transformation in most
tumors.

Cogen et al 1990 (75)
Hatakeyama and Weinberg 1995 (713)

Transgenic mice expressing large T-antigen of SV40 may serve as models for the origin, histogenesis and
development of pineal gland tumors and some medulloblastomas with photoreceptor-like features.

Korf et al 1990 (714)

Nerve growth factor receptor expression in PNET and other Baker et al 1991 (736)
The labeling index was higher for medulloblastomas located in the vermis than in hemispheric tumors. Ito et al 1992 (250)
Immunohistochemical features do not represent clear-cut prognostic indicators in patients with medulloblastoma. Maraziotis et al 1992 (715)

Korshunov et al 2002 (31)
Transforming growth factors (TGF) types �1 and �2 are potential growth regulators of medulloblastoma and

PNET, and their expression is possibly related to the ploidy of the tumors.
Jennings et al 1994 (716)

Medulloblastomas are most rapidly proliferating tumors and hence they are associated with high Ki-67 (MIB-1)
indices of 20–25% or higher with considerable variability.

Karamitopoulou et al 1994 (256)
Schiffer et al 1994 (258)
Ross and Hall 1995 (248)
Onda et al 1996 (258)

Ki-67 positive nuclei were more regularly distributed in classic tumors and infrequent in the pale islands of
desmoplastic medulloblastomas.

Schiffer et al 1994 (258)

Whether high proliferation indices (>20%) are associated with an unfavorable outcome in medulloblastoma, is an
unsettled issue.

Ito et al 1992 (250)
Jay et al 1994 (253)
Mirabell et al 1999 (254)
Grotzer et al 2001 (251)

Overexpression of erbB2 or coexpression of HER2 and HER4 members of the EGFR (epidermal growth factor
receptor) family, are associated with an unfavorable prognosis.

Gilbertson et al 1995 (429)
Gilbertson et al 1997 (425)

IMHC staining of calbindin-D28K was found in classic medulloblastoma, but not in the desmoplastic type. Katsetos et al 1995 (717)
Introduction of wild-type p53 through a viral vector restored wildtype p53 tumor suppressor function in a

medulloblastoma cell line.
Rosenfeld et al 1995 (718)

In contrast to ependymomas, astrocytomas and glioblastomas, medulloblastomas do not appear to have the ligand
and/or receptor for either the PDGFR-� or PDGFR-� autocrine loop.

Black et al 1996 (420)

Medulloblastoma occurring simultaneously in monozygotic twins lacked aberrations of 17p or amplification of
MYC

Scheurlen et al 1996 (163)

Medulloblastomas xenografted into mice are indicative of prognosis by their growth in these animals. Vassal et al 1996 (719)
Possible negative regulatory loop between PAX6 (a homeobox gene) and EN (a developmental gene) exists in

medulloblastoma.
Vincent et al 1996 (438)

Medulloblastomas strongly express one of active forms (SSTR2) of somatostatin, a neuropeptide which also has
antiproliferative activity. Based on the high concentration of somastatin, a peptide hormone receptor, in
medulloblastomas, synthetic analogs of somastatin have been successfully used in scintigraphy in the diagnosis
and follow-up of these tumors.

Frühwald et al 1999 (446)
Guyotat et al 2001 (447)
Müller et al 1998 (445)

The DNA mismatch repair (MMR) system in medulloblastoma is not deficient. S.E. Lee et al 1998 (720)
A 9-year-old girl with a germline mutation of TP53, also carried by her unaffected father, developed a

medulloblastoma; the case could represent an example of the Li-Fraumeni syndrome. Mutations of TP53 are not
present in PNET, which can be used as a distinguishing point from medulloblastoma with TP53 mutations.

Orellana et al 1998 (91)

Bone morphologenetic proteins (BMP) regulate survival and differentiation of CNS progenitor cell populations.
Some of the BMP showed an anti-apoptotic effect in a medulloblastoma cell line. It has also been shown that
BMP-2 mediates retinoid-induced apoptosis in medulloblastoma cells through a paracrine effect.

Iantosca et al 1999 (721)
Hallahan et al 2003 (682)

Based on LOH studies, genomic instability is uncommon in medulloblastomas. Lescop et al 1999 (141)
Immunohistochemical methods cannot distinguish wild-type p53 expression form that of a mutated form; high

levels of p53 obtained with these methods may correlate with point mutations or gene deletions.
Miralbell et al 1999 (254)

Expression of homeobox genes (B3, B4 and C6) in medulloblastoma has been reported. These genes have been
shown to regulate the transcription of other genes; further studies of homeobox genes in medulloblastoma are
needed.

Bodey et al 2000 (722)
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O6-methylguanine-DNA-methyltransferase (MGMT) is a DNA repair protein which confers resistance to some
chemotherapeutic agents. The demonstration of high levels of MGMT in medulloblastoma may explain such
resistance in these tumors. Similarly, apurinic/apyrimidinic endonuclease activity in medulloblastoma and PNET
promotes resistance to radiation and chemotherapy. These observations provide a potential target for inhibition of
the parameters mentioned.

Bobola et al 2001 (723)
Bobola et al 2005 (724)

Insulin-like growth factor-I (IGF-1) and its signal transduction substrates (IRS-1 and PI3-K) were detected in the
majority of medulloblastomas (10/17).

Del Valle et al 2002 (421)

Gene expression profiles of medulloblastomas though revealing a restricted set of activated genes, yet none of them
is thought to be involved in early causation of these tumors; the authors suggest these genes as potential targets
for immunotherapy.

Boon et al 2003 (752)

The HIC1 (hypermethylated in cancer-1) gene (at 17p13.3) was found to be hypermethylated at the 5’ UTR and/or
at the second exon of the gene in 33/39 (85%) of medulloblastomas and in 7/8 (88%) of medulloblastoma cell
lines. The authors suggest that epigenetic silencing of the HIC1 gene may contribute to the pathogenesis of most
medulloblastomas.

Waha et al 2003 (476)

A synthetic small molecule (CUR61414) capable of inhibiting the SHH signaling pathway may be a valid
therapeutic agent for treating basal cell carcinoma and by extension some of the medulloblastomas.

Williams et al 2003 (726)

Telomerase activation is involved in medulloblastoma, but PINX1, a gene whose product is a potent inhibitor of
telomerase, does not play a role in the oncogenesis of medulloblastoma.

Chang et al 2004 (150)

Amplification and overexpression of OTX2 gene in anaplastic medulloblastoma, which may be targeted by therapy,
such as ATRA.

Di et al 2005 (431)

Amplified regions at 17q23.2 and 7q21.2 contain the PPM1D and CDK6 genes, respectively. Strong expression
of the former in 88% of medulloblastomas and of the latter in 30% of the tumors has been described.
Overexpression of CDK6 is associated with a poor prognosis. The increased protein levels of the above genes
may have an effect on the TP53 and RB1 pathways in medulloblastoma.

Mendrzyk et al 2005 (727)

Depletion of mutant p53 in cancer cell lines reduces their aggressiveness. Bossi et al 2006 (727A)
Human neural stem cells have been shown to be an effective delivery system to target and disseminate therapeutic

agents in medulloblastoma.
Kim et al 2006 (737A)

In 1/8 medulloblastomas a mutation of PTPN11 gene was seen. The authors, however, stated that this gene played a
minor role in solid tumors.

Martinelli et al 2006 (728)

Two-hit model for progression of medulloblastoma in mice was demonstrated. Pazzaglia et al 2006 (736A)
Cytogenetic findings in two pineocytomas have been reported. Both tumors had complex karyotypic changes. Aparecida Rainho et al 1992 (798)

Bello et al 1993 (799)
Methylation status of p16INK4a, p14ARF, TIMP3 and CDH1 in medulloblastoma and PNETs is at bst of low level. Mühlisch et al 2007 (801)
A proteome-wide analysis of medulloblastomas and PNET showed overexpression of stathmin, a protein belonging

to a family of phosphoproteins involved in microtubule dynamics, whereas annexin A1 and calcyphosine were
significantly overexpressed in ependymomas.

de Bont et al 2007 (803)

Reviews on the molecular cytogeneics of medulloblastoma, PNET, neuroblastomas and other brain tumors have
appeared.

Bigner and Schröck 1997 (804)

Figures 8.19 and 8.20 show schematic suggestions for
the genetic pathways that may be involved in the formation
of medulloblastomas of varying histology. Thus, as is true
of most malignant tumors in the human, medulloblastoma
is characterized by a stepwise and orchestrated process of
genetic and molecular changes and by the strong likelihood
that medulloblastoma consists of a number of distinct entities,
each defined by its unique genetic and molecular background.

Table 8.23 are presented some recent observations related
to the molecular biology of medulloblastoma, demonstrating
again the wide range of changes present in these tumors.

Primitive Neuroectodermal Tumors

PNET are small round blue cell tumors that are relatively
common in children and are mainly intracranial in location.
Primary spinal PNET is a rare condition in adults and even
more so in children (530B). PNET can be either central

(cPNET), i.e., located in the CNS, or peripheral (pPNET),
i.e., located in sites other than the CNS, in origin. cPNET are
morphologically indistinguishable neoplasms from medul-
loblastoma, but they are located elsewhere in the CNS outside
the posterior fossa.

Although medulloblastoma and PNET are histologically
similar (531–533), they are markedly different clinically and
biologically (47, 82, 534) with PNET representing a much
more aggressive tumor group than the medulloblastomas (535,
536). This difference is reflected in the cytogenetic and molec-
ular aspects of these two groups of tumors, to be presented
below, and raises the problem of limitations to the histologic
aspects in the differentiation of medulloblastoma from PNET
or to past proposals for the common histogenesis of these
tumors (531, 532, 537). The enigma of what is or is not a
PNET even at present, is reflected in a conversational vignette
between a neuro-oncologist and a pathologist (538), which
leaves the reader in an undecided state as well.
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Figure 8.19. Gene expression profiles during cerebellar
development and medulloblastoma nodule formation. The
cerebellar external granule layer (EGL) contains mitotically active
neuroblasts histologically similar to the pleomorphic internodular
medulloblastoma cells, whereas the differentiated neurons of the
internal granule cell layer (IGL) are similar to the tumor cells in
the nodules of medulloblastoma. Thus, BCL2, p75NTR, and p53
are expressed in both the cerebellar EGL and medulloblastoma
nodules, whereas synaptophysin (Syn), TrkC and p27KIP1are
expressed in both the cerebellar IGL and medulloblastoma
nodules. These facets of the developing cerebellum and nodular
and internodular regions of medulloblastoma reflect their
similarity (from ref. (20), with permission).

In Table 8.25 are listed some clinical, epidemiologic and
genetic aspects of PNET.

The primitive neuroectodermal tumor (PNET) concept
(531, 532, 539) has been controversial for some years,
largely due to the uncertainties regarding the histogenesis of
medulloblastoma and its relationship to histologically similar

Figure 8.20. Hypothetical molecular pathways leading to the devel-
opment of histologically different types of medulloblastoma. Classic
medulloblastoma, the most common variant, is characterized by
frequent alterations of chromosome 17, whereas the desmoplastic
subtype is associated with frequent activation of the SHH pathway
through PTCH inactivation (see text). Desmoplastic medulloblas-
toma is thought to arise from EGL precursors. The cellular origin
of the classic subtype, which is usually located in the midline, is
uncertain but may be the ventricular matrix. The anaplastic variant,
presenting a continuum of the classic type, has MYC amplification.
Medulloblastoma with extensive nodularity, represents a variant of
the desmoplastic type, usually occurs in young children and is asso-
ciated with good outcome (from ref. (522), with permission).

neoplasms at other sites. However, over the years a number
of aspects characterizing these tumors has emerged, including
the unique origin of medulloblastoma from the external gran-
ular cell layer of the cerebellum, supported by the occasional
presence of PTCH mutations in medulloblastoma (144),
PTCH being the part of the SHH pathway which controls
cell proliferation of this layer during embryonal development
(291). The presence of mutations of β-catenin and APC genes
(361), and the pattern of DNA methylation (87, 465) in some
medulloblastomas and their absence in PNET and pineoblas-
toma differentiates these tumors. Differences in the clinical
behavior of medulloblastoma versus PNET may be a reflec-
tion of the above differences (533, 540, 541). The challenging
diagnostic aspects and the histologic variability of PNET have
been discussed in a number of publications (532, 542–545).

In evaluating the various findings in PNET, the problem one
faces consists of several elements. Some authors continue to
use the term PNET to include medulloblastoma, although in
most publications the nature of the tumors can be deduced
from the clinical, histologic, anatomic and source descrip-
tions; however, in some publications this cannot be done,
though by their much higher prevalence it can be assumed that
the tumors described consist primarily of medulloblastomas.
Yet, this remains a serious problem in evaluating the literature
on PNET. Even when authors at one point separate medul-
loblastomas from PNET, at another point the results often do
not clearly specify as to which tumor type these results apply
to (546).

Primitive neuroectodermal tumors (PNET) are embryonal
tumors of the cerebrum and/or supratentorial region composed
of undifferentiated or poorly-differentiated neuroepithelial
cells which have the capacity for differentiation along
neuronal, astrocytic, ependymal, muscular or melanocytic
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Table 8.25. Miscellaneous genetic and clinical features of PNET.

References

The age range for cerebral PNET is 4 weeks to 10 years with a mean of 5.5 years. Rorke et al 2000 (535)
65% of PNET occur in patients less than 5 years of age. There is no sex predominance, although a 2:1

male:female ratio has been shown for cerebral PNET. PNET are very rare in adults in whom the clinical
course may be more favorable.

Rorke et al 2000 (535)
Kim et al 2002 (729)
Kouyialis et al 2005 (730)

PNET is 1/10th as common as medulloblastoma. Kim et al 2002 (729)
PNET account for <2% of pediatric intracranial tumors Rickert and Paulus 2001 (36)
PNET may be secondary to therapy for other neoplasias (leukemia, lymphoma) and other intracranial tumors. Leung et al 2001 (730A)
The clinical and treatment aspects of PNET in adults (most of them in the 3rd decade) do not differ significantly

from those in children.
Kim et al 2002 (729)
Kouyialis et al 2005 (730)

Prognosis of PNET is related to age of patient, location of tumor and tumor stage. Krischer et al 1991 (730B)
Chan et al 2000 (731)
Packer et al 2003 (732)

Animal models for PNET have been described. Fung and Trojanowski 1995 (379)
PNET (and medulloblastoma) is differentiated from AT/RT by changes in the INI1 gene and del(22q) seen in

the latter but not in the former tumors.
Biegel et al 2001 (62)
Bruch et al 2001 (733)

No aberrant CpG methylation at 17p11.2 was present in PNET in contrast to medulloblastoma. Frühwald et al 2001 (87)
Promoter hypermethylation of the RASSF1A gene (located at 3p21.3) was present in 6/9 PNET and in all 25

medulloblastomas. FHIT (fragile histidine triad) and sFRP1 (secreted frizzled-related protein 1) genes were
affected in a fraction of PNET (11% and 22%, respectively); medulloblastoma was not affected.

Chang et al 2005 (688)

bHLH (basic helix-loop-helix) transcription factor NEUROD1 was expressed in 1/4 of the PNET analyzed, in
contrast to all 12 medulloblastomas expressing this gene; 3/5 PNET expressed HASH1 (human achaete
scute1), a gene not found to be expressed in the medulloblastomas.

Rostomily et al 1997 (499)

Loss of 17p was reported in a PNET of the right temporal lobe of a 33-year-old female patient. James et al 1990 (138)
Abnormalities of hTERT (human telomerase reverse transcriptase) and ALT (alternative lengthening of

telomeres) may play a role in the pathogenesis of PNET.
Didiano et al 2004 (492)

One PNET (the only one examined) was shown to be BCL2, BCLXL, BCLXS and BAX positive, genes involved
in apoptosis (pro and anti) and whose relative expression determines the apoptotic threshold.

Bruggers et al 1999 (410)

An analysis of LOH in one PNET of a 1-year-old girl showed loss at 22q11.2. Blaeker et al 1996 (140)
The hSNF5/INI1 product is a component of the SW1/SNF chromatin remodeling complex and although its

alterations are more common in other tumor types (e.g., AT/RT), a few PNET have shown changes of this
complex. Thus, 2/17 PNET showed nonsense mutations resulting in a truncated INI1 product and a
constitutional INI1 mutation was found in a PNET in a patient who also had a renal rhabdoid tumor.

Imbalzano and Jones 2005 (698)
Sévenet et al 1999 (734, 735)

An analysis of TP53 mutations in PNET revealed them to be more common in tumors with neuronal
differentiation than in non-neuronal tumors and more common in adult cases than in pediatric ones. The
TP53 status did not affect survival, nor did the neuronal differentiation.

Ho et al 1996 (570)

Mutually exclusive mutations of p53, methylation of p14ARF or deletion of INK4/ARF have been demonstrated
in up to 25% of medulloblastomas.

Frank et al 2004 (207)

Examination of formalin-fixed, paraffin-embedded PNET samples for quantitative mRNA expression analysis
of TrkC and MYC significantly correlated with the findings obtained from matching fresh-frozen tissues.

Kunz et al 2006 (794)
Rutkowski et al 2007 (795)

Utilizing a number of molecular techniques, it was shown that PNET cell lines characterized by deletions of
10q, 16q and 17p and to a lesser extent of Xq, 1p, 7p and 13q. The prevalence of hemizygous loss in these
tumors suggests that haploinsufficiency affecting multiple TSG may play a fundamental role in their
pathogenesis.

Dallas et al 2005 (796)

PNET harbors deletions of the CDKN2A locus and other aberrations distinct from medulloblastomas. Pfister et al 2007 (797A)

lines. Tumors with a distinct neuronal differentiation are
termed cerebral neuroblastomas (Figure 8.21) or, if ganglion
cells are also present, ganglioneuroblastoma (532, 535, 545).
Light microscopic features of PNET are basically very similar
to those of medulloblastoma, thus presenting a problem in the
histologic diagnosis of at least some of these tumors.

A microarray-based study in which expression profiles on
PNET were compared with those of normal cerebellum and
medulloblastomas showed the PNET profile to be distinctly
different from those of the normal cerebellum and medul-
loblastomas (208). This study also supported the granule
cell origin of medulloblastoma but not of PNET. The latter
may arise from cells of periventricular germinal matrix or
subependymal cells of the diencephalon.

A PNET most commonly arises in the cerebrum, and is
seen less frequently in deep paraventricular or midline loca-
tions such as the diencephalon and basal ganglia (547); rarely,
PNET can present in the leptomeninges without evidence of
a primary tumor in the supra- or infratentorial compartments
(548). These are proposed to arise from heterotopic glial nests
within the subarachnoid space (549); however, their true histo-
genesis and their relationship to either medulloblastoma or
PNET is unknown.

Cytogenetic Changes in PNET

Abnormal karyotypes in only 18 PNET have been published
(Table 8.4), reflecting their relative uncommon incidence.



Primitive Neuroectodermal Tumors 393

Figure 8.21. Histologic appearance of a PNET with advanced
neuronal differentiation (cerebral neuroblastoma) exhibiting a
nodular architecture with typical streaming of tumor cells (from ref.
(535), with permission).

The chromosome number ranged from 39 to 90; two were
hypodiploid, five were pseudodiploid (46 chromosomes but
with abnormalities), five were hyperdiploid, and five triploid-
tetraploid.

Examination of the 18 abnormal karyotypes observed in
PNET (Table 8.4) does not reveal two similar karyotypes. Of
interest is one PNET with two copies of i(17q) (39), one with
–22 as the sole anomaly (550) and another with an extremely
complex karyotype (551). These findings should be viewed
against the high incidence of i(17q) in medulloblastoma and
–22 in RT/AT tumors, pineoblastomas and meningiomas. The
most frequently affected chromosome was 11, with changes
varying from translocations, losses or gains. In one publica-
tion (552), a case of PNET with an unusual structural aber-
ration involving one copy of chromosome 11 was studied by
FISH, the genesis of the abnormal chromosome was clarified
(Table 8.4), and its significance was discussed.

PNET generally show complex karyotypes with many
structural alterations. The latter include deletions, additions
and translocations. However, none of these changes is suffi-
ciently recurrent to be characteristic of PNET. For example,
10q22-q26 and 6q21-q25 have been described to be involved

in translocations, but only in two to four cases with variable
bands affected. In one case (85) a t(6;13)(q25;q24) as the sole
karyotypic abnormality, confirmed by SKY, in the PNET of
a 2-year-old child without a history of retinoblastoma may
imply involvement of the RB1 locus at 13q14. However, no
other PNET cases with changes at 13q14 have been reported.

Four tumors had dmin, a finding usually associated with
gene amplification. No hsr have been described in PNET (41,
553).

Normal karyotypes in PNET have been reported (44, 55,
554), but these probably represent normal cells that were in
division at the expense of the abnormal tumor cells, as is
evident from CGH studies.

As mentioned, the t(11;22)(q24;q12) characterizes pPNET,
and it is associated with the genesis of a chimeric gene
EWS/FLI1 (436). These tumors are also characterized by
the expression of the MIC2 glycoprotein. A study (555) of
PNET and medulloblastoma showed negativity for MIC2. The
demonstration of the aforementioned translocation differenti-
ated a metastatic peripheral PNET to the spinal epidural space
from a primary CNS PNET (556).

CGH Studies in PNET

Features of CGH studies in PNET are shown in Table 8.26.
CGH data on 17 cases have been presented by 4 groups
(47, 80, 82, 85) and have revealed almost all of them to have
abnormal profiles in contrast to the cytogenetic studies in
which a significant percentage (35–40%) has been found to be
diploid (normal). This discrepancy is probably due to the over-
growth of the tumor cells by normal cells present in the tumor
in cytogenetic preparations. Compared with the relatively
large number of medulloblastomas that has been examined by
CGH, that of PNET is small and, hence, generalizations may
be spurious. Nevertheless, some of the findings are worthy
of emphasis. No losses of 17p or the presence of i(17q)
were seen in any PNET, findings commonly present in most
medulloblastomas. The observations of one study (82), which

Table 8.26. CGH Studies in PNET.

References

PNET in 2 siblings (brother and sister) with germline TP53 mutations were studied. One tumor had 17 changes
by CGH and the other had 14 changes. Five alterations were common to both tumors: gains of chromosomes
1 and 7 and 21q, and loss of chromosome 3 and 13q.

Reifenberger et al 1998 (567)

A PNET showed gains of 1q, chromosomes 3 and 17, but no losses. Another PNET showed loss of 9pterq22
and 11q23-qter.

Avet-Loiseau et al 1999 (47)

No abnormalities of chromosome 17 were found in 4 PNET; 3 cases showed loss of 3p12.3-p14 Nicholson et al 1999 (80)
CGH of 10 PNET (including 3 pineal) showed loss of 4q, 9p, 13q, 14q, 19q, and gain of chromosome 7 and 8q.

One tumor had amplification at 4q12-q13.
Russo et al 1999 (82)

Results on 5 PNET were combined with those of 19 medulloblastomas, thus comprehensive results on
individual PNET were not available except for the following: one PNET had normal results with CGH,
though cytogenetically and by SKY it had a balanced t(6;13), one tumor had loss of 17p but no reciprocal
gain of 17q and the other two PNET had normal results. Amplification of 2p24 was found.

Bayani et al 2000 (85)

Gain of 1q was a frequent change by CGH in 6 PNET studied. Losses affected 16p and 19p. An i(17q) and loss
of chromosome 10, changes common in medulloblastoma, were not seen in 6 PNET.

Inda et al 2005 (706)
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revealed losses of 4q, 13q, 14q, and 19q and gains of chromo-
some 7 and 8q in 21–32% of the tumors (based on 10 tumors,
3 pineal) and loss of 3p12.3-p14 in 3 PNET in another study
(80) await confirmation on more cases, so that their meaning
and significance can be evaluated with some certainty.

Moreover, a comparative study of 43 medulloblastomas
and 10 PNET found statistically significant differences in
copy number aberrations for chromosomes 14 (40% of PNET
but 0% of medulloblastomas), 17 (0% of PNET but 37%
of medulloblastomas), and 19 (40% of PNET but only 2%
of medulloblastomas) (82). Consequently, i(17q), which is
frequently involved in medulloblastomas, does not seem to
play a role among PNET.

In a series of 17 pediatric PNET, in which high-resolution
CGH was used (557), genomic imbalance was reported in
70% of the tumors, with a median of four changes per
tumor. Most changes (63%) involved whole chromosomes,
with partial chromosome imbalance seen in 37% of the
tumors. Using high-resolution array-based CGH, the break-
points associated with i(17q) in medulloblastoma were more
clearly delineated (558), and differences were shown that
could be applied to the diagnosis of supratentorial PNET
versus medulloblastoma.

LOH Studies in PNET

LOH studies (131) of 6q, 16q, 17p, and chromosome 22,
although revealing anomalies in medulloblastomas, were
negative in the four PNET examined.

In an analysis of LOH of regions thought to harbor genes
possibly involved in medulloblastoma and PNET tumorigen-
esis, five pediatric PNET were examined (559). One PNET
showed LOH of 9q and 17p and also contained an i(17q) by
FISH, findings more compatible with medulloblastoma than
PNET. Of three PNET examined for LOH of 17p, chromosomes
6, 9, and 16 (78), one displayed LOH at 17p11.2 and another
of chromosome 9. LOH on 22q was observed in 2/5 PNET
(559),with the regionofdeletioncovering the hSNF5/INI1gene
locus. Otherwise, allelotyping studies in >40 PNET have not
disclosed loss of 17p (85, 96, 123, 139, 140, 560).

Other regions of loss observed at significant frequency
include chromosome 9 (centering around distal 9p), and 13q
and 14q. Less frequently, losses involving all or part of chromo-
somes 5, 6, 10q, 12, 18q, and 19q have been reported previously
(360). An isolated 3p21 interstitial deletion has been reported in
one tumor (80); it remains to be determined whether the hMLH1
DNA repair gene mapping to this site was involved. Losses
of 10q observed in approximately 25% of PNET may rarely
involve tumor suppressors BTRC (561), PTEN, or DMBT1.
Only one mutation of PTEN in one of 21 PNET (560, 562) and
one of nine of DMBT1 (562) have been reported.

Similar to observations in medulloblastomas (47, 104),
gains at chromosome 7 (six of 16), followed by 1q, occur
most frequently in PNET. Gains of 9qter and chromosomes 13
and 17 have been reported in more than one case. Consistent

with detection of dmin in karyotypic studies, CGH analyses of
PNET have identified high-level DNA amplification at 2p24,
4q12-q13, 7q21.3, and 7p11.2. Additional amplicons at 1q;6p,
12q21, 6p, and 20q also have been reported (557). With the
exception of the 2p24 amplicon, which has been shown to be
related to MYCN gene amplification (85), the majority of puta-
tive oncogenic loci indicated by cytogenetic findings in PNET
remain unknown. Studies with higher-resolution single gene
mapping tools (such as the recently developed array-based
CGH technology) (563) and with larger tumor numbers will
be very valuable for defining the true spectrum and frequency
of genomic imbalances, and to locate oncogenes and TSG that
underlie PNET development.

Using several techniques (e.g., representational differ-
ence analysis, microsatellite mapping, and quantitative PCR)
previously described deletions of 10q, 16q, and 17p were
confirmed in PNET, but it also revealed deletions of regions
not commonly described, i.e., Xq, 1p, 7p, and 13q (563A).
The authors suggest that hemizygous loss in PNET affecting
multiple TSG may play a role in their pathogenesis.

Molecular Studies in PNET

Because of the rarity of PNET, studies of only small numbers
of PNET have been reported to date. Clearly, comprehensive
knowledge of the molecular genetic features of PNET will be
essential to advance our knowledge regarding the diagnosis,
therapy, and prognosis of this rare but challenging tumor.
Existing molecular studies of PNET have been reviewed
(360), with a view to improving our current understanding
of putative signaling defects and molecular abnormalities in
these tumors.

Using a method of detecting low levels of amplification,
one group (563B) found MYCN amplification in a PNET
occurring 2 years after chemotherapy and radiation for a
primary medulloblastoma in a 7-year-old girl. Overexpression
of MYC was present in 10% of cerebral PNET (564), but it
is not associated with amplification of this gene. Neither was
MYCN or erbB1 amplified. In a study aimed at determining
the status of the PTCH gene, somatic mutations were found in
4/33 medulloblastomas, but in none of the 4 PNET examined,
even though two of them had LOH of 9q (317), where the
PTCH gene is located. Mutation of PTCH was seen in one of
five PNET, although all these tumors expressed PTCH (145).

�-Synuclein, a presynaptic nerve terminal protein, was
found to be highly expressed in the one PNET in which it
was examined (565), indicative of neuronal differentiation.
The status of neurotrophin receptor proteins (TrkA, TrkB, and
TrkC) in PNET is uncertain, because only a few tumors have
been examined (390).

Prognostic aspects and clinical outcome of patients with
PNET, though small in number, have been reported (263,502,
566). Reviews of various facets of PNET have been published
(462, 522).
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Scattered reports of other genetic abnormalities in these
tumors include identification of MYCN expression (186),
germline mutation of TP53 (567), expression of the Neuro
D family of bHLH transcription factors, and achaete scute,
another neurogenic transcription factor with homology to
Neuro D genes (499). This latter gene was actually expressed
in three of five PNET but not in medulloblastoma. Thus,
although the number of studies of PNET is small, it seems
that genetic events associated with development of PNET are
essentially different from those in medulloblastoma.

p53 in PNET

Although involvement of the locus on 17p for the TP53 gene
is very uncommon in PNET, the product of this gene, p53,
has been investigated in this tumor on the basis of its frequent
alterations in a host of other types of cancers. Molecular-
genetic investigation of two children with PNET revealed that
the mother, who in the past had an operation to remove an
ovarian carcinoma, had transmitted a TP53 germline muta-
tion at codon 213 to both children (567). LOH analysis at
microsatellite markers located proximal and distal to the TP53
locus at 17p13.1 showed loss of the paternal alleles in both
PNET. Analysis of the PNET by CGH revealed multiple chro-
mosomal imbalances, indicating substantial genomic insta-
bility in both tumors. Five changes were common to the
tumors, i.e., gains of chromosomes 1 and 7 and 21q and losses
of chromosome 3 and 13q (567). Mutation of TP53 and lack
of wildtype p53 in one of these PNET led to an accumulation
of centrosomes which the authors (568) propose as resulting
in uneven chromosome segregation in the tumor.

PNET may be present in the Li-Fraumeni syndrome (568).
Mutations of p53 not found in high incidence (two of 28)

in PNET of children (96, 560, 569). In 14 adult and pedi-
atric PNET, six of 11 of the adult tumors had p53 mutations,
primarily in neuronal tumors; no mutations were present in
the pediatric cases (570). This led to the suggestion (360) that
pediatric and adult PNET may differ genetically.

Although p53 mutations are rare in PNET (571), overex-
pression of p53 is not uncommon (due to p53 dysfunction)
(203, 204, 524, 572). JCV was not detected in any of the
tumors; hence, it is not the cause of the elevated p53 (524).
Amplification of MDM2 is not a common mechanism for p53
loss-of-function in PNET.

Notch Signaling in PNET

Notch signaling studies have demonstrated activation of
the pathway in PNET and differential expression of Notch
pathway components in medulloblastoma and PNET, perhaps
reflecting the distinct cells of origin for these tumors. Thus, in
a study of 13 medulloblastomas and 5 PNET, hASH1 expres-
sion was seen in three of five PNET but in none of the medul-
loblastomas (499). Expression of NeuroD was more prevalent
in the medulloblastomas.

High Notch2 expression was present in PNET when
compared with medulloblastoma (448), i.e., 50% of PNET
(including a cell line) expressed extremely high levels of
Notch2, whereas 2 medulloblastomas and 2 medulloblastoma
cell lines expressed Notch2 and Notch1 at levels compa-
rable to those of control cerebellar cells. Three of the PNET
with high Notch2 expression had genomic amplification or
copy number gains of the Notch2 locus at 1p11-p13 (448).
Signaling pathways, essential for normal brain development
may be dysregulated by mutations in some medulloblastoma
(161, 572A), i.e., SHH-Gli, Notch and less so Wnt pathways,
but they also may be involved in PNET development (360).
A PNET in a newborn male was shown by FISH not to have
TP53 involved (536) or amplified, an example that inactiva-
tion of TP53 probably does not play a role in the pathogenesis
of PNET.

An example is one study (96) in which 8 PNET and 35
medulloblastomas were examined for 17p loss by RFLP. None
of the PNET had such loss, whereas 13 of 35 medulloblas-
tomas showed this loss. In two of the latter tumors mutations
of TP53 were present, but none in PNET (96).

A mutation of TP53 in the PNET with a favorable course in
a 9-year-old girl has been reported previously (573).

A mutation of TP53 was found in one of 12 PNET without
the tumor showing 17p allelic loss (560). No changes (dele-
tions or amplifications) were found in the CDKN2A, EGFR,
cyclin-dependent kinase (CDK)4, or MDM2 genes. A highly
malignant PNET was shown to harbor two distinct copies of
MYC without any hint of amplification (79).

Secondary PNET have been reported in the context of
cancer predisposition syndromes in two patients. One child
presented with a PNET 5 years after treatment for unilateral
retinoblastoma (574); in another child with neurofibromatosis
type 1, PNET developed after radiation treatment for a brain-
stem astrocytoma (575). PNET also can occur as secondary
malignancies in both children and adults without genetic
background. Tumors occurring up to 18 years after radia-
tion treatment for low-grade primary intracranial neoplasms,
such as cerebellar pilocytic astrocytoma and low-grade astro-
cytoma, have been described (575, 576).

The current literature contains reports suggesting that
metastatic disease, extent of surgery, and age at diagnosis
may be of prognostic relevance in PNET (540, 577). Based
on more aggressive clinical features, PNET have traditionally
received therapies designed for metastatic, high-risk medul-
loblastomas, which involves more intensive chemotherapy
and higher doses of radiation to the head and spine. Several
retrospective (540,578) and prospective studies (577,579,580)
have consistently reported significantly inferior outcomes for
even localized PNET treated with high-risk medulloblas-
toma therapy. To date, the overall survival rate for PNET is
substantially lower than that for medulloblastomas, with an
expected 3-year progression-free survival of approximately
50% for localized PNET (540, 577). These observations
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suggest intrinsic biological differences between PNET and
medulloblastoma.

From the studies presented in this section on PNET (cyto-
genetic, CGH, LOH, and molecular), it is clear that PNET
and medulloblastoma are separate and distinct tumors and that
we should alleviate the confusion regarding these neoplastic
entities. In essence, it is the features that characterize medul-
loblastoma, i.e., presence of an i(17q), loss of 17p, anomalies
of the SHH and Wnt pathways, and the pattern of DNA methy-
lation, features that are absent in PNET (and pineoblastoma)
that differentiate these two groups of tumors.

Established PNET Cell Lines

Only a few established cell lines of PNET with informa-
tion appropriate for this chapter have been reported in the
literature. One was of cerebral origin (581) and another of
spinal origin (268). Sublines of one of these lines (581)
showed complex karyotypes with some variability among the
sublines. Thus, one subline showed a –22, not an uncommon
finding in PNET, whereas other sublines did not. In contrast,
a translocation (17;22)(q21;q13.1) was present in two of the
sublines. Two other sublines had +8 as the only change.
The other PNET cell line had the karyotype: 50,del(3)(q13.2-
q21),+8,t(11;22)(q24;q12),+12,+14,+21 (268).

SHH Pathway in PNET

Increased expression of PTCH, SMOH, and Gli mRNA
has been reported in PNET (three of five) (304). Based
on immunohistochemistry (186), three PNET were reported
to express MYCN, a downstream target of SHH signaling.
Missense mutation and LOH involving the PTCH locus at
9q22.3 has been reported in three of eight pediatric PNET
(145, 317).

These limited studies indicate that SHH pathway aberra-
tions are likely to have a pathogenetic role in at least some
PNET, the scope of such involvement and whether it correlates
with specific histopathological features await more exten-
sive studies (360). Due to the rarity of PNET, the status of
the SHH signaling pathway (and other pathways) remains
incompletely investigated, and findings generally have been
reported collectively with those on medulloblastoma (365).,
resulting in �-catenin nuclear accumulation and inappropriate
Wnt activation.

hASH1 expression was found only in PNET and not in
medulloblastoma (499). Expression of NeuroD genes was
more prevalent in medulloblastoma. Examination of 12 PNET
revealed significantly higher levels of Notch1 and Hes1
mRNA than in medulloblastoma (448). Notch2 levels tended
to be higher in PNET than in medulloblastoma. More than
50% of PNET (including a cell line) expressed very high
levels of Notch2 mRNA. Medulloblastomas (including cell
lines) expressed Notch1 and Notch2 at levels comparable with
control cerebellar cells. Three of six PNET with high levels

of Notch2 mRNA had genomic amplification or copy number
gains of the Notch2 locus at 1p11-p13 (448). Knockdown of
Notch 2 in a PNET cell line (581) resulted in inhibition of cell
growth, supporting the role of Notch in PNET development
(360).

An early arising, highly malignant supratentorial PNET
(79) harbored two distinct copies of the MYC oncogene
without any hint for amplification. A previously reported
molecular analysis of medulloblastomas occurring simultane-
ously in monozygotic twins also lacked aberrations of 17p and
amplifications of MYC (163).

The gene DLC1 (deleted in liver cancer) is located at 8p22,
a region deleted in medulloblastoma and PNET. Of 21 medul-
loblastomas, nine PNET and six PNET cell lines, only one of
nine medulloblastoma and one of three PNET showed loss of
DLC1 by gene expression (479). In the PNET, the gene was
silenced by promoter hypermethylation. Based on this finding,
an additional 20 medulloblastomas, eight PNET, four medul-
loblastoma cell lines, and two PNET cell lines were exam-
ined for hypermethylation of the DLC1 locus, with negative
results (479).

A family in which three children were affected by brain
tumors, two with PNET has been described (479A). The
family was heavily consanguineous with cosegregation of
learning difficulties, café-au-lait spots and early onset of brain
tumors inherited in a recessive manner. One of the PNET from
a 14-year-old girl had a near-tetraploid karyotype, loss of one
chromosome 13, and an unbalanced rearrangement resulting
in 10q loss. Missense mutation of exon 14 of the PMS2 gene
was found in the affected cases. The authors suggested that
PMS2 mutations are more likely to result in a recessively
inherited childhood cancer syndrome than in the autosomally
dominant Turcot syndrome.

Pineoblastoma

Pineal parenchymal tumors (PPT) are rare neoplasms derived
from pineocytes or their embryonal precursors and span a
wide spectrum of differentiation that is paralleled by differ-
ences in biological behavior, clinical outcome, and molecular
genetics (533, 582–584A). They account for <2% of pediatric
brain tumors.

Pineoblastoma is the most common of these tumors, with
pineocytoma and pineal parenchymal tumor of intermediate
differentiation (PPTID) being less common (585–587). Heri-
table cases of pineoblastoma are shown in Table 8.27.

Pineoblastomas make up 45–50% of pineal parenchymal
tumors, with variable reactivity to neuronal and glial markers
(586, 588). Like PNET, pineoblastoma is mainly a childhood
disease, with cases only occasionally described in adults (518,
585). Pineoblastomas have been collectively analyzed with
PNET in most therapeutic and molecular studies, comprising
20–50% of reported PNET in some series (540,547,578,580,
589, 590). Nevertheless, there is some suggestion that in very
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Table 8.27. Cases with heritable pineoblastoma.

References

Discordant tumors in identical twins: one with a pineoblastoma and the other with a medulloblastoma. Waldbaur al 1976 (707)
Mother and daughter with pineoblastoma. Lesnick et al 1985 (708)
Pineoblastoma and astrocytoma in the same patient. Brockmeyer et al 1997 (709)
Pineoblastoma with familial adenomatous polyposis. Ikeda et al 1998 (710)
Congenital pineoblastoma and parameningeal rhabdomyosarcoma in an infant. Çorapcı́oğlu et al 2006 (711)

Figure 8.22. Histologic view (top) of a pineoblastoma showing
high cellularity with numerous mitotic figures. Histologic picture
(bottom) of another pineoblastoma with highly cellular features
showing undifferentiated small cell histology (from ref. (4), with
permission).

young children (<18 months), pineal tumors may occur at a
higher frequency than nonpineal lesions (25).

Pineoblastomas are highly cellular tumors. Small, undif-
ferentiated cells proliferate diffusely without lobular archi-
tecture, mimicking medulloblastoma and PNET arising in
other sites (Figure 8.22). Tumor cells have round to irreg-
ular, hyperchromatic nuclei and scant cytoplasm (591, 592).
The fibrillary matrix is poor, and there are occasionally
neuroblastic rosettes (Homer Wright rosettes) and Flexner–
Wintersteiner rosettes. Fleurettes, a bundle of cytoplasmic
processes showing bulbous expansion at their distal portion,
are interpreted as evidence of photoreceptor differentiation.
Necrosis is common, and mitotic activity varies from case to
case but is commonly brisk. Silver carbonate impregnation
discloses a few short, thin processes.

Cytogenetic Changes in Pineoblastoma

Only 10 cases (including three cell lines) of pineoblastoma
with abnormal karyotypes have been described (Table 8.4).
Two of these were associated with trilateral retinoblastoma
(TRB). In eight of these tumors, the chromosome number was
near 46. Loss of chromosome 22 was the only anomaly in two
cases (172, 593) and associated with other changes in another
pineoblastoma (55). An i(17q), a common karyotypic change
in medulloblastoma, was found in two cell lines derived from
the pineoblastoma of a treated patient (594). Two unbal-
anced translocations, der(10)t(10;17) and der(16)t(1;16), were
present in the same tumor (595). This tumor had increased
MYC and MYCN expression in the absence of amplification.
Increased expression of MYC and MYCN, downstream �-
catenin targets, has been reported in pineoblastoma cell lines
(594).

Although pineoblastomas have been linked to hereditary
retinoblastoma as part of the TRB complex, none of the
sporadic cases of pineoblastoma exhibited a visible change in
the region of the RB1 locus at 13q14. Karyotypic changes in
three pineocytomas have been published (596–598). Two of
these tumors had complex changes (596, 597), whereas the
third had only numerical alterations (598).

CGH Findings in Pineal Tumors

A CGH study (118, 599, 600) of three specimens for each
tumor type revealed no changes in pineocytomas and more
than five changes for pineoblastoma and PPTID. The most
frequent DNA copy number changes among PPTID and
pineoblastoma were gains of 12q (50%), 4q, 5p, and 5q (33%
each) and losses of 22 (67%), 9q, and 16q (33% each). Among
PPTID, the most common imbalances were gains of 4q and
12q, and –22 (67% each), the latter of which was also promi-
nent in pineoblastomas (67%). In accordance with previous
cytogenetic results, –22 seems to play a role in PPT, whereas
other reported changes, such as gain of 17q or loss of chro-
mosome 11 and 12q , were not found in any of the tumors.
In contrast, gains of 12q were found in three of the six higher
grade PPT. Moreover, regarding alterations in the MYC and
TP53 gene regions, only one gain of 8q and no loss of 17p
were encountered; however, in view of the role of the RB1
gene mapping to 13q14 in the familial TRB, it is intriguing to
speculate about its involvement in one of the three pineoblas-
tomas showing a loss for 13q. Thus, PPTID are cytogenet-
ically more similar to pineoblastomas than pineocytomas.
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Furthermore, imbalances in higher-grade PPT consisted of
gain of 12q and -22 (600).

Pineoblastomas may exhibit histopathological features
indicative of photosensory differentiation, ranging from focal
expression of retinal S-antigen and proteins to character-
istic Flexner-Wintersteiner rosettes and fleurettes reminiscent
of retinoblastic differentiation (586, 601, 602). Embryolog-
ically, the pineal gland develops from primitive neuroep-
ithelial cells, which line the diencephalic roof (603) and
have features of photoreceptor organs, with photosensory and
neuroendocrine differentiation. These cells are thought to
be ontogenetically linked to the photoreceptor cells of the
retina. The histological features of pineal tumors and PNET
arising in the context of trilateral retinoblastoma (TRB) (360)
(see below), can bear exceptionally close resemblance to
retinoblastoma, and this tumor type has been labeled by some
as “primary ectopic intracranial retinoblastoma” (601, 604).
Thus, at least a proportion of pineoblastomas may share onto-
genic aspects with precursor cells targeted for transformation
during retinoblastoma development.

Pineoblastoma can occur, as just mentioned, in the setting
of heritable and sporadic retinoblastoma, so-called TRB, a
condition first described in 1971 (605). TRB is character-
ized by intracranial neuroblastic tumors that typically occur
in the setting of germline RB1 gene mutations and heri-
table disease that manifests as bi- or multifocal disease.
Less frequently, TRB can manifest with unilateral ocular
retinoblastoma (606). Rare germline mutations of RB mani-
fest as “forme fruste” retinoblastoma, with only intracra-
nial pineoblastoma or PNET, and no ocular tumors (607).
TRB with intracranial disease that precede the development
of retinoblastoma are exceptional (601, 608). Up to 6% of
patients with bilateral retinoblastoma and 10% of patients
with family history of these lesions have been reported to
harbor an intracranial pineoblastoma or PNET (609). TRB
develops within a median duration of 21–23 months from the
retinoblastoma diagnosis, has a poor prognosis, and a 6-month
median survival duration following diagnosis of the intracra-
nial tumor (604, 607).

More than 80% of tumors associated with retinoblastomas
are pineal in location, whereas supra- or parasellar tumors
comprise <20% of intracranial tumors with TRB. Rare cases
of this disease with cerebellar/fourth ventricular PNET or
medulloblastoma have been reported (608, 610). Only one
case of cerebral PNET in association with retinoblastoma has
been reported (574), which occurred in a child in whom a
temporal-parietal supratentorial PNET developed 5 years after
radiation therapy for a unilateral retinoblastoma. The atypical
location and exceptionally long lag time to development of
the intracranial lesions suggests a therapy-related secondary
tumor rather than a manifestation of TRB.

The observed differences in histological features and loca-
tion of TRB-associated PNET suggest that pineal/suprasellar
PNET and nonpineal cerebral supratentorial PNET may arise
from distinct precursor cell populations. In this respect, it may

be relevant that pineal PNET presenting in very young chil-
dren are reported to have worse outcomes that cerebral supra-
tentorial PNET (25, 590). Several therapeutic studies have
reported opposite trends in older children, with higher survival
rates and lower incidences of metastatic disease in pineal
compared with nonpineal supratentorial PNET (547,579,580).
Whether these observed differences reflect true age-related
differences in tumor biology or result from earlier clinical
manifestations and hence detection of pineal region tumors is
not known.

Mutations of the RB1 gene (located at 13q14) must play a
role in pineoblastoma development in TRB, considering the
genetic background of this syndrome (611, 612).

It is not known whether direct mutations of RB1 or alternate
epigenetic mechanisms of RB1 gene inactivation or functional
pRB loss occur in sporadic pineoblastoma. Observations show
significantly worse outcomes in patients with pineoblastoma
associated with constitutional RB1 defects compared with
sporadic pineoblastoma (613) and suggest possible biolog-
ical differences between these diseases. The more aggressive
disease course in TRB-associated pineoblastoma may reflect
the greater genomic instability reported to occur with consti-
tutional pRB loss (614). It is not known whether changes in
1q31 and 6p22, which have been reported in 50% of human
retinoblastomas (615,616), occur in pineoblastomas or PNET
associated or not associated with retinoblastoma.

In a microarray study, an attempt was made to identify
genes that are differentially expressed between pineoblastoma
and fetal pineal gland; however, the small number of tumors
analyzed (two) significantly limits the interpretation of this
study (617). Based on a study with oligonucleotide arrays of
pineal tumors (618), differences in the expression of a number
of genes in PPT, i.e., pineocytoma and pineoblastoma versus
PTPR were demonstrated and may be of diagnostic value.

Single-gene investigations of pineoblastoma have included
five pineal tumors with negative results for p53 (619) and
Waf1/p21 (620) gene aberrations. A missense INI1 muta-
tion in a 7-month-old infant with a histologically confirmed
pineoblastoma without rhabdoid features and monosomy 22
as the only abnormality has been reported (62). It is not
known whether INI1 mutations are more likely to occur in
pineoblastomas presenting in very young children with partic-
ularly aggressive disease. The development of INI1-specific
antibodies (621) should facilitate a broader scope of investi-
gations into the genetic and functional role of the INI1 locus
in the development of pineoblastoma.

Studies on somatostatin in normal pineal gland and
in pineal tumors have been reported (622), and reports
on the molecular genetics in pineal tumors have been
published (611, 623). A tumor of the pineal gland diag-
nosed as a PNET but also consistent with the diagnosis of
pineoblastoma in a 6-month-old infant with a constitutional
t(16;22)(p13.3;q22.2∼12) has been described (624). Cytoge-
netic and SKY studies of the tumor revealed only the presence
of the translocation.
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Nister, M., Collins, V.P., and Toftgård, R. (1997) Somatic
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(2001) Cytogenetic and histopathologic studies of congenital
supratentorial primitive neuroectodermal tumors: a case
report. Pathol. Oncol. Res. 7, 67–71.

537. McLendon, R.E., and Burger, P.C. (1987) The primitive
neuroectodermal tumor: A cautionary view. J. Pediatric
Neurosci. 3, 1–8.

538. Burger, P.C. (2006) Supratentorial primitive neuroectodermal
tumor (sPNET). Brain Pathol. 16, 86.

539. Moss, S.D., Haines, S.J., Leonard, A.S., and Dehner,
L.P. (1986) Congenital supratentorial and infratentorial
peripheral neurogenic tumor: A clinical, ultrastruc-
tural, and immunohistochemical study. Neurosurgery 19,
426–433.

540. Reddy, A.T., Janss, A.J., Phillips, P.C., Weiss, H.L., and
Packer, R.J. (2000) Outcome for children with supratentorial
primitive neuroectodermal tumors treated with surgery,
radiation and chemotherapy. Cancer 88, 2189–2193.

541. Jakacki, R.I. (2005) Treatment strategies for high-risk medul-
loblastoma and supratentorial primitive neuroectodermal
tumors. J. Neurosurg. (Pediatrics 1) 102, 44–52.

542. Becker, L.E., and Hinton, D. (1983) Primitive neuroecto-
dermal tumors of the central nervous system. Hum. Pathol.
14, 538–550.

543. Berger, M.S., Edwards, M.S.B., Wara, W.M., Levin, V.A.,
and Wilson, C.B. (1983) Primary cerebral neuroblastoma.
Long-term follow-up review and therapeutic guidelines. J.
Neurosurg. 59, 418–423.

544. Kleihues, P., and Zuulch, K.J. (1986) Brain Tumours: Their
Biology and Pathology, ed. 3. Springer-Verlag, Berlin,
Germany.

545. Rorke, B. (1997) Atypical teratoid/rhabdoid tumours: In
Pathology and Genetics – Tumours of the Nervous System
(Kleihues, P., and Cavenee, W.K., eds.), IARC Press, Lyon,
France, pp. 110–111.

546. Hongeng, S., Brent, T.P., Sanford, R.A., Li, H., Kun, L.E.,
and Heideman, R.L. (1997) O6-methylguanine-DNA methyl-



References 419

transferase protein levels in pediatric brain tumors. Clin.
Cancer Res. 3, 2459–2463.

547. Dirks, P.B., Harris, L., Hoffman, H.J., Humphreys, R.P.,
Drake, J.M., and Rutka, J.T. (1996) supratentorial primitive
neuroectodermal tumors in children. J. Neurooncol. 29,
75–84.

548. Begemann, M., Lyden, D., Rosenblum, M.K., Lis, E.,
Wolden, S., Antunes, N.L., and Dunkel, I.J. (2003)
Primary leptomeningeal primitive neuroectodermal tumor. J.
Neurooncol. 63, 299–03.

549. Cooper, I.S., and Kernohan, J.W. (1951) Heterotopic glial
nests in the subarachnoid space: histopathologic character-
istics, mode of origin and relation to meningeal gliomas. J.
Neuropathol. Exp. Neurol. 10, 16–29.

550. Chadduck, W.M., Boop, F.A., and Sawyer, J.R. (1991)
Cytogenetic studies of pediatric brain and spinal cord tumors.
Pediatr. Neurosurg. 92, 57–65.

551. Cohen, N., Betts, D.R., Tavori, U., Toren, A., Tam, T.,
Constantini, S., Grotzer, M.A., Amariglio, N., Rechavi, G.,
and Trakhtenbrot, L. (2004) Karyotypic evolution path-
ways in medulloblastoma/primitive neuroectodermal tumor
determined with a combination of spectral karyotyping,
G-banding, and fluorescence in situ hybridization. Cancer
Genet. Cytogenet. 149, 44–52.

552. Batanian, J.R., Havlioglu, N., Huang, Y., and Gadre, B.
(2003) Unusual aberration involving the short arm of chro-
mosome 11 in an 8-month-old patient with a supratentorial
primitive neuroectodermal tumor. Cancer Genet. Cytogenet.
141, 143–147.

553. Benner, S.E., Wahl, G.M., and Von Hoff, D.D. (1991) Double
minute chromosomes and homogeneously staining regions
in tumors taken directly from patients versus in human tumor
cell lines. Anti-Cancer Drugs 2, 11–25.

554. Agamanolis, D.P., and Malone, J.M. (1995) Chromosomal
abnormalities in 47 pediatric brain tumors. Cancer Genet.
Cytogenet. 81, 125–134.

555. Ishii, N., Hiraga, H., Sawamura, Y., Shinohe, Y., and
Nagashima, K. (2001) Alternative EWS-FLI1 fusion gene
and MIC2 expression in peripheral and central primitive
neuroectodermal tumors. Neuropathology 21, 40–44.

556. Izycka-Swieszewska, E., Stefanowicz, J., Debiec-
Rychter, M., Rzepko, R., and Borowska-Lehman, J. (2001)
Peripheral primitive neuroectodermal tumor within the spinal
epidural space. Neuropathology 21, 218–221.

557. Prebble, E., Dyer, S., Brundler, M.-A., Ellison, D.,
Davison, V., and Grundy, R. (2004) Genomic imbal-
ances in supratentorial primitive neuroectodermal tumours
(STPNETs). J. Neurooncol. 6, 413.

558. McCabe, M.G., Ichimura, K., Liu, L., Plant, K.,
Bäcklund, L.M., Pearson, D.M., and Collins, V.P. (2006)
High-resolution array-basead comparative genomic
hybridization of medulloblastomas and supratentorial prim-
itive neuroectodermal tumors. J. Neuropathol. Exp. Neurol.
65, 549–561.

559. Zakrzewska, M., Rieske, P., Debiec-Rychter, M.,
Zakrzewski, K., Polis, L., Fiks, T., and Liberski, P.P. (2004)
Molecular abnormalities in pediatric embryonal brain
tumors – analysis of loss of heterozygosity on chromosome,
1, 5, 9, 10, 11, 16, 17 and 22. Clin. Neuropathol. 23,
209–217.

560. Kraus, J.A., Felsberg, J., Tonn, J.C., Reifenberger, G.,
and Pietsch, T. (2002) Molecular genetic analysis of the
TP53, PTEN, CDKN2A, EGFR, CDK4 and MDM2 tumour-
associated genes in supratentorial primitive neuroectodermal
tumours and glioblastomas of childhood. Neuropathol. Appl.
Neurobiol. 28, 325–333.

560A. Vincent, S., Mirshari, M., Nicolas, C., Adenis, C.,
Dhellemmes, P., Soto, Ares, G., Maurage, C.A.,
Baranzelli, M.C., Giangaspero, F., and Ruchoux, M.M.
(2003) Large-cell medulloblastoma with arrestin-like protein
expression. Clin. Neuropathol. 22, 1–9.
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Montange, M. (2000) Pineal parenchymal tumors: A
correlation of histological features with prognosis in 66
cases. Brain Pathol. 10, 49–60.

593. Roberts, P., Chumas, P.D., Picton, S., Bridges, L., Living-
stone, J.H., and Sheridan, E. (2001) A review of cytogenetics
of 58 pediatric brain tumors. Cancer Genet. Cytogenet. 131,
1–12.

594. Kees, U.R., Biegel, J.A., Ford, J., Ranford, P.R., Peroni, S.E.,
Hallam, L.A., Parmiter, A.H., Willoughby, M.L.N., and
Spagnolo, D. (1994) Enhanced MYCN expression and
isochromosome 17q in pineoblastoma cell lines. Genes
Chromosomes Cancer 9, 129–135.

595. Kees, U.R., Spagnolo, D., Hallam, L.A., Ford, J.,
Ranford, P.R., Baker, D.L., Callen, D.F., and Biegel, J.A.
(1998) A new pineoblastoma cell line, PER-480, with
der(10t(10;17),der(16)t(1;16), and enhanced MYC expres-
sion in the absence of gene amplification. Cancer Genet.
Cytogenet. 100, 159–164.

596. Rainho, C.P., Rogatto, S.R., Correa de Moraes, L., and
Barbieri-Neto, J. (1992) Cytogenetic study of a pineocytoma.
Cancer Genet. Cytogenet. 64, 127–132.

597. Bello, M.J., Rey, J.A., de Campos, J.M., and Kusak, M.E.
(1993) Chromosomal abnormalities in a pineocytoma.
Cancer Genet. Cytogenet. 71, 185–186.

598. Dario, A., Cerati, M., Taborelli, M., Finzi, G., Pozzi, M., and
Dorizzi, A. (2000) Cytogenetic and ultrastructural study of a
pineocytoma case report. J. Neurooncol. 48, 131–134.

599. Rickert, C.H., Simon, R., Bergmann, M., Dockhorn-
Dworniczak, B., and Paulus, W. (2000) Comparative genomic
hybridization in pineal germ cell tumors. J. Neuropathol.
Exp. Neurol. 59, 815–821.

600. Rickert, C.H., Simon, R., Bergmann, M., Dockhorn-
Dworniczak, B., and Paulus, W. (2001) Comparative
genomic hybridization in pineal parenchymal tumors. Genes
Chromosomes Cancer 30, 99–104

601. Lopes, M.B.S., Gonzalez-Fernandez, F., Scheithauer,
B.W., and VandenBerg, S.R. (1993) Differential expres-
sion of retinal proteins in a pineal parenchymal tumor. J.
Neuropathol. Exp. Neurol. 52, 516–524.

602. Bader, J.L., Meadows, A.T., Zimmerman, L.E., Rorke, L.B.,
Voute, P.A., Champion, L.A.A., and Miller, R.W. (1982)
Bilateral retinoblastoma with ectopic intracranial retinoblas-
toma: Trilateral retinoblastoma Cancer Genet. Cytogenet. 5,
203–213.

603. Russell, D.S., and Rubenstein, L.J., editors. (1989) Pathology
of Tumors of the Nervous System, ed. 5. Williams and
Wilkins, Baltimore, MD, pp. 380–394.
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618. Fèvre-Montange, M., Champier, J., Szathmari, A., Wier-
inckx, A., Mottolese, C., Guyotat, J., Fiagarella-Branger, D.,
Jouvet, A., and Lachuer, J. (2006) Microarray analysis reveals
differential gene expression patterns in tumors of the pineal
region. J. Neuropathol. Exp. Neurol. 65, 675–684.

619. Tsumanuma, I., Sato, M., Okazaki, H., Tanaka, R.,
Washiyama, K., Kawasaki, T., Kumanishi, T. (1995) The
analysis of p53 tumor suppressor gene in pineal parenchymal
tumors. Noshuyo Byori 12, 39–43.

620. Tsumanuma, I., Tanaka, R., Abe, S., Kawasaki, T.,
Washiyama, K., and Kumanishi, T. (1997) Infrequent muta-
tion of Waf1/p21 gene, a CDK inhibitor gene, in brain
tumors. Neurol. Med. Chir. (Tokyo) 37, 150–156.

621. Judkins, A.R., Mauger, J., Rorke, L.B., and Biegel, J.A.
(2004) Immunohistochemical analysis of hSNF5/INI1 in
pediatric CNS neoplasms. Am. J. Surg. Pathol. 28, 644–650.

622. Champier, J., Jouvet, A., Rey, C., Guyotat, J., and Fevre-
Montange, M. (2003) Differential somatostatin receptor



422 8. Medulloblastoma, Primitive Neuroectodermal and Pineal Tumors

subtype expression in human normal pineal gland and pineal
parenchymal tumors. Cell. Mol. Neurobiol. 23, 875.

623. Tsumanuma, I., Tanaka, R., Ichikawa, T., Washiyama, K.,
and Kumanishi, T. (2000) Demonstration of hydroxyindole-
O-methyltransferase (HIOMT) mRNA expression in pineal
parenchymal tumors: histochemical in situ hybridization.
J. Pineal Res. 28, 203–209.

624. Sawyer, J.R., Sammartino, G., Husain, M., and Linskey, M.E.
(2003) Constitutional t(16;22)(p13.3;q11.2˜12) in a primitive
neuroectodermal tumor of the pineal region. Cancer Genet.
Cytogenet. 142, 73–76.

625. Kaplan, E.L., and Meier, P. (1958) Nonparametric estima-
tion from incomplete observations. J. Am. Stat. Assoc. 53,
457–481.

626. Fuller, G.N. (1996) Central nervous system tumors. In: Pedi-
atric Neoplasia: Morphology and Biology (Parham, D.M.,
ed.), Lippincott-Raven Publishers, Philadelphia, PA,
pp. 153–202.

627. Lantos, P.L., Vandenberg, S.R., and Kleihues, P.
(1996) Tumours of the nervous system. In Greenfield’s
Neuropathology, 6th ed., vol. 2 (Graham, D.I., and Lantos,
P.L., eds.), Edward Arnold, London, UK, pp. 583–879.

628. Packer, R.J. Cogen, P., Vezina, G., and Rorke, L.B. (1999)
Medulloblatoma: clinical and biologic aspects. Neuro-Oncol.
1, 232–250.

628A. Arseni, C., and Ciurea, A.V. (1981) Statistical survey of
276 cases of medulloblastoma (1935–1978). Acta Neurochir.
(Wien) 57, 159–162.

629. Roberts, R.O., Lynch, C.F., Jones, M.P., and Hart, M.N.
(1991) Medulloblastoma: a population-based study of 532
cases. J. Neuropathol.I Exp. Neurol. 50, 134–144.

629A. Hubbard, J.L., Scheithauer, B.W., Kispert, D.B.,
Carpenter, S.M., Wick, M.R., and Laws, E.R., Jr. (1989)
Adult cerebellar medulloblastomas: the pathological, radio-
graphic, and clinical disease spectrum. J. Neurosurg. 70,
534–544.

630. Giordana, M.T., Schiffer, P., Lanotte, M., Girardi, P., and
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637. López-Ginés, C., Cerdá-Nicolás, M., and Llombart-Bosch, A.
(1991) A new case of medulloblastoma in an adult. Cancer
Genet. Cytogenet. 57, 235–237.

638. Stratton, M.R., Darling, J., Cooper, C.S., and Reeves, B.R.
(1991) A case of cerebellar medulloblastoma with a single
chromosome abnormality. Cancer Genet. Cytogenet. 53,
101–103.

639. Karnes, P.S., Tran, T.N., Cui, M.Y., Raffel, C., Gilles, F.H.,
Barranger, J.A., and Ying, K.L. (1992) Cytogenetic analysis
of 39 pediatric central nervous system tumors. Cancer Genet.
Cytogenet. 59, 12–19.

640. Stuart, A.G., Pearson, A.D., Emslie, J., Lennard, A.,
Davison, E.V., Perry, R.H., and Crawford, P.J. (1993) Cyto-
genetic abnormalities in a disseminated medulloblastoma.
Med. Pediatr. Oncol. 21, 295–298.

641. Sainati, L., Bolcato, S., Montaldi, A., Celli, P., Stella, M.,
Leszl, A., Silvestro, L., Perilongo, G., Cordero di Monteze-
molo, L., and Basso, G. (1996) Cytogenetics of pediatric
central nervous system tumors. Cancer Genet. Cytogenet. 91,
13–27.
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A., and Castresana, J.S. (2005) Genetic heterogeneity in
supratentorial and infratentorial primitive neuroectodermal
tumours of the central nervous system. Histopathology 47,
631–637.

707. Waldbaur, H., Gottschaldt, M., Schmidt, H., and
Neuhauser, G. (1976) Medulloblastoma and pineoblastoma
in monozygous twins. Klin. Paeiatr. 188, 366–371.

708. Lesnick, J.E., Chayt, K.J., Bruce, D.A., Rorke, L.B.,
Trojanowski, J., Savino, P.J., and Schatz, N.J. (1985) Familial
pineoblastoma. Report of two cases. J. Neurosurg. 62,
930–932.

709. Brockmeyer, D.L., Walker, M.L., Thompson, G., and
Fults, D.W. (1997) Astrocytoma and pineoblastoma arising
sequentially in the fourth ventricle of the same patient.
Pediatr. Neurosurg. 26, 36–40.

710. Ikeda, J., Sawamura, Y., and Van Meir, E.G. (1998)
Pineoblastoma presenting in familial adenomatous polyposis

(FAP): random association, FAP variant or Turcot syndrome?
Br. J. Neurosurg. 12, 576–578.
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9
Key Mechanisms and Pathways

Summary Chapter 9 contains succinct information on some of the molecular mechanisms and pathways involved in the
development and biology of the tumors presented in the preceding chapters. References to recent reviews of relevance to this
area are given.

Keywords molecular pathways in neural tumors · TP53, Rb, EGFR, Wnt and SHH pathways · genes and their changes.

Introduction

Chapter 9 is intended for those readers who wish to learn more
about the mechanisms and pathways referred to in previous
chapters or those that have to do with tumorigenesis in a more
general way. Our intent is not to provide an overly detailed
discussion of these issues, nor to provide an exhaustive bibli-
ography. Rather a general, overview of topics is presented,
and, wherever possible, relevant recent reviews are given as
references.

Telomeres, Telomerase, and Alternative
Lengthening of Telomeres (ALT)

The telomere is the structure at the end of linear DNA
molecules, e.g., the ends of the eukaryotic chromosome. It
is composed of a subtelomeric region of middle repetitive
sequences interspersed with short repeats, which are followed
by a 5–15-kb repeat of 5′-TTAGGG-3′ resulting in a G-rich
and a C-rich strand (1,2). The G-rich strand has a single-strand
overhang of ∼200 bases (3).

The ends of a linear DNA molecule have two inherent
problems in maintaining their integrity. First, the ends
of the molecule mimic double-stranded breaks, which are
highly recombinogenic. Chromosome structure would then
be expected to be highly unstable. In addition, a sufficient
number of double-stranded breaks would induce an apoptotic
response, vide infra, resulting in cell death. To overcome this
problem, the telomere has evolved a higher order protective
cap structure. The G-strand overhang is looped into a duplex

structure (t-loop) by strand displacement of the more proximal
sequences (Figure 9.1a) (4, 5). The t-loop is maintained and
protected by a set of capping proteins (Figure 9.1b) (6, 7).

The second problem posed by the end of a linear DNA
molecule is DNA replication. Because normal, semicon-
servative DNA replication proceeds 3′→5′ and is primed
by RNA, the leading strand is shortened in each replica-
tion cycle (Figure 9.2). Such shortening has been demon-
strated in normal somatic cells both in vitro and in vivo
(8, 9). To get around this problem, germ cells and stem cells
produce an enzyme complex known as telomerase, a 5′→3′
reverse transcriptase, which primes off of a short ribonu-
cleotide (10). Differentiated somatic cells repress the expres-
sion of the telomerase components, and so, can go through a
finite number of cell doublings before the telomeres shorten
to a point that induces cell senescence. Most tumor cells
re-express the components of telomerase and thereby can
divide indefinitely (11). Those tumors that do not express
telomerase achieve immortality through a process of unequal
crossing-over of telomeric repeats known as ALT (12, 13).

Epigenetics

Epigenetics refers to the processes by which stable changes in
DNA and chromatin alter gene expression. Such changes do
not include changes to the primary structure of the DNA (e.g.,
point mutations, deletions, duplications, and translocations),
which are considered mutational changes. The best-studied
epigenetic changes are DNA methylation and histone methy-
lation and acetylation. However, other mechanisms exist in
lower eukaryotes, and it is reasonable that such mechanisms
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Figure 9.1. (a) The primary and secondary structure of the human telomere showing the G strand overhang forming the G-loop. (b) Simpli-
fied diagram of the protein–DNA complexes at the telomere (from refs. (5) and (7), with permission).

also would exist in humans (e.g., somatic strand-specific
imprinting and segregation) (14).

The DNA of higher eukaryotes is methylated almost exclu-
sively at cytosine residues whish are located 5′ to a guanosine
residue in a CpG dinucleotide. CpG occurs less frequently in
the mammalian genome than predicted by chance, and these
dinucleotides are clustered in the promoter regions of many
genes known as CpG islands. Methylation of the cytosines in
CpG islands is associated with the transcriptional silencing of
the adjacent gene. Methylation of the CpG islands may show
a distinct tissue-specific pattern, is associated with imprinting
of genes, and is involved with the differential transcriptional
silencing of genes on the X chromosome in its inactivation in
mammalian females.

DNA methylation is effected by a family of DNA methyl-
transferases (DNAMTs). DNAMT1 is the primary enzyme
involved with maintaining methylation, and it has high
affinity for hemimethylated, newly synthesized DNA (15).
DNAMT3a and DNAMT3b are involved with de novo DNA
methylation, and they participate in embryogenesis (16).

A technique called methylations specific-polymerase chain
reaction (MSP) has been developed to examine methylation
of specific CpG islands (17). This technique is based on the
chemical conversion of cytosine to uracil by exposure to the
bisulfite ion. Cytosine, which is methylated, is protected from
the action of bisulfite. Thus, when treated with bisulfite, the
base sequence of the DNA is converted from cytosine to
uracil at every unmethylated site. PCR primers can then be

designed to recognize either the methylated (unconverted) or
the unmethylated (converted) sequences. Primers are designed
such that amplification products from the methylation-specific
primers are of a different size from those specific for the
unmethylated sequence. The fragment sizes are then resolved
by gel electrophoresis. MSP is currently widely used for the
analysis of CpG island methylation in both research and clin-
ical settings.

Histone modifications occur primarily at the amino
terminus and involve acetylation, methylation, and ADP ribo-
sylation. The most studied histone modifications are of acety-
lation and methylation of the amino tails of histones H3 and
H4 (18). In general, histone acetylation is associated with tran-
scriptionally active chromatin, whereas methylation is associ-
ated with transcriptionally silent chromatin. An exception is
the methylation of lysine 4 (K4) of histone H3, which is found
in active chromatin and actually promotes acetylation of other
lysine residues in H3 (19).

Histone acetyltransferases and histone deactylases
(HDACs) mediate histone modification. These enzymes affect
the binding of transcription factors and are, in turn, recruited
to regions of chromatin by transcription factors. In addi-
tion, the N-terminal domain of DNAMT1 binds to HDACs
and inhibits transcription by increasing HDAC activity (20).
DNAMT3a colocalizes with proteins associated with methy-
lated histones (21). Therefore, epigenetic regulation of genes
expression involves a complex interaction between histones,
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Figure 9.2. Diagrammatic representation of the shortening of telomere length with each cycle of semiconservative replication (from
ref. (9), with permission).

DNA, the enzymes that modify chromatin and specific chro-
matin binding factors such as transcription factors.

An aberrant pattern of methylation is often observed in
CpG islands of specific genes in human cancers. The pattern
is usually that of a gene whose CpG island is unmethy-
lated (transcriptionally active) in normal tissue and methy-
lated (transcriptionally inactive) in the tumor. The class of
genes showing this pattern is one in which transcriptional
inactivation also can occur by deletion of the gene sequence.
Because the loss of function of these genes is associated
with the disruption of the normal cell cycle in cancer, as a
class they are referred to as tumor suppressor genes. This
phenomenon has been described for many different types of
human tumors, including carcinomas and adenocarcinomas,

bone and soft tissue tumors, benign tumors, and both malig-
nant and premalignant hematological disorders (reviewed in
(22–24)). At least in some instances, changes in methylation
are thought to be one of the initiating steps in tumorigenesis
(25–27). Methylation status of the CpG islands of particular
genes also has been shown to have prognostic value in the
clinical evaluation of cancer patients (28). Studies of cultured
cancer cells (28–34) and of treated patients (35) have shown
potential for demethylating agents as therapeutic candidates.
Recently, the appearance of methylated CpG islands of tumor
suppressor genes in DNA from serum, bronchial lavage and
urine from cancer patients has been demonstrated and may
portend recurrence, and, it is hoped, possibly serve as a screen
for the early detection of cancer (36–40).
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TP53: The Cell’s Sentry

The TP53 gene, localized to 17p13.1, encodes a protein of 393
amino acids whose primary function seems to be surveillance
for cellular damage events and promoting cell cycle arrest,
apoptosis and senescence; recent studies have shown p53 to
also be involved in regulating glycolysis, autophagy, repair of
genotoxic damage, regulation of oxidative stress, invasion and
motility, angiogenesis, differentiation, and bone remodeling
(41). Disruption of p53 by mutation or deletion is associated
with tumor progression, as would be expected if its cell cycle
arresting and apoptotic induction functions are compromised.
In addition, other gene products can diminish the function of
p53. Amplification of MDM2 promotes degradation of p53,
and the HPV E6 protein specifically inhibits p53 (42).

TP53 transcription is induced by cellular stresses such as
DNA damage, oncogene activation, hypoxia, nutrient depriva-
tion, telomere erosion, and ribosomal stress. The p53 protein
interacts with the Wilms’ tumor protein, WT1, and, depending
on the degree of stress, either induces inhibitors of cyclin-
dependent kinases (CDKs) such as p21, or proapoptotic genes
such as PUMA or NOXA. Inhibition of CDK2 and CDK4
arrests the cell cycle in late G1. In the apoptotic pathway,
the p53–WT1 complex activates proapoptotic genes whose
protein products inhibit BCL2, which inhibit the apoptosis-
promoting BAX protein (both of which are described in
more detail below). This pathway is shown schematically in
Figure 9.3.

Figure 9.3. Simplified diagram of the p53 pathway. See text
for details (from ref. (42), with permission).

pRB Pathway

The other major pathway regulating the cell cycle is that
mediated by the retinoblastoma protein (RB1). The protein
is a 928 amino acid phosphoprotein coded for by a gene
localized to 13q14.1-13q14.2. In its unphosporylated form,
it complexes with and inactivates E2F transcription factors.
Phosphorylated pRB is unable to bind E2A. Free E2F binds
to DNA and promotes transcription of genes necessary for
the G1⇒S transition. Therefore, binding of E2A by pRB
represents a major point at which control of the cell cycle
is exerted. pRB is itself regulated by CDKs that promote
phosphorylation and inactivation of pRB. The interface with
CDKs connects the p53 and pRB pathways. Although p53-
mediated cell cycle control is primarily induced by cellular
stress, the pRB control is constitutive. The pRB pathway is
shown schematically in Figure 9.4. Most solid tumors have
now been shown to have disruptions of either the p53 or
the pRB pathway, and it is possible that such disruption is
required for tumor progression.

Cell Cycle

The cell cycle is critical in carcinogenesis, because its
dysregulation results in the uncontrolled cell division asso-
ciated with tumor proliferation. As already mentioned, pRB
and p53 are the primary controllers of whether the cell cycle
proceeds. They mediate the effect of stage-specific cycle

Figure 9.4. Simplified diagram of the pRB pathway. See text
for details (from ref. (42), with permission).
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progression factors, promoting entry into and continuation of
the cell cycle. The various phases of the cell cycle are entered
into by promotion by the complex of cyclins and CDKs.
As shown in Figure 9.5, CyclinD1/CDK4/6 promotes entry
into and progression through G1. CyclinE/CDK2 is associated
with the transition from G1 to S, whereas cyclinA/CDK2 is
expressed through S and early G2. The progression through
G2 into M is mediated by cyclinA/CDK1 and cyclinB/CDK1
(55, 56).

TP53-mediated checkpoints exist in G1 and G2, during
which the integrity of the genome before replication (G1
checkpoint) and after replication, but before chromosome
segregation and cell division (G2 checkpoint). It is at these
points that, in response to genome damage, p53 can induce
DNA repair mechanisms or an apoptotic response (vide infra)
depending on the nature of the damage. p53 inhibits the cell
cycle via cyclin-dependent kinase inhibitors (e.g., Ink4a–d,
Cip1, and Kip1/2), arresting the cell cycle at either check-
point (57).

Overexpression of cyclins might be expected to promote
carcinogenesis by stimulating the cell cycle. Cyclin D1 (also
called PRAD1) is amplified in several solid tumors (47–49).
Cyclin D1 can also be activated by an inversion and translo-
cation (49, 50). In addition to stimulating the cell cycle
directly, overexpression of cyclin D1 also up-regulates fibrob-
last growth factor receptor and promotes hyperphosphoryla-
tion of pRB, thus upregulating E2F-1 (51). A truncated form
of cyclin E is overexpressed in breast cancer, and it seems to
induce the G1⇒S transition more rapidly than the full-length
form (52). CDK4 is amplified in gliomas (53).

Apoptosis

Programmed cell death (PCD) is an important process in
embryological development and normal tissue turnover. The
10 known pathways leading to PCD can be classified as
apoptotic and nonapoptotic. Nonapoptotic death includes

Figure 9.5. Simplified representation of the cell cycle and the genes
affecting it. See text for details (from ref. (43), with permission).

autophagic cell death, necrosis, mitotic cell death, and senes-
cence. Apoptosis includes caspase-dependent processes of
“classic” or type I apoptosis, anoikis (death due to detachment
from substrate or other cells) and the caspase-independent cell
death pathway (CICD) (54).

Type I apoptosis is characterized by membrane blebbing,
cytoplasmic shrinkage, and reduced cell volume (pyknosis),
chromatin condensation, and nuclear fragmentation (karyor-
rhexis), which all lead to the formation of apoptotic bodies,
the characteristic cytological feature of apoptosis. Several
genes govern the apoptotic process, some of which are
mutated or otherwise dysregulated in tumors. The actual
destruction of cellular and biochemical targets is mediated
by caspases, a family of zymogenic proteases. The range of
targets and effects of caspase cleavage is shown in Figure 9.6.

Type I apoptosis can be induced by either intrinsic or
extrinsic factors. The extrinsic pathway is triggered by the
binding of an extracellular ligand (e.g., FasL and tumor
necrosis factor [TNF]-�) to its cell surface receptor (e.g.,
Fas/CD95 and TNF-R1), which recruits cytosolic adaptor
proteins (e.g., Fas-associated death domain) and subsequent
activation of caspases-8 and -10. These caspases, in turn,
activate the effector caspases-3, -6, and -7, which initiate
the cellular degradation processes associated with apoptosis.
In addition, caspases-8 and -10 induce the mitochondria to
release cytochrome c through permeabilization of the mito-
chondrial outer membrane. Cytochrome c then complexes
with caspase-9 and apoptotic protease activating factor-1
(Apaf-1), in a structure called the apoptosome to activate the
effector caspases.

The intrinsic pathway is triggered by intracellular stresses
such as DNA damage cytoskeletal damage, endoplasmic
reticulum dysfunction, loss of cell adhesion, and growth
factor starvation. Under such conditions, the mitochondria
release cytochrome c by the outer membrane permeabiliza-
tion (MOMP) initiating the apoptosome-mediated process
described above. The mitochondria also release several other
proapoptotic molecules, such as Smac/Diablo (second mito-
chondrial activator of caspases/direct inhibitor of apoptosis
(IAP) binding protein with low pH) and Omi/HtrA2 (high
temperature requirement factor), which inactivate various
IAPs. IAPs bind to activated caspase-3, -7, and 9, inhibiting
their activities. Thus, Smac/Diablo and Omi/HtrA2 potentiate
apoptosis by blocking IAP caspase inhibition.

The p53 tumor suppressor protein positively regulates both
the extrinsic and intrinsic pathways. p53 expression transacti-
vates genes for the proapoptotic members of the Bcl-2 family
(e.g., Bax, Bak, Bid, Puma, and Noxa), the disruptor of mito-
chondrial function (p53AIP), Apaf-1, effector caspases, and
p53-induced protein with death domain among others. p53
represses genes for antiapoptotic proteins such as survivin.
p53 also translocates to the mitochondria in response to apop-
totic stimuli, where it neutralizes antiapoptotic proteins (e.g.,
Bcl-xL) and activates Bax and Bak, resulting in the inhibition
of the antiapoptotic activity of Bcl-2.
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Figure 9.6. Diagram of the CCID pathways of apoptosis. See text for details (from ref. (47), with permission).

The CICD pathway is induced when MOMP has been trig-
gered, but caspase activation is inhibited. Mitochondrial func-
tion is lost, and the proteins of the intermembrane space are
released into the cytoplasm. Two of these proteins, apoptosis-
inducing factor and endonuclease G, directly effect DNA frag-
mentation without caspase activation.

It can be appreciated from this complexity that there are
many targets for disruption of the apoptotic process in tumori-
genesis. Loss of proper apoptotic function can allow damaged
(mutated) cells to survive, continuing to acquire the genetic
changes associated with tumor progression. Loss or diminu-
tion of the apoptotic response has been proposed as a mech-
anism of resistance to chemotherapy (55), but this hypothesis
has recently been questioned (56).

Signaling Pathways

The signaling pathways mediated by the Notch, sonic
hedgehog (SHH), Wingless (Wnt), and the receptor tyrosine
kinase (RTK) cell surface receptors play important roles in
neurogenesis and in neural tumors.

Notch

The Notch pathway affects the development of neural poten-
tial and regulates whether these cells differentiate into neural
or glial cells (57). Notch and its ligands. Delta and Jagged, are

transmembrane proteins with large extracellular domains of
epidermal growth factor (EGF)-like repeats. After ligand acti-
vation and binding to Notch, the Notch intracellular domain
(Ncid) is cleaved by ADAM-family metalloproteinases and by
�-secretase, and then it is translocated to the nucleus where
it effects its signaling function (the intricacies of ligand and
receptor activation are reviewed in (58–62)).

Once inside the nucleus, Ncid forms a trimeric complex
with the DNA-binding protein CSL [CBF1, Su(H), LAG-1]
and the coactivator Mastermind. This complex recruits histone
acetylases and chromatin remodeling complexes, promoting
transcription of the target genes. The bound Ncid is modified
by kinases such as CDK8 and SEL 10, making it a substrate
for proteosomal degradation. In the absence of Ncid, core-
pressors associate with CSL and recruit histone deactylases,
resulting in transcriptional repression of the target genes. The
cycle of Notch target gene activation and repression is shown
in Figure 9.7.

Sonic Hedgehog

The sonic hedgehog family is a member of a family of proteins
involved in embryonic patterning. Desert hedgehog (Dhh) is
involved with male germ cell development. Indian hedgehog
(Ihh) functions in the development of cartilage (63). The
SHH signaling pathway has a key role in the differentia-
tion of ventral cell in the central nervous system, and in axis
patterning in the developing limb, lung morphogenesis, angio-
genesis, and bone and cartilage formation (64, 65). Loss of
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Figure 9.7. Notch signaling pathway cycle showing activation of target genes by the Nicd and repression of target genes upon notch
degradation. See text for details (adapted from ref. (51), with permission).

function in the various components of the SHH pathway is
associated with developmental anomalies (66). Unrepressed
SHH signaling is associated with several cancers, including
those discussed in previous chapters (67–69).

Hedgehog proteins are extracellular signaling molecules.
SHH binds to its membrane receptor, Patched1 (Ptch1),
which, in turn, allows a second membrane protein, Smoothed
(Smo), to act as a G-protein coupled receptor. G1 proteins
and arrestin are recruited to Smo. G proteins are second
messengers that in the SHH pathway activate phosphoinosi-
tide 3-kinase (PI3K), which, in turn phosphorylates the Akt
protein. Activated Akt inhibits glycogen synthase kinase-3�
(GSK-3�). GSK-3� phosphorylates the mycn transcription
factor leading to its degradation. Therefore, inactivation
of GSK-3� leads to unrepressed mycn-driven transcription.
GSK-3� also phosphorylates the Gli transcription factors,
causing them to remain cytoplasmic. The suppressor of
fused (SuFu) protein in concert with the Smo-G1-arrestin
complex facilitates the GSK-3� inactivation of Gli. The Smo-
G1-arrestin complex also inhibits adenyl cyclase (AC). AC
activates cAMP-dependent protein kinase, which also phos-
phorylates and inactivates GSK-3�. This complex, interwoven
set of pathways is shown in Figure 9.8.

Wingless

Wnts are a family of secreted lipid-modified glycoproteins
(70), which, under normal conditions, are involved in main-
taining stem cell-like fates in various renewing tissues, such as
skin, intestinal epithelium, and hematopoietic cells (71–73).
With its cellular self-renewal function, it is not surprising that
activation of the Wnt signaling pathway occurs in numerous
human cancers (74–76).

Wnt signaling occurs in two generalized ways: one that
cause stabilization and nuclear translocation of �-catenin

(the canonical pathway) and another that does not affect
�-catenin. In the canonical pathway (reviewed in (77, 78)),
Wnt complexes with the cell surface receptor Frizzled (Fz)
and low-density lipoprotein receptor-relate protein (LRP).
The Wnt-LRP-Fz complex binds the Disheveled protein
(Dsh) and the Axin-Adenomatous polyposis coli (APC)-
GSK-3 complex, phosphorylating Axin and Dsh. Unbound
Axin-APC-GSK-3 binds to �-catenin, marking it for ubiq-
uitylation and destruction by the proteosome. With the
Axin-APC-GSK-3 complex inactivated by the Wnt-LRP-
Fz complex, �-catenin is free to enter the nucleus, where
it displaces transcriptional repressors, such as Groucho,
allowing transcription factors, such as T-cell specific tran-
scription factor/lymphoid enhancer protein factor 1 to effect

Figure 9.8. The Shh signaling pathway. See text for details (from
ref. (69), with permission).
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Figure 9.9. The canonical Wnt pathway. See text for details (from ref. (74), with permission).

transcription of target genes. This pathway is shown diagram-
matically in Figure 9.9.

Noncanonical Wnt signaling acts independently of �-
catenin, initiating a variety of cellular responses (reviewed in
(79–81)) In the best understood branch of the noncanonical
pathway, Wnt binds to Fz in the presence of RTK, specifically
the Ryk family, instead of LRP. This initiates calcium influx,
activating calcium-sensitive kinase II and protein kinase C
(PKC). It is also thought that another, noncanonical pathway
involves the activation of Rho GTPases. In this scheme, the
Formin homology protein Daam1 binds to both Dsh and Rho,
activating it as a GTPase, in turn activating Rho kinase, one of

its effectors. Activation of cdc42 by the noncanonical pathway
also has been suggested. The noncanonical pathway is shown
diagrammatically in Figure 9.10.

Receptor Tyrosine Kinases

RTKs are cell surface molecules that, on binding of ligand,
activate its intracellular tyrosine kinase domain, resulting in
autophosphorylation and recruitment of downstream effector
molecules (reviewed in (82)). RTKs are a superfamily of
receptors that include the epidermal growth factor receptor

Figure 9.10. The noncanonical Wnt pathway showing calcium-mediated kinase activation and Rho kinase activation. See text for details
(from ref. (72), with permission).
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Figure 9.11. The canonical EGFR signal transduction pathway. See
text for details (from ref. (76), with permission).

(EGFR), fibroblast growth factor, and platelet-derived growth
factor families, and various other cytokine receptors.

The best understood and most studied of the RTK fami-
lies is EGFR. Most cancers have aberrant EGFR-mediated
signalling (83). This group consists of EGFR (also known
as HER1/ErbB-1), HER2/neu (ErbB-2), HER3 (ErbB3) and
HER4 (ErbB4). Ligands for these receptors include EGF,
transforming growth factor-�, and amphiregulin, which are
specific to EGFR, �-cellulin, epiregulin, and heparin-binding-
EGF, which bind to both EGFR and HER4, and neuregulin,
which binds to both HER3 and HER4 and their heterodimer.

Ligand binding induces dimerization of EGFR and subse-
quent activation of its intracellular tyrosine kinase domain.
This results in phosphorylation of critical tyrosine residues in
the EGFR cytoplasmic domain that act as docking sites for
specific effector and adaptor proteins, which are then activated
by the kinase activity. Downstream effects then can follow
several pathways. The best-understood effect is through the
mitogen-activate protein kinase (MAPK) known as mitogen-
activated protein kinase kinase (MEK). Phosphorylated EGFR
recruits adaptor proteins Shc and Grb2, which through a third
factor, Sos, activate the Ras protein. Ras activates the Raf
protein, which then activates MEK. MEK then activates a

Figure 9.12. The noncanonical, nuclear EGFR pathway. See text for details (from ref. (77), with permission).
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second MAPK, extracellular signal-regulated kinase, which
in turn, induces expression of transcription factors. The
various downstream pathways are shown diagrammatically in
Figure 9.11.

EGFR also stimulates cell division and survival by way of
activation of PI3K, mediated by the adaptor protein Gab1.
PI3K then activates the PKC-NF-�B pathway as already
discussed. EGFR also can act through c-Src activation, which,
in turn, activates the signal transducer and activator of
transcription (STAT) family of transcription factors. Finally,
the EGFR tyrosine kinase inactivates focal adhesion kinase, a
key component of integrin mediated cell–cell and cell–matrix
interactions.

EGFR has recently been shown to have noncanonical path-
ways in which, upon ligand binding, the dimerized EGFR is
translocated directly into the nucleus, where it up-regulates
cyclin D1, transcription factors E2F1 and STAT3, and acti-
vates DNA-mediated protein kinase, which, in turn, activates
various transcription factors (84). The noncanonical pathway
for EGFR signaling is shown in Figure 9.12.

Complex Systems Modeling

Signal transduction involves very complex interactions
between components of the various pathways. In addition,
many proteins are involved in several different types of
pathway. This complexity implies that an understanding of
the effects of one pathway on cellular metabolism cannot
be fully understood without taking into account these effects
on other pathways. The field of complex systems modeling
has emerged from such an appreciation for this complexity
(85, 86). By creating algorithms that account for all of the
possible branches in all of the pathways, and using the power
of advanced computing technology, this field hopes to be able
to predict the specific effect of mutational changes in pathway
components and the effect of specific therapeutic compounds
on the entirety of cellular metabolism, thereby creating better
diagnosis, prognosis, and therapeutic regimens.

Chromosome Abnormalities

For descriptions of chromosome nomenclature, details of
banding techniques and band identification, fluorescence in
situ hybridization, spectral karyotyping, and related tech-
niques, comparative genomic hybridization methodology and
the genesis, recognition, and meaning of cytogenetic changes
in tumors (e.g., translocations, inversions, insertions, terminal
and interstitial deletions, and additions), see (87–93). The
central dogma of the translation scheme of DNA producing
messenger RNA (mRNA) which is then responsible for
protein production has been “revolutionized” by the discovery
of microRNAs (miRNAs) and other small noncoding interfer-
ence RNAs (ncRNAs) (94–96).

The miRNAs of which hundreds or possibly > 1000 are
present in human cells, are singlestranded and ca 22 nucleotides
in size and make up a small percentage of cellular RNA. The
main function of miRNA is to guide the regulation of mRNA
translation by interacting with the 3’-untranslated regions of
target mRNA. A single miRNA may recognize a large number
of different mRNAs (possibly > 1000). The miRNAs, although
noncoding in nature, play a role in cell proliferation, apop-
tosis and differentiation. Thus, they act in the nature of tumor
preventors and not surprisingly miRNAs are very often up-
or downregulated in a variety of tumors examined to-date.

A vast and burgeoning literature has been and is being
developed on miRNA changes in cancers and leukemias
(97–99). However, miRNA data on the tumors presented in
this book (except for a few studies in NB; see Chapter 7) are
still to be realized, but will undoubtedly shed light on hith-
erto undeciphered genetic and molecular facets of the tumors
presented. The role of miRNA in cancer biology, the signif-
icance of their cellular effects, the consequences of changes
in miRNA and their applicability to therapeutic approaches
remain essentially to be determined (100–105).
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CGH of, 18–19
gastrointestinal stromal tumors (GIST) and, 5
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in MPNST, 56–57
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Notch signaling pathway, 437

in medulloblastoma, 380–381
in PNET, 395–396
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Olfactory neuroblastoma (ONB), 269–271
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OTX1/2 genes, in medulloblastoma, 380
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apoptosis in, 180
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features of, 185–188
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cytogenetic and CGH studies in, 168–172
features of, 186–188
genetic changes in, 190–191
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Platelet-derived growth factor (PDGF), in MPNST, 67–68
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pRB pathway, 434
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cytogenetic changes in, 392–393
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SHH pathway in, 396
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R
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Ral guanine nucleotide dissociation stimulator (RalGDS),

15–16
Ras-associated domain family 1 isoform A (RASSF1A) gene, 382
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RASSF1A, 100
RCC, see Renal cell carcinoma
Receptor tyrosine kinases, 438–440
Renal cell carcinoma, 145, 147, 155–156

hemangioblastoma versus metastatic, 157–158
VHL gene mutations in, 149, 153
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Restriction fragment length polymorphism (RFLP) marker, 263
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Rhabdoid predisposition syndrome (RPS), familial AT/RT and, 224
Rhabdoid tumors (RT), 220–221

composite, 221
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S
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Schwannomas, 6–9
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NF2 gene and, 15
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SDHB gene, in PGL, 175–177
SDHC gene, in PGL, 177–178
SDHD gene, in PGL, 178
SEMA3B gene, 262
SHH gene, 370–373
SHH-PTCH-SMOH signaling, 370
Shimada classification, 234
Smith–Magenis syndrome, 354
Somatostatin (SST) receptors, in medulloblastoma, 380
Sonic hedgehog (SHH) signaling pathway, 436–437

in medulloblastoma, 370–373
in PNET, 396

Spectral karyotyping (SKY), 85
in medulloblastoma, 355–356
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See also Hemangioblastomas, of central nervous system
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Succinate dehydrogenase (SDH) enzyme system, 175
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T
Telomerase, 109, 431
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Telomeres, 431
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Topoisomerase-II (TopoII), in MPNST, 68
TP53 gene, 56, 102, 281, 283, 359, 434

and ARF pathways, in medulloblastoma, 364–366
and protein p53 in MPNST, 58–59

Transforming growth factor-� (TGF-�), 22
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Trk receptors
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V HL gene, 184

PCC and, 181–182
and pVHL, 149–153
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frequency and age at onset of tumors in, 146
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Wnt signaling pathway, 437–438
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