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Preface 

The purpose of Diagnostic and Therapeutic Advances in Pediatric Oncology 
for the Cancer Treatment and Research Series is to provide an up-to-date 
summary of how recent advances in cancer research are being applied to the 
care of children with solid tumors. The interface of cancer research with 
clinical practice in pediatric oncology has never been more intimate than 
today. While researchers are identifying oncogenes and tumor suppressor 
genes and are studying their specific functions, clinicians are using knowledge 
of oncogenes and tumor suppressor genes for diagnosing cancer in children, 
for therapeutic decision-making purposes, and for prognostic purposes. The 
first three chapters in this book describe models for understanding the causes 
of childhood cancer that were perhaps initially identified by clinicians and that 
are now being studied and understood by researchers. These chapters will 
describe research evidence that supports roles for the involvement of normal 
developmental regulatory genes in childhood oncogenesis, of abnormal 
immune regulation in childhood oncogenesis, and of heredity in childhood 
oncogenesis. The next eight chapters are devoted to descriptions of the appli
cation of new research developments to clinical practice with reference to the 
most common forms of solid tumors of childhood outside the central nervous 
system. The final chapter will describe late effects of childhood cancer and its 
therapy and the impact research is having on understanding and perhaps 
preventing these late effects. The emphasis on bridging research devel
opments and clinical practice will make this book a unique resource for 
researchers and clinicians as the application of research developments to 
clinical practice increases and as clinical observations are studied with modern 
research tools. 

David Walterhouse and Susan Cohn 
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I 

Understanding the Causes of Tumors of Childhood 



1. Embryonic development and pediatric oncogenesis 

David O. Walterhouse and Joon Won Yoon 

1. Introduction 

In recent years, significant advances in understanding the molecular genetics 
of human cancer have been made. Application of these research advances to 
clinical practice is beginning. While researchers are identifying oncogenes and 
tumor suppressor genes and studying their specific functions, clinicians are 
using knowledge of oncogenes and tumor suppressor genes for diagnosing 
cancer, for therapeutic decision making purposes, and for prognostic pur
poses. Clearly, the future will bring new therapies based on molecular genetic 
advances. 

Application of molecular genetic advances to clinical practice is particularly 
relevant to the pediatric oncologist. Major breakthroughs in understanding 
tumor suppressor genes have been made through the study of specific child
hood tumors such as retinoblastoma, Wilms' tumor, and rhabdomyosarcoma. 
Identification of genes located at chromosomal translocation breakpoints and 
studies of the function of fusion transcripts resulting from these translocations 
are ongoing for rhabdomyosarcoma and Ewing's sarcoma. Finally, molecular 
genetic abnormalities that can be identified within childhood neuroblastoma 
tumor cells perhaps represent the best example of how oncologists today 
determine prognosis and treatment based on molecular genetics. 

The field of pediatric oncology is characterized by a unique group of 
embryonal-type tumors that differ markedly from the more common adult 
tumors that typically arise in differentiated tissues. Based on the histologic 
embryonal nature of these tumors as well as the young age of the patients, it 
has been hypothesized that childhood tumors may result from dysregulation of 
normal developmental regulatory gene pathways during embryonic as well as 
postembryonic development. Greaves hypothesized that the initiating events 
of childhood leukemia occur in utero in cells under proliferative stress, with 
promoting events occurring during the early childhood years, and he argues 
that the solution to understanding childhood leukemia lies within the develop
mental biology of the cell type from which the disease arises [1]. This hypoth
esis suggests that our understanding of childhood oncogenesis will be 
enhanced by an understanding of embryonic development. 

D.O. Walterhoaseand S.L. Cohn (eds), DIAGNOSTIC AND THERAPEUTIC ADVANCES IN PEDIATRIC 
ONCOLOGY. Copyright © 1997. Kluwer Academic Publishers, Boston. All rights reserved. 



Within the past decade, a great deal has been learned about the molecular 
genetic regulation of mammalian embryonic development. Two recurring 
themes of critical importance to pediatric oncologists have been demonstrated 
by studies of embryonic development and will be dealt with in detail through
out this chapter. First, there is significant evidence for evolutionary conser
vation of several of the molecular genetic pathways regulating embryonic 
development in organisms as diverse as fruit flies, mice, and humans. Applying 
principles and direct knowledge obtained from studying development in or
ganisms such as fruit flies is significantly enhancing our progress in understand
ing mammalian development and oncogenesis. Second, the previously 
hypothesized links between childhood cancer and embryonic development of 
humans have been supported by the identification of developmental regula
tory genes, oncogenes, and tumor suppressor genes and by showing that genes 
involved in pediatric oncogenesis indeed frequently function normally during 
development. 

The purpose of this chapter is to describe molecular genetic mechanisms 
that have recently been shown to regulate specific aspects of mammalian 
embryonic development and to relate these developmental regulatory pro
cesses to what is known about childhood cancer at a molecular genetic level. It 
is hoped that, by more clearly understanding development, we will obtain 
insights into known mechanisms contributing to the development of childhood 
cancer as well as insight into new mechanisms that have not been previously 
considered. 

2. Molecular genetic control of development 

Central problems of developmental biology identified decades ago include cell 
fate specification and embryonic pattern formation. In recent years, molecular 
biology techniques have been applied to embryologic problems, and charac
terization of the central problems of developmental biology at a molecular and 
cellular level has begun. Following fertilization, cellular proliferation begins at 
an accelerated rate. The cells of the developing embryo follow four basic 
developmental pathways, namely, proliferation, differentiation, quiescence, or 
apoptosis [2]. As these cellular processes proceed and cell migration occurs, 
the developing embryo develops a polarity, and eventually pattern formation 
begins in which differentiating cells form the specific tissues and organs in a 
specified body plan. Peptide growth factors, extracellular matrix components, 
cell-cell interactions, and transcription factors all regulate these processes. 

In this chapter, some of the known mechanisms regulating development 
will be considered in detail. First, the developmental regulatory role of the 
HOX gene family will be considered. This family of genes has been studied in 
greater detail than any other in mammalian development, and lessons learned 
from studying this family during development may have application to other 
families of genes during development as well as to understanding oncogenesis. 

4 



Central to understanding the role of HOX genes in mammalian development 
has been the high degree of evolutionary conservation of these genes. Second, 
genomic imprinting will be considered. Imprinting is a novel form of gene 
regulation identified during mammalian development in which expression of 
specific genes demonstrate parental dependency. Imprinting has already 
proven to have direct application to our understanding of mechanisms of 
oncogenesis. Finally, specification of cell fate and pattern formation during 
development by specific genes that have already been shown to playa role in 
childhood cancer will be considered. 

3. HOX genes in normal development 

Genes that control the early events of embryogenesis have been most inten
sively studied in Drosophila melanogaster. Homeobox genes represent the 
most intensively studied group of developmental regulatory genes in Droso
phila. Since the discovery of the homeobox as a Drosophila developmental 
regulatory gene motif, increasing numbers of homeobox-containing genes 
have been identified in mammals [3-5]. Much of the progress in understanding 
the function of these genes in mammals is in fact based directly on work 
in Drosophila. Since genetic studies in Drosophila generally proceed at a 
more rapid pace than is possible in mammals, this ability to extrapolate to 
the mammal information learned from fruit flies has greatly accelerated our 
understanding of molecular genetic control of human development. Com
parative biology has proven to be a critical tool in understanding develop
ment, and the experience with development suggests that comparative biology 
will be an important tool in understanding the genetics of human cancer. 
Understanding Drosophila development is of importance to the pediatric 
oncologist. 

3.1. HOX genes in Drosophila development 

Drosophila are segmented organisms containing a head segment, three tho
racic segments, and eight abdominal segments (figure 1). Each segment of the 
adult fly has its own identity characterized by a specific cuticle pattern and the 
presence of specific structures. For example, the first thoracic segment has only 
legs, the second has legs and wings, and the third has legs and balancers known 
as halteres. 

The stages of embryonic development in the fruit fly that lead to the 
segmented pattern of the adult have been well described, and classes of genes 
regulating these embryonic stages have also been described, including 
maternal-effect genes, segmentation genes, and homeotic genes. First, 
mRNAs of maternal-effect genes, which are present in gradients along the 
anterior-posterior axis in the unfertilized egg, are responsible for determining 
the polarity of the developing embryo. An anterior group of maternal-effect 
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Figure 1. Illustration of an adult fruit fly, demonstrating a head segment, three thoracic segments, 
and eight abdominal segments, each with a unique identity. (Reprinted with permission of Sinauer 
Associates, Inc. from Gilbert: Developmental Biology, Fourth Edition, 1994.) 

genes, including the homeobox gene bicoid, is necessary for development of 
head and thoracic structures, while a posterior group of maternal-effect genes, 
including nanos, is required for development of the abdomen. Maternal-effect 
genes encode proteins that activate or repress expression of specific zygotic 
genes called segmentation genes [6]. Segmentation genes are responsible for 
dividing the developing embryo into segments. 

Three classes of segmentation genes have been identified based on general 
phenotypic patterns caused by mutations within these genes. These classes of 

Figure 2. Expression of developmental regulatory gene products during Drosophila development. 
(A) Protein product of the maternal effect gene nanos localizes to the posterior pole of the 
Drosophila egg. (8) A broad band of expression of the gap segmentation gene product Kruppel 
in the fly embryo divides the embryo into three broad regions. (C) Expression of the protein 
product of the pair-rule segmentation gene fushi tarazu further divides the developing embryo by 
expression in seven stripes along the anterior-posterior axis. (D) The segment polarity gene 
product of gooseberry is expressed in every segment along the anterior-posterior axis of the 
developing embryo. Note that the posterior end of the embryo has curled toward the head. This 
embryonic stage is referred to as germ band extension. (Reprinted with permission from Patel NH. 
1994. Developmental evolution: insights from studies of insect segmentation. Science 266: 582. 
Copyright 1994 American Association for the Advancement of Science.) 
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segmentation genes are called gap genes, pair rule genes, and segment polarity 
genes (figure 2) [7]. The first class of segmentation gene to be activated, the gap 
genes, are expressed in approximately three broad bands along the anterior
posterior axis of the embryo, dividing the developing embryo into three broad 
domains. Mutations within gap genes result in the loss of adjacent segments in 
the adult fly, or 'gaps' in the normal developmental pattern. Examples of gap 
genes include Kruppel, knirps, and hunchback. Mutations within Kruppel 
may result in loss of all thoracic and the first five abdominal segments in the 
adult fly. 

The different concentrations of the gap gene proteins along the anterior
posterior axis cause expression of the pair rule segmentation genes, which are 
expressed in seven vertical bands along the anterior-posterior axis, subdivid
ing the gap domains into smaller domains that are each about two segment 
primordia wide. Mutations within pair rule genes cause deletion of portions of 
every other body segment. Examples of pair rule genes include hairy (which 
shows sequence homology with human N-myc), even-skipped, and fushi 
tarazu. 

The stripes of the pair rule gene products activate expression of the segment 
polarity segmentation genes. The segment polarity gene products form 14 
bands across the embryo, subdividing the pair rule domains and dividing the 
embryo into the final segment-wide units. Mutations within segment polarity 
genes result in deletions within each body segment and replacement of the 
deleted region of the segment by a mirror-image structure from another 
portion of the segment. Examples of segment polarity genes include cubitus 
interruptus (which shows sequence homology with human GLI), gooseberry 
(which shows sequence homology with the PAX family genes), and patched. 
Mutations within cubitus interruptus result in loss of the posterior portion of 
each segment and replacement of the posterior portion with a mirror-image 
duplication of the anterior portion. 

Gap, pair rule, and segment polarity proteins interact to activate the 
home otic developmental regulatory genes. Homeotic genes determine the fate 
or identity of each segment. Mutations within homeotic genes result in 
changes in cell fate, with normal body structures appearing in inappropriate 
segments. Antennapedia is an example of a homeotic gene that specifies the 
fate of the second thoracic segment. Antennapedia directs the development of 
legs and wings within this segment. If Antennapedia is ectopically expressed in 
the head, then legs will grow in place of normal antennae; if Antennapedia is 
not expressed in the second thoracic segment, then antennae will grow in place 
of legs. 

Most Drosophila homeotic genes are clustered, forming the Antennapedial 
Bithorax complex of genes. Genes making up the AntennapediaiBithorax com
plex include, from 3' to 5' along the chromosome, labial, proboscipedia, de
formed, sex combs reduced, antennapedia, ultrabithorax, abdominal A, and 
abdominal B. The genes of the AntennapediaiBithorax complex are the focus 
of this section of the chapter, since they have been extensively studied and 
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illustrate some important principles of the molecular genetic control of embry
onic development. 

Each gene within this complex contains a highly conserved 183-base
pair (bp) motif called the homeobox as well as divergent sequences outside 
the homeobox region [8]. Homeobox genes encode proteins contain
ing a 61-amino-acid motif called the homeodomain. The amino acid se
quence of the antennapedia homeodomain is RKRGRQTYTRYQTLELEK 
EFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN. The 
secondary structure of the homeodomain is a helix-tum-helix that mediates 
DNA binding to the 5'-TAAT-3' core motif and allows the protein to function 
as a transcription factor [9-12]. Although these genes encode proteins with 
highly similar homeodomains and presumably similar DNA binding affinity, 
specificity of function may occur through specific temporal and spatial expres
sion patterns as well as unique protein sequences lying outside of the 
homeodomain [13]. 

Expression patterns for the genes of the AntennapediaiBithorax complex 
have been analyzed using in situ hybridization, and their expression is most 
prominent within the epidermis and the central nervous system. Each gene in 
the complex has been shown to direct cell fate during a specific developmental 
period within a specific region along the anterior-posterior axis of the devel
oping embryo [14-16]. In general, genes located most 3' in the complex, i.e., 
labial, proboscipedia, and deformed, are expressed earliest and specify head 
structures; genes located centrally within the complex, i.e., sex combs reduced, 
antennapedia, and ultrabithorax, are expressed next and specify thoracic seg
ments; and genes located more 5', i.e., abdominal A and B, are expressed last 
and specify abdominal segments. This organization, with the order of the 
genes within the complex mapping the anterior-posterior axis of the develop
ing embryo, is referred to as colinearity [17]. Based on these studies in Droso
phila, colinearity has become recognized as a fundamental mechanism for the 
determination of regional identity during development. In addition, based on 
Drosophila studies, it has been demonstrated that more posterior-acting genes 
within the complex appear to repress more anterior-acting genes. For ex
ample, antennapedia is repressed posteriorly by all the home otic gene products 
found posterior to it, and deletion of any posterior-acting gene will result in 
extension of the expression domain of antennapedia posteriorly. To fully un
derstand the function of these genes, downstream target genes must be iden
tified. Identification of downstream targets is the focus of much current 
research in the field. 

3.2. HOX genes in mammalian development 

Mammalian development is poorly understood relative to development of 
the fruit fly because of the increased complexity of the genome as well as the 
complexity of the events during embryonic development. Knowledge from the 
fruit fly, however, has provided a framework upon which to build an under-
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standing of the molecular genetics of mammalian development. Searches of 
the mammalian genome, including mouse and human, for the recurrent 
homeobox motifs found in the Drosophila homeotic genes have demonstrated 
evolutionary conservation of the home box. 

Mammalian homeobox genes have been identified that share a homeo
domain highly related to the homeodomain of the Drosophila Antennapedial 
Bithorax complex genes [10]. Mouse and human genes belonging to this class 
are called HOX genes [18,19]. As in the case of flies, the mammalian HOX 
genes are clustered [4,20-26]. In the mammal, four distinct clusters have been 
identified on four distinct chromosomes [4]. It is believed that these clusters of 
homeobox genes arose by duplication and divergence from a common ances
tral cluster [27]. The human HOXA, HOXB, HOXC, and HOXD gene clus
ters are located on chromosomes 7, 17,12, and 2, respectively. The order of the 
genes in each cluster is highly conserved, and genes in specific positions in the 
four clusters can be aligned based on maximal sequence homology (figure 3). 

Relationship of Antennapedia-Bithorax complex and HOX complexes 

Drosophila 

ANT-C (3)~m-----

Vertebrates 
Hox-a 
(Holt-II 

Hox-b 
(Hox·2) 

Hox-c 
(Holt·31 

Hox-d 
(Holt-4) 

Paralogs 

Anterior 3' hindbrain trunk 5' Posterior 
Early ........... ---...;..---------- Late 

Figure 3. Alignment of the mammalian HOX gene complexes with each other into paralogous 
groups and with the Drosophila AntennapediaiBithorax complex. Current nomenclature is shown 
above the boxes, and old nomenclature is listed below the boxes. As indicated, 3' genes are 
expressed earliest during development and most anteriorly within the embryo, while 5' genes are 
expressed later during development and most posteriorly within the embryo (Reprinted with 
permission of Krumlauf R. 1994. Hox genes in vertebrate development. Cell 78: 192. Copyright 
held by Cell Press.) 
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This alignment defines 13 'paralogous' groups of genes within the clusters [28]. 
None of the clusters includes genes in all 13 paralogous groups. A total of 
38 HOX genes have been identified in the four HOX clusters, with each 
cluster containing 9 to 11 genes. The strongest homologies to the Anten
napediaiBithorax complex genes of Drosophila are between paralogous group 
1 and labial, group 2 and proboscipedia, group 4 and deformed, group 5 and 
sex combs reduced, and groups 9-13 and abdominal B [27]. Group 3 has no 
comparable Drosophila gene, and groups 6-8 have comparable degrees of 
similarity to antennapedia, ultrabithorax, and abdominal A. Based on the 
similar cluster organization of the mammalian genes with the Drosophila 
genes and on significant sequence similarity not only within the homeodo
main but also extending outside the homeodomain between mammalian 
HOX genes and Drosophila AntennapediaiBithorax complex genes, it has 
been suggested that mammalian HOX genes may playa fundamental role 
during embryonic development similar to the role of the Drosophila genes 
[26,29,30]. 

The function of HOX genes is now being studied using loss-of-function 
knockout mice and gain-of-function transgenic mice. Although the pheno
types of these mice are frequently less severe than might be predicted by the 
expression patterns during development, early analysis of these animals has 
shown that HOX genes truly function as vertebrate homeotic genes, specifying 
segmental identity along the anterior-posterior axis of the developing embryo. 
Phenotypic alterations in the mice can be somewhat predictable based on the 
phenotype of Drosophila, with mutations in the corresponding paralogous 
gene. Several 'rules' governing HOX gene expression and function have been 
described. 

First, HOX genes in mammals demonstrate temporal and spatial colinear 
expression. Within each complex, genes at the extreme 3' end of the clusters 
are activated earliest temporally and have the most anterior boundaries of 
expression (figure 4) [31]. Temporally, transcripts are never detected from a 
given HOX gene before transcripts are produced by the 3' neighbor in the 
complex. Spatially, restricted domains of expression have been described in 
the nervous system, including the neural tube, neural crest, and hindbrain 
segments; and within paraxial mesoderm, limbs, surface ectoderm, branchial 
arches, gut, and gonadal tissue. The 3' paralogous group 1 and 2 genes are 
expressed starting in anterior positions within the hindbrain, and the 5' 
paralogous groups 12 and 13 genes are expressed in more posterior regions, 
such as the genitalia [27]. In the central nervous system, the anterior border of 
expression of many of the HOX genes coincides with rhombomeric bound
aries in the developing hindbrain, indicating the segmental organization of the 
brain [32]. Targeted mutagenesis of HOXAl in mice results in delayed closure 
of the neural tube in the hindbrain region as well as abnormalities attributable 
to defects in structures derived from hindbrain rhombomeres 4-7, (including 
absence of several cranial nerve motor nuclei and sensory ganglia, inner ear 
defects, and basal skull anomalies), while HOXA3-deficient mice have a more 
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5' 

HoxB 

b-9 b-8 b-7 b-6 b-5 b-4 b-3 

Anterior 

Posterior 

Figure 4. The HOXB complex is illustrated in the upper part of the figure, and a sagittal section 
of a day 12.5 mouse embryo is drawn in the lower part of the figure. Arrows indicate the anterior 
boundaries of expression within the central nervous system for the HOXB complex genes. The 3' 
genes are expressed more anteriorly, and the 5' genes are expressed more posteriorly. (Reprinted 
with permission of The McGraw-Hili Companies from Kalthoff: Analysis of Biological Develop
ment,1996.) 

posterior distinctive pattern of craniofacial, thyroid, thymic, and cardiac 
anomalies [33,34]. 

Second, there is significant overlap in expression domains among members 
of paralogous groups, particularly for the HOXA and HOXD clusters, and 
redundant or partially redundant function of the genes makes interpretation 
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of mutations in only one gene sometimes difficult [35]. Details of the regula
tion of this complex coordinated expression pattern remain unknown. 

Third, HOX gene expression appears to be dependent on cell proliferation, 
with significant HOX gene expression occurring in actively proliferating re
gions [36]. It has been proposed that HOX genes may function by coupling 
proliferation with morphogenesis [36,37]. 

Fourth, more HOX genes are generally expressed in posterior regions, and 
more posterior-acting HOX proteins appear to be dominant over more 
anterior-acting proteins. This finding is referred to as posterior prevalence and 
refers to the fact that a given HOX gene will exert its function in a region 
where it is the most posterior of the HOX genes expressed [38]. Thus, loss of 
HOX gene function leads to the development of anterior structures where 
more posterior structures should have formed, particularly within the anterior 
part of the expression domain. For example, targeted gene disruption of 
HOXe8 results in the conversion of the first lumbar vertebra into a thoracic 
vertebra with an additional rib, and targeted disruption of HOXB4 results in 
transformation of the second cervical vertebra, the axis, into a duplicate first 
cervical vertebra, the atlas [39]. Alternatively, ectopic anterior expression of 
HOX genes leads to the development of posterior structures where more 
anterior structures should normally be found. For example, overexpression of 
HOXA7 transforms the basio-occiptal bone into a proatlas structure, and 
overexpression of HOXD4 results in the transformation of occipital bones 
into structures that resemble cervical vertebrae [8]. 

It is clear from these observations of HOX gene function that abnormalities 
in temporal or spatial expression patterns may have significant develop
mental consequences. Identification of HOX target genes will be necessary to 
complete an understanding of the function of these genes in regulating re
gional identity. Unfortunately, identification of target genes has remained 
problematic. It is expected, however, that the identification of target genes in 
Drosophila may then allow candidate target genes to be identified in the 
mammal. 

Finally, HOX genes have been shown to be expressed in normal adult 
tissues as well as during development [4,40]. Distinct patterns of HOX gene 
expression have been demonstrated in adult kidney, lung, liver, and colon [40-
42]. In addition, HOX genes have been described that are located outside of 
HOX complexes and appear to be isolated within the genome. 

3.3. HOX genes in cancer 

Based on their role as important developmental regulatory genes, it has been 
proposed that HOX genes may be important in oncogenesis [43,44]. Observa
tions supporting a role for HOX genes in malignancy include their ability to 
transform murine cell lines when constitutively expressed or activated by 
either proviral insertion or chromosomal rearrangement, differing HOX gene 
expression patterns in human tumor cells compared with normal cells from a 
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specific organ, and a specific example of altered expression of HOXll as a 
result of chromosomal translocation in human T-cell leukemia. 

Transfection of CMV promoter-driven expression vectors for HOXA1, AS, 
A 7, B7, and C8 into mouse NIH3T3 cells and rat 208F cells results in cell 
transformation [4S]. Transfected cells grow in foci; grow in soft agar, with the 
exception of HOXAS; and, again with the exception of HOXAS, form tumors 
in nude mice. Histologically, the tumors resemble poorly differentiated 
spindle cell sarcomas. Induction of HOXB8 expression by proviral insertion in 
bone marrow cells results in a leukemic phenotype. In addition, HOXB8 is 
constitutively expressed in murine WEHI-3B cells as a result of a chromo
somal rearrangement that inserts an intracisternal A particle upstream of 
HOXB8 [46,47]. 

Altered HOX gene expression, compared to that of normal tissue, has been 
observed in renal cell carcinoma and colorectal carcinoma. HOXBS and 
HOXB9 are expressed in the normal adult kidney; however, the majority of 
renal cell carcinomas tested do not show expression of these HOX 
genes [40,48]. HOXCll is not expressed in the normal kidney; however, 
HOXCll transcripts are present in renal cell carcinomas [40]. Whereas four 
HOXD4 transcripts are normally found in the adult kidney, only a subset of 
these transcripts are frequently found in renal cell carcinoma [48]. In the 
normal colon, HOXA1 through 4 are usually expressed; however, they are 
often silent in colorectal carcinomas, and HOXDll transcription is increased 
in colorectal carcinoma over normal colon [41,48]. HOXB7 and HOXD4, both 
of which are expressed in the normal colon, demonstrate altered transcript 
patterns in some colorectal carcinomas [48]. It has additionally been suggested 
that altered HOX gene expression may be seen in metastatic lesions compared 
with primary colorectal tumors and normal intestinal mucosa [48]. 

HOX gene expression has also been described in leukemia, breast cancer, 
small cell lung carcinoma, Wilms' tumor, and neuroblastoma. Different types 
of human leukemia are characterized by specific patterns of HOX gene ex
pression, with the most significant variations in HOX gene expression between 
different types of leukemia occurring in the HOXB cluster. Murine myeloid 
leukemia and fibrosarcomas have been associated with HOXB8 expression 
[49]. HOXA1, HOXAlO, HOXB6, and HOXC6 are expressed in the human 
breast cancer cell line MCF7, and further studies may define a role for these 
genes in the development and progression of human breast cancer [SO]. Inter
estingly, in variant-type small cell lung carcinoma, HOX gene expression has 
been reported to change in metastatic versus primary tumors [S1]. In a case of 
Wilms' tumor, two abundant HOXCll transcripts were detected, whereas 
HOXCll expression is generally undetectable in the normal kidney [48]. 
Finally, upregulation of HOXC6, HOXD1, and HOXD8 expression has been 
shown in human neuroblastoma cells chemically induced to differentiate, sug
gesting an association of these HOX genes with maturation toward a differen
tiated neuronal phenotype [S2]. In each of these settings, further studies will 
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be necessary to define the role of HOX genes in tissue differentiation and 
tumor development and progression. 

The translocation t(1O;14)( q24;qll) is observed in 5%-10% of patients with 
T-cell acute lymphoblastic leukemia [53]. The genes involved at the transloca
tion breakpoints are the T-cell receptor delta-chain gene at 14qll and the 
HOXll gene at lOq24. HOXll was initially identified through cloning of the 
t(1O;14) translocation. Although classified as a HOX gene, HOXll is not a 
part of the HOX clusters. The result of the translocation is inappropriate 
expression of HOXll in T cells that acquire the mutation, which is believed to 
playa role in cell transformation. The mouse homologue of HOXll, Tlx-l, is 
a developmental regulatory gene that is expressed in the developing spleen. 
Tlx-l knockout mice are asplenic [54,55]. 

These preliminary studies describe abnormal HOX gene expression pat
terns in several human malignancies. Clearly, however, further studies need to 
be carried out to clarify the role of HOX genes in human malignancy. To 
understand this role, attention must be paid to unifying themes of HOX gene 
organization and function, such as colinear organization and expression, ex
pression of paralogous HOX gene groups, and dominance of posterior-acting 
HOX proteins over more anterior-acting HOX proteins. Perhaps only by 
understanding HOX gene function during normal development will we be 
able to recognize the disruptions in HOX gene function that contribute to 
human malignancy. Furthermore, general principles of developmental regula
tory control illustrated by the HOX gene family may have application to 
understanding developmental regulation by other gene families, as well as the 
dysregulation by other gene families that contributes to human malignancy. 

4. Genomic imprinting during mammalian development 

Some genetic traits in mammals demonstrate parental dependency. Expres
sion of these traits is based on the genetic material inherited from one parent. 
Parental dependency may be caused by unequal distribution of genetic infor
mation between male and female gametes. While the egg carries the unique 
mitochondrial and maternal-effect genes and, of course, can only be expressed 
from maternal inheritance, the sperm carries the unique genes on the Y 
chromosome that can only be expressed from paternal inheritance. Imprinted 
hemizygosity or imprinting, on the other hand, describes parental-dependent 
traits in which both the male and female alleles are present but function 
unequally in the embryo. Through epigenetic modification, an imprinted allele 
becomes reversibly differentially processed during either male or female ga
metogenesis. Consequently, during specific developmental periods, either the 
male or female allele will be exclusively expressed. If the paternal allele is 
solely expressed, then the gene is maternally imprinted; if the maternal allele 
alone is expressed, then the gene is paternally imprinted. 
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Early evidence for parental dependency during development included mu
rine pronuclear experiments, observations of human triploid phenotypes, and 
observations of trophoblastic diseases demonstrating uniparental disomy. 
Murine pronuclear experiments showed that neither maternal:maternal 'gy
nogenetic' nor paternal: paternal 'androgenetic' zygotes could develop to full
term embryos [56,57]. A bipaternal conception formed only a placenta, while 
a bimaternal conception evolved solely into disorganized embryonal tissues. 
Biparental status was necessary for the development of a normal placenta and 
a normal viable fetus. Observations of human triploid phenotypes that re
sulted in uniparental genomic excess have supported these data and demon
strate retarded embryos accompanied either by hyperplasia of the placenta in 
cases of paternal excess or hypoplasia of the placenta in cases of maternal 
excess. Uniparental disomy is demonstrated in naturally occurring complete 
hydatidiform moles and ovarian teratomas. Complete hydatidiform moles are 
androgenetic and are made up of highly proliferative extraembryonic mem
branes, while ovarian teratomas are gynogenetic and are made up of disorga
nized embryonic tissues. Early observations that cell proliferative rate and 
growth seemed to be enhanced in situations of paternal uniparental disomy 
and that growth appeared to be decreased in situations of maternal uniparen
tal disomy led to a hypothesis suggesting that imprinting evolved because of 
opposing paternal and maternal influences on growth of the embryo [58,59]. 

Some of the known imprinted genes whose expression is restricted to either 
the maternal or paternal allele in humans and mice are listed in table 1. The 
extent of monoallelic expression varies for these genes during development 
and differentiation. Interestingly, the majority of imprinted genes in the hu
man have been shown to cluster to specific domains on chromosome 11 or 15. 
This clustering may provide clues to the imprinting mechanism. It has been 
suggested that groups of genes are imprinted by common cis-acting sequences. 
One imprinter control gene has been described that maps to the X chromo
some [60]. The mechanism of imprinting, however, remains uncertain, and it is 
not even clear whether each imprinted gene is imprinted by the same mecha
nism. The mechanism of imprinting must be heritable in somatic tissues during 
development and must be reversed in the germline. All imprinted genes stud
ied so far contain DNA sequences that have been methylated in a parental
specific manner in the germline, and DNA methylation is currently thought to 
be the most likely mechanism of imprinting [61,62]. Methylation may be 
inherited from one gamete or may be acquired during embryonic develop
ment. DNA methylation is the enzymatic addition of a methyl group to the 5-
position of the cytidine ring in genomic DNA, usually in a CpG dinucleotide 
by DNA methyltransferase [63]. Mice deficient for DNA methyhransferase 
die in the early postimplantation period, perhaps due to instability of primary 
imprints. These mice lose mono allelic expression of several imprinted genes, 
including RI9 and IGF2 [64-66]. Since DNA methyltransferase functions 
primarily as a maintenance enzyme and demonstrates a preference for 
hemimethylated sites, it may help maintain methylation stability but probably 
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Table 1. Mammalian imprinted genes 

Chromosome 
Expressed 

Gene allele Mouse Human 

WTl M 2 11p 

1NS P 7 11p 

IGF2 P 7 11p 

H19 M 7 11p 

p57KIPl M 7 11 

MASH2 M 7 nd 

SNRPN P 7 15q 

ZNF127 P 7 15q 

PARI P nd 15q 

PAR5 P nd 15q 

IPW P nd 15q 

IGF2R1MPR300 M 

~ 6q 

MAS M 17 nd 

XIST P/R X X 

PEG11MEST P 6 nd 

SPl P 11 nd 

Mammalian genes that demonstrate parental imprinting are listed. 
Abbreviations: WTl, Wilms' tumor 1; INS, insulin; IGF2, insulin
like growth factor 2; SNRPN, small nuclear riboprotein particle 
SmN; IGF2R/MPR300, insulin-like growth factor 2 receptor 
(also called the mannose 6-phosphate 300-kD receptor); XIST, X 
chromosome-inactive specific transcript. (Reprinted with permis
sion from Barlow DP 1995. Genomic imprinting in mammals. 
Science 270: 1611. Copyright 1995 American Association for the 
Advancement of Science.) 

does not represent the imprinting enzyme. It has been hypothesized that 
methylation alters chromatin structure and modulates the access of DNA 
binding proteins that repress or activate transcription of imprinted genes [67]. 
In addition, it has been observed that imprinted DNA sequences demonstrate 
regions rich in direct repeats [68,69]. These repeats show a range of size and 
show no homology to each other in the various imprinted genes studied so far. 
It is speculated that these regions playa role in the imprinting mechanism. 

The expression patterns of several imprinted genes during development 
have been described. Monoallelic expression of imprinted genes varies during 
development, during differentiation, and in disease. H19, IGF2, and WT1 are 
of particular interest for this text. H19 and IGF2 map to llp15.5, while WTl 
maps to llp13. 
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The paternally imprinted gene R19 is abundantly expressed during 
embryogenesis. In the mouse, a methylation imprint appears to repress the 
paternal R19 allele. Monoallelic maternal expression of R19 has been demon
strated in pre implantation embryonic stages. R19 mRNA transcripts are most 
abundant in the fetal adrenal gland, skeletal muscle, and kidney [70]. In the 
fetal kidney, R19 is most strongly expressed in metanephric blastema. Expres
sion decreases dramatically as differentiation into renal tubules occurs [71]. 
Consistent with this pattern, nephrogenic rests have been shown to have high 
levels of R19 expression [71]. Prominent R19 expression has also been demon
strated in the urothelium along the urinary collecting system of the fetus but 
not in the adult. Lower levels of R19 expression have been demonstrated 
during embryogenesis in the lung, heart, spleen, thymus, and mucosa of the 
small intestine. Bi-allelic repression of R19 expression has been shown in the 
developing nervous system. Consistent with these embryonic data, immature 
ovarian teratomas demonstrate R19 mRNA expression in endodermal and 
mesodermal derived tissues and not in neuroectodermal elements [71]. Ma
ture tissues in adults and mature tissue elements in mature ovarian teratomas 
do not show R19 mRNA expression. 

The function of the R19 gene is unknown; in fact, there is no evidence that 
R19 mRNA encodes a protein in the embryo [72]. Maternally expressed R19 
appears to inhibit cis expression of maternal IGF2, and R19 has been shown to 
function as a tumor suppressor gene in some tumor cell lines [73,74]. Altered 
expression of R19, however, is associated with significant pathology. R19 gain
of-function transgenic embryos die at around day 15 of mouse gestation, 
demonstrating the significant role of R19 during development [75]. R19 
reexpression has been observed in malignancies involving tissues that nor
mally demonstrate R19 expression during development, including chorio
carcinoma, rhabdomyosarcoma, Wilms' tumor, urothelial carcinoma, and 
ovarian teratoma [2]. Neuroectodermal tissues do not show R19 expression 
during development, and tumors of neuroectodermal tissues do not show R19 
expression [2]. 

While R19 is paternally imprinted, insulin-like growth factor 2 (IGF2) is 
maternally imprinted [76-78]. The maternal IGF2 imprint likely results from 
methylation and activation of the upstream cis R19 gene [73]. The expression 
patterns of IGF2 and R19 are nearly identical. The few exceptions include the 
choroid plexus, leptomeninges, and the ciliary anlage of the retina, which do 
not shown R19 expression [79]. Biallelic expression of IGF2 is seen in the fetal 
choroid plexus and leptomeninges of the central nervous system and within 
the adult liver [79]. IGF2 encodes a fetal peptide growth factor that generally 
mediates its growth-regulating effect through the IGFI receptor [80]. The 
gene product is without doubt an important embryonic growth factor for 
normal development. IGF2 knockout mice show growth retardation at term 
but have a normal postnatal growth rate and are otherwise fertile and without 
abnormalities [81]. In addition to the variation in mono allelic expression that 
occurs in development and differentiation, IGF2 has been shown to switch to 
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biallelic expression in human tumors and in Beckwith-Wiedeman syndrome 
[82-84]. 

WT1 is an example of a polymorphic imprinted human gene. It is located at 
a locus distinct from the IGF2-H19 gene cluster [85]. Its expression is normally 
biallelic in the kidney, and it plays a crucial role in early urogenital develop
ment. Homozygous WT1 knockout mice are embryonic lethal, with failure of 
kidney and gonadal development [86]. Monoallelic imprinted expression of 
the WT1 gene has been demonstrated only in the placenta and fetal brain. 
Paternal imprinting of WTl is seen in the placenta [87]. Imprinted expression 
of WT1 appears to be a polymorphic trait, seen in only some individuals in the 
population [87]. WTl is generally not subject to transcriptional imprinting in 
Wilms' tumor or normal fetal kidney [88]. The significance of polymorphic 
imprinting to normal development and oncogenesis is uncertain. 

4.1. Aberrant imprinting in development 

Aberrant imprinting could theoretically lead to a double dose of a particular 
gene product if an 'imprinted' gene is not turned off or could lead to the 
absence of a gene product if the 'active' allele is not expressed. It is now known 
that dysregulation of the developmental regulatory process of imprinting may 
have clinical consequences. Mechanisms that have actually been identified in 
pathologic human conditions include loss of heterozygosity with uniparental 
disomy at imprinted loci or loss of imprinting, also referred to as relaxation of 
imprinting. As might be expected, this dysregulation may result in clinical 
syndromes characterized by multiple birth defects as well as human cancer. 
Examples of syndromes characterized by altered imprinting include Prader
Willi syndrome, Angelman syndrome, and Beckwith-Wiedeman syndrome. 

Prader-Willi syndrome and Angelman syndrome both seem to involve an 
identical chromosomal segment at 15ql1-13. Maternal uniparental disomy for 
15q 11-12 or a visible cytogenetic deletion of the same region from the paternal 
chromosome is seen in Prader-Willi syndrome. This syndrome is character
ized by a special facies, small hands and feet, hypogonadism, mild to moderate 
mental retardation, uncontrolled appetite, massive obesity, and infantile hypo
tonia [89,90]. Paternal uniparental disomy for 15ql1-12 or a visible cytoge
netic deletion of the same region from the maternal chromosome is seen in 
Angelman syndrome 191]. Angelman syndrome is characterized by severe 
mental retardation, hyperactive behavior, happy disposition and outbursts of 
laughter, red cheeks, a large mouth, seizures, and ataxic movements. Thus, in 
Prader-Willi syndrome both alleles are maternal, while in Angelman syn
drome both alleles are paternal [91]. Gene(s) that contribute to the differential 
phenotypic presentation of Prader-Willi syndrome and Angelman syndrome 
must be imprinted and lie within this chromosomal region. Human chromo
some 15ql1-13 is syntenic with a portion of mouse chromosome 7, where the 
maternally imprinted mouse Snrpn gene is found [92]. Snrpn is involved in 
mRNA processing. Human SNRPN has been shown to lie in the smallest 
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region of deletion in Prader-Willi syndrome patients, which suggests a role for 
this gene in the Prader-Willi phenotype [93]. 

Beckwith-Wiedeman syndrome (BWS) is an overgrowth disorder charac
terized by gigantism, macroglossia, visceromegaly, abdominal wall defects, 
exophthalmos, and hypoglycemia. Organs affected by increased growth are 
the skeletal muscle, tongue, adrenals, kidneys, liver, pancreas, gonads, heart, 
paraganglia, and placenta [94-96]. Familial cases display a dominant mode of 
inheritance with a preferential maternal mode of transmission and linkage to 
11p15.5 [97,98]. Sporadic cases show paternal uniparental disomy at chromo
some 11p15, the region of the human IGF2 and H19 gene cluster [99,100]. 
Paternal uniparental disomy for the IGF2 locus results in a double dose of 
expressed IGF2 and may be in part responsible for the overgrowth phenotype. 
Loss of IGF2 imprinting has been found in normal fibroblasts of some BWS 
patients [101). Interestingly, the sites of overgrowth seen in BWS are tissues in 
which IGF2 is normally abundantly expressed during development [102]. The 
role of H19 in BWS remains to be defined; however, H19 has been shown to 
be a tumor suppressor gene in Wilms' tumor cell lines [74,103,104]. These 
individuals demonstrate an inherited predisposition to cancer, with a 5%-10% 
incidence of neoplasms including Wilms' tumor, hepatoblastoma, adrenal cor
tical carcinoma, pancreatoblastoma, neuroblastoma/ganglioneuroma, and 
rhabdomyosarcoma [98,105-108]. The tumors in patients with BWS have an 
embryonal histology, show loss of the maternal allele and paternal uniparental 
disomy for 11p15.5 or relaxation of the IGF2 imprint, and all arise in tissues 
that normally express relatively high levels of IGF2 and H19 during develop
ment [70,109,110]. 

4.2. Aberrant imprinting in cancer 

Several lines of evidence suggest a role for genomic imprinting in human 
cancer. The earliest observations included the fact that the genome in 
hydatidiform moles was androgenetic, while the genome in ovarian teratomas 
was parthenogenetic [111,112]. More recently, preferential loss of a specific 
parental allele has been demonstrated in several human tumors. Restriction 
fragment length polymorphisms can be used to distinguish the maternal and 
paternal alleles. In Wilms' tumor, hepatoblastoma, and embryonal rhabdo
myosarcoma, loss of heterozygosity with preferential loss of the maternal 
allele has been shown at 11p15, while preferential loss of the maternal Rb 
locus at 13q14 has been shown in sporadic osteosarcoma and bilateral 
retinoblastoma [113-115]. 

In Wilms' tumors demonstrating loss of heterozygosity at 11p15, paternal 
uniparental disomy results in a double dose of paternally transcribed IGF2 
[116,117). In Wilms' tumors without loss of heterozygosity at 11p15, relaxation 
of the maternal imprint, or loss of imprinting, has been shown to result in a 
double dose of IGF2 [82,83]. Seventy percent of Wilms' tumors show loss of 
imprinting of IGF2 and express both the maternal and paternal IGF2 alleles, 

20 



while 29% of Wilms' tumor show loss of the R19 imprint [82,83]. In Wilms' 
tumor, loss of imprinting of IGF2 is coupled to downregulation of R19. Ab
normal methylation of R19 has been shown in Wilms' tumor and is thought to 
be the mechanism for the very low or undetectable levels of R19 transcripts 
[118]. While IGF2 can be considered a potential tumor-promoting gene func
tioning as an autocrine growth factor in Wilms' tumorigenesis, R19 can be 
considered a potential tumor suppressor gene in Wilms' tumorigenesis. 

It has been hypothesized that loss of imprinting of IGF2 is a general feature 
of embryonal tumors. In support of this hypothesis, loss of heterozygosity 
with paternal uniparental disomy has also been reported in embryonal 
rhabdomyosarcoma [119]. More recently, loss of IGF2 imprinting has been 
described in the alveolar form of rhabdomyosarcoma as well [110]. In contrast 
to Wilms' tumor, loss of imprinting of IGF2 is not coupled to downregulation 
of R19 in embryonal rhabdomyosarcoma [71]. A tumor-promoting role for 
IGF2 as an autocrine growth factor in rhabdomyosarcoma tumorigenesis 
has been suggested, and clinical trials taking advantage of this information 
have been proposed that use suramin to inhibit IGF2 at its receptor. In 
addition, loss of heterozygosity at 11pI5.5 and loss of imprinting have been 
reported in hepatoblastoma, although perhaps at lower frequency than in 
Wilms' tumor and rhabdomyosarcoma [120,121]. Similar to rhabdomyo
sarcoma, loss of imprinting in hepatoblastoma is not associated with 
downregualtion of R19. 

Although neuroblastoma is an embryonal tumor originating from neural 
crest-derived cells, no evidence for loss of imprinting of R19 or IGF2 has been 
found [122]. Of interest, however, in cases of neuroblastoma demonstrating N
mye amplification, preferential amplification of the paternal allele has been 
seen, and in cases of neuroblastoma with a single copy of N-mye, preferential 
loss of maternallp36 tumor suppressor alleles has been seen [123]. 

Parental dependency or imprinting may also have relevance to chromo
somal trans locations in human malignancy. Imprinting has been observed as a 
mechanism for oncogene activation in the case of the t(9;22) chromosomal 
translocation in chronic myeloid leukemia [124]. While neither the ber gene 
nor the abi gene are normally imprinted, the translocation is consistently made 
up of paternal 9 and maternal 22 chromosomal material [124]. It has been 
suggested that this finding might result from enhanced clonal expansion only 
of clones containing the translocation that combines material from paternal 
chromosome 9 and maternal chromosome 22, or that certain chromosomal 
regions may be more susceptible to rearrangements depending on the parental 
origin [124]. In either case, preferential participation of paternally derived 
chromosome 9 and maternally derived chromosome 22 suggests that these 
chromosomal regions may be imprinted during leUkemogenesis. The methyla
tion status of the genes at the translocation breakpoints have been shown to 
differ from their normal alleles [125,126], 

Abnormalities in imprinting clearly relate to pediatric oncogenesis and 
demonstrate a strong link between developmental regulatory processes and 
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oncogenesis. It is likely that further imprinted genes will be identified and that 
abnormalities in their expression will be related to childhood cancer. Under
standing the mechanisms of imprinting may provide novel strategies for cor
recting imprinting abnormalities at specific developmental periods and 
treating embryonal tumors of childhood. 

5. The role of specific oncogenes and tnmor suppressor genes 
during development 

Genes located at chromosomal translocation breakpoints in childhood tumors 
include PAX3 and FKHR (ALV) in alveolar rhabdomyosarcoma and Fli-1 
and EWS in Ewing's family tumors. Amplified genes in childhood tumors 
include N-myc in neuroblastoma and GLI in malignant gliomas. Lost tumor 
suppressor genes in childhood tumors include RB in retinoblastoma and 
osteosarcoma, and p53 in rhabdomyosarcoma, osteosarcoma, and brain tu
mors. It is believed that all these genes playa role during normal embryonic 
development, based on their restricted temporal and spatial expression pat
terns during development and on phenotypes produced in gain-of-function 
transgenic mice or loss-of-function gene knockout mice. In this section, the 
embryonic function of these genes will be summarized. 

5.1. PAX3 and FKHR (ALV) 

The paired box domain was first identified as a 128-amino-acid region in the 
Drosophila pair-rule segmentation gene paired and in the two-segment polar
ity genes gooseberry-proximal and gooseberry-distal [127]. In addition to the 
paired box domain, these genes contain a conserved region highly related to 
the homeobox and were called paired-type homeobox genes or PAX genes 
[128]. Like the homeobox, the paired box motif mediates DNA binding. PAX 
genes have subsequently been detected in a variety of organisms, including the 
mouse, human, chick, and zebra fish [129,130]. The mammalian PAX family 
consists of nine members, called PAXI-9, and have been grouped into four 
classes based on the presence or absence of conserved motifs [129,130]. Class 
1 genes include PAX] and PAX9. Proteins within this class contain the paired 
DNA binding domain and a conserved region of eight amino acids of unknown 
function called the octapeptide. Class 2 genes include P AX3 and P AX7, and 
these proteins include the paired domain, the conserved octapeptide, and a 
paired-type homeodomain. Class 3 genes include PAX2, PAX5, and PAX8, 
and the proteins contain the paired domain, the octapeptide, and a partial 
homeodomain. Finally, class 4 genes include PAX4 and PAX6, and these 
proteins include thc paired domain and the homeodomain but lack the 
octapeptide. 

Both class 2 PAX genes, namely, PAX3 and PAX7, have been shown to 
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localize to translocation breakpoints in rhabdomyosarcomas and are ex
pressed in restricted temporal and spatial patterns during development. P AX3 
has a transcription-inhibitory domain at its N-terminus and a transcription
activation domain at its C-terminus and has been shown to function as a 
transcription activator or inhibitor [131]. It is considered a proto-oncogene, 
since it is able to transform cells, including mouse NIH3T3 cells and rat 208F 
cells in tissue culture [132]. PAX3 localizes to human chromosome 2q35 and 
is found at the breakpoint of the t(2;13)(q35;q14) in alveolar rhabdomyo
sarcoma. The fusion transcript retains the paired box and the homeodomain 
DNA binding domains of PAX3; however, the putative transcription-activa
tion domain of P AX3 is replaced by the forkhead DNA binding domain of the 
FKHR (ALV) gene from 13q14 [133]. It has been demonstrated that the 
PAX3IFKHR chimeric protein binds to the PAX3 binding sequence [134]. 
Since it has been demonstrated that PAX3 can inhibit myogenic differentia
tion in vitro, it has been suggested that the PAX31FKHR fusion may con
tribute to the development of rhabdomyosarcoma by preventing terminal 
differentiation of myoblasts [135]. 

The PAX7 gene localizes to human chromosome 1p36 and is found at the 
breakpoint for the rare t(1;13)(p36;q14) in rhabdomyosarcoma. The forkhead 
DNA binding domain of FKHR (ALV) at 13q14 once again replaces the 
transcription-activation region of PAX7 in the fusion transcript [136]. Reten
tion of the DNA binding motifs of PAX3 and PAX7 in these fusion transcripts 
suggests localization to critical target genes involved in the genesis of 
rhabdomyosarcoma. 

Mouse Pax genes are expressed during embryonic development in specific 
spatial and temporal patterns [137]. Class 2, 3, and 4 Pax genes are expressed 
in the developing nervous system of the mouse. Within the developing central 
nervous system, Pax3 expression is restricted to mitotically active cells. Pax3, 
6, and 7, which contain a full homeobox, are first expressed in the developing 
neural tube on embryonic day 8 to 8.5 when the neural folds migrate to form 
the neural tube. At this stage, the anterior and posterior neuropores remain 
open. Pax2, 5, and 8, which contain only a partial homeobox, are not expressed 
in the developing neural tube until embryonic day 9.5 to 10, after the anterior 
and posterior neuropores have closed and brain development has started. 
Restricted localization of Pax3 expression to the dorsal part of the neural tube 
and neural crest suggests that Pax3 may be involved in the establishing dors
oventral polarity of the neural tube. The importance of Pax3 in neural tube 
closure and neural crest migration is demonstrated by the fact that most 
homozygous Pax3 mutant mice die in utero, with failure of neural tube closure 
and failure of neural crest cell migration [137]. Pax3 is also expressed in the 
developing forebrain, midbrain, and hindbrain [130]. Pax7 is co-expressed 
with Pax3 in the early stages of brain development. As development contin
ues, Pax7 gene expression localizes to the epithalamus and pretectum. By day 
13 of development, Pax7 expression decreases within the developing brain 
significantly. 
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Outside the central nervous system, Pax3 is expressed in the developing 
somites, limb buds, and some craniofacial structures such as the tongue, the 
mandible, and the maxilla [130]. The somites represent bands of mesodermal 
cells (paraxial mesoderm) running longitudinally along each side of the neural 
tube. These bands separate into blocks of cells during development, and each 
block is called a somite. Pax3 is expressed in the developing somites at day 9 
to 10 of mouse development. Its expression begins in the dorsal portion of the 
somite, which eventually gives rise to a dermomyotome. The dermomyotomes 
give rise to the dermis of the dorsal regions of the body (derma tomes) and the 
paravertebral musculature (myotomes) and limb musculature. These observa
tions suggest a role for Pax3 in myogenesis. Similar to the Pax3 gene, the 
expression of Pax7 starts in the dorsal part of the somite, prior to its specifica
tion into a dermomyotome. Later, Pax7 expression is observed in the muscu
lature of the shoulder girdle and of the trunk, suggesting a role for Pax7 in 
myogenesis. 

Specific phenotypes resulting from mutations in PAX3 have been reported 
in the human and in the mouse. In humans, mutations in the PAX3 gene have 
been shown to cause the autosomal-dominant disorder Waardenberg syn
drome [138]. Waardenberg syndrome is characterized by nerve deafness, 
heterochromia irides, hypopigmented skin lesions, white forelock, white eye
lashes and premature graying, dystopia canthorum, prominent nasal root, 
bushy eyebrows, high arched palate, cleft lip or palate, occasional spina bifida, 
Hirschsprung's disease, and contractures or reduction of shoulder and arm 
muscles. The heterochromia irides, hypopigmented skin lesions, white fore
lock, white eyelashes, and premature graying suggest failure of melanocyte 
migration from the neural crest. 

Spontaneous Pax3 deletions or point mutations in the mouse result in 
loss of Pax3 function, causing the splotch (sp) mutant phenotype. Specific 
deletions that have been identified occur within the paired box domain or 
cause frameshift mutations. In addition, substitutions of amino acids in 
the paired box domain have been observed. The phenotype demonstrates 
many similarities to the human Waardenburg phenotype. Splotch mice dem
onstrate abnormalities in the brain, neural tube, neural crest derivatives, and 
muscles [139]. In mice heterozygous for a Pax3 mutation, white spotting on the 
belly, limbs, and tail is observed as a result of a neural-crest-associated defect. 
In mice homozygous for Pax3 mutations, phenotypic abnormalities include 
reduction or absence of dorsal root ganglia, Schwann cell deficiency, 
spina bifida, exencephaly, reduction in axial musculature, and loss of limb 
musculature. 

The FKHR (ALV) gene is a member of the Forkhead family of transcrip
tion factors, which share a novel DNA binding domain named a forkhead 
domain or a winged helix domain. Forkhead was originally identified in Droso
phila as a nuclear protein expressed in the terminal regions of the embryo 
[140]. The function of FKHR in mammalian development remains unknown 
[141]. 
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5.2. Fli-1 and EWS 

The EWS gene was identified based on its location at the chromosome 22 
breakpoint of the t(11;22)(q24;q12) translocation that characterizes the 
Ewing's sarcoma family of tumors [142]. Based on its homology with the RNA 
binding protein Cabeza in Drosophila, it is believed that human EWS encodes 
an RNA binding protein [143]. Cabeza binds RNA in vitro through a C2C2-

type zinc finger, and although it is initially widely expressed during fly devel
opment, its expression becomes restricted to the central nervous system and 
gut later in development. Expression of Cabeza within the brain is turned off 
before the third larval instar, when the juvenile fly larva has undergone its 
third molt, but Cabeza protein is again expressed within the brain in the adult 
fly [144]. The role of this protein in development is unknown; however, based 
on its nuclear localization and its ability to bind RNA, it may be involved in 
nuclear RNA metabolism such as splicing, polyadenylation, and transport. 
The expression pattern of EWS during mammalian development has not been 
described. 

As a result of the translocation, the N-terminal region of the EWS protein 
is fused to the DNA binding domain of the Fli-l gene. The human Fli-l gene 
codes for a putative transcription activator closely related to the ets family 
proteins ets, erg, and GABP-a [145]. The expression pattern of the Fli-l gene 
during mammalian development has not been reported. Other ets gene family 
members, however, regulate embryonic development and the response to 
growth stimuli [146]. The ets genes are expressed in a number of tissues, and 
their expression patterns during mouse development are complex. For ex
ample, ets-l expression is observed in the developing nervous system, includ
ing the hindbrain regions, the neural tube, and the neural crest during early 
gestation [147]. No expression of ets-l has been observed after day 8 in the 
mouse embryo in neuronal tissues. After day 13.5 of mouse gestation, ets-2 
expression is observed in the posterior spinal cord, medulla oblongata, the 
dentate gyrus, the hippocampus, and the granular layers of the cerebellum. 
Since human Fli-l demonstrates significant sequence homology with ets, it is 
possible that Fli-J may have a similar expression pattern and function during 
development. 

Xl-fli, the Xenopus homologue of the Fli-l gene, is also expressed during 
embryogenesis. The Xl-fli protein shows 83% identity to mouse and human 
Fli-1 proteins. In situ hybridization demonstrates that Xl-fli is expressed in 
neural crest cells, brain, spleen, kidney, heart, and muscle [148]. The highest 
level of expression is observed in the spleen. In the adult mouse, Fli-l is 
expressed in the thymus and spleen, suggesting a role in lymphopoiesis. 

Fli-l transgenic mice have been established that overexpress Fli-1 protein in 
brain, heart, kidney, liver, lung, muscle, thymus, and spleen. By 3 to 6 months 
of age, a high incidence of immune-mediated tubulointerstitial nephritis and 
immune-complex glomerulonephritis occurs. The disorders are progressive 
and ultimately lead to renal failure [149]. The mice also demonstrate hyper-
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gammaglobulinemia, B-cell hyperplasia, and splenomegaly, further suggesting 
an immunologic role for the Fli-1 protein during development. 

5.3. N-myc 

N-myc, a member of the myc family of proto-oncogenes, was originally de
scribed as an amplified gene in neuroblastoma. It is expressed in restricted 
temporal and spatial patterns during normal development, primarily in ac
tively proliferating undifferentiated cells. Expression has been described in 
postmitotic yet undifferentiated cells and generally not in differentiated cells, 
so it is believed that N-myc expression during development may be a marker 
of an undifferentiated state rather than a marker of proliferation [150]. N-myc 
is expressed in neural crest derivatives within the developing forebrain and 
hindbrain and within neuroblastic and ganglion cell layers of the developing 
eye. It is also expressed in the developing epithelium of the lung and bronchi
oles and in the developing epithelium of the gut. 

Genes with sequence homology to N-myc have been described in phyloge
netically distant organisms, including Xenopus, Drosophila, and woodchuck 
[151-153]. In Drosophila, the pair-rule segmentation gene hairy shows se
quence homology with N-myc and is expressed during eye imaginal disc devel
opment. In the woodchuck, N-myc2 is expressed during brain development, 
and in Xenopus, N-myc is expressed in the central nervous system and the eye 
during development. These expression patterns suggest an important role for 
N-myc in embryonic neuroectodermal development. 

N-myc transgenic mice have been produced using the immunoglobulin 
heavy chain transcriptional enhancer element to drive N-myc expression. High 
levels of N-myc expression were observed in lymphoid tissues, and the mice 
developed early Band B-celllymphoid malignancies [154]. No developmental 
defects were observed in these mice. Inactivation of N-myc by homologous 
recombination has resulted in an embryonic lethal phenotype. Mice homozy
gous for the mutation died between 10.5 and 12.5 days of gestation. These mice 
demonstrated abnormalities in the central nervous system, lung, heart, kidney, 
and intestinal tract [155,156]. In the mutant mice, cranial and spinal ganglia 
were reduced in size, lung branching morphogenesis was blocked, the heart 
was small and the myocardium was abnormally thin, the genital ridge was 
hypoplastic, the number of mesonephric tubules was reduced, and defects of 
the stomach and intestine were present [157]. 

5.4. GLI 

The GLI gene was first described as an amplified gene in some cases of 
malignant glioma and was subsequently found to be amplified in some cases of 
undifferentiated childhood rhabdomyosarcoma and osteosarcoma [158,159]. 
GLI is a zinc finger containing transcription activator and serves as the proto
type for the Gli-Kruppel gene family. Other members of this gene family 
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function as important developmental regulatory genes in Drosophila, C. 
eiegans, and mammals. Cubitus interruptus, a gene showing significant se
quence homology in Drosophila, functions as a segment polarity gene and also 
functions in the hedgehog-patched signaling pathway [160]. A gene showing 
significant sequence homology in C. elegans, tra-l, functions as the terminal 
control gene in the sex determination pathway [161]. The function of tra-l is 
necessary for the development of female sex characteristics. In the mouse and 
human, the related gene GLJ3 is mutated in the mouse mutant extra toes and 
in the human Grieg syndrome [162,163]. Extra toes mice are characterized by 
extra toes on the preaxial side of the limb, and Grieg syndrome is character
ized by craniofacial malformations and mental retardation. In the mouse 
embryo, G LJ3 is expressed in the developing central nervous system and in 
primitive mesenchyme [164]. 

Mouse gli is expressed in zones of proliferation within the developing 
central nervous system, including the ependymal layer of the developing spinal 
cord and the peri-ventricular region of the brain, in primitive mesenchyme of 
developing bone, in the mesodermal layer of the developing gastrointestinal 
tract, and within the genital tubercle [164,165]. In the adult human, GLI 
expression has been described in the testis, ovary, and myometrium. Although 
downstream targets in development remain unknown, it has been suggested 
that GLI functions in the mammalian Hedgehog-Patched signaling pathway 
similar to ci in Drosophila [160]. 

5.5. RB 

The tumor suppressor gene RB negatively regulates the cell cycle. The "ac
tive" hypophosphorylated Rb protein associates with the transcription factor 
E2F and arrests cells in the G 1 phase of the cell cycle. Phosphorylation of the 
Rb protein in Gl results in release of E2F and continuation through the cell 
cycle [166]. RB homologues have been found in many vertebrate species that 
share high sequence homology to the human gene. 

The Rb gene is normally expressed in a restricted pattern during early 
embryonic development in the mouse and becomes ubiquitously expressed 
in adult tissues, including the brain, kidney, spleen, lung, and thymus [167]. 
During development in the mouse, Rb mRNA is first expressed at day 9.5 
of gestation and becomes more abundant thereafter. The highest levels of 
Rb mRNA expression are observed in the developing brain, spinal cord, and 
liver. Rb protein is first detected on day 10.5 of mouse gestation, and the 
highest level of protein expression is demonstrated in the developing retina, 
neurons, glia, collecting tubules of the kidney, pancreas, and adrenal cortex 
[167,168]. 

When both Rb alleles are inactivated by homologous recombination, mouse 
embryos develop normally until day 12.5, suggesting that the Rb gene is not 
essential for early embryonic development [169-171]. However, these Rb
deficient mice die before the 16th day of gestation with multiple abnormalities 
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in the nervous system, including widespread apoptosis of the hindbrain, 
trigeminal ganglia, spinal cord, and dorsal root ganglia; abnormally high mi
totic indices observed in the periventricular region; and abnormal develop
ment of the hematopoietic system, including hypoplasia of the liver and 
abnormal erythrocyte development. Embryos heterozygous for the Rb gene 
appear normal, demonstrating that one copy of the Rb is sufficient for normal 
mouse development. 

When extra copies of human RB are expressed during mouse development, 
most of the transgenic mice are smaller than nontransgenic littermates [172]. 
The size of the mice correlates inversely with the degree of RB gene expres
sion [173]. It has been suggested that the small size may result from inhibition 
of cell cycle progression by Rb protein overexpression during development 
[174]. It has also been shown that mice with reduced Rb expression are larger 
than normal mice [175]. These observations collectively demonstrate the im
portance of Rb gene dosage during development. 

Surprisingly, there is no correlation between tumors that have been ob
served in Rb loss-of-function mice and humans with familial RB mutations. Rb 
loss-of-function mice show no evidence of retinoblastoma development; how
ever, by 10-12 months of age, the majority develop adenocarcinoma of the 
pituitary. Medullary thyroid carcinoma has been observed in mice with one 
functional Rb gene [176]. There is no explanation for this discrepancy at 
this time. 

5.6. p53 

p53 negatively regulates the cell cycle by acting as a "checkpoint" protein that 
controls progression through the cell cycle and mediates apoptosis during 
development and following DNA damage [177]. p53 generally functions as a 
tumor suppressor gene; however, some mutant forms of p53 may function as 
oncogenes [177-179]. Loss of p53 is very commonly associated with a variety 
human tumors, including tumors of colon, breast, lung, and brain. In addition, 
a familial predisposition to breast cancer, leukemia, brain tumors, soft tissue 
sarcomas, osteosarcoma, and adrenal cortical carcinoma, known as the 
Li-Fraumeni syndrome, has been associated with germline mutations in 
p53 [180]. 

A role for p53 during normal development has been suggested, since p53 is 
expressed during embryonic development [181]. p53 is expressed in all cells of 
the early mouse embryo between days 8.5 and 10.5 of gestation. Later, high 
levels of expression have been observed in the brain, liver, lung, thymus, 
intestine, salivary glands, kidney, and during B-cell differentiation [181]. To 
study the role of p53 during development, inactivation of p53 by homologous 
recombination has been carried out [182,183]. Some p53 knockout mice ap
pear normal [183]. Developmental abnormalities have been reported in other 
p53-deficient mice [182,183]. In some p53 null mice, the neural tube fails 
to close, resulting in exencephaly. This outcome occurs more commonly in 

28 



female offspring, for unknown reasons. It is believed that neural cell prolifera
tion or apoptosis may be dysregulated in the p53 null mice, resulting in failure 
of neural tube closure. In addition, ocular and dental abnormalities have been 
observed. 

p53-deficient mice, however, show an unusually high susceptibility to spon
taneous tumor formation. By eight months of age, all the mice develop tumors, 
predominantly sarcomas and lymphomas. 

Transgenic mice have been produced with two different p53 mutants, each 
differing from wild-type p53 by a single amino acid substitution [184]. Mice 
with the mutant p53 transgene developed normally; however, they again 
showed increased susceptibility to spontaneous tumor formation. By 18 
months of age, approximately 40% of the transgenic mice developed tumors, 
mainly adenocarcinomas of the lung, lymphomas, or osteosarcomas. 

5.7. Conclusions 

In conclusion, a role has been described for each of these genes during normal 
development. These observations link childhood cancer and embryonic devel
opment as related processes at a genetic level and support the idea that a 
greater understanding of childhood cancer at a genetic level lies within an 
understanding of the developmental biology of the cell type from which the 
disease arises. In several instances, these genes seem to demonstrate tissue 
specificity, i.e., functioning during development and during oncogenesis in the 
same tissues. This observation is true for PAX3 in the developing somites and 
in rhabdomyosarcoma; for N-myc in the developing nervous system, and in 
neuroblastoma, and in gliomas, in the developing lung epithelium, and in small 
cell lung carcinoma; and for G LI in the developing central nervous system, 
and in glioma, in developing bone, and in osteosarcomas. In addition, it is 
likely true for Fli-J and EWS, both of which seem to playa role in central 
nervous system development and are involved in the Ewing's family of tumors 
of neuroectodermal origin. Alternatively, these observations suggest that de
velopmental studies may lead to the identification of new developmental 
regulatory genes in specific tissues that may then be identified as candidate 
oncogenes/tumor suppressor genes in the corresponding tissue. Comparative 
biology may be particularly useful for identifying these new developmental 
regulatory genes and understanding the function of previously identified de
velopmental regulatory genes and oncogenes. Finally, the importance of gene 
dosage during development and in neoplasia is illustrated by N-myc and RB. 
Lack of the oncogene N-myc during development results in specific patterns of 
dysmorphogenesis, while overexpression of N-myc during development result 
in neoplasia. Underexpression of the tumor suppressor gene RB during devel
opment is associated with neoplasia, dysmorphogenesis, and growth distur
bance, while overexpression of RB during development results in disturbances 
of growth. 
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2. Immunodeficiency states and related malignancies 

Kenneth L. McClain 

1. Introduction 

The high incidence of malignancies in children with primary immune deficien
cies has been well documented over several decades. As increased awareness 
of the problem drew the interest of experts in lymphoma morphology, it 
became clear that these were primarily B-Iymphoid lymphoproliferations that 
ranged from benign, but aggressive, to frankly malignant diseases. Some of 
this understanding came as the result of improved classifications of 
lymphomas and the realization that a new category diseases - the post
transplant lymphoproliferations - were very similar to many of the neo
plasms of the immune-deficient individuals. These tumors were not the only 
types found in the transplant patients, however. It was recognized that the 
renal transplant recipients (mostly adults) had a much higher incidence of skin 
cancers than expected, as well as some other solid tumors. When the AIDS 
epidemic began in the 1980s, it soon became clear that HIV-infected children 
were also having a high incidence of lymphomas and otherwise rare leio
myosarcomas. The obvious reasons behind all these neoplasms were failure of 
immune surveillance and the opportunity for benign proliferations to achieve 
independent growth as malignancies. From the initial observations that 
Epstein-Barr virus DNA is found in many of these tumors to the recent 
findings of mutations in tumor suppressor genes, there have been significant 
contributions to our understanding of oncogenesis as a result of studying such 
cases, although more research is needed. This chapter will summarize informa
tion on the three categories of immune-deficient and cancer-prone patients: 
primary, posttransplant, and AIDS related (table 1). 

2. Malignancies associated with primary immune deficiencies 

The majority of comprehensive data available for these patients have come 
from Immunodeficiency Cancer Registry (ICR) maintained at the University 
of Minnesota. A detailed summary of ICR data was published in 1990 [1]. At 
that time, the presence of Epstein-Barr virus (EBV) as cofactor was the most 
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Table I. Cancers of immune-deficient patients 

Primary immune deficiencies [1] 
Non-Hodgkin's lymphoma » Leukemias> "Other" > 

Hodgkin's disease = Adenocarcinomas 
Transplant-related 

Lymphoproliferative disease (benign ~ malignant) 
Skin cancers (adults primarily) 

AIDS-related 
Lymphomas and MALT lesions> Leiomyosarcoma> 

Leukemias » Kaposi's sarcoma 

specific etiology recognized. Although it was generally assumed that the un
derlying immune deficiency was somehow allowing the virus to be more 
oncogenic, there were no data on cellular genetic defects that could specifically 
promote a higher incidence of malignancy. It is now understood that in 
Wiskott-Aldrich syndrome (WAS), patient sialophorin (CD43) is defective 
[2]. This molecule serves a critical costimulatory role by allowing antigen
presenting cells to bind to the CD43 epitope on T cells. More is known about 
the genetic defect in ataxia-telengiectasia (A-T) patients since the gene was 
cloned in 1995 [3]. This gene has extensive homology to known cell cycle 
checkpoint genes and is critical in signaling other genes when DNA damage 
occurs. Without the functional A-T gene, cells cannot stop the cell cycle to 
repair chromosome damage; they do not activate repair enzymes, and they 
also do not prevent the spontaneous cell death that accompanies DNA dam
age [4]. 

2.1. Non-Hodgkin's lymphomas 

Fifty percent of all tumors in children with primary immune deficiencies are 
lymphomas or lymphoproliferations of benign but aggressive nature. In an 
early report from the ICR, the mortality of various cancer types was compared 
for the immune-deficient patients versus unselected children [5]. For the 
unselected children, lymphomas were the cause of 8% mortality, but in the 
immune-deficient children, 67% died of these neoplasms. Leukemia was 
the second most common cause of death, with 25% succumbing. Unlike 
lymphomas of apparently normal individuals, the primary immune-deficient 
patient often develops the malignancy in multiple sites, including the gas
trointestinal tract, brain, lung, or soft tissues of the head and neck. When the 
different primary immune deficiencies are compared, the relative incidence of 
lymphomas in each category is as follows: WAS and severe combined immu
nodeficiency (SCID), 75%; A-T and common variable immunodeficiency 
(CVI), 46%; hyper IgM syndrome, 56%; hypogammaglobulinemia, 33%; and 
selective IgA deficiency, 15.8%. 

The ICR report summarized clinical and pathological features of 22 WAS 
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patients with lymphoma/lymphoproliferative disorders as to the central review 
histology versus reported histology, age, survival, and sites of the disease [1]. 
There were pleomorphic immunocytomas. Two of these had been incorrectly 
diagnosed as myeloid metaplasia and astrocytoma, and others had been la
beled reticulum cell sarcoma - a now archaic term for lymphoma. Only one 
of these patients survived. Among three patients with immunoblastic sarcoma 
of B cells or three with lymphoplasmacytoid tumor, some of the tumors were 
originally called histiocytic lymphomas and one a microglioma. The survival 
was poor, with one patient living 1.6 years with a central nervous system tumor 
and the others succumbing quickly to their disease. The other lymphomas 
included a variety of follicular center cell and polymorphic B-celllymphomas, 
although 3 of 22 WAS patients had T-cell lymphoma. 

2.2. Hodgkin's disease 

Hodgkin's lymphomas were most prevalent in the patients with hyper IgM 
syndrome (25%) and in patients with hypogammaglobulinemia (14%) [1]. In 
the other primary immune deficiencies, Hodgkin's disease made up 10% or 
less of the total malignancies in a given category. The immunodeficient pa
tients exhibit several different clinical characteristics of their Hodgkin's dis
ease when compared to the typical pediatric patient. They are younger (7.8 vs. 
11.5 years mean age), are less likely to achieve remission, have poorer survival 
(five-year survival estimated at 18.5% vs. 84 %), and have a predominance of 
mixed cellularity (42 %) and lymphocyte depletion (33 %) as compared to 24 % 
and 2%-8% in most pediatric series. 

2.3. Other tumors 

Other tumors noted by the ICR include adenocarcinomas, which are most 
common in patients with selective IgA deficiency but make up only 9% of all 
cancers in immunodeficient patients [1]. Leukemias were not very prevalant 
except in the hypogammoglobulinemia patients (33%) and the A-T patients 
(21 %). A variety of other tumors account for approximately 20% of the 
cancers in immunodeficient patients. 

2.4. X-linked lymphoproliferative disease 

Another interesting group of patients with a primary defective response to 
EBV infections are those with the X-linked lymphoproliferative (XLP) or 
Purtillo syndrome [6]. These boys develop benign but aggressive lympho
proliferations, lymphomas, and aplastic anemia. The B-celllymphoprolifer
ations follow the same pattern of the posttransplant lymphoproliferative 
diseases described below. 
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3. Lymphoproliferative diseases in transplant patients 

3.1. Organ transplants and lymphoproliferative disease 

Besides the patients with congenital immune deficiency, renal transplant pa
tients became an important group with respect to the development of our 
understanding of EBV and lymphoproliferative disease (LPD). The unusual 
lymphoproliferative diseases of these patients are related to their immune 
suppression (prednisone, azathioprine, cyclosporine, anti-OKT3 antibodies, 
etc.). These cases first became apparent in the late 1960s and early 1970s and 
have been extensively studied since [7-9]. In recent series, the overall inci
dence of LPD has decreased but varies with the type of organ transplanted and 
the type of immunosuppression. LPD in heart transplant patients has typically 
been the highest, with reported incidences ranging from 1.8% to 9.8% or, with 
combined heart/lung transplants, 4.6% to 9.4% [8]. Lebland et al. reported an 
overall 1.7% (24 of 1385) incidence in LPD after solid organ transplantation 
[9]. Among the 641 kidney graft recipients, the frequency was 1.4%, and lung 
recipients had the highest (4.5%). Cyclosporine and azathioprine were used in 
the latter group and only prednisone and azathioprine in the former. Central 
nervous system (CNS) involvement with the LPD was most frequent after the 
renal transplants and in those not receiving cyclosporine. The transplanted 
organ(s) are involved at variable rates: 60% of heart/lung recipients and 15%-
30% of the kidney grafts. 

Patients with LPD can be segregated into two groups: those with a mean 
age of 23 years who developed the LPD within nine months after transplanta
tion or after the start of anti-rejection therapy and those with a mean age of 48 
years who presented with LPD up to six years after transplant [7]. The younger 
patients had typical symptoms of infectious mononucleosis: fever, pharyngitis, 
and lymphadenopathy. The older patients had localized tumor masses. EBV 
was found in the spectrum of histologic types of LPD from polymorphic 
diffuse B-cell hyperplasia to monoclonal B-ce1llymphoma. 

3.2. Bone marrow transplants and LPD 

EBV infection is rarely a problem in patients undergoing bone marrow trans
plants unless the donor marrow is severely depleted of T cells or there is 
potent posttransplant immunosuppression due to a mismatch situation [10]. 
The incidence of LPD was 25% among mismatched, T-cell-depleted recipi
ents, 10% in nondepleted marrow/unrelated donor transplants, and only one 
of 424 among the matched nondepleted transplants in a study from Minnesota 
[10]. Between 5 and 50 copies of EBV genome/cell were found in the tissues. 
Most of the LPD occurred in B cells of donor origin, but in 2 of 7 patients 
the LPD occurred in recipient cells. The onset of LPD was from 30 days to 
49 months post bone marrow transplant (BMT). The common presenting 
features included fever, anorexia, abdominal pain, and hepatitis. Sometimes 
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lethargy, lymphadenopathy, and eNS symptoms were reported. A group of 
patients who presented in the first two months post BMT with rapidly progres
sive LPD had received high-dose anti thymocyte globulin and prednisone to 
help engraftment. The other patients developed LPD from three months to 
three years after the BMT and had slower-paced LPD, but most still died of 
those processes. Histologically, these LPDs varied from benign polyclonal (as 
determined by immunochemical staining for immunoglobulins) to monoclonal 
proliferations that were malignant. 

3.3. LPD associated with other immune dysregulatory conditions 

Kamel et al. reported EBV-associated, reversible lymphoproliferations in pa
tients receiving methotrexate therapy for rheumatic disease [11]. In reviewing 
cases at their institutions, they found 18 examples of patients with rheumatoid 
arthritis or dermatomyositis who developed a variety of LPDs, including 
lymphoplasmacytic infiltrate, Hodgkin's disease, diffuse large cell lymphoma 
(immunoblastic and pleomorphic subtypes), large-cell lymphoma, and small
cleaved lymphoma. EBV was found in 6 of 18 cases by in situ hybridization 
and staining for the EBV latent membrane protein (LMP). Five of these six 
patients were receiving methotrexate. The authors noted that the 33% inci
dence of EBV was near the reported 30%-50% in lymphomas of patients with 
AIDS, but was obviously higher than the 4% incidence of EBV found in 
lymphomas in general. 

3.4. Histologic categories of LPD 

The initial response of a B cell infected with EBV is blastogenesis. The cell 
enlarges and nuclear chromatin changes. Although this change is a radical 
departure from the morphology of the resting lymphocyte, there is nothing 
intrinsically "malignant" in appearance about these cells - thus the dilemma 
in evaluating the early stages of LPD. Frizerra et al. developed a set of 
guidelines for the different types of LPD based upon morphologic criteria that 
were correlated with immunophenotypic and cytogenetic data [12]. They 
stressed that LPDs are different from nonspecific lymphoid hyperplasias, in
cluding infectious mononucleosis, because of the location of follicular center 
cells (Fees) and other features listed below. The Fees are large cells with 
clumped chromatin, mUltiple prominent nucleoli at the periphery, and a mod
erate amount of cytoplasm. These large cells are only in the germinal center of 
lymph nodes with benign hyperplasia, but they invade the involved tissues of 
LPD patients. Most important, the 'atypical immunoblasts,' invasiveness, and 
necrosis found in the malignant types of LPD are not found in the benign 
lymphoid hyperplasias. 

The most benign group of LPD was called a polymorphic diffuse B-cell 
hyperplasia. Lymphoid cells represent a variety of differentiation stages. Many 
lymphocytes in the lesions had chromatin distributed about the periphery of 
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the nucleus with a central prominent nucleolus and basophilic cytoplasm. 
These lymphocytes are consistent with plasmacytoid differentiation and were 
called B immunoblasts. There are many large lymphoid cells that invade the 
lymph nodes or other involved organs. 

The LPD qualified as a lymphoma only when there were many atypical 
immunoblasts with invasiveness and necrosis. Atypia was defined as very large 
and irregular nuclei with bilobulation or multilobulation, deep grooves, or 
contorted margins and giant cell formation. The histologically malignant 
group was further subdivided into immunoblastic sarcoma of B cells when 
there were no FCCs and necrosis was present but not prominent. 

3.5. Biology of EBV infection in LPD 

Epstein-Barr virus (EBV) has been associated with the onset of benign and 
malignant diseases in a variety of human conditions. In normal individuals, 
infectious mononucleosis is characterized by a brisk T-Iymphocyte response to 
EBV-infected B lymphocytes. The EBV infection and B-cell growth is limited 
by the normal immune response. However, in persons with compromised 
immune function, whether congenital or secondary to immune suppression 
with a transplant or infection, these B-cell proliferations are often uncon
trolled and result in the patient's death. 

EBV infection is ordinarily controlled by cytotoxic T lymphocytes that 
recognize the highly immunogenic coat proteins and nuclear antigens of the 
virus. EBV infects the oropharyngeal epithelium and B lymphocytes because 
the complement C3d(CD21) receptor is also the receptor for EBV [13,14]. A 
productive infection of B lymphocytes occurs when capsid proteins and whole 
virus are made, causing lysis of the cells. Normally, this process triggers a B
cell response with IgM antibodies to the viral capsid antigen (VCA) followed 
by the IgG response, which lasts lifelong [15]. Two other early viral antigens 
(EAs) are distinguished serologically either by their location in the cytoplasm 
and nucleus [EA(D)] or by their restriction to the cytoplasm [EA(R)]. Both 
are found in primary EBV infection, but the latter is often a sign of EBV 
reactivation or of the abnormal serologic responses in lymphoproliferative 
diseases of children with defective immune systems. A rise in the titers to VCA 
and EA is often a sign that EBV is in a replicative phase. 

Later, the antibodies to the EBV nuclear antigen DNA binding proteins 
(EBNA) develop. It is thought that these are delayed due to the lag in cytolytic 
T-cell responses and death of the infected cells [15]. The antibody response to 
EBNAs provides evidence for a past EBV infection, and the titers are usually 
quite stable. 

Cytolytic T-Iymphocyte and natural killer (NK) cell responses to EBV
infected cells provide the ultimate control of infected B cells and thus prevent 
LPD in normal hosts. T cells are activated by the presence of all the EBNAs 
(2, 3A, 3B, 3C, 4, and 5) except EBNA-l. The latter antigen is the only one 
found on chronically infected B cells in normal hosts. Thus, with normal 
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immune surveillance, a nonproductive (latent) viral infection is the rule. Only 
1 in 107 B cells contains the EBV genome, which is in a limited state of 
activation [16]. Without the normal immune response, EBV can proliferate 
and then infect and transform additional B cells. Given multiple replication/ 
infection events without immune control, it is more likely that a permanently 
cell-transforming event such as the c-myc oncogene-immunoglobulin en
hancer translocation (t8;14) or other oncogene mutation will occur. However, 
this event is not necessary to cause a serious life-threatening LPD. The uncon
trolled proliferation of apparently normal B lymphocytes in a person with 
congenital or secondary immune suppression may be fatal. 

The EBV infection in patients with posttransplant LPD may be primary, 
reactivated, or chronic. Although EBV infection may occur in transplant 
patients without causing an LPD, those with primary EBV infections have the 
highest risk of LPD. Forty-three percent of LPD patients had primary infec
tions versus 8% of the transplant patients who did not develop LPD. Patients 
in this latter group are usually less immunosuppressed than those who do 
develop LPD [17]. A rise in the titers of IgG anti-VCA occurred in 100% of 
those LPD patients with primary infections and in 57% of those with reacti
vated infections. About half of each of these groups of patients had increases 
in the IgM-antiVCA titers. Eighty-three percent of the primary infections and 
all of the reactivated infections showed elevations of the IgG titers against the 
restricted early antigen (EA-R). Reactivations occurred between one and 
seven months after transplantation. The defective immune response to EBV in 
posttransplant patients is documented by the fact that antibodies to EBNA did 
not develop in 4 of 6 patients who had primary infections. 

Different strains of EBV than are found in other EBV-associated diseases 
could be involved with LPD. There are two families of EBV (types A and B), 
as judged by polymorphisms of the EBNA2 gene [18]. Type B is more com
monly seen in immunocompromised individuals such as those with Burkitt's 
lymphoma in Africa and in AIDS patients [19,20]. The type A virus can 
efficiently immortalize B cells and can infect the oropharyngeal epithelium 
and peripheral blood lymphocytes. The type B strain is less efficient at immor
talizing in vitro and is rarely found in the peripheral blood of normal individu
als. In a study of 22 solid organ transplant recipients with LPD, only the type 
A EBV was found [21]. The authors believed this finding was in concert with 
the more efficient B cell immortalizing capacity of that strain. 

Evaluation of the terminal fragments of EBV DNA for clonality has re
vealed that 90% of LPD patients have monoclonal or biclonal expansions of 
virus [22]. These data derive from the variable lengths of the genomic termini 
of EBV. When multiple clones of EBV are present, probing Southern blots of 
restriction endonuclease digests of lesional DNA with the terminal EBV 
fragments can determine whether a polyclonal or monoclonal array of viral 
genomes is present. The finding of one or two bands suggest monoclonal or 
biclonal proliferation of the EBV and serves as a surrogate marker of clonal 
proliferation of the LPD. The size of the terminal fragments also helps show 
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whether the EBV genome is in the closed circular conformation found in the 
latent phase of virus infection or the linear form seen in the active/replication 
stage. A homogeneous episomal population in the monoclonal tumors sug
gests that the EBV infection occurred as an early event in tumorigenesis. 

When LPD lesions of solid organ transplant patients were evaluated for 
EBV gene expression by Western blot studies, the highly immunogenic 
EBNA2 protein was detected in only 3 of 23 lesions, but the less immunogenic 
EBNA1 was found in all [23]. The latent membrane protein (LMP) of EBV, a 
transforming protein [24] with moderate immunogenicity, was found at low 
levels in all but one of the samples. Serologic data revealed that the patients 
had appropriate responses to VCA and EA. As had been described earlier in 
bone marrow transplant recipients with LPD, solid organ transplant patients 
with LPD had limited (1-3) episomal populations of EBV as determined by 
terminal repeat analysis. The authors hypothesized that LPDs are like 
Hodgkin's disease and nasopharyngeal carcinoma in that EBNA2 is absent 
and LMP, if present, is present at only low levels [25,26]. As with these two 
latter tumors, LPDs do not usually have rearrangements of an immunoglobu
lin gene and the c-myc oncogene. 

In contrast to the results discussed above, Young et al. used immunohis
tochemical methods to evaluate EBV gene expression in bone marrow trans
plant patients with LPD [27]. They showed enhanced expression of EBNA2 
and LMP as well as of the cellular adhesion molecules LF A3 and I CAM 1 and 
the B-cell activation antigen CD23. The role of EBNA2 as a transforming 
protein may be a key factor in BMT-LPD, since this viral gene is a key 
transforming gene of EBV [28]. These investigators found no efficacy for 
acyclovir in one of their cases. This finding was considered to be consistent 
with the 'latent' EBV gene pattern found in the patient's tissues. Since the 
highly immunogenic EBNA2 and adhesion proteins were present on the sur
face of the LPD cells, it was likely that the normal cytotoxic T-lymphocyte 
response could clear these cells when immunsuppression was decreased. It is 
unlikely that the BMT-LPDs are biologically different from the LPDs associ
ated with solid tumors. Therefore, the conflicting data with regard to EBNA2 
expression are most likely due to differences in the sensitivity of techniques 
used by the two groups or to different histologic types of LPD [23,27] (table 2). 
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Table 2. Associations of Iymphoproliferative disease of transplant 
patients 

Profound immune suppression post-organ transplant 
T-cell depletion pre-bone marrow transplant 
B-cell proliferations 
Primary Epstein-Barr virus infection (monoclonal or biclonal) 

t Titers to EBV early antigen-R 
Type AEBV 
EBNA-l, EBNA-2, and latent membrane protein expression 
t Adhesion molecules LFA3 and ICAM 1 



The LPDs represent a morphological spectrum from benign but aggressive 
polymorphic proliferations to obviously malignant lymphomas. Thus, there is 
interest in correlating the histological variants with EBV gene expression. In a 
summary of 14 cases of LPD in bone marrow and solid organ transplant 
recipients, Delecluse et al. showed two distinct groups with regard to expres
sion of EBNA2 and LMP [29]. All the mature B-cell LPDs and the mono
morphic large cell lymphomas without plasmacytic differentiation (e.g., 
immunoblastic) had LMP and/or EBNA2 expression. The number of cells 
expressing the B-cell markers CD19, 20, and 22 as well as the CD21 EBV 
receptor antigen were highly variable within each lesion. Lesions in the second 
group were monomorphic large cell LPD with plasmacytic differentiation. 
None of these had expression of LMP, EBNA2, or the early B-cell markers. 
They were, however, positive for the EBV EBER RNA and the mature B cell 
marker CD38 and an epithelial membrane antigen EMA. The large cell LPD 
cases were distinct clinically because the LPD developed more than 14 months 
after transplant. There was no relationship between clonality of the lesions 
and viral gene expression. 

In a comprehensive study of EBV and cellular genes in LPD, Knowles et al. 
have reported three distinct categories of posttransplantation lymphopro
liferative disorders [30]. Since neither morphology or clonality has been a 
good predictor of clinical outcome in the LPD patients, these authors investi
gated the LPD tissues for alterations in bcl-1, bcl-2, c-myc, the H-, K-, and N
ras proto-oncogenes, and mutations in the p53 tumor suppressor gene. They 
correlated the findings of those investigations with morphology, immunoglo
bulin bene clonality, and the presence of EBV as a clonal population or not. In 
the plasmacytic hyperplasias only 1 of 10 had an immunoglobulin gene rear
rangement. Polyclonal EBV was dominant, with only a minor population 
showing a clonal proliferation. None of these had abnormalities of the cellular 
oncogenes or a tumor suppressor gene. The LPDs classified as polymorphic B
cell hyperplasia or lymphoma were frequently ones that originated in the lungs 
or gastrointestinal tract; they had monoclonal immunoglobulin gene rear
rangements and distinct clonal proliferations of EBV but lacked any abnor
malities of the cellular genes studied. The final group of immunoblastic 
lymphoma/multiple myeloma LPDs had monoclonal immunoglobulin gene 
rearrangements, clonal EBV, and a variety of cellular gene mutations. Of the 
plasmacytoid immunoblastic lymphoma/multiple myeloma cases, one had a 
mutation in c-myc, but all three had the same N-Ras mutations of codon 61. 
There were no K- or H-Ras mutations in any of the cases. Both the LPD cases 
classified as pleomorphic immunoblastic lymphoma had mutations of p53. The 
findings in the most malignant variety of LPD were consistent with findings 
published previously showing that expression of Ras oncogenes in an EBV cell 
line caused malignant transformation [31]. In general, the mutations of cellular 
genes confirmed the clinical nature of these lesions (table 3). If there were no 
cellular gene abnormalities, the lesions tended to regress when immunosup
pressive therapy was minimized. However, the malignant lesions in the third 
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Table 3. Molecular characteristics of LPD 

Plasmacytic Polymorphic Immunoblastic 
hyperplasia B-cell hyperplasia lymphoma 

Immunoglobulin Polyclonal Monoclonal Monoclonal 
gene rearrangement 

EBV infection Polyclonal Monoclonal Monoclonal 
c-myc mutations No No Yes 
N-Ras mutations No No Yes 
p53 mutations No No Yes 

LPD group (with the cellular gene mutations) required chemotherapy to treat 
and most often caused the death of the patients. Overall, the LPDs provide 
concise examples of the hypotheses relating to malignant transformation of 
lymphocytes. EBV serves as the 'driver' of the lymphocyte proliferation, 
which becomes malignant only with mutation of cellular genes. Since these 
proliferative and mutagenic events may occur independently in an immuno
suppressed patient with LPD, different lesions within the same patient may 
exhibit any of the three stages of LPD when examined at any specific time in 
the course of the patient's illness [32]. 

It is clear that EBV remains the central factor in the development of LPD. 
Several publications have shown that increasing levels of circulating EBV 
correlate most highly with the transplant patient developing an LPD [33-35]. 
An increase in the titer to VCA may be a hint that a patient may develop an 
LPD. However, the amount of rise is dependent on whether the patient was 
seropositive before the transplant or not [33]. Preiksaitis et al. showed that 
quantitation of oropharyngeal EBV shedding by a DNA dot-blot assay could 
be helpful in following transplant patients at risk for LPD [35]. In their study, 
serologic responses to EBV underestimated the amount of EBV activity. 
Subsequently, others have reported that the clearest indication of an incipient 
LPD is a rise in the amount of EBV DNA amplified by the polymerase chain 
reaction (PCR) from peripheral blood mononuclear cells. Another indication 
of profound immune suppression and a fatal outcome was concomitant infec
tion with CMV [34]. In a larger group of patients, Riddler et al. showed 
dramatically increased levels of EBV in those transplant patients who devel
oped LPD [34]. Of patients who were seropositive before transplant, all the 
LPD patients had over 1000 EBV genomes per 100,000 peripheral blood 
lymphocytes. The EBV seropositive patients who did not develop an LPD had 
500 or fewer copies of EBV DNA per 100,000 peripheral blood lymphocytes. 
Although the amount of EBV in pre transplant seronegative individuals was 
higher in general after transplant, those with over 50,000 genomes per 100,000 
cells were the most likely to have an LPD. In both these patient groups, the 
absence of or decrease in the serologic titer to EBNA2 was associated with the 
onset of the LPD. The data show that when EBV infection goes unchecked, 
there is a higher level of viral replication and thus a greater chance for B cells 
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to develop a malignant change. There was no relationship between the viral 
load, clonality of EBV, and the morphologic features of the LPD [34]. How
ever, the pre transplant serologic status correlated with outcome. Patients who 
were seronegative before transplant had the worst outcome in that 3 of 6 
patients died of LPD as opposed to 0 of 6 who were seropositive before their 
transplant. 

A correlative means of defining the presence of EBV and the chance of an 
LPD was found in liver biopsies of liver transplant patients who were being 
evaluated for hepatitis and graft rejection [36]. Seventy-one percent of the 
patients with subsequent LPD had EBV detected by in situ hybridization using 
the EBV EBER RNA probes on a prior liver biopsy. Only 10% of controls 
who did not develop an LPD had EBV detected. Most (13 of 17) patients with 
LPD and EBV in a liver biopsy were diagnosed with the LPD within 100 days 
of the positive biopsy. Ten of the 17 LPDs were in the liver and seven were in 
other organs. The EBER-positive cells were usually small lymphocytes and 
larger cells of the blast-transformed morphology. In addition, some bone fide 
hepatocytes (as determined by double-labeling experiments) were also posi
tive for EBER RNA. Fifteen of the 17 patients had histologic changes indica
tive of EBV -hepatitis. 

3.6. Cytokines in LPD 

Interleukin-6 (IL-6), which has a key role in B-cell differentiation, has been 
implicated in the pathogenesis of multiple myeloma, Castleman's disease, and 
Kaposi sarcoma [37-39]. IL-6 can work in both autocrine and paracrine path
ways to stimulate B-cell growth and secretion of immunoglobulins [40,41). 
Likewise, IL-6 is elevated in the serum of LPD patients, and increased levels 
correlate with a greater chance of developing the LPD [43]. IL-6 is especially 
relevant to the LPD in transplanted patients because it can be induced by 
cyclosporine in monocytes and T lymphocytes [43]. Cyclosporine inhibits a 
variety of T-Iymphocyte and natural killer (NK) cell functions including IL-2 
production [44J. IL-6 also suppresses NK function and increases the 
tumorigenicity of B cells [45). When EBV-infected peripheral blood mono
nuclear cells are cultured with cyclosporine, the amount of EBV produced in 
each cell increases by as much as tenfold [42). These results demonstrate how 
the combination of EBV, IL-6, and cyclosporine could dramatically increase 
the chances for LPD in transplant patients. 

Although there have been no clinical trials, interleukin-4 (IL-4) could theo
retically be used in the therapy of LPD. Schwarz et al. showed IL-4 injections 
slowed the dissemination of an EBV-infected Burkitt's lymphoma cell line in 
severe combined immunodeficient (SCID) mice [46]. Mice were injected with 
106 tumor cells, and 7 to 14 days later, IL-4 injections were begun. The mice 
without IL-4 therapy rapidly developed diffuse tumor infiltration of all organs. 
Those with IL-4 had no dissemination of tumor cells. Since IL-4 had no effect 
on the tumor cells in vitro, it was suggested that the cytokine had recruited NK 

49 



Table 4. Role of cytokines in lymphoproliferative diseases 

IL-6 promotes 

By: Enhancing EBV proliferation 

Stimulating B-cell growth 
and tumorigenicity 

Suppressing natural killer 
cell function 

IL-4 controls 

Decreasing EBV 
dissemination 

Downregulating 
VCAM-l 

cells that are present in the SCID mice. Another possible effect of IL-4 could 
be the downregulation of the vascular adhesion molecule VCAM-1, which 
would decrease the chance of the tumor cells extravasating via binding of the 
integrins on the tumor cells [47] (table 4). 

3.7. Treatment options for EBV-LPD 

Shortly after the problem of LPD in renal transplants began, it was recognized 
that reduction of immune suppression was the easiest way of controlling the 
disease [7,48]. This treatment seemed to be effective in many of the diffuse B
cell hyperplasias no matter which drug dose - azathoprine, cyclosporine, or 
prednisone - was lowered. 

Successful anti-EBV therapy with acyclovir or ganciclovir has been re
ported [7,49]. Both these agents are theoretically effective during times of 
active EBV replication (lytic infection). Either antiviral agent will clear EBV 
from throat washings, but there is a rapid rebound after the drug is withdrawn. 
The latent form of virus in lymphocytes is not affected [35]. It is difficult to 
judge the role of the antiviral agents because their use often coincides with a 
decrease in immune suppressive therapy and some patients do not respond to 
acyclovir [7]. A new antiviral (penciclovir) has effects on replicating virus 
similar to acyclovir [50]. 

Anti-B-cell antibodies have also been used to treat patients with LPD [51]. 
Two children who received mismatched bone marrow transplants for congeni
tal immunodeficiency and were given cyclosporine developed LPD at days 50-
60 post BMT. They were treated with a combination of mouse monoclonal 
antibodies against the CD21 and CD24 antigens of B cells. All symptoms 
and sign of the LPD resolved after a lO-day treatment, and there were no 
recurrences. 

Alpha-interferon in LPD patients has been a successful therapy for some 
[52]. In the original group of patients, one lived after receiving high-dose (2 
million units/M2) alpha interferon. Subsequently, 4 of 4 patients were cured of 
LPD by early institution of the interferon and high-dose intravenous gamma 
globulin therapy [52]. 

An alternative method of specific anti-B-cell therapy has been suggested in 
a mouse model of human EBV-B-celllymphomas [53]. When human periph-
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Table 5. Treatment of lymphoproliferative disease posUransplant 

1. Decrease immune suppression 
2. Acyclovir trcatment of EBV? 
3. Anti-B-cell monoclonal antibodies 
4. Anti-CD40 monoclonal antibodies 
5. Alpha-interferon and IV IgG 

eral blood lymphocytes are injected into SCID mice, some of the normally 
latently EBV-infected cells can proliferate and cause the death of the mice 
[54]. By using this model, Murphy et al. showed that antibodies to CD40 may 
inhibit the lymphoma genesis [53]. CD40 stimulation promotes normal B-cell 
proliferation but inhibits proliferation of human B-cell lymphomas in vitro 
and in vivo [55]. Although this model system seems very encouraging with 
regard to LPDs, it should be noted that the authors found no effect of CD40 
antibodies on human myeloma cell lines. This fact is discouraging because 
some of the most malignant LPDs have characteristics of myelomas [30]. 
Recently, Swinnen et al. showed that aggressive chemotherapy could be cura
tive for LPD patients with malignant lymphomas [56] (table 5). 

4. Malignancies of children with HIV infection 

A 1994 Center for Disease Control summary of the 6200 cases of AIDS in 
children noted 42 cases of Burkitt's lymphoma, 32 cases of immunoblastic 
lymphoma, and 23 primary CNS lymphomas, which gives an overall 
lymphoma prevalence of 1.6%. (personal communication, Mary Lou 
Lindegren, M.D., CDC). A European study documented cancer in 8% of 
children with AIDS [57]. It is believed that this number is low, since only the 
initial AIDS-defining condition is usually reported and cancer may not be the 
first condition. In addition, leiomyosarcomas (apparently the second most 
frequent malignancy of children with AIDS) and several other tumors, includ
ing Hodgkin's disease, B-cell leukemias, and other rarer tumors, are not 
AIDS-defining conditions. 

4.1. Non-Hodgkin's lymphoma 

As with the congenital immunodeficiencies, a child with AIDS has a markedly 
increased chance of developing non-Hodgkin's lymphoma (NHL). In hemo
philiacs with HIV infection, NHL is 36 times more common than in the HIV
negative children [58]. Most of the NHLs are B-Iymphocytic tumors of the 
small noncleaved cell or immunoblastic histology and have an 8: 14 chromo
somal translocation. These types of NHL represent approximately 25%-40% 
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of lymphomas in otherwise normal children, so cases may not be recognized as 
AIDS-associated at first. Thus, all children who develop lymphoma should be 
tested for HIV infection. 

Most pediatric AIDS patients with NHL acquired the HIV infection verti
cally or from transfusion of blood and clotting factor concentrates. The mean 
age for discovery of malignancy in the vertically infected group is 35 months, 
with a range of 6---62 months. [59]. In hemophiliacs, the latency is longer, with 
cases presenting up to age 18 years [60]. The latency from time of HIV 
seroconversion to onset of the lymphomas was 22-88 months, and all pediatric 
patients had CD4 lymphocyte counts less than 50/mm3 at diagnosis of the 
malignancy. 

Children with AIDS lymphomas present with fever and weight loss and 
typically demonstrate extranodal manifestations of hepatomegaly, jaundice, 
or abdominal distention, evidence of bone marrow involvement, or CNS 
symptoms. Some of these patients had prior lymphoproliferative diseases 
such as lymphoid interstitial pneumonitis (LIP) or pulmonary lymphoid 
hyperplasia (PLH) [57]. Like patients with primary immune deficiency, the 
AIDS patients often have diffuse (stage III or IV) disease at the time of 
presentation. 

There is a higher than normal incidence of CNS lymphomas in AIDS 
patients, who may present with developmental delay or loss of developmental 
milestones, dementia, cranial nerve palsies, seizures, or hemiparesis [61]. The 
differential diagnosis of infection versus malignancy may be difficult, since 
CNS symptoms and a mass lesion seen on computed tomography (CT) might 
be from toxoplasmosis or cryptococcus as well as from lymphoma [62]. Con
trast-enhanced CT studies of the brain reveal a rim of enhancement in both 
neoplastic or infectious etiologies. A sterotactic biopsy can give a definitive 
diagnosis. Recently, positron emission tomography (PET) has provided help 
as a noninvasive diagnostic test [63]. A prospective study of AIDS patients 
using this technique demonstrated that lymphomas were hypennetabolic 
lesions and the toxoplasmosis hypometabolic. 

4.2. Treatment of AIDS lymphomas 

Effective chemotherapy for NHL in an AIDS patient is possible. Important 
good prognostic features of the patients include a CD4 lymphocyte count 
above 100/mm3, a near normal serum LDH level, no prior AIDS-defining 
illnesses, and good Karnofsky score (80%-100%). The number of pediatric 
AIDS patients treated for lymphoma is low, and no series of patients has been 
published. There are reports of cyclophosphamide (Cytoxan), vincristine 
(Oncovin), doxorubicin (adriamycin), methotrexate (amethoperin), cytar
abine (cytosine arabinoside), and prednisone plus intrathecal methotrexate 
and/or cytosine arabinoside providing durable remissions of up to seven years 
[57,61,64-71]. CNS lymphomas are more difficult because of delay in diagnosis 
[59]. Intrathecal therapy is indicated even for those without evidence of dis-
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ease [71]. Radiation therapy may be a helpful adjunct for CNS involvement 
[67]. In general, HIV-infected children with lymphoma should be treated on 
standard protocols as recommended by the Pediatric Oncology Group (POG) 
and the Children's Cancer Group (CCG). 

Alpha-interferon is currently under study by the Pediatric Oncology Group 
(POG) for treatment of AIDS-associated malignancies. This agent was chosen 
because it has no cross-resistance to chemotherapy, a known anti-HIV activ
ity, and reported responses of some lymphomas [72,73]. 

Supportive care for patients undergoing chemotherapy should include anti
retroviral treatment (as tolerated vis-a-vis cytopenias), pneumocystis carinii 
prophylaxis, and G-CSF after the completion of chemotherapy. 

4.3. Etiology of NHL in AIDS patients 

Primary features of HIV infection include lymphadenopathy and atypical 
lymphoproliferations in many organs [74]. Some of these lymphoproliferative 
diseases have been associated with EBV infection and include lymphocytic 
interstitial pneumonitis and CNS lymphoma [64]. Shibata et al. showed the 
frequency of EBV in benign lymph node biopsies of HIV-infected patients 
[75]. EBV DNA was present in 13 of 35 biopsies of AIDS patients with 
persistent generalized adenopathy, but in none of nodes from HIV-negative 
individuals. Important in this study was the fact that some of these 13 had 
lymphoma concurrent with the hyperplastic node and others developed 
lymphoma from 1-22 months later. 

Interestingly, not all NHLs of AIDS patients have EBV DNA in the tumor 
cells. From 35 % to 77% of NHLs outside the CNS in adults or in children with 
AIDS seem to be associated with EBV [76]. For CNS lesions, this rate is 100% 
as determined by in situ hybridization using probes for the EBER region of the 
EBV genome [77]. Of the Burkitt-type lymphomas, only 34% had EBV in the 
tumor cells. This result confirmed findings by others who have documented c
myc gene rearrangements rather than evidence of EBV genome in many 
individuals with AIDS-associated NHLs [78]. HIV has been found only rarely 
in the lymphoma cells but may be present in surrounding lymphocytes or 
macrophages [79,80]. It is more likely that any cofactor role of HIV relates to 
cytokines which are produced as a result of the HIV virus. Interleukins-1, -2, 
-6, -7, and -10, interferon-gamma, tumor necrosis factor, and B-cell growth 
factor have all been identified [81-83]. Since EBV cannot always be implicated 
in the etiology of the NHLs of AIDS patients, some other factors must play an 
important role. 

Mutations or rearrangements in the c-myc oncogene are frequent in AIDS 
NHLs. The classic t(8: 14), t(2;8), or t(8: 22) that position an immunoglobulin 
gene enhancer near the myc oncogene in Burkitt's lymphoma are well known 
[84]. The number of HIV-infected patients with NHL and rearrangements in 
c-myc is variable (40%-75 % ) depending on the methodology, type of patients, 
and locations of the lymphomas [85,86]. 
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Thus, as with most cancers in humans, no one agent or event can be 
uniformly designated as the cause of NHL in AIDS patients. Rather, a multi
step pathway to malignancy occurs from immunosuppression, viral infections, 
enhanced B-cell turnover from growth factors, and finally some genetic 
change(s). 

4.4. AIDS-associated leiomyosarcomas and leiomyomas 

Children with HIV infection have a high incidence of benign or malignant 
smooth muscle tumors [59,87]. Leiomyosarcomas (LSs) and leiomyomas 
(LMs) occur at a rate of less than 2 cases per 10 million in non-HIV-infected 
children. More than 16 cases of LS and LM have been reported among the less 
than 6200 children with AIDS. These tumors originate in the lungs, spleen, and 
gastrointestinal tract, with symptoms consistent with endobronchial or intesti
nal obstruction. EBV in situ hybridization studies of the LM and LS demon
strate that EBV, but not HIV, was present in every tumor cell and not in the 
adjoining normal cells [88]. Quantitative PCR studies corroborated the in situ 
data by demonstrating high copy numbers of EBV in the tumor and increasing 
concentrations of EBV DNA in serial studies of patient plasma at times before 
the tumors were diagnosed. Immunostaining for the EBV receptor (CD211 
C3d) on tumor tissue revealed a high concentration, but less on normal smooth 
muscle or control LN/LS. It is thought that the EBV receptor may be 
upregulated, allowing EBV to enter the muscle cells in AIDS patients. One of 
the EBV transforming genes such as EBNA2 may play a key role, since 
EBNA2 has been identified in a tumor of liver transplant patients that is 
infected with EBV like the leiomyosarcomas [89]. 

4.5. Treatment oj LMILS in AIDS patients 

There have been no consistent treatments of these patients, but continuous
infusion doxorubicin (adriamycin) or alpha-interferon and/or radiotherapy 
have provided partial responses. Complete surgical resection is important. 

4.6. Other lymphoproliJerations oj AIDS patients 

Reactive and proliferative lymphoid lesions associated with mucosa of the 
gastrointestinal tract, Waldeyer's ring, salivary glands, respiratory tract 
and other sites such as the thyroid, thymus, etc. are now known as mucosa
associated lymphoid tissue (MALT) [90,91]. Reactive follicles, proliferation 
of centrocytic cells of the marginal zone, lymphoepithelial lesions, and 
plasmacytoid differentiation are characteristic. The MALT lesions bridge the 
continuum of LPD from reactive to neoplastic lesions. Neoplastic lesions are 
usually of low grade but may progress to high-grade MALT lymphomas 
[92,93]. The spectrum of other lymphoid lesions of lungs (pulmonary lymphoid 
hyperplasia/lymphoid interstitial pneumonitis - PLH/LIP - complex) and 
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other organs described previously in children should also be considered as 
MALT lesions [94,95]. 

4.7. Leukemias and Hodgkin's disease 

Most leukemias of children with AIDS are of B-cell origin, which is consistent 
with the types of lymphomas [96,97]. They represent the fourth most common 
malignancy of children with AIDS the first three being NHL, leiomyo
sarcomas, and various forms of Kaposi's sarcoma. The clinical presentation 
and biologic features are similar to those found in non-HIV-infected children. 
Also, these patients have achieved stable remissions with chemotherapy that 
includes intravenous vincristine, prednisone, cyclophosphamide, doxorubicin, 
methotrexate, and intrathecal cytosine arabinoside [96,97]. Unlike adults, 
there is no apparent increase of Hodgkin's disease in children with AIDS 
[94,98]. 

4.8. Kaposi's sarcoma 

Although Kaposi's sarcoma (KS) occurs in about 25% of adults with AIDS, it 
is rare in children. A review of 30 cases of KS in children reports that most 
were HIV-infected children born to mothers in groups at high risk for KS 
(heterosexual transmission via a bisexual partner) or who acquired HIV infec
tion postnatally via contaminated blood or blood products [99]. 

There is some controversy about the diagnosis of KS in children, since this 
lesion may be easily confused with other conditions. For instance, the relative 
prominence of vascularity in an atrophic lymph node in a child who died of 
AIDS may be mistaken for KS. Also, there is a nodular spindle-cell vascular 
transformation of retroperitoneal and other lymph nodes that mimics KS 
[100]. Infection with Bartonnela henselae, which causes bacillary angiomatosis 
(BA), may create a vasoproliferative lesion. However, BA lacks the spindle 
cell element and bizarre shapes of the vascular channels seen in KS [101]. The 
lymphadenopathic form of KS is seen mostly in children born to Haitian 
parents or in African children and probably represents the epidemic form of 
KS unrelated to AIDS [102]. Only the cutaneous form is a true indicator of the 
disease related to AIDS [103]. Thus, it appears that the stated frequency of 6% 
of HIV-infected children developing KS is a gross overestimate. Visceral 
involvement (01 tract, lungs, etc.), although clinically suspected in some cases, 
has not been pathologically documented in children with AIDS. 

4.9. Other AIDS-associated malignancies in children 

Adolecents are too often forgotten in our consideration of HIV -infected indi
viduals because of the frequency of reports of infants and adults with their 
various risk factors. Teenagers may exhibit risk-taking behavior that gives 
them the same problems as adults, and all physicians must be aware of the 
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confluence of these dangers. One example is the human papilloma virus 
(HPV)-associated condylomatous lesions in children and adolescents with 
AIDS [94]. There have been reports of cervical condylomata and cervical 
carcinoma in this age group [104]. The spectrum of cervical dysplasia from 
minimal to frank intraepithelial neoplasia may progress quickly in patients 
with AIDS [l05]. Physicians caring for adolescent girls with HIV infection 
should look for the HPV-related genital lesions in their patients, and if found, 
these lesions should be treated promptly so that their progression to malig
nancy is prevented. 

Only single cases of the following types of tumors have been reported in 
children with AIDS: hepatoblastoma, embryonal rhabdomyosarcoma of the 
gall bladder, fibrosarcoma of liver, and papillary carcinoma of thyroid 
[59,94,106]. These tumors probably represent coincidental occurrences rather 
than true association with HIV infection. 

Since malignancies in children with AIDS are rare, it is important that every 
one be studied completely with regard to type and incidence, risk factors, and 
biologic features. The Pediatric Oncology Group (POG) has established a 
national registry and treatment protocols. Patient information and fresh, fro
zen, and fixed specimen studies are coordinated through the POG Statistical 
Office in Gainsesville, Florida (telephone 352-292-5198, FAX 352-392-8162). 
The collaborative efforts of all physicians treating children with AIDS and 
malignancies will be needed to advance our knowledge and efficacy in treating 
these diseases. 
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3. Familial cancer syndromes and genetic counseling 

Gail E. Tomlinson 

1. Introduction 

The past several years have witnessed the identification of numerous genes 
that contribute to cancer development, many of which may be inherited in an 
altered state so as to predispose to the development of cancer. Collectively, 
the application of these new gene discoveries will have a significant impact on 
public health in both pediatric and adult medical practices. 

For the oncology specialist, the identification of cancer predisposition genes 
will provide a new challenge in counseling family members as well as a tremen
dous power in predicting which patients will be most at risk for second primary 
cancers. In some cases, identification of a familial form of cancer at diagnosis 
may have an impact on the course of therapy chosen. A frequent question 
asked by parents of pediatric cancer patients concerns the possible genetic 
origins of their child's cancer and the possibility of increased cancer risk to 
other children in the family. Historically, the cancer specialist has been 
equipped with little in the way of factual knowledge to address such questions 
and is left to give the family broad reassurances that most cancers are not 
hereditary. As data accumulate regarding the genetic epidemiology of child
hood cancer, the clinician will soon be able to more accurately assess cancer 
risks to other family members and, in some cases, to use laboratory data to 
determine individual risk factors. 

As of 1996, over 20 genes had been identified in which heritable constitu
tional mutations predispose to cancer development [1-20]. These are shown in 
figure 1 in the order in which they were identified. The identification of 
multiple genes within a short period of time for the common adult cancers, 
breast and colon cancer [10-13,15], has attracted much public attention; how
ever, many of the essential concepts of hereditary cancer predisposition derive 
from the study of genes that predispose to pediatric cancers. 

The first cancer predisposition gene to be isolated was RBI, the gene for 
hereditary retinoblastoma [1], which was cloned a decade after cytogenetic 
studies of retinoblastoma revealed deletions of chromosome 13 in normal and 
tumor tissues from retinoblastoma patients [21,22]. Similar chromosomal ob
servations in a subset of Wilms' tumor patients demonstrating losses at chro-
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Figure 1. Number of cancer predisposition genes identified to date, shown by year of discovery: 
RBI, hereditary retinoblastoma (1); WTl, Wilms' tumor (2); TP53, Li-Fraumeni breast sarcoma 
cancer family syndrome (3); NFl, neurofibromatosis type 1 (4); APC, adenomatous polyposis coli 
(5); AR, androgen receptor (6); hMSH2, hMLHI, hPMSl, hPMS2, nonpolyposis hereditary colon 
cancer (10--12); VHL, von Rippel-Lindau disease (7); RET, multiple endocrine neoplasia, type 2, 
familial medullary thyroid cancer (9); NF2, neurofibromatosis, type 2 (8); CDKN2A, familial 
melanoma (14); BRCAl, familial breast and ovarian cancer (13); TSC2, tuberous sclerosis (18); 
BRCA2, familial breast cancer (15); BLM, Bloom's syndrome (16); ATM, ataxia telangiectasia 
(17); PTCH, nevoid basal cell carcinoma syndrome (19); GPC3, Simpson-Golabi-Behmel syn
drome (20). 

mosome 11p directed investigators to the isolation of the Wilms' tumor gene 
WTl [23,24]. In the cases of other predisposition genes, such as those for 
breast and colon cancer, observations of very large pedigrees with multiple 
affected family members enabled genetic linkage studies to track the inheri
tance of multiple genetic markers through multiple generations in order to 
determine the precise chromosomal location harboring the gene of interest 
[25-27]. It is to be expected that as mapping and sequencing of the human 
genome proceeds to completion, many more genes that influence the inherited 
susceptibility to cancer will be identified. 

Most of the cancer-predisposing genes discovered to date correspond to a 
clinically described syndrome. This chapter will highlight some of the known 
familial cancer syndromes and their corresponding genes with respect to how 
they may apply to pediatric patients and their families. 

Many practicing pediatricians and pediatric oncologists have undoubtedly 
observed occasional families that do not fit into a recognizable familial cancer 
syndrome but in which more than one child has been diagnosed with cancer or 
in which both a child and parent have a cancer diagnosis. It is unclear at this 
time whether in these situations such familial clustering of childhood cancer is 
due to chance factors, common environmental exposures, or yet unknown 
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genetic factors. In one large series composed of families in which two children 
have been diagnosed with a form of cancer, over half of the sibling pairs 
described did not fall into a recognizable familial cancer syndrome [28]. The 
most common types of tumor observed to occur in sibling clusters were leuke
mias or central nervous system (eNS) tumors, which are also the most com
mon types of childhood cancer overall. 

As more is learned about the multiple genes known to predispose to cancer, 
about environmental causes of cancer, and about gene-environmental interac
tions, it may become easier to ascertain the extent to which genetic predispo
sition factors, as opposed to environmental factors or chance, playa role in 
such cases of familial clustering. 

2. The two·hit hypothesis: a paradigm for familial cancer 

Some of the earliest and most significant advances in understanding basic 
aspects of familial cancer have come from the study of pediatric cancers. 
Indeed, the two-hit model predicted over 25 years ago for hereditary 
retinoblastoma and other pediatric tumors [29-31] has demostrated applicabil
ity to many types of cancers, both pediatric and adult. 

In 1971, Knudson proposed a model of tumor formation that was based on 
demographic observations [29]. By analyzing age of onset and tumor laterality, 
he proposed a mathematical model to explain the pathogenesis of retino
blastoma as occurring in two forms - hereditary and nonhereditary - and 
suggested that each of these forms requires the same two types of mutations or 
'hits.' According to the two-hit model, in cancers of the hereditary form, the 
initial mutation affects a tumor suppressor locus in the germline. The mutation 
becomes present in every body cell but does not cause a clinical phenotype -
i.e., a tumor - until a second acquired mutation inactivates the other, wild
type allele at the corresponding locus on the other chromosome. However, the 
same type of tumor may develop in an individual in the absence of a constitu
tional mutation - i.e., in a nonhereditary form. In this form of the tumor, an 
individual body cell acquires two separate mutations of the same gene such 
that both the maternally and paternally derived inherited copies become 
inactive at times after conception. 

The hereditary forms of the tumor occur within a younger age range be
cause in these cases tumor formation only requires one hit postconception, 
whereas tumors in individuals who do not carry a mutation in the germline 
develop at a somewhat later age because of the time necessary for two inde
pendent mutations to occur in the same cell. In addition, in the hereditary 
forms of cancer, when an entire organ such as the retina carries a genetic 
mutation and is thus at risk of developing disease, bilateral or multifocal 
tumors are seen more frequently. 

In this model, the tendency to inherit a tumor, the so-called at-risk state, is 
inherited in a dominant fashion, and thus 50% of the offspring of a mutation 
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carrier will be at risk; however, not all such individuals will actually develop 
cancer. The transformation of 'normal' (although genetically predisposed) 
cells to tumor depends on the inactivation of the remaining normal copy of the 
gene - hence the concept of recessiveness in the tumor tissue. Most cancer 
susceptibility genes are thought to act dominantly, and all the syndromes to be 
discussed in this chapter involve dominant susceptibility. 

Dominant cancer susceptibility genes have the potential of being passed on 
to 50% of offspring for multiple generations. Mutation of the breast cancer 
gene BRCAI has been estimated to have been transmittable for up to 170 
generations [32]. Because of the mortality associated with many types of 
childhood cancer, however, along with the decreased reproductive capacity 
associated with cancer treatment, many germline genetic mutations account
ing for pediatric cancers have undoubtedly been lost from the population. New 
mutations occur, however, that compensate for those lost from the population. 
In fact, most germline mutations for the RBI gene are new mutations, as are 
half of NFl mutations [33,34]. As treatment of pediatric cancers and survival 
rates improve, the potential exists for an increase in the number of carriers of 
germline mutations in cancer predisposition genes in the population. 

3. Retinoblastoma: from genetics to genetic counseling 

The detailed understanding of the genetics of retinoblastoma has made pos
sible the counseling of family members and has allowed an estimation of risk 
to siblings and offspring. The benefit of this ability to recognize at-risk indi
viduals within families permits earlier diagnosis of disease and, in some cases, 
limits the extent of therapy - benefits that may preserve maximum vision. 
Therefore, every attempt should be made to identify high-risk individuals. 

Approximately 40% of all cases of retinoblastoma are thought to occur in 
children with a constitutional predisposition, manifested either by the pres
ence of bilateral tumors or a positive family history. In about 10% of cases, the 
mutation is inherited from an affected parent, while in 30% of cases the 
mutation is a new germinal mutation [34]. The remaining 60% of cases are 
unilateral and occur in the absence of a positive family history. These cases are 
often termed sporadic, although in perhaps 10% of them a germline mutation 
will exist, and this small percentage of cases are the most difficult to identify 
and counsel as to genetic risk factors [34]. 

Constitutional mutation of the RBI gene is associated with a very high 
penetrance, i.e., a very high probability of developing the disease. There is no 
evidence for genetic heterogeneity from family linkage studies, and it is pre
sumed that virtually all cases of bilateral retinoblastoma result from germline 
mutation of the RBI gene. Ninety percent of children born with a germline 
RBI mutation will develop the disease in early childhood, with the mean age 
of diagnosis being less than one year. A few individuals will appear clinically 
unaffected, but upon examination of the retina will be found to have a benign 
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retinocytoma. These tumors are thought to be spontaneously regressing be
nign tumors; however, they may be a manifestation of a constitutional RBI 
mutation [35]. In the absence of an apparent family history, examination of the 
eyes of parents of every child diagnosed with retinoblastoma is indicated in 
order to explore the possibility of such sub-clinical lesions, which would then 
point to an inherited predisposition in the child. 

In the absence of molecular studies to determine carrier status, it is esti
mated that when a positive family history of retinoblastoma is present, siblings 
of a patient with bilateral retinoblastoma will have a 45% chance of develop
ing disease. This is the observed rate in the large British registry of over 1600 
retinoblastoma patients described by Draper et al. [36] and is also consistent 
with a model of an autosomal-dominant gene with 90% penetrance. Siblings of 
patients with unilateral disease in a familial setting have a 30% chance of 
developing retinoblastoma. Interestingly, siblings of bilateral cases also de
velop bilateral disease, whereas siblings of unilateral cases tend to develop 
unilateral disease, suggesting that in some families the predisposing mutation 
may be characterized by a milder phenotype, i.e., lesser number of tumors per 
individual [36]. The existence of such 'low penetrance' mutations has been 
confirmed by molecular studies [37,38]. 

For families in which there is no previous history of retinoblastoma, the risk 
to siblings is considerably less, even in bilateral cases. In these families, it is 
thought that approximately 75% of bilateral cases develop due to a new 
mutation present at conception as a result of a sporadic mutation in a single 
parental germ cell; however, in a small percentage of cases, there exists a 
previously unrecognized mutation carried by one of the parents. The observed 
incidence of retinoblastoma in siblings of bilateral patients in the absence of a 
family history is 2 %; if unilateral, the incidence is 1 % [34]. When other siblings 
in the family are already known to be unaffected, the chance of the parents 
being carriers is further diminished, and the risk to other siblings decreases to 
less than 1 % [36]. 

The risk to offspring of survivors of hereditary retinoblastoma is 44%, 
similar to the risk of retinoblastoma to siblings of children with familial 
retinoblastoma, and again consistent with the 50% chance of passing the 
mutant gene to each offspring, coupled with an expected 90% penetrance. For 
offspring of survivors of sporadic unilateral retinoblastoma, assuming that a 
small percentage of cases will in fact be carriers of a germline mutation capable 
of causing retinoblastoma, this risk has been estimated to be 0.7% [36]. 

Since the cloning and genetic sequence determination of the RBI gene 
[1,39], detection of the disease-causing mutation in a given family has become 
theoretically possible. The spectrum of molecular abnormalities is wide and 
includes karyotypic abnormalities, large DNA rearrangements detectable by 
Southern blotting, point mutations causing amino acid substitutions, and mu
tations causing DNA splicing alterations [40-45]. Because of the wide range of 
possible types of mutations, as well as the large size of the RBI gene, mole
cular detection of the precise defect within a given family becomes very labor 
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intensive and costly and has been impractical for routine clinical use. It is con
siderably easier from a technical standpoint to determine carrier status using 
polymorphic markers if two affected family members are available for blood 
sampling [46-48]. The chromosomal origin of the mutant gene can be deter
mined, and it can then be determined if other members of the family also carry 
the affected allele. Earlier work in this area relied on the technique of restric
tion fragment length polymorphisms (RFLPs) [46,48]. In recent years, this 
type of analysis has largely been replaced by the use of polymerase chain 
reaction- (PCR-) based polymorphic markers, which are more informative 
[47]. 

An example of how polymorphic markers can be used to identify mutation 
carriers within a family is shown in figure 2. The DNA marker used yields 
highly informative data in 90% of families. DNA fragments generated by PCR 
vary in size among the normal popUlation from 500 to 600 base pairs [47]. In 
the family shown in figure 2, the allele common to the mother and affected son 
is also observed in the daughter (11-3) but not in the unaffected son (11-2). 
Therefore, the son does not need close surveillance for tumor development. 
The unaffected daughter (11-3) has inherited the mutant allele and therefore 
has a 90% chance of developing retinoblastoma in infancy or early childhood. 
In the absence of molecular diagnostic testing, each child would have a 45% 
chance of developing the disease and would undergo regular ocular exams 
under general anesthesia starting in early infancy. Thus, molecular diagnostic 
testing in informative families can save the risk and expense of frequent eye 
exams in noncarriers. 

I 

II 
600-~--------------------------------~ 

bp 550-

500-L-____________________________ ~ 

~ Allele segregating 
with disease 

Figure 2. Use of polymorphic markers at the RBI locus to genotype members of a nuclear family 
in which mother and son are affected with the disease retinoblastoma. Squares represent males, 
circles represent females. Darkened symbols indicate individuals clinically affected with cancer -
in this case, retinoblastoma. The arrow designates the allele that the son with retinoblastoma (II
I) has inherited from his mother, who also had retinoblastoma. This same allele is observed in 
DNA from the daughter (I1-3), who is therefore at high risk of developing retinoblastoma. 
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From follow-up studies, it is apparent that survivors of retinoblastoma have 
an increased risk of developing a second malignancy. Draper et a1. reported 
the overall second tumor incidence to be 2% at 12 years and 4.2% at 18 years. 
For patients with retinoblastoma of the hereditary form, the incidence of 
cancer is 8.4% at 18 years [49]. A population-based study in Denmark ana
lyzed 175 cases of retinoblastoma with an average follow-up of 20 years and 
found the overall relative risk for a new primary non ocular cancer to be 4.2. 
For the hereditary form of retinoblastoma, the relative risk was 15.4 [50]. Eng 
et a1. predicted a 26% probability of death from second primary neoplasms at 
40 years of age for patients with bilateral retinoblastoma [51]. 

In all series reported, many of the second tumors occurred within the field 
of radiation, suggesting that germline mutations of the RBI gene and radiation 
act together. However, a significant number of tumors also occur outside the 
radiation field, suggesting that RBI by itself also predisposes to tumor types 
other than retinoblastoma. Osteosarcoma is by far the most common second 
primary tumor type, although other tumors, including other sarcomas, malig
nant melanomas, and carcinomas, have been observed. In addition, patients 
with hereditary retinoblastoma develop an excess of benign lipomas [52]. 
Molecular analyses of the osteosarcomas in retinoblastoma survivors reveal an 
acquired loss of the wild-type allele, suggesting that the RBI gene was in
volved in the pathogenesis of these tumors and that the RBI gene may thus be 
a pleiotropic cancer predisposition gene [53]. 

Survivors of hereditary forms of retinoblastoma therefore require both 
close vigilance for the possible development of second tumors and prompt 
biopsy and diagnosis of any suspicious mass or lesion. The adult survivor of 
unilateral retinoblastoma will have a small chance of carrying a germline 
mutation, and thus the need for surveillance again is an issue; however, specific 
guidelines as to the type and frequency of screening procedures for these 
patients as well as their offspring are undetermined. 

4. Wilms' tumor: multiple geuetic origins 

Wilms' tumor occurs in both hereditary and nonhereditary forms and was 
initially statistically modeled in a fashion similar to retinoblastoma, with bilat
eral tumors and those occurring in the context of a family history developing 
at an earlier age than unilateral tumors in the absence of a family history [30]. 
During the past 25 years, it has become evident, however, that the hereditary 
forms of Wilms' tumors are more complex than hereditary retinoblastomas in 
that multiple different genetic syndromes and their associated genes may 
predispose to Wilms' tumor development. 

An early clue to one possible chromosomal location of a gene implicated in 
Wilms' tumor development was the observation of interstitial deletions at 
chromosomal band llp13 in a subset of Wilms' tumor patients with multiple 
congenital anomalies including aniridia, genitourinary abnormalities, and 
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mental retardation [23,54]. This constellation of physical findings is known as 
the WAGR (Wilms' tumor, Aniridia, Genitourinary anomalies, and Retarda
tion) syndrome. The karyotypic observations associated with W AGR syn
drome prompted molecular biologists to search for a predisposition gene in 
chromosomal region 11p13 - a search that culminated over a decade later in 
the isolation of the WTl gene [2,55]. This gene is thought to playa critical role 
in genital development; however, it has been found to be involved in a surpris
ingly small percentage of Wilms' tumors [56,57]. Even in patients thought to 
be at high risk of carrying an inborn susceptibility based on the presence of 
genitourinary anomalies, preliminary analysis demonstrates that only a small 
percentage carry germline WTl mutations [58]. 

Patients with Denys-Drash syndrome, characterized by nephrotic syn
drome and intersex disorders including XX/XY mosaicism and/or ambiguous 
genitalia, have a predisposition to both Wilms' tumor and gonadoblastoma. 
This subset of Wilms' tumor patients demonstrates a high frequency of 
germline mutations in the WTl gene. Most of the mutations associated with 
Denys-Drash syndrome are point mutations causing amino acid substitutions 
and are concentrated in a narrow region of the gene that encodes zinc finger 
motifs thought to be important in DNA transcription [59,60]. 

Wilms' tumor is also seen in the clinical syndrome of Beckwith-Wiedemann 
(BWS), which is associated with macroglossia, overgrowth of visceral organs 
resulting in congenital omphalocoele, and the presence of ear lobe pits at birth 
[61,62]. Like the WAGR syndrome and WTl, BWS also maps to the short arm 
of chromosome 11 but at a distinct locus from WTl at 11p15.5 [63,64]. BWS 
usually is not associated with a family history, although familial forms of BWS 
have been reported [65-68]. The predisposition to childhood cancer in BWS is 
not limited to Wilms' tumor, however; it also extends to other embryonal 
tumors, including hepatoblastoma and adrenocortical carcinoma. Hemihy
pertrophy also predisposes to the same spectrum of disease, although the 
genetic etiology and possible relationship of hemihypertrophy to Beckwith
Wiedemann syndrome remain unclear [69,70]. 

True familial Wilms' tumor - the occurrence of Wilms' tumors in siblings 
or cousins - is rare, accounting for only 1 %-2% of all Wilms' tumors, and has 
eluded a complete molecular understanding. In these families, the children 
affected with Wilms' tumor are otherwise phenotypically normal and do not 
appear to have an increased incidence of genitourinary or other congenital 
anomalies. In addition, these Wilms' tumor families do not demonstrate a 
marked increase in the incidence of other tumor types. Although the short arm 
of chromosome 11 was initially implicated in Wilms' tumors as a likely locus of 
a cancer predisposition gene, this has not proven to be the predisposition site 
for familial Wilms' tumor. Genetic linkage studies have shown that in several 
large families in which multiple members have been affected with Wilms' 
tumors, there is lack of linkage to either the WTllocus on 11p13 or the BWS 
locus on 11p15 [71,72]. In a separate report, however, a family in which a 
father and child were both affected with Wilms' tumor demonstrated a heri-
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table mutation in WTl [73]. Linkage to familial Wilms' tumor has also been 
excluded from region 16q, thought to harbor a third Wilms' tumor gene [74]. 
One recent study demonstrated genetic linkage to chromosomal band 17q12-
21 in a large Canadian family with multiple Wilms' tumors [75]. This chromo
somal locus also harbors the breast cancer predisposition gene, BRCA1; 
however, due to the lack of breast cancer in Wilms' tumor families and vice 
versa, it is thought to involve a distinct gene. Future studies will be needed to 
determine if 17q12-21 is the predisposition locus of other Wilms' tumors 
families or if a gene at this locus is involved in the pathogenesis of sporadic 
Wilms'tumors. 

A recent study of tumors derived from Wilms' tumor patients who had a 
family history of Wilms' tumor observed chromosomal deletions of chro
mosome 4q, 9p, 20p, and 3q. Although these deletions involved tumor DNA 
and not constitutional DNA, it was inferred that these chromosomal regions 
could harbor genes important in the pathogenesis of familial Wilms' tumor 
[76]. 

Initially, it was predicted that, the familial type of Wilms' tumors, like 
familial retinoblastoma, would most likely be bilateral. Most analyses of famil
ial Wilms' tumor do not suggest that bilateral tumors predominate. In the 
combined families for which linkage analysis was performed, 6 out of 22 were 
observed to be bilateral [71,72,75]. In the population-based study of Draper et 
al., of six sibling pairs with Wilms' tumor, only one case was bilateral [28]. 
Although these numbers are small due to the rarity of familial Wilms' tumor, 
the incidence of bilaterality appears to be only modestly increased over the 
overall frequency of bilaterality. In addition, the penetrance of Wilms' tumor 
is thought to be considerably less than complete, e.g., many mutation carriers 
in high-risk families do not develop Wilms' tumor. 

An additional familial syndrome that can be associated with Wilms' tumor 
is Simpson-Golabi-Behmel (SGB) syndrome, characterized, like BWS, with 
overgrowth features and a predisposition to Wilms' tumor and other embryo
nal neoplasms [77,78]. This syndrome is X-linked and localizes the Xq26 
[79,80]. The gene responsible for SGB syndrome was recently identified as 
GPC3, an extracellular proteoglycan that forms a complex with insulin-like 
growth factor-2 (IGF-2) [20]. Since BWS and the sporadic tumors associated 
with both SGB and BWS are associated with relative overexpression of IGF-
2, theses two overgrowth syndromes may share common pathways in tumor 
development. 

Wilms' tumor has been observed to occur in the Li-Fraumeni syndrome, 
although it is not considered to be a major component tumor of the syndrome 
[81,82]. The TP53 gene, mutation of which has been shown to be the underly
ing defect in many families with Li-Fraumeni syndrome, may be associated 
with the presence of anaplasia in sporadic Wilms' tumor [83,84]. In one inter
esting family study, a maternally inherited mutation of TP53 appears together 
with a paternally derived apparent predisposition to Wilms' tumor in a child 
with anaplastic Wilms' tumor [83]. 
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A characteristic feature of Wilms' tumors thought to be associated with a 
constitutional predisposition, whether the predisposition is due to WTl muta
tion, BWS, or other familial Wilms' gene(s), is the occurrence of nephrogenic 
rests [85]. The overall median age of patients with Wilms' tumors associated 
with nephrogenic rests is significantly younger than that of patients with rest
negative tumors. The Denys-Drash syndrome and W AGR, both associated 
with alteration or loss of WTl on chromosome llp13, are associated with 
intralobar nephrogenic rests. Kidneys from children with Wilms' and 
Beckwith-Wiedemann syndrome, associated with chromosome llp15, are as
sociated with perilobar nephrogenic rests. However, approximately 30%-40% 
of all Wilms' tumors are associated with nephrogenic rests. Whether or not the 
presence of nephrogenic rests per se indicates a true constitutional predispo
sition factor that would signify a risk to offspring will require additional 
follow-up and study. The presence of nephrogenic rests in association with 
Wilms' tumor, however, should alert the clinician to the possibility of a genetic 
predisposition syndrome as well as to the possibility of future development of 
a subsequent Wilms' tumor in the remaining kidney. 

Sporadic unilateral Wilms' tumor (occurring in the absence of a known 
family history in relatives) appears to be rarely heritable. A series of 179 
offspring of 96 long-term survivors studied by Li et al. revealed no Wilms' 
tumors [86]. Accounting for the limited size of the population studied, this 
study concluded that the actual risk of Wilms' in the offspring of Wilms' tumor 
patients is 2% or less. An isolated case of Wilms' tumor in an offspring of a 
unilateral Wilms' tumor survivor was reported in association with an inherited 
constitutional mutation of WTl [59]. 

The risk of cancer in offspring of survivors of sporadic bilateral Wilms' 
tumor is more difficult to evaluate. Bilateral tumors account for only 5%-
10% of all Wilms' tumors, and the cure rates of bilateral tumors have his
torically been generally lower that those of unilateral tumors, accounting for 
many fewer adult survivors of bilateral Wilms' tumors. The association of 
nephrogenic rests and the early age of onset of bilateral tumors are sugges
tive of a constitutional genetic predisposition, and it can be inferred that 
children with bilateral tumors may carry a mutation of some type that predis
poses them to Wilms' tumor development and that would also place their 
offspring at risk. 

The cost-effectiveness of interventional measures in dealing with offspring 
of Wilms' survivors or siblings of children with familial forms of Wilms' tumor 
remains to be determined. Factors that need to be considered in any cancer 
screening program include the prevalence of the type of cancer in the 'at-risk' 
population, the sensitivity of the screening method empoloyed, the rate of 
tumor growth in determining the optimal interval between screening exams, 
and both the clinical benefit and economic impact of cancer screening. Further 
studies are needed to determine optimal screening methods in high-risk fami
lies. At present, it does not appear that screening is indicated in siblings or 
offspring of survivors of unilateral Wilms' tumors in the absence of genitouri-
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nary anomalies or in the absence of an established family history. Although no 
data confirm the efficacy, children from high-risk families in which two or 
more individuals have been affected with Wilms' tumor and children with the 
physical stigmata of Beckwith-Wiedemann syndrome are often followed with 
abdominal ultrasound performed every 3 to 4 months until they are approxi
mately 6 to 7 years of age. 

A small survey study conducted by the National Wilms' Study suggested 
that there may be a benefit in earlier identification of Wilms' tumors in some 
genetically predisposed children, thus allowing them to receive less intensive 
treatment [87]. A recent study by DeBaun projected that screening patients 
with BWS with abdominal sonogram from birth until age 7 years is possibly a 
cost-effective approach [88]. There is clearly a need for a multicenter study of 
screening efficacy in children at increased risk of Wilms' tumor due to genetic 
predisposition factors. 

5. Li-Fraumeni syndrome and the TP53 gene 

The rare syndrome that has come to be known as Li-Fraumeni syndrome, also 
known as the breast sarcoma cancer family syndrome, has received consider
able attention in recent years that stems from pioneering work done by the 
investigators whose name the syndrome now bears [89]. Starting with the 
clinical observation of a family in which two cousins had developed sarcomas 
in early childhood, this early investigation was initiated as an epidemiology 
study of cancers in family members of children with childhood sarcoma; 
the researchers reviewed charts and searched the cancer mortality record 
established by Dr. Robert Miller [90]. Out of a total of 641 children with 
rhabdomyosarcoma, four families were identified in which siblings or cousins 
had childhood soft-tissue sarcomas. In two of the families, the mother was 
affected with breast cancer, and in the other two, the fathers of the probands 
had cancer and other female relatives on the paternal side had early-onset 
breast cancer. Hence, the possibility of a familial link between childhood 
rhabdomyosarcoma and early-onset breast cancer was suggested [89]. 

A follow-up study of these four families over the next 12 years suggested an 
increased risk of multiple cancer types with a pattern of autosomal dominant 
transmission, with the most common types of cancers being breast cancer 
diagnosed before the age of 35 and soft-tissue sarcomas of childhood of young 
adulthood [81]. A subsequent study of 24 kindreds further defined the clinical 
syndrome as an autosomal dominantly inherited predisposition to cancers of 
diverse histologic subtypes that occurred prior to 45 years of age. Characteris
tic cancers of the breast sarcoma cancer family syndrome include early-onset 
breast cancer, soft-tissue sarcomas, osteosarcomas, leukemias, brain tumors, 
and adrenocortical carcinoma. Because of the rarity of childhood adrenocor
tical carcinoma in the general population (0.3 cases/million), the occurrence of 
this tumor in multiple families with the syndrome was striking [91]. 
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In addition, multiple primary cancers in the same individual were character
istic. As in hereditary retinoblastoma, second tumors were observed within 
previously irradiated fields, suggesting that a susceptibility to radiation 
carcinogenesis was also a feature of the syndrome. A family pedigree charac
teristic of the Li-Fraumeni syndrome is shown in figure 3, demonstrating 
tumors of diverse histologies in children and young adults, as well as 
bilaterality and mUltiple primary site cancers in an individual. 

In 1990, Malkin et al. reported that in five families with Li-Fraumeni 
syndrome the heritable defect was a mutation of the TP53 gene, a tumor 
suppressor gene previously known to be mutated in many different types of 
cancers [3]. Numerous follow-up studies have documented the occurrence of 
germline mutations in the TP53 gene in cancer-prone families [89,92-98]. In 
addition, germline TP53 mutations have been documented in patients with 
multiple-site primary tumors regardless of family history [84,99-101]. In some 
families in which germline TP53 mutations have been documented, the con-

Bit Breast Cancer 
Dx'd age 41 

Sarcoma 
Dx'd age 30 

Brain Tumor 
Dx'd age 3 

Breast cancer 
Dx'd age 2S 

Osteogenic sarcoma 
Dx'd age' 2 

Leukemia 
Dx'd age' 6 

Figure 3. Pedigree typical of the Li-Fraumeni breast sarcoma cancer family syndrome (Li
Fraumeni syndrome), demonstrating autosomal-dominant transmission, bilaterality of tumors, 
and multiple primary site cancers in same individual. Symbols are as in figure 1. 
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stellation of tumor types that occur are not consistent with the patterns ini
tially described in breast sarcoma families [102]. Thus, germline TP53 muta
tions are not strictly synonymous with the clinical description of breast 
sarcoma cancer family syndrome. 

Several site-specific series of patients unselected for family history have 
demonstrated that TP53 mutations occur in a small fraction of childhood 
cancer patients who have the types of tumors that form the syndrome: 3 of 33 
(9%) of childhood rhabdomyosarcoma patients; 7 of 235 (3 %) of osteo
sarcomas; and 3 of 6 (50%) of childhood adrenocortical carcinoma [103-105]. 
Some, but not all, of these cases in which TP53 germline mutations have been 
documented were found to have family histories suggestive of Li-Fraumeni 
syndrome. Felix et al. demonstrated that among acute lymphoblastic leukemia 
patients, germline mutations are possible although rare even among leukemia 
patients with a positive family history of leukemia [106,107]. Families with 
germline TP53 mutations have been reported that include a wider spectrum of 
childhood tumors, including Wilms' tumors, hepatoblastoms, and a diverse 
range of adult cancers [81,108,109]. However, in other families with Li
Fraumeni syndrome, no TP53 mutation has been documented. It is unclear 
whether a second gene exists or whether in some families the alteration is 
simply not detected by the mutation-detection strategies used. 

Genetic testing of asymptomatic children in Li-Fraumeni families is thus 
technically feasible for those families in which a TP53 mutation has been 
identified. The test is offered commercially; however, much controversy exists 
concerning the applicability of TP53 germline mutation testing. The com
bination of the highly variable degree of penetrance, the broad spectrum of 
cancers observed in this syndrome, and the wide variation in age at which 
cancers occur in predisposed individuals has created difficult issues in the 
development of predictive testing guidelines [110]. These issues are often 
somewhat similar to those encountered in genetic testing for Huntington's 
disease, in which similar social and psychological concerns for mutation carri
ers exist in the absence of available medical interventions to alter risk of 
disease [111-113]. At present, routine testing of children, even in high-risk 
families, is not generally recommended due to the current absence of effective 
interventional strategies, concerns about adverse psychological outcomes in
cluding stigmatization, possible excessive sheltering of the child, the inability 
of minors to provide adequate consent for testing, and disruption of family 
relationships. 

6. Familial adenomatous polyposis and the pediatric patient 

Familial adenomatous polyposis (F AP) is a relatively rare, autosomal domi
nantly inherited condition affecting approximately 1 in 5000 individuals in the 
general population. This genetic condition is best known for its associated 
predisposition to the formation of multiple adenoma to us polyps blanketing 
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the colonic mucosa, which place an individual at extremely high risk of colon 
cancer in early adulthood. Each individual polyp is not any more likely to 
develop into a colon carcinoma than a polyp from an individual without F AP; 
however, the number of polyps, often in the hundreds, collectively place an 
individual at extremely high risk of tumor development. Polyps often develop 
starting in adolescence, and by age 30 over 90% of genetically affected indi
viduals will show signs of disease. Much of the effort to identify high-risk 
individuals within polyposis families is geared towards determining optimal 
methods to prevent colon cancer starting in adolescence. Thus, for many years, 
an attempt to identify at-risk individuals in polyposis families by means of 
flexible sigmoidoscopy or colonoscopy has been a standard of medical care. 
The average age at which adenoma to us polyps occur is 10 to 14 years of age, 
and it is generally recommended that surveillance start at age 8 to 10 and 
continue yearly. When multiple polyps are noted, total colectomy is the treat
ment of choice for prevention of cancer. Regular surveillance is recommended 
in high-risk asymptomatic individuals until at least age 40 [114,115]. 

Aside from the risk of colon cancer, families with F AP are at risk of both 
benign and malignant tumors outside the colon, including the upper gas
trointestinal track and thyroid (116-125]. Extracolonic manifestations of F AP 
that are know to occur in children and that may precede the development of 
colonic polyps are shown in table 1. Of particular interest to health care 
providers for young children in F AP families is the association of F AP and 
hepatoblastoma [122-124]. The relative risk of hepatoblastoma is estimated to 
be over SOO-fold in affected children [124]. 

Benign extracolonic manifestations in association with familial polyposis 
were originally described by Gardner (125) and include multiple osteomas and 
epidermoid cysts. This association is sometimes referred to as Gardner's syn
drome. Osteomas often occur on facial bones, particularly the mandible, but 
may also occur on long bones. Although benign, osteomas may cause local 
damage by invasion or destruction of normal tissue. Epidermoid cysts are also 
considered benign tumors, and in contrast to the general population, in which 
they occur primarily on the back, in F AP families they occur on the face, scalp, 
and extremities. These lesions rarely occur in children outside the setting of 
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Table J. Extracolonic manifestations of familial adenomatous 
Polyposis that may occur in childhood 

Congenital hypertrophy of the retinal pigmented epithelium 
(CHRPE) 

Epidermoid cysts 
Abnormal dentition 
Desmoid tumors 
Malignant tumors 

Hepatoblastoma 
CNS tumors 
Thyroid cancer 



familial polyposis. Desmoid tumors, fibromatoid tumors that often occur on 
the abdominal wall or intraperitoneum, are frequently oberved in polyposis 
kindreds. Although desmoids do not metastasize, the growth of these tumors 
can be considerable and may be exacerbated by surgery, hormones, or trauma. 
An important clinical significance is that these benign manifestations of famil
ial polyposis may precede the appearance of colonic polyps and thus may be 
an indicator of high-risk status [116]. 

Another extracolonic finding that has been used diagnostically is the finding 
of congenital hypertrophy of the retinal pigmented epithelium (CHRPE) 
[126]. CHRPE is found in some, but not all, FAP families. In families in which 
CHRPE is observed in affected individuals, eye exams have been used to 
determine carrier status in children [127]. 

A clue as to the localization of the gene responsible for F AP arose from the 
observation of a constitutional deletion of chromosome 5q21 in a patient with 
FAP [128]. Linkage studies analyzing numerous kindreds with FAP confirmed 
this as the genetic locus [129-131]. 

The identification of multiple genetic markers in this region facilitated the 
identification of gene carriers within an affected family through the use of 
traditional methods of restriction fragment length polymorphisms later en
hanced by the use of highly polymorphic repeat markers [115,132]. As in the 
case of retinoblastoma, early identification of gene carriers is cost-effective 
in that it spares nonmutation carriers the need for frequent surveillance 
procedures. 

The gene responsible for F AP was identified in 1991 as the adenomatous 
polyposis coli (APC) gene [5,133-135]. Genetic testing techniques that use 
surrounding polymorphic markers require typing of at least two known af
fected family members before another person can be tested for unknown 
genetic status; therefore, the cloning of the APe gene has facilitated the 
process of genetic testing, since only one affected person is now necessary to 
document the mutation within the family. The gene is large in size, and 
mutations have been observed throughout the gene, hampering the feasibility 
of DNA analysis [136-139]. 

Over 90% of known mutations in the APe gene cause frameshifts that 
result in a truncated protein product [134-139]. A protein truncation assay for 
altered APe gene product is now available [141,142]. A limitation of this test 
is that it only detects mutations that terminate protein translation. This test is 
less labor intensive, however, than direct genetic sequence analysis. A poten
tial advantage of this test is that, in theory, a person from a polyposis family 
could be tested for altered protein without direct comparison to an affected 
member; however, a negative test result may not determine with certainty the 
nonexistence of a disease-causing gene. One must therefore be aware of the 
possibility of a false negative with the protein truncation assay when it is 
performed on a single sample from an unaffected individual. Negative lab tests 
with this assay have been shown to be misinterpreted by nearly a third of 
physicians utilitizing the commercially available test [143]. 
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No molecular distinction can be made between FAP patients with benign 
extracolonic manifestations characteristic of Gardner's syndrome. However, 
some other observed phenotypic variations correlate with the location of the 
mutation within the gene. Mutations occuring in the 5' region of the gene are 
characterized by fewer numbers of polyps and a later onset of colon cancer 
[144]. Germline mutations within a small 200-base-pair region of exon 15 of 
the APe gene are associated with a profuse number of polyps [140]. The 
presence or absence of CHRPE lesions in F AP families is dependent on 
the position of the underlying mutation, and CHRPE is absent in families 
with mutations in the 5' end of the gene [145]. This finding confirms the 
previously recognized interfamilial variation in the presence or absence of 
these lesions. 

The association of brain tumors and polyps was described in 1959 by Turcot 
et al. and has since been known as Turcot's syndrome [146]. As a clinical 
syndrome, Turcot's syndrome overlaps considerably with familial polyposis. 
Analysis of the APe gene in cases of polyposis and brain tumors has demon
strated germline mutation and loss of alleles in some but not all cases [147-
149]. Although only a few children with CNS tumors have been analyzed, four 
kindreds analyzed to date with childhood medulloblastoma all have mutations 
within a narrow region of the gene from codon 1000 to 1114 [147,148]. In a 
small number of cases, the underlying genetic lesions in patients with polyposis 
and brain tumors appears not to be APe, but rather one of the predisposing 
genes for non-polyposis hereditary colon cancer [149]. 

7. Multiple endocrine neoplasia 

The multiple endocrine neoplasias (MENs) compose a spectrum of autosomal 
dominantly inherited cancer predisposition syndromes affecting young adults 
and children. MEN type 2A and type 2B and familial medullary thyroid cancer 
(FMTC) are all associated with the development of medullary thyroid cancer 
at an early age. MEN2A, also known as Sipple syndrome, is associated with 
pheochromocytomas and parathyroid hyperplasia [150]. The penetrance of 
early signs of thyroid cancer in MEN-2 is over 90% by age 30 [151]. The 
incidence of pheochromocytoma may vary between families but is consider
ably lower than that of medullary thyroid cancer. MEN2B is associated with 
ganglioneuroma to sis and mucosal neuromas in addition to the cancers charac
teristic of MEN-2A. Patients with MEN2B also have a Marfanoid habitus and 
characteristic facies, whereas patients with MEN2A are phenotypically nor
mal except for the predilection to develop endocrine cancers [152-154]. FMTC 
consists of thyroid cancer in the absence of the associated tumors or other 
anomalies characteristic of MEN2A or 2B. The age of onset of thyroid malig
nancy in FMTC is somewhat older than MEN2A or 2B, and there is some 
evidence to suggest that the malignancies are more indolent in FMTC [155]. 
Appoximately 25% of all cases of medullary thyroid cancer will be part of one 
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of these familial syndromes. The medullary thyroid cancers in these familial 
syndromes occur in the first to fourth decade of life but may occur as early as 
infancy, particularly in MEN2B [154,156-158], whereas medullary thyroid 
cancer in the absence of a familial syndrome occurs in the fifth to sixth decade 
of life. 

In linkage studies of large affected kindreds, MEN2 and FMTC were both 
shown to map to the pericentric region of chromosome 10 [159,160]. The gene 
for MEN2A was identified in 1993 as the RET proto-oncogene [9]. It was soon 
realized that the germline mutations in MEN2A and FMTC families were 
localized within a very narrow region of the gene [161], and this finding, 
together with the predictably observed very high penetrance of disease mani
festation and availability of reasonable means of intervention to reduce risk, 
created an extremely rapid transition from the arena of basic research to 
clinical diagnostic testing [162,163]. 

Genotype-phenotype correlation studies have revealed that the mutation 
at codon 634 is associated with the development of pheochromocytoma in 
addition to MTC and that a specific CGC mutation at this codon is correlated 
with the development of parathyroid hyperplasia [164]. Families with MEN2B 
also have mutations of the RET gene; in these families, however, the germline 
mutations are found at a distinct methionine codon [165,166]. 

Ph, MTC 

CCH CCH 

8yr 5 yr 2 yr 

Figure 4. Pedigree of a family affected with multiple endocrine neoplasia, type 2A. Symbols are 
as in figure 1. MTC, medullary carcinoma of the thyroid; Ph, pheochromocytoma; CCH, clear cell 
hyperplasia. '?' indicates individuals in whom genetic testing for RET mutation was undertaken. 
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Figure 5. Photomicrograph of resected thyroid glands from 5- and 2-year-old members of the 
MEN2A kindred shown in figure 4. Both patients tested positive for mutation of the RET gene. 
(a) An incipient medullary thyroid carcinoma in resected thyroid gland from the 5-year-old girl 
who had a borderline positive pentagastrin stimulation test. (b) Thyroid follicles with surrounding 
C-cell hyperplasia taken from the 2-year-old girl who tested genetically positive, but in whom the 
pentagastrin stimulation test was negative. (c and d) Calcitonin immunohistochemical staining of 
the specimens shown in a and b, respectively. 
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Figure 5 (continued) 

Without genetic testing, early detection for thyroid malignancy in MEN 
families is possible by performing chemical stimulation of parafollicular cells 
by intravenous infusion of either calcium and pentagastrin, which causes 
release of calcitonin. Markedly elevated calcitonin levels in response to stimu
lation are indicative of C-cell hyperplasia or incipient carcinoma. Thyro-
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idectomy has been a standard recommendation for individuals in high-risk 
families who have positive stimulation tests. Although this biochemical means 
of screening for occult tumors is sensitive, in some cases the MTC will have 
spread to lymph nodes, and false positives have been reported [167-169]. This 
test, however, has unpleasant transient neuropsychological side effects that 
may cause decreased compliance in high-risk individuals. 

With the advent of genetic testing, it has become possible to identify muta
tion carriers before biochemical evidence of malignancy. Figure 4 demon
strates a pedigree of a family with clinical manifestations of multiple endocrine 
neoplasia. Three young children had undergone surveillance by pentagastrin 
stimulation, with equivocal results in the 5-year-old and negative results in the 
8- and 2-year-old. After undergoing genetic testing, the younger two children 
tested positive and underwent thyroidectomy. Histologic examination, as 
shown in figure 5, revealed incipient medullary thyroid carcinoma in the 5-
year-old who had had an equivocal pentagastrin stimulation test and C-cell 
hyperplasia in the 2-year-old who had been negative for pentagastrin stimula
tion. These types of observations confirm that the onset of transformation to 
malignancy occurs at an extremely young age in RET mutation carriers and 
that histologic evidence of malignancy may precede biochemical evidence of 
malignancy. 

Although no long-term studies are yet available, it has been suggested that 
early thyroidectomy for children who test positive for DNA carrier status may 
be more likely to be curative than thyroidectomy after biochemical evidence 
of malignancy [161]. In addition to long-term follow-up studies to determine 
the benefit of early thyroidectomy in preventing MTC, long-term studies to 
determine the benefit of surveillance for development of adrenal malignancies 
are needed. 

8. The phakomatoses: neurofibromatosis, types 1 and 2, tuberous sclerosis, 
and von Hippel-Lindau disease 

The phakomatoses (from phakos, 'lentil,' 'mole,' or 'freckle') are neuro
cutaneous disorders that are also, to a varying extent, cancer predisposition 
syndromes. The clinical expression of these syndromes is variable and can be 
mild, so signs of disease must be carefully sought in family members of af
fected individuals. The genes for each of the syndromes to be discussed have 
been isolated. Genetic testing has become possible but is not routine for any of 
the phakomatoses. 

B.1. Neurofibromatosis (Von Recklinghausen's disease) 

The neurofibromatoses are related disorders characterized by cafe-au-Iait 
spots, neurofibromas, and a predisposition to malignancy. The most common 
of these disorders is neurofibromatosis type 1 (NFl), which has an estimated 
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frequency of 1 per 2500-3300 births [34]. The diagnosis of NFl is made by 
clinical criteria as established by the NIH consensus and listed in table 2 [170]. 
A study of a large cohort of 212 patients with NFl in Denmark revealed that 
the overall relative risk for cancer was 2.5 during a 40-year follow-up period, 
with a significant excess of brain tumors, primarily gliomas [171]. To assess the 
risk for malignancy in children with NFl, a review of the Japan Children's 
Cancer Registry revealed that the incidence of NFl among cancer patients was 
0.21 %, 6.45 times that of the general population. The incidence of NFl was 
highest in optical nerve glioma (12.5%) and malignant schwannoma (31.4%) 
but was also increased in rhabdomyosarcoma (1.36%) and myeloid leukemia 
(0.27%) [172]. A study of children under 6 years of age who had gliomas of the 
optic pathways and hypothalamus revealed that 33% also carried a diagnosis 
of NFl; however, tumors were less aggressive in the subset of patients with 
NFl [173]. Soft tissue sarcomas of childhood and adulthood are seen and in 
one family were observed in multiple generations [174]. Myeloproliferative 
diseases are also seen in NFl, with a predilection for development in boys and 
a pattern of inheritance favoring maternal inheritance of NFl [172,175]. 

The NFl gene has been identified; like RBI and APe, it is large, with 
mutations scattered throughout the gene, making molecular diagnosis costly 
and laborious [4,176,177]. Testing of asymptomatic relatives of NFl patients 
using linkage analysis has been used with some success [178]. Since the diagno
sis of NFl is made by clinical criteria and the possible clinical significance of 
mutation carriers who do not demonstrate characteristic clinical features is 

Table 2. NIH consensus diagnostic criteria for neurofihromatosis 
[170] 

Neurofibromatosis, type 1 
Two or more of the following: 

Six or more cafe-au-lait macules 
>5 mm in prepubertal persons 
>5 mm in postpubertal persons 

Two or more neurofibromas 
Axillary or inguinal freckling 
Optic glioma 
Two or more iris hamartomas (Lisch nodules) 
Osseous dysplasia 
A first-degree meeting two of the above criteria 

Neurofibromatosis, type 2 
Bilateral eighth nerve masses 
or 
A first degree relative with NF2 
or 
Two of the following: 

neurofibroma 
meningioma 
glioma 
schwannoma 
juvenile posterior subcapsular lenticular opacity 
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unknown, there is no clear indication for molecular testing. Nevertheless, 
direct mutation detection can help determine definitively whether an affected 
individual has a new or inherited mutation, which could be of value in counsel
ing parents of an affected child about the likelihood of having a second child 
with the disorder. Genetic studies may also be helpful in the evaluation of 
young children in known NFl families in whom full manifestations of the 
disease are not yet apparent. 

Neurofibromatosis type 2 (NF2), like NFl, is characterized by multiple 
cafe-au-Iait spots, although the presence of both cafe-au-Iait spots and 
neurofibromas is less in NF2 than in NFL The hallmark of NF2 is the develop
ment of tumors of the acoustic nerve that are often bilateral. Also character
istic of NF-2 are meningiomas, gliomas, schwannomas, and juvenile posterior 
subcapsular lenticular opacities [170,179]. The criteria for making a clinical 
diagnosis of NF2 are given in table 2. 

The NF2 gene has been identified [8]. A wide range of mutations have been 
found, and there is some evidence that the type of mutation correlates with 
disease severity, with mutations resulting in truncated proteins being associ
ated with a more severe phenotype than mutations causing amino acid 
substitutions [180,181]. 

Like NFl, the diagnosis of NF2 is at present usually made on the basis of 
clinical criteria rather than molecular testing, and it has been recommended 
that children and young adults at high risk due to a first-degree relative with 
NF2 be followed with periodic skin and opthalmologic exams as well as 
audiologic evaluations [179]. As with several of the other syndromes discussed 
in this chapter, genetic determination of the mutation status of first-degree 
relatives of affected individuals could possibly lessen the need for periodic 
screening. 

B.2. Tuberous sclerosis (Bourneville's disease) 

Tuberous sclerosis (TS) is characteristically associated with white macules 
(ash leaf spots) that are often present at birth, making affected persons iden
tifiable at an early stage [182]. The mode of inheritance is autosomal domi
nant, although two distinct genetic loci are involved: TSCI at chromosome 
9q34 and TSC2 at chromosome l6p13 [183]. Facial angiofibromas and 
angiolipomas of the kidney and other organs are common. The incidence of 
brain tumors in childhood is significant and is estimated to be 5%-14%. The 
most common histology of eNS tumor is giant cell astrocytoma [184-186]. 

A distinctive feature of TS is the cardiac rhabdomyoma in infancy [187]. 
This tumor is considered to be non-malignant; however, it may cause cardiac 
dysfunction. Over half of cardiac rhabdomyomas are associated with TS; thus, 
this finding of this tumor in an infant should raise the question of a possible 
diagnosis of TS and prompt the taking of a careful family history and exami
nation of family members for detection of ash leaf spots. 
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The TSC2 gene on chromosome 16p13 has been identified [18], and the 
search for TSCI is still in progress [188]. No genotype-phenotype correlations 
have yet been determined. Genetic testing is not yet available for most fami
lies, and diagnosis of carriers within families is made primarily by clinical 
features. The yield of routine screening with radiographic or other studies in 
asymptomatic first-degree relatives of TS patients appears to be low [189]. 

8.3. Von Hippe/-Lindau disease 

Von Hippel-Lindau (VHL) disease is an autosomal-dominant inherited disor
der characterized by angiomata of the retina and hemangioblastoma of the 
cerebellum [190]. Renal cell carcinoma and pheochromocytoma have each 
been observed in approximately 14% of patients with VHL [191]. Renal cell 
carcinomas constitute a particularly frequent cause of mortality in this disor
der, occurring as bilateral and multifocal tumors more frequently than in 
sporadic, nonfamilial cases, and can develop in children and adolescents. 

Because of the frequency of renal cell carcinoma in VHL disease and 
frequent chromosomal losses on the short arm of chromosome 3 in renal cell 
carcinoma, investigators were led to examine 3p as a possible genetic locus for 
VHL (192). The gene was eventually mapped to chromosome 3p25 and iso
lated by Latif et al. in 1993 [7]. 

Mutation analysis of the VHL gene reveals mutations corresponding to 
distinct phenotypes, including renal cell carcinoma without pheochromo
cytoma, renal cell carcinoma with pheochromocytoma, and pheochromo
cytoma without renal cell carcinoma [7,193,194]. Such phenotypic correlation 
could ultimately prove useful in the individual counseling of families. 

9. Other counseling issues: weighing the risks and benefits of genetic testing 
for cancer susceptibility genes in children 

The pediatric cancer specialist as well as the general pediatrician will increas
ingly be asked to playa role in counseling families as to whether and when a 
child or adolescent should undergo genetic testing for a cancer predisposition 
gene. Benefits and risks associated with the determination of genetic status 
should be carefully considered before testing is undertaken. In some cases, the 
wishes of the parents to know their child's genetic status will need to be 
weighed against the wishes of the child or adolescent. 

Whereas certain benefits regarding early identification of mutations carriers 
are acknowledged, many concerns have been raised regarding some of the 
risks that accompany the genetic testing of children. These risks pertain prima
rily to the psychological and emotional adverse sequelae and may include the 
risk of creating lowered a feeling of stigmatization on the part of the child that 
may result in lower self-esteem and an inability to integrate effectively with 
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peers [195,196]. Genetic testing may also tend to divide children within a high
risk family, who were once united by a common feeling of risk, into the 'haves' 
and 'have-nots' - a situation that may create problems of survivor guilt 
among noncarriers of germline mutations. Guilt feelings may be also induced 
among affected parents. Testing of children may be disruptive to parent-child 
bonding and may disrupt the overall dynamics of the family. Regardless of the 
degree of medical benefit that a genetic testing opportunity affords, care must 
be taken to recognize and address these possible problems with appropriate 
referral and counseling as indicated. 

The American Society of Clinical Oncology has classified the priorities for 
testing for cancer predisposition according to the extent to which medical 
benefits are available for carriers of germline mutations, given the premise 
that the greater the benefit, the higher the priority that should be placed on 
testing [197]. The highest-priority group to consider for testing includes famil
ial retinoblastoma, in which identification of mutation carriers can optimize 
the cost-effectiveness of screening; familial polyposis, where removal of the 
colon in adolescence is preventative against development of colon cancer; and 
MEN2, in which prophylactic removal of the thyroid gland is thought to be 
preventative against development of medullary carcinoma. In all three of 
these situations, the likelihood that a mutation carrier will developing disease 
is in excess of 90%, and therefore the ability to intervene has the potential to 
reduce both cancer-associated mortality and morbidity. Clearly, among the 
benefits in this category of genetic testing situations is the benefit to 
nonmutation carriers, who will not require either frequent screening examina
tions for early signs of cancer or prophylactic surgeries. In this category of 
familial syndromes, genetic testing should be incorporated where feasible into 
standard medical care. 

In situations in which medical benefits are less well established, such as 
testing for mutation of the TP53 gene, testing should be implemented in the 
setting of institutional research board approved protocols designed to answer 
questions about the potential impact of genetic testing. In situations in 
which there are no known benefits of testing, or in which germline mutations 
have been reported in only a small number of families, testing should not be 
undertaken in a clinical setting. It is recommended that, wherever possible, 
testing within any category be performed in the setting of long-term outcome 
studies. 

The need for informed consent is emphasized, which is to include a 
thorough discussion as well as written documentation of risks and benefits of 
testing and medical surveillance options recommended with and without test
ing. The basic elements of informed consent for genetic testing is given in table 
3. These guidelines, however, do not address the unique aspects of genetic 
testing of children. The extent to which a minor child participates in the 
process of informed consent for genetic research depends on multiple factors, 
including the degree of medical benefit and thus the degree of priority placed 
upon the testing process, as well as the chronological age, state of cognitive 

86 



Table 3. Basic elements of informed consent for germline DNA 
testing [197] 

Information on the specific test being performed 
Implications of a positive and negative result 
Possibility that the test will not be informative 
Options for risk estimation without genetic testing 
Risk of passing a mutation to subsequent children 
Technical accuracy of the test 
Fees involved in testing and counseling 
Risks of psychological distress 
Risks of insurance or employer discrimination 
Confidentiality issues 
Options and limitations of medical surveillance and screening 

following testing 

development, and maturity of the child. Children 7 years of age and older are 
generally able to understand the general outline of a medical procedure and in 
many instances should be asked to assent, e.g., be asked to agree to a parental 
decision without attaining the necessary autonomy to consent to a procedure 
on their own. As children reach adolescence, the issue of informed consent 
often becomes more complex. In polyposis families, it may be particularly 
difficult in dealing with preadolescents and adolescents to determine when 
informed consent should be obtained from the young patient in whom prophy
lactic colectomy has been recommended as an option should a test result be 
positive. The law has generally regarded 15 years of age as the age at which 
minors can and should consent to or refuse medical procedures; however, 
adolescents vary tremendously in their level of emotional maturity and sense 
of autonomy. 

Wertz et a1. have defined four categories in which genetic testing of minors 
may be considered [195]. These include 1) genetic testing that provides a direct 
benefit to the child; 2) genetic testing that assists the adolescent in making 
reproductive decisions; 3) genetic testing that provides no direct benefit, but is 
requested by the child or parent; and 4) genetic testing done solely to provide 
an estimation of risk to another family member. 

The first category includes situations in which immediate benefit is derived 
for the child, such as the implementation of early detection or prevention 
strategies that would reduce the risk of developing cancer, dying from cancer, 
or undergoing extensive treatment. Examples in this category, similar to the 
high-priority category defined by ASCO, would include MEN2A, FAP, and 
familial retinoblastoma, in which the benefits or early identification of at-risk 
children enables early diagnosis and/or prevention of tumor development. 

Genetic testing to assist in making reproductive decisions applies primarily 
to X-linked or autosomal-recessive disorders, but presumably, testing for an 
autosomal-dominant gene associated with onset of symptoms in adolescence 
or early adulthood (such as APC) could also influence marital and/or repro
ductive decisions. This category is also somewhat relevant to clearly 
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adult-onset conditions. The American Society of Human Genetics has 
strongly felt that in cases in which genetic testing results in no medical benefits 
nor interventional strategies to be implemented prior to adulthood (as in the 
case of the breast cancer predisposition genes BRCAl or BRCA2), testing 
should be deferred until adulthood [196]. 

In some cases, genetic testing may be requested by a parent or patient in the 
absence of any known present or future medical benefit. A survey of mothers 
of pediatric cancer patients revealed that in hypothetical situations in which 
genetic factors were defined as causing a child's cancer and the option of 
genetic testing was available, approximately half the mothers would pursue 
genetic testing of themselves and 42 % would pursue genetic testing of their 
unaffected children even if no established means of intervention was available 
[198]. At this time, it is unclear what the true motives are in seeking such 
testing; however, it is possible that in some cases the desire to test may reflect 
the strong hope of obtaining a negative test result. However, preliminary 
observations from a program of predictive testing for germline TP53 muta
tions that was offered to adult members of Li-Fraumeni families suggest that 
when offered a definite testing opportunity, many individuals from high-risk 
families may actually decline participation [199]. Reasons may include the lack 
of available interventions for gene carriers, fear of insurance problems, or 
recent adverse events associated with the diagnosis of cancer in a family 
member. 

Whereas the ASCO statement also endorses the provision of counseling 
and testing as being within the responsibility of the practicing cancer specialist, 
in many cases the extent of counseling required to obtain adequate informed 
consent may exceed the time or resources available to the cancer specialist. In 
addition, due to the rapid pace of advancements in the field of cancer genetics, 
many cancer specialists may not be able to provide up-to-date information. 
Therefore, referral to specialists in the field of genetics or genetic counseling 
may be indicated. The number and availability of such specialists is limited and 
may be inadequate to fulfill all the future genetic counseling needs of cancer 
patients and families. Hence, education of both oncology and primary care 
specialists is essential. A core curriculum has therefore been designed to serve 
as a basis for educating health care professionals in the area of genetic coun
seling and risk assessment, with an acknowledgment of the ongoing need for 
continuing educational endeavors (200). 
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II 

Embryonal Tumors 



4. Molecular basis of Wilms' tumor 

Paul Grundy 

1. Introduction 

Wilms' tumor, the most common primary malignant renal tumor of childhood, 
has been a model for the multimodal treatment of pediatric malignant solid 
tumors. The generally favorable outcome for Wilms' tumor patients can be 
partly attributed to medical advances, including refinement in surgical tech
nique, the sensitivity of Wilms' tumor to irradiation, and the availability of 
several active chemotherapeutic agents. The successful application of these 
treatment modalities to Wilms' tumor has been largely facilitated by the 
National Wilms Tumor Study Group (NWTSG) which has studied the major
ity of Wilms' tumor patients in North America on randomized clinical trials 
since 1969. In conjunction with these therapeutic trials, data on numerous 
clinical features and from central pathological review have been collected and 
analyzed. Such systematic study of a large proportion of the Wilms' tumor 
population has contributed not only to the clinical management of affected 
children but also to our understanding of the etiology and pathogenesis of 
Wilms' tumor. 

Refinement of the prognostic classification of Wilms' tumor patients by 
features such as the histological pattern of the tumor, presence of lymph node 
metastases, and degree of local invasion has allowed the progressive individu
alization of therapy for subsets of patients. Thus, reductions in therapy for 
patients with favorable factors while preserving excellent outcome have been 
possible, while reserving more intensive therapies for patients at higher risk of 
relapse who, as a result, now have almost as good an eventual outcome. For 
example, patients with stage I favorable histology tumors can now be treated 
with only two drugs, namely, vincristine and dactinomycin, for 11 weeks with
out abdominal irradiation with an expected four-year relapse-free survival 
percentage of 89% [1]. In contrast, patients with more advanced-stage disease 
require chemotherapy with the addition of a third drug, doxorubicin, as well as 
abdominal irradiation with 1000cGy - although when so treated, they have a 
similar four-year survival percentage of 90.9% [1). Further progress in improv
ing the cure rate or in decreasing therapy to minimize late effects, however, is 
now limited. With overall survival percentages in the 90% range, it becomes 
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impractical to conduct randomized trials unless novel prognostic factors can 
be identified to further stratify patient groups. 

Abundant progress has been made in understanding the molecular basis of 
Wilms' tumorigenesis since Knudson's proposal of the two-hit hypothesis in 
1971 [2]. The study of children with specific congenital abnormalities, includ
ing aniridia, mental retardation, and abnormal genitourinary development 
ranging from hypospadias and undescended testes to pseudohermaphrodism, 
led to the localization and subsequent cloning of the first Wilms' tumor gene at 
chromosome llp13 [3-5]. This gene, WT1, was found to encode a transcription 
factor that is critical to normal kidney and gonadal development. The study 
of another congenital Wilms' tumor predisposition sydrome, Beckwith
Wiedemann syndrome, uncovered evidence of genomic imprinting [6] and 
other unusual chromosomal inheritance patterns, implicating a second genetic 
locus, W12, at chromosome llp15. The existence of large pedigrees with 
familial transmission of susceptibility to Wilms' tumor implicates at least a 
third genetic locus. Histological analysis has strengthened the link between 
Wilms' tumor and normal kidney development, as illustrated by its association 
with nephrogenic rests, the foci of primitive renal cells [7], whose characteris
tics may vary with involvement of different Wilms' tumor-associated genetic 
loci. 

Study of the molecular basis of Wilms' tumor in the last decade has thus 
contributed to our understanding of the pathogenesis of embryonal tumors, to 
the identification of previously unrecognized mechanisms of genetic aberra
tion, and to the possible identification of novel prognostic factors necessary to 
make further progress in the clinical treatment of this disease. 

This chapter will examine the genetic concepts and evidence for involve
ment of various loci, which have arisen from the molecular analyses of Wilms' 
tumors, and their implications for understanding the diverse clinical features 
associated with this tumor. 

2. The two-event hypothesis 

In 1971, Knudson proposed a model to explain the earlier age of onset and the 
bilateral presentation of eye tumors in children with a family history of 
retinoblastoma, compared with sporadic cases [8). A similar model for Wilms' 
tumor was proposed a year later [2], although it should be noted that fewer 
familial and bilateral cases were available for analysis due to the lower inci
dence of familial Wilms' tumor and the poor disease survival at that time. The 
Knudson model predicted that tumor formation depends on two rate-limiting 
genetic events. Children with genetic susceptibility would have a constitu
tional lesion, either inherited from a parent or resulting from a de novo 
mutation. Thus, since all cells would harbor the first lesion, only one new 
genetic event would be needed for tumorigenesis, greatly increasing the like
lihood of tumor formation. This model was postulated to explain the average 
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younger age at diagnosis and the occurrence of multiple tumors compared 
with sporadic cases in which two rare, independent somatic mutations in the 
same cell would be required. Subsequent genetic studies of a number of 
tumors have confirmed the concept of the two-event hypothesis, demonstrat
ing that the two postulated genetic events consist of inactivation of both alleles 
of a tumor-suppressor gene [9]. In many cases, the first allele is inactivated by 
a mutation within the gene itself. Although the second allele might incur a 
similar, although independent intragenic mutation, it is often inactivated by a 
loss of chromosomal material. This loss of chromosomal material may result 
from simple deletion, either of the whole or of part of the chromosome, or by 
somatic recombination. 

Somatic recombination involving a chromosome harboring a mutant allele 
would result in one of the daughter cells containing two copies of the mutant 
allele. Although cytogenetic analysis can detect deletions, if large enough, 
somatic recombination cannot be detected, since two copies of the chromo
some, not distinguishable by cytogenetic criteria, are present. Molecular ge
netic analysis, on the other hand, is capable of identifying loss of chromosomal 
material whether due to deletion or somatic recombination by detection of the 
phenomenon known as loss of heterozygosity (LOR). Thousands of polymor
phic DNA segments, i.e., DNA segments that vary in sequence within the 
population, have been identified and mapped throughout the genome. If an 
individual is constitutionally heterozygous for a particular locus (usually as
sayed using DNA from peripheral blood lymphocytes), each member of the 
chromosome pair can be distinguished. If a tumor from such a heterozygous 
individual contains only one of the two patterns seen constitutionally, it is said 
to have undergone loss of heterozygosity. In turn, this finding implies that the 
tumor has lost chromosomal material, whether through deletion or recombi
nation, involving the chromosomal region to which the polymorphic locus has 
been mapped. Further, if DNA from the individual's parents is available, it can 
be determined whether the allele lost from the tumor was derived from the 
mother or father. The detection of these chromosomal changes, whether by 
cytogenetic or molecular analyses, has inferred the existence and chromo
somal localization of many tumor-associated genes. 

3. Chromosome llp13 and WTl 

In 1964, Miller and coworkers reported an association between aniridia, a rare 
congenital abnormality of the iris, and Wilms' tumor [10]. Subsequently, a 
complex of developmental anomalies, including aniridia, genitourinary mal
formations, and mental retardation, was found to be associated with a high 
probability (>30%) of developing Wilms' tumor (the WAGR [Wilms' tumor 
with aniridia, genitourinary malformations, and mental retardation] syn
drome) [11]. Constitutional karyotypes from children with the WAGR syn
drome demonstrated variably sized deletions within the short arm of one copy 
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of chromosome 11, which overlapped at band p13 [12]. This constitutional 
deletion was thought to represent the 'first' hit in these children and provided 
the initial clue to the location of a gene involved in the development of Wilms' 
tumor. It is now known that the WAGR deletion encompasses a number of 
contiguous genes, including the aniridia gene PAX6 and Wilms' tumor sup
pressor gene WTl, so the WAGR syndrome constitutes a contiguous gene 
syndrome. Germline absence of one allele of the PAX6 gene is responsible for 
aniridia [13], whereas germline deletion or mutation of one WTl allele results 
in the genitourinary defects [14,15], in addition to constituting the first event 
required for the development of Wilms' tumor [16]. The basis of the mental 
retardation remains unclear. Although mutation of WTl appears to be the 
initiating event in Wilms' tumors arising in the context of WAGR syndrome, 
the role of WTl is more limited in sporadic Wilms' tumor. In two large studies, 
mutations in the WTl gene were found in only 10% of 175 tumors analyzed 
[17,18]. Thus, in contrast with retinoblastoma, where inactivation of the RBI 
gene underlies the development of most, if not, all tumors, Wilms' tumor is 
clearly more heterogeneous at the genetic level. However, the close link 
between WTl 's role in normal kidney development and its inactivation in 
Wilms' tumors provides a model for other Wilms' tumor suppressor genes that 
have not yet been isolated. 

3.1. WTl structure and function 

The 10 exons of the WTl gene encode four different messenger RNAs result
ing from a complex pattern of alternative splicing [19]. WTl protein is 45 to 
49kDa in size and contains functional domains indicating that it is a transcrip
tion factor, a protein that regulates the expression of other genes. Specifically, 
the carboxy terminus of WTl contains four zinc finger domains that confer the 
ability to bind DNA in a sequence-specific manner. The amino terminus 
contributes a functional domain that appears responsible for the regulation o( 
transcription of potential target genes. 

The identity of the genes targeted by WTl during normal kidney develop
ment is unknown, but through in vitro reconstitution experiments, several 
DNA sequences that bind WTl have been identified. WTl appears to bind 
promoters with guanine-cytosine (GC)-rich DNA sequences, as does a family 
of genes that are induced shortly after cellular exposure to a mitogen. In 
general, these growth-promoting genes tend to promote transcription upon 
binding to the so-called EGRI (for early growth response) consensus 
sequences, while WTl tends to suppress transcription [20]. A number of 
growth-inducing genes such as insulin-like growth factor II (IGF2) and plate
let-derived growth factor A chain (PDGFA) contain this DNA consensus 
sequence and hence have been postulated to be potential targets of WTl [20]. 
However, WTl also binds to other DNA sequences within the PDGFA pro
moter and can function either as a suppressor or activator of transcription, 
depending on the target promoter [21,22]. 
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WTI was recently found to form a physical complex with the pS3 protein 
[23]. This association appears to depend on the integrity of both the WTl and 
pS3 proteins and has implications for the function of both genes. In the 
absence of functional pS3 protein, WTl appears to acquire potent transcrip
tional activating activity [23]. WTl, on the other hand, appears to exert a 
cooperative effect on pS3, enhancing its transcriptional activating ability. The 
functional significance of this interaction and its role in tumorigenesis remains 
to be defined. 

The roles of the four different mRNA transcripts also remain unclear. The 
relative levels of expression of the different transcripts appears to be the same 
in different tissues and at different stages of development. The most abundant 
transcript contains a small insertion that results in three additional amino acids 
inserted between zinc fingers 3 and 4 [19] and that prevents the protein from 
binding to the originally defined ECRI-like consensus sequence [24]. It is not 
known whether this isoform of the WTl protein, which cannot regulate tran
scription due to its lack of DNA binding activity, has other functions. 

The normal function of WTl and its in vivo target genes remains a very 
complex area of investigation, given the existence of multiple transcripts with 
differing DNA-binding specificity, the inherent ability to activate or suppress 
transcription, and the interactions with other transcription factors. Whether 
the ability to suppress the expression of growth-associated genes such as ICF2 
or P DC FA contributes to the function of WTI as a tumor suppressor gene also 
remains to be conclusively proven. The lack of good Wilms' tumor cell lines, in 
which one would to be able to manipulate some of these factors, has hindered 
the ability to obtain clear answers to some of these questions. 

3.2. WTl expression patterns 

Unlike other tumor suppressor genes such as RBI or p53, which are expressed 
in all tissues, WTl is expressed only in specific types of cells [3,14,2S]. As might 
be expected, the genetic consequences of WTl inactivation appear to be 
restricted to organs that normally express the gene. The pattern of normal 
WTl expression has provided important clues to the function of WTl during 
differentiation. In the kidney, WTl is expressed only in condensing blastemal 
cells, renal vesicles, and glomerular epithelium [2S], all thought to be the sites 
of origin of Wilms' tumor. Normal expression of WTl may be necessary for the 
differentiation of renal blastemal cells to mature epithelial components, and 
its disruption may result in cells with the inappropriate potential for further 
proliferation either as nephrogenic rests or tumors. Classical triphasic Wilms' 
tumors contain variable histological components, including blastemal, epithe
lial and stromal cell types. Two studies have demonstrated an association 
between stromal predominance and reduced WTl expression. It remains a 
matter of debate whether the reduced WTl expression results in stromal 
differentiation or whether the reduced WTl expression simply reflects the fact 
that stromal cells do not normally express WTl [14,26]. 
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Renal WTl expression peaks around the time of birth and then rapidly 
declines as the organ matures [25,27]. In contrast to its transient expression in 
the developing kidney, WTl is expressed continuously in mesothelial cells, 
Sertoli cells of the testis, and granulosa cells of the ovary [28]. WTl mutations 
have been found occasionally in gonadoblastomas and mesothelial tumors 
[29,30] but not in the common tumors derived from testes or ovaries [31]. 
Nevertheless, the critical developmental role of WTl is evident in the severe 
genitourinary and mesothelial abnormalities of mice whose WTl alleles have 
been deleted [32]. 

3.3. WTl mutations 

Prior to the cloning of WTl, it was expected that the gene would represent a 
so-called tumor suppressor gene, since it was loss of the gene that appeared to 
be critical, as exemplified by the constitutional deletions in W AGR patients 
and by loss of heterozygosity in Wilms' tumors. Many of the mutations iden
tified to date have involved large deletions of part or all of the WTl gene. 
Smaller mutations such as small deletions or insertions also tend to result in 
premature truncation of the RNA transcript and therefore a predicted non
functional protein [33]. Although a large number of localized mutations have 
not yet been characterized, there is a potential mutational hot spot involving 
repetitive CCTG sequences in exon 1 [33]. 

Very few examples of WTl mutation transmitted from one generation to 
the next have been identified. This may possibly be attributed to the genitouri
nary and other anomalies affecting such individuals. The few examples docu
mented do illustrate, however, that there is not a strict genotype-phenotype 
correlation. For example, in one case in which both a father and child had a 
one-base-pair mutation in exon 6, the father had Wilms' tumor but no congeni
tal anomalies whereas the child had hypospadias and cryptorchidism in addi
tion to bilateral Wilms' tumor [15]. 

3.4. Denys-Drash syndrome 

In addition to inactivating deletions, specific alterations may convert a tumor 
suppressor gene into a dominant negative oncogene [34]. Proteins altered in 
this way may disrupt the function of normal gene products (including that of 
the remaining normal allele) through the formation of protein complexes or 
through abnormal interactions with DNA targets. Thus, loss of normal func
tion of both alleles may result from a dysfunctional mutation in only one allele 
(a dominant effect). 

The existence of dominant negative mutations of WTl is supported by the 
observation of specific constitutional mutations of WTl in children with the 
Denys-Drash syndrome [29,35], a congenital syndrome with predisposition to 
Wilms' tumor consisting of intersex disorders and mesangial sclerosis [36]. The 
phenotypic effects of constitutional WTl mutations found in Denys-Drash 
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syndrome are far more severe than those resulting from complete deletion of 
WTl, seen in patients with W AGR syndrome. This finding suggests that the 
altered WTl protein in patients with the Denys-Drash syndrome is dysfunc
tional rather than nonfunctional. Potential dominant negative WTl mutations 
are also seen in sporadic Wilms' tumor specimens containing only one mutated 
WTl allele [37-39]. In contrast with the previously described inactivating 
mutations, which generally result in loss of WTl protein, the mutations in 
Denys-Drash syndrome patients are single-base-pair mutations with a muta
tional hot spot in exon 9 [35]. Exon 9 encodes the third zinc finger, and most 
such mutations are predicted to alter the specificity of the target DNA se
quence. Although a striking genotype-phenotype correlation therefore exists 
for Denys-Drash syndrome, the correlation is not absolute, as exemplified 
by the report of a normal father and child with Denys-Drash syndrome who 
both had identical constitutional exon 9 mutations [40]. Even more so than for 
WTl deletions, Denys-Drash mutations would not be expected to be fre
quently transmitted because of the severe genitourinary defects in affected 
individuals. 

With the characteristics discussed above, WTJ clearly fulfills the criteria 
one would expect for a tumor suppressor gene. The unexpectedly low fre
quency of WTl mutations, however, suggests that other genetic alterations 
account for the majority of cases. Such alterations might include additional 
tumor-associated loci as discussed below. On the other hand, given the com
plex pattern of WTl transcription, DNA binding specificity, and transcrip
tional regulating capacity, it remains possible that WTl may be involved in 
more cases than is immediately obvious or that a further Wilms' tumor sup
pressor locus may reside in the llp13 region. 

4. Chromosome IIp 15 and WT2 

The existence of a putative second Wilms' tumor locus was first appreciated 
due to the fact that a subset of Wilms' tumors undergo loss of heterozygosity 
restricted to markers located at chromosome llp15, not affecting the neigh
boring Up13 loci including WTl [41-44]. Although this second putative gene 
has not been isolated, it has been designated WT2. The chromosome llp15 
region is also associated with a congenital syndrome, Beckwith-Wiedemann 
syndrome (BWS). BWS is characterized by overgrowth, ranging from gigan
tism to regional hypertrophy (hemihypertrophy) and/or visceromegaly and 
macroglossia. It is also characterized by hyperinsulinemic hypoglycemia and a 
predisposition to embryonal tumor formation in about 5%-15% patients, 
predominantly Wilms' tumor [45,46]. BWS is usually sporadic, but 15% of 
cases are familial, and genetic analysis has demonstrated linkage to Up15.5 
markers [42,47]. Whether one genetic locus is responsible for both BWS and 
Wilms' tumor or adjacent loci are involved as in the contiguous gene syndrome 
WAGR is not known. 
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A striking feature of the llp15 Wilms' tumor locus is the apparent distinc
tion between the maternal and paternal alleles. The llp15 allele lost in Wilms' 
tumors is invariably that derived from the mother [41,48], a result not pre
dicted by a model involving somatic inactivation of both alleles of an auto-

Normal/ 

Parental 
Eplgenotype 

Parental-specific 
Gametes 

Paternal 
, .-Uniparental 
~ Isodisomy 

Figure 1. A schematic of the segregation of a maternally imprinted locus such as IGF2. Both 
parents carry two alleles of the IGF2 locus, with one imprinted allele (darkened symbol). The 
gametes produced are different, however - dependent on the sex of the transmitting parent. The 
mother produces only gametes with an imprint at the IGF2locus, while the father produces only 
gametes without the imprint. Normally, offspring would have the same epigenotype as their 
parents, with one imprinted allele. In the case of uniparental paternal isodisomy, however, since 
the child has inherited both IGF2 alleles from the father, neither is imprinted and hence both are 
active. 
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somal locus, in which no bias would be expected. In addition, karyotype 
analysis of BWS children revealed that some had a constitutional duplication 
of chromosome llpl5, always paternal [49]. In some BWS cases with grossly 
normal karyotypes, both copies of chromosome 11 are identical and in fact 
represent two copies of the same chromosome inherited from the father and 
none from the mother, a condition termed uniparental isodisomy [50,51] 
(figure 1). Taken together, these findings have suggested that the BWSIWT2 
gene represents an imprinted locus. In general terms, the term imprint implies 
a functional difference between the two alleles of a locus that is dependent on 
the parent of origin. The imprint is not based on the DNA sequence but on a 
reversible modification that must take place during gametogenesis. Thus, if the 
BWS/WT2 gene is normally expressed solely from the paternal allele, the 
inheritance of two copies of the paternal BWS gene in the form of either 
trisomy or paternal isodisomy would be expected to double the level of expres
sion. It is noteworthy, then, that the loss of heterozygosity that occurs in some 
Wilms' tumors is usually the result of somatic recombination, as opposed to 
deletion, resulting in two copies of paternal 11 p15. Thus the tumor is rendered 
isodisomic for paternal 11pI5, similarly to the constitutional genotype of some 
BWS patients (figure 1). 

Uniparental disomy for chromosome 11p15 has been shown to be an un
common occurrence in Wilms' tumor patients without concomitant manifesta
tions of BWS [52]. However, one instance of a Wilms' tumor patient with 
isolated hemihypertrophy and uniparental isodisomy for chromosome 11 has 
been reported [50]. Additionally, several Wilms' tumor patients have been 
described with mosaicism for uniparental isodisomy [53]. These finding would 
infer that although alteration of 11p15 loci may be necessary for tu
morigenesis, such alterations cannot be the penultimate tumorigenic event 
since these children had normal kidney tissue in addition to the Wilms' tumor. 

4.1. Candidate 11 pI5 loci 

Several genes that map to chromosome 11p15 have been evaluated as candi
date loci for either WT2 or BWS or both. The study of these genes has 
advanced our understanding of imprinting as a genetic phenomena, but to 
date, proof of their involvement in Wilms' tumor pathogenesis remains to 
be found. 

The insulin-like growth factor II (IGF2) gene encodes an embryonal growth 
factor that is highly expressed in fetal kidney and Wilms' tumors [54]. fGF2 is 
the first gene shown to be imprinted in humans, with expression only of the 
paternally derived allele [55-57]. This pattern of imprinting is found in the 
kidney but is both developmentally regulated and tissue specific [58,59]. Since 
fGF2 induces cell growth, an increased dosage of this imprinted gene could 
conceivably contribute to both BWS and Wilms' tumorigenesis. If this were 
the case, tumor-specific loss of heterozygosity for 11p15 may represent dupli
cation of the active fGE2 allele rather than loss of a tumor suppressor allele. 
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Among Wilms' tumors that have not lost heterozygosity at llp15, some 
demonstrate loss or relaxation of the imprint at the IGF2 locus so that both 
alleles are expressed, resulting in increased expression [55,56]. Likewise, a 
constitutional loss of the imprint has been associated with some cases of BWS 
[60]. Analysis of IGF2 expression by Northern blot has confirmed that both 
tumors with loss of heterozygosity or loss of the imprint have an average 
twofold increase in mRNA levels relative to tumors with no such alteration, 
but the increase in individual tumors ranges from minimal to very large [61], 
leaving the functional consequences of the altered levels open to speculation. 
Although one might have hypothesized that BWS patients with regional over
growth might be somatically mosaic for loss of the imprint, with the abnormal
ity restricted to the hypertrophied tissue, this has been shown not to be the 
case [60,62]. 

Although IGF2 might be the BWS gene and contribute to predisposition to 
Wilms' tumor, there is also evidence to support an adjacent tumor suppressor 
locus. Another llp15 gene, H19, is adjacent to IGF2 and imprinted in a 
reciprocal manner with expression restricted to the maternal allele [63]. The 
H19 gene is transcribed into mRNA, but it has no open reading frame, sug
gesting that it functions as regulatory RNA molecule [64]. Transfection of an 
H19 expression construct into Wilms' and rhabdomyosarcoma cell lines sup
pressed both growth and tumorigenicity, suggesting that loss of this imprinted 
gene may also contribute to Wilms' tumorigenesis [65]. Since H19 is only 
transcribed from the maternal allele, loss of DNA heterozygosity would be 
expected to result in complete loss of expression as a result of this single 
genetic event, and indeed this has been shown to be the case [61,66]. 

Most Wilms' tumors, however, do not show evidence of loss of heterozygos
ity. It is striking then, that Wilms' tumors that have lost the imprint at the 
IGE2 locus and that have increased expression of IGF2 have a complete loss 
of H19 expression [61,66]. 

The mechanism underlying imprinting is unknown. However, DNA methy
lation may playa role in the regulation of imprinted genes (for reviews, see 
[6,67]). The H1910cus has been shown to be differentially methylated on the 
maternal versus paternal allele. It is intriguing to note that concomitantly with 
the loss of H19 expression, a switch of the HI9 promoter methylation pattern 
from the maternal (active) to paternal (inactive) pattern occurs [61,66]. Thus, 
three different genetic aberrations - constitutional paternal isodisomy, LOH 
involving the maternal allele, and loss of the maternal imprint - all result in 
two copies of the paternally imprinted chromosome llp15 (figure 2). 

It is speculated that IGF2 and H19 may be only two examples of imprinted 
loci within this region. An additional example, p57KIP2 mapping 500 kb cen
tromeric to IGF2, has recently been studied [68]. This locus also shows evi
dence for imprinting, with preferential maternal expression in normal tissues. 
In this case the imprint is not absolute in that slight paternal expression is also 
observed in most tissues. In 2 of 10 informative Wilms' tumors, however, 
equal expression from both alleles was observed, implicating the possible 
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Figure 2. A schematic of the functional consequences of the genetic and epigenetic alterations to 
chromosome llp15 known to occur in Wilms' tumors. (A) Normally, only the maternal copy of 
Hl9 and the paternal copy of IGF2 are transcriptionally active. (B) In the case of uniparental 
paternal isodisomy, the child has inherited two identical copies of llp15, both with the paternal 
pattern of the imprint. (C) In tumors with loss of the imprint at IGF2, and a switch to the maternal 
imprint at Hl9, the functional consequences to transcription are the same as for uniparental 
isodisomy. 

involvement of this cyclin-dependent kinase inhibitor in the genesis of some 
tumors. 

Finally, it has been shown that transfection of a sub chromosomal fragment 
of llp15, not including IGFII or H19, into a rhabdomyosarcoma cell line 
resulted in growth suppression [69]. This suggests that an additional tumor-
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suppressor locus may also be located at 11p15. In fact, the high proportion of 
tumors exhibiting either loss of heterozygosity or loss of imprint, as opposed to 
more localized deletions, may imply that the tumor-suppressor activity at 
11p15 can not be ascribed to a single locus but may involve multiple loci. The 
same phenomena could apply to Beckwith Wiedemann Syndrome and could 
conceivably account for the variability in phenotype. If this is the case, it will 
make assignment of relative importance of the different loci much more 
difficult. 

In summary, there is strong evidence that alterations at one or more im
printed loci on chromosome 11p15.5 underlie the development of BWS and 
predisposition to the development of Wilms tumor. Whether the syndrome 
and the tumor result from alterations of the same genets or whether multiple 
loci are affected by a single genetic mechanism remains uncertain. It is possible 
in some cases that the epigenetic changes are secondary to a primary genetic 
event affecting the locus responsible for regulating the imprint, a locus which 
could be on chromosome 11 or elsewhere. 

5. Familial Wilms' tumor 

Familial Wilms' tumor is rare, composing only 1.5% of all Wilms' tumors [70]. 
Curiously, only half the familial cases registered with the National Wilms' 
Tumor Study have had affected siblings, parents, or children, while the re
mainder have involved more distant relatives including aunts, uncles, nieces, 
nephews, cousins, or more distant relatives [70]. Three families with an inher
ited susceptibility to Wilms' tumor, large enough to allow genetic linkage 
analysis, have been reported. These families appear to manifest an autosomal
dominant mode of inheritance but with incomplete penetrance. Linkage 
analyses of these families have excluded both the chromosome llp13 and 
llp15 regions and chromosome 16q as the genomic locations of the genes 
responsible for inherited predisposition [71-73]. These findings have therefore 
inferred the existence of at least a third Wilms' tumor gene responsible for 
conferring familial predisposition to Wilms' tumor. 

Linkage analysis of a large Canadian family with seven known cases of 
Wilms' tumor has recently been reported [74]. No congenital anomalies or 
other cancers were observed in the pedigree. Significant evidence for linkage 
was obtained for an interval mapping to chromosome 17q12-q21, an interval 
bounded by D17S933 and D17S787. Tumor-specific loss of heterozygosity 
at these loci was not seen by these authors in a series of 13 sporadic 
Wilms' tumors and was seen in only one of 22 tumors in another series [75]. It 
is not yet known whether this chromosome 17q locus, FWT1, is involved in 
other Wilms' tumor families or whether this locus is involved in sporadic 
tumors. 

Wilms' tumor also occurs with increased frequency in the sometimes famil-
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ial Simpson-Golabi-Behmel syndrome (SGBS) [76]. This overgrowth 
syndrome has many phenotypic similarities with Beckwith-Wiedemann 
syndrome, although SGBS may also include congenital heart defects, cry
ptorchidism, vertebral and rib anomalies, and postaxial hexadactyly [77]. 
Familial SGBS is an X-linked condition that has been mapped to Xq25-
q27 [78]. Through the study of two female SGBS patients with chromo
some X autosome translocations, the responsible gene, GPC3, was recently 
cloned [79]. GPC3 encodes an extracellular proteoglycan, glypican 3, that 
may play an important role in the growth and differentiation of mesodermal 
tissues. 

It had been previously hypothesized by some that a locus controlling pa
rental allele-specific imprinting might be expected to reside on the X chromo
some. Although the SGBS locus might have been a candidate for this 
imprintor gene, the apparent biochemical function of glypican 3 does not seem 
to support such a role. Intriguingly, however, glypican 3 may form a complex 
with IGF2, thereby modulating its action [79]. This might then explain the 
phenotypic similarities between SGBS and BWS. 

Wilms' tumor has also been occasionally reported in association with a 
number of other familial disorders, including Perlman syndrome, another 
overgrowth syndrome [80]; the Li-Fraumeni syndrome, a subset of which is 
attributable to mutations in the p53 gene at chromosome 17p13 [81]; 
neurofibromatosis type 1, which is attributable to mutations in the NFl gene at 
17q11 [82]; the hereditary hyperparathyroid jaw tumor syndrome, mapping to 
chromosome 1q21-q31 [83]; and the breast-ovarian cancer syndrome caused 
by mutations in BRCAl at chromosome 17q21 in many families [84]. These 
varied clinical associations would suggest that alterations to numerous loci 
may confer predisposition to Wilms' tumor in selected cases. How often mu
tations at these specific loci may be involved in the greater proportion of 
familial tumors, and how often these loci might be involved somatically in 
sporadic tumors, remains to be defined. 

Familial Wilms' tumors have also recently been analyzed by comparative 
genomic hybridization on the assumption that detection of somatic amplifica
tion or deletion might point to the location of the inherited defect. Briefly, this 
technique involves hybridizing flurochrome-labeled tumor DNA to normal 
DNA that has been labeled with a different flurochrome and then hybridizing 
the mixture to a normal metaphase spread. Regions of the chromosomes 
represented equally in the tumor and normal DNA appear as one color, while 
sequences overrepresented or underrepresented in the tumor show up as 
different colors. Using this methodology, analysis of eight tumors from pa
tients with a documented family history revealed deletion of 4q21-ter in 4 of 
the 8 cases, including tumors from two siblings. Chromosome 9p21-ter was 
deleted in a similar proportion, while 3 of the 8 cases had lost the short arm of 
chromosome 20 [85]. Studies such as these may provide important clues to 
help focus linkage analyses. 
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6. Other potential Wilms' tumor loci 

Two published studies have attempted to identify additional Wilms' tumor loci 
by screening other chromosomal arms for loss of heterozygosity [75,86]. From 
these and other ongoing studies, there is evidence that several additional 
chromosomal arms may harbor tumor suppressor genes involved in Wilms' 
tumorigenesis. 

6.1. Chromosome 16q 

Approximately 20% of Wilms' tumors have undergone allelic loss for the long 
arm of chromosome 16, suggesting that this is the location of Wilms' tumor
associated gene [75,87]. Although the proportion of cases with LOR at this site 
is small, this rate of loss is significantly greater than the 'background' rates for 
other chromosomes (see [75] and unpublished data). The smallest region of 
deletion common to all tumors maps between the RP locus at 16q22 and the 
CTRB locus at 16q23 [87]. Loss of each parentally derived allele appears to 
occur equally frequently, in contrast to the bias to loss of the maternal copy of 
chromosome 11p, so there is no evidence to suggest that this putative Wilms' 
tumor gene is subject to imprinting [75]. 

There are also differences in the pattern of allele loss when 11p and 16q 
probes are hybridized to Southern blots of Wilms' tumors. Loss of heterozy
gosity detected by chromosome 11P probes usually results in complete loss of 
one band, whereas with chromosome 16q probes, we have often observed a 
significant reduction but not complete loss of one band (P. Grundy, unpub
lished data). This finding has been consistent even in tumors with loss at both 
chromosomal regions, excluding the possibility of contamination of the tumor 
by normal kidney tissue. This finding would suggest, then, that loss of the 16q 
locus takes place within an already established tumor and more likely reflects 
an event related to tumor progression rather than an etiologic event. Consis
tent with this hypothesis, the 16q locus has been excluded as the familial 
Wilms' tumor locus [88]. 

Also consistent with a role as a tumor progression event, tumor-specific loss 
of 16q appears to be an adverse prognostic factor. In an analysis of 232 Wilms' 
tumor patients registered on the National Wilms' Tumor Study, including 
those wit/1 tumors of all stages and both favorable and anaplastic histology, 
tumor-specific loss of 16q was associated with a statistically significantly 
poorer two-year relapse-free survival and overall survival [87]. Allelic loss at 
16q occurred at equivalent frequency in tumors of each stage, and in tumors of 
favorable or anaplastic histology, indicating that this event was independent of 
these previously known clinical prognostic factors. One of the main objectives 
of the 5th National Wilms' Tumor Study is to confirm the prognostic signifi
cance of 16q loss and to ascertain the potential clinical significance within each 
tumor stage. 

Tumor-specific 16q deletions have also been noted in hepatocellular carci-
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noma [89], breast carcinoma [90], and prostate cancer [91], among others. It 
remains possible that this putative Wilms' tumor locus may also be involved in 
determining the malignant phenotype of other more common tumors. 

6.2. Chromosome Jp 

Loss of heterozygosity also occurs at chromosome 1p in approximately 11 % of 
Wilms' tumors [87]. Almost all cases with loss of markers mapping to the most 
telomeric band, 1p36.3, reveal loss at markers mapping to 1p32, suggesting 
that the deletion is very large, spanning half of 1p (P. Grundy, unpublished 
data). Analysis of 50 tumors at multiple 1p loci revealed only two cases with an 
interstitial deletion, with the minimal region of deletion flanked by locus D1S8 
at 1p32 and locus D1Z2 at 1p36.3. Again, as for chromosome 16q, analysis of 
the parental origin of the child's alleles revealed that loss of each parental 
allele occurs approximately equally (P. Grundy, unpublished data). 

With reference to the 232 patients referred to above, there was no apparent 
association between loss of chromosome 1p and either stage or histological 
classification. Analysis of outcome with cases classified by loss of 1p revealed 
a threefold increase in relapse and mortality rates for cases with loss of 1p, but 
these results did not quite reach statistical significance [87]. Because the low 
incidence of both the marker frequency and adverse outcome may have lim
ited the statistical power of this study, the fifth National Wilms' Tumor Study 
will also determine whether loss of 1p is an independent adverse prognostic 
factor. 

Loss of 1p also occurs in other tumors, most notably in another pediatric 
tumor, neuroblastoma, in which it has also been associated with worse out
come [92,93]. The consensus region of deletion in neuroblastoma, at Ip36, lies 
well within the much larger consensus region of deletion in Wilms' tumor [94]. 
A more proximal second region of deletion has been postulated in neuroblas
toma, at 1p32, which may be involved in a separate subset of neuroblastoma 
tumors [94]. Too few Wilms' tumor deletions have been characterized to 
determine whether more than one Wilms' tumor suppressor locus might reside 
on 1p, although the deletion in most Wilms' tumors encompasses both of the 
putative neuroblastoma loci. Loss of Ip is also frequently observed in many 
tumor types (reviewed in [94]), but it is premature to speculate whether the 
putative Wilms' Ip locus might be involved in such a spectrum of tumors. 

6.3. Chromosome 7p 

Cytogenetic analyses of both the constitutional karyotypes of Wilms' tumor 
patients and of Wilms' tumors have identified recurrent deletions and translo
cations involving chromosome 7p (reviewed in [95]). One case of a Wilms' 
tumor patient with a constitutional balanced translocation between chromo
somes 1 and 7, t(1;7)(q42;p15), has been described in which the child's tumor 
had loss of the remaining short arm of chromosome 7. Four additional inde-
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pendent Wilms' tumor-specific deletions have been described with a consensus 
region of deletion of 7p15-p11 [96,97]. Our laboratory has also observed 
chromosome 7p loss of heterozygosity in 5 of 35 tumors (P. Grundy, unpub
lished data). The combination of constitutional alterations to 7p15 in Wilms' 
tumor patients and somatic LOH at a rate apparently above background 
would suggest that chromosome 7p may harbor yet another gene associated 
with the development of Wilms' tumor. It is not yet known whether tumor
specific 7p LOH is associated with any particular subset of Wilms' tumors nor 
whether it could be the site of a putative familial locus. 

6.4. p53 

Mutations of the p53 tumor suppressor gene, located at chromosome 17p13, 
have been identified as the most frequent specific alteration in human cancer. 
They occur in a variety of adult-onset tumors but have been infrequently 
identified in childhood cancers. p53 mutation analysis has been reported for 
one large series of Wilms' tumors, and only five tumors (4 %) were found to 
harbor a mutant p53 allele [98]. However, all the p53 mutations occurred in 
tumors with anaplastic histology, either focal or diffuse, while none were 
found in the 92 tumors known to be of favorable histology. The apparent 
association between p53 mutation and anaplastic histology suggests that p53 
mutation may be the primary alteration underlying the development of this 
histologic variant of Wilms' tumor, which is associated with a poor prognosis. 
However, a p53 mutation has also been identified in a Wilms' tumor with 
favorable histologic features [99], the most common histopathological pheno
type. The association of p53 mutation with the anaplastic histology is strength
ened, though, by the finding that in tumors where both anaplastic and 
non-anaplastic cells can be identified, the p53 mutation is generally confined to 
the anaplastic cells [100]. The anaplastic cells appeared to have a decreased 
rate of apoptosis, suggesting a p53-mediated mechanism for a selective growth 
advantage that might account for the poor outcome of such cases [100]. As 
mentioned previously, there is also evidence to suggest that p53 and WTl may 
interact [23], although the functional significance of this interaction and its role 
in Wilms' tumorigenesis remains to be defined. 

It also remains to be determined whether the presence of a p53 mutation in 
a tumor histologically classified as favorable might confer a worse prognosis 
despite the absence of classical features of anaplasia. 

7. Nephrogenic rests 

The presence of Wilms' tumor within a kidney is often associated with renal 
developmental abnormalities. The most common of these, nephrogenic rests, 
are small foci of persistent primitive blastemal cells that are occasionally found 
in neonatal kidneys [7]. The kidneys of virtually all children with inherited 
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susceptibility to Wilms' tumor contain nephrogenic rests, suggesting that these 
are markers for a constitutional or early somatic defect in kidney develop
ment. However, 25% to 40% of children with sporadic Wilms' tumor also have 
nephrogenic rests within otherwise normal kidney tissue [7]. In two such 
children, from whom DNA was extracted from both the microdissected rests 
and the tumor, the same somatic mutation of WTl was present in both tissues, 
indicating a common cell of origin for both lesions [101]. Thus, nephrogenic 
rests may represent clonal precursor lesions, which are at least one step along 
the pathway to tumor formation. The natural history of these reste is variable: 
some regress spontaneously, whereas other degenerate into Wilms' tumor 
[102]. 

The association between nephrogenic rests and the genetic loci implicated 
in Wilms' tumor may also be reflected in the anatomical location of the 
premalignant lesions [102]. Nephrogenic rests developing at the periphery of 
the renal lobe (perilobar nephrogenic rests) are usually found in children with 
the Beckman-Wiedemann syndrome, which is linked to the 11p15 Wilms' 
tumor locus. In contrast, intralobar nephrogenic rests, which may arise any
where within the renal lobe (as well as in the renal sinus and the wall of the 
pelvicaliceal system), are typically found in children with aniridia or other 
features associated with the WTl locus at 11p13. These observations suggest 
that the different Wilms' tumor genes may be involved in distinct developmen
tal pathways within the kidney and that their inactivation may interrupt 
normal kidney development at specific times. 

8. Conclusions 

The past few years have provided breakthroughs in understanding some of the 
genetic factors involved in Wilms' tumor and their relation to normal kidney 
development as well as uncovering novel mechanisms of tumorigenesis. Pre
venting the delineation of a clear model of etiology, however, is the over
whelming evidence for genetic heterogeneity among Wilms' tumors and the 
increasing evidence for involvement of numerous loci. Although clearly not all 
the putative loci herein described are involved in each case of Wilms' tumor, 
it is currently difficult to predict how many and what combinations of loci 
might be involved in each individual case. Given the frequency of loss of 
heterozygosity for chromosome 11p and the apparent frequency of altered 
imprinting in the remaining proportion of cases, it would seem likely that a 
locus or loci on IIp are involved in the early development of most tumors. At 
the same time, given the fact that patients with constitutional uniparental 
paternal isodisomy for chromosome 11p or with a constitutional alteration of 
the 11p15 imprint have normal kidney in addition to their Wilms' tumor; and 
given the evidence that some nephrogenic rests already harbor homozygous 
inactivation of the WTl locus, the inference is that chromosome 11p15 
alterations may only be an early and predisposing event in the Wilms' 
tumorigenesis pathway. It may be that most or at least many tumors require 
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alterations of one or more additional loci and that the involvement of these 
additional loci is associated with specific characteristics of the tumor that have 
not yet been defined. 

Clinical use of some of these findings can already be entertained. For 
example, the identification of WTl allows more precise genetic counseling for 
the subset of children with aniridia or other WAGR syndrome-associated 
anomalies and may be used for their clinical management. Children who 
present with sporadic aniridia have a greatly increased risk of Wilms' tumor, 
and frequent renal ultrasound examinations have usually been recommended 
for them. Molecular analysis of germline DNA in such children should distin
guish those with a mutation restricted to the PAX6 gene, who have no 
increased risk for Wilms' tumor, from those with a chromosomal deletion 
encompassing the neighboring WTl gene. Similarly, identification of the 
Wilms' tumor gene at chromosome llp15 and its relation with the Beckwith
Wiedemann syndrome gene will hopefully allow genetic counseling and ap
propriate screening for children with hemihypertrophy, whose increased risk 
of embryonal tumors is now poorly defined. 

The clinical care of children with Wilms' tumor may also improve with a 
better understanding of underlying genetic factors. The efforts of the National 
Wilms' Tumor Study have been aimed at intensifying treatment for patients 
with the poor clinical prognostic features, high tumor stage, or anaplastic 
histology, while reducing interventions for those without such risk factors. 
As a result, over 80% of patients with Wilms' tumor can be cured with modern 
multimodality therapy, some with minimal chemotherapy and without 
radiation therapy. To continue this process so as to maximize the number 
of children cured of their disease, while attempting to reduce the number 
of children exposed to anthracyclines or radiation, will require the identi
fication of additional prognostic markers. It is likely that further disscction 
of the molecular pathogenesis of the disease will yield such factors. Of course, 
the ultimate goal is to understand the biochemical abnormalities that occur 
as a result of the genetic alterations so that more specific therapy can be 
designed. 
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5. Neuroblastoma: solving a biologic puzzle 

Susan L. Cohn, Dafna Meitar, and Morris Kletzel 

1. Introduction 

Neuroblastoma, a childhood tumor arising in the adrenal medulla and sympa
thetic nervous system, presents an unusual challenge to pediatric oncologists. 
While virtually all patients with localized neuroblastoma can be cured by 
surgery alone, and most infants with disseminated disease are curable with 
chemotherapy, children with bone metastases usually have a fatal outcome [1-
4]. Furthermore, in some patients the tumor undergoes spontaneous regres
sion or differentiation [5,6]. This wide range of clinical behavior reflects the 
biologic heterogeneity of neuroblastoma. Much progress has been made re
cently in advancing our knowledge of human neuroblastoma at the cellular 
and molecular level, and specific genetic abnormalities have been identified 
that are characteristic of subsets of these tumors [7]. These transformation
linked genetic changes have contributed to our understanding of tumor predis
position, metastasis, treatment responsiveness, and prognosis. Continued 
study of these genetic abnormalities will hopefully lead to further insight into 
the molecular events associated with the malignant transformation of this 
heterogeneous tumor, and thereby provide clues for the development of spe
cific therapy. 

2. Incidence 

Neuroblastoma is the most common tumor in infants younger than 1 year and 
the second most common solid tumor of childhood [8]. Approximately 500 
new cases are diagnosed yearly in the United States. The overall incidence 
from birth to age 15 is 8.7 per million per year, with a slight predominance in 
Caucasians and males. The ratio of males to females is approximately 1.2: 1. 
The median age at diagnosis is less than 2 years, with 35% of cases occurring 
under 1 year of age. The tumor may be congenital with metastases to the 
placenta [9]. Sixty percent of all cases present in children younger than 2 years, 
and 97% of cases occur in children younger than 10 years of age. Rare cases of 
adults with neuroblastoma have been reported, however [10]. 
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3. Etiology 

The young age of most patients with neuroblastoma and the nondividing state 
of cells in the mature autonomic nervous system suggest that causative events 
occur prenatally or very early in life. Although no etiologic agent or genetic 
disease has been consistently linked with neuroblastoma, epidemiology stud
ies have suggested a possible role for maternal exposure to alcohol, neurally 
active drugs, diuretics, and hair coloring and for paternal exposure to electro
magnetic fields [11,12]. Case reports of neuroblastoma in patients with fetal 
hydantoin and fetal alcohol syndrome indicate that prenatal teratogenic in
sults may be involved in the pathogenesis of some cases [13]. Neuroblastoma 
has also been diagnosed in patients with other neurocristopathies, such as 
neurofibromatosis or aganglionic megacolon, suggesting a common genetic 
origin [14,15]. However, this occurs so rarely that a random association cannot 
be excluded. 

Although rare, familial occurrence of neuroblastoma has been reported, 
suggesting that a recessive tumor suppressor gene may be involved in the 
mechanism of neuroblastoma tumorigenesis [16]. Affected individuals may 
have inherited germ line mutations in a gene or genes that predispose them to 
an early onset and development of multiple primaries. In sporadic cases, the 
same or different genes may be involved, but the mutations are postzygotic 
events. In support of this hypothesis, Kushner and colleagues identified 55 
patients in 23 families in a literature review of familial neuroblastoma; most 
were younger than 1 year at diagnosis, and eight patients had mUltiple prima
ries [16]. Recently, a constitutional deletion in chromosome 1p36 has been 
reported in one child with neuroblastoma, and a constitutional translocation 
involving chromosome 1p36 was observed in another patient with this tumor 
[17,18]. Efforts to identify a putative tumor suppressor gene in this region of 
chromosome 1 are ongoing. 

4. Embryology 

Neural crest cells are initially located along the sides of the embryonic neural 
tube [19]. During the development of the embryo, cells migrate from the 
neural tube along defined pathways, and subsequent commitment to cell fate 
occurs in response to environmental stimuli. The ventrally migrating cells 
develop into the spinal ganglia, the ganglia of the sympathetic side chain, the 
prevertebral ganglia, the paraganglia, and the chromaffin bodies. Visceral 
sympathetic ganglia are formed near the heart, lungs, gastrointestinal tract, 
and urogenital tract. In adults, these consist of ganglion cells and sporadic 
chromaffin cells, whereas in the fetus and newborn, cells of all stages of 
differentiation are seen. 

Tumors that arise from this sympathetic blastema tissue include 
pheochromocytoma, ganglioneuroma, and neuroblastoma. The histologic cor-
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relation between the developmental stages of the sympathetic nervous and the 
various tumor types arising from this tissue was first noted over 100 years age 
[20]. Because neuroblastomas frequently consist of cells with divergent de
grees of maturation, it was thought that these tumors were derived from a 
pluripotent neural crest cell. However, recent in situ hybridization studies 
suggest that neuroblastoma-associated Schwann cells are not malignant but 
rather normal cells [21]. Ambros and coworkers hypothesize that Schwann 
cells in maturing neuroblastomas are responding to one or more trophic 
signals that cause them to infiltrate the tumor. At the present time it is unclear 
what role, if any, Schwann cells have in the differentiation of neuroblastoma 
tumors. 

5. Sites of disease 

Because the sympathetic side chain extends from the posterior cranial fossa to 
the coccyx, neuroblastoma arises from a wide variety of sites. The most com
mon site of primary disease is the abdomen, particularly the adrenal gland 
[22]. Approximately 30% of neuroblastomas originate in the cervical, thoracic, 
and pelvic side chains. Origins in the bladder wall, in the sciatic nerve, and in 
tissues adjacent to the testis have also been reported [23]. As mentioned 
previously, mUltiple primary tumors can occur, and these tumors may occur 
either simultaneously or sequentially [16,24]. Approximately two thirds of 
children will present with metastatic disease, and bone marrow, bone, liver 
and lymph nodes are the predominant metastatic sites. Rarely, the lung, 
pleura, and central nervous system are involved. 

6. Clinical presentation 

Clinical manifestations of neuroblastoma vary according to the location of the 
primary disease and the degree of dissemination (table 1). Neuroblastoma 
may be discovered as an abdominal or pelvic mass during examination of an 
asymptomatic child for a minor illness unrelated to the disease [25]. Thoracic 
tumors are often seen on chest roentgenograms done because of dyspnea or 
suspected pulmonary infection. Physical signs of tumor originating in the head 
and neck region include a palpable neck mass, Horner's syndrome, and 
heterochromia of the iris on the affected side. Tumors of the paraspinal area 
with intraspinal extension can lead to compression of the spinal cord, which, in 
turn, may cause localized back pain and tenderness, bladder and anal
sphincter dysfunction, disturbance of gait, paraplegia, hypotonia, areflexia, 
hyperreflexia, and spasticity [26]. 

Systemic symptoms include malaise, weight loss, anorexia, irritability, and 
fever. The most frequent symptoms of metastatic disease to bone and bone 
marrow are pain, limp, refusal to walk, and pallor [25]. The predilection for 
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Table 1. Neuroblastoma signs and symptoms 

Primary cervical tumor 

Primary thoracic tumor 

Primary abdominal tumor 

Primary pelvic tumor 

Metastatic tumor 

Systemic symptoms 

Cervical mass 
Horner's syndrome 
Heterochromia of the iris 
Superior Vena Cava syndrome 

Dyspnea 
Spinal cord compression 

Abdominal mass 
Spinal cord compression 
Abdominal pain 

Pelvic mass 
Spinal cord compression 
Hip and/or leg pain 

Lymphadenopathy 
Hepatomegaly 
Pallor 
Exophthalmos 
Eyelid ecchymosis 
Skull mass 
Bone pain 
Skin nodules 
Purpura 

Fever 
Weight loss 
Fatigue 
Hypertension 
Intractable diarrhea 
Opsoclonus/myoclonus 

skeletal spread is particularly evident in the skull and facial bones, especially 
in the orbits. Orbital metastases can give rise to proptosis and to the character
istic ecchymoses in the upper eyelids. Lymph node metastases are also fre
quent, and enlarged cervical lymph nodes may be a presenting sign. Infants 
may have subcutaneous metastases that manifest as skin nodules, as well as 
diffuse metastatic spread to the liver that can lead to massive hepatomegaly 
and subsequent respiratory symptoms (figure 1). The tumor can also cause 
antenatal death as a result of severe anemia, hydramnios, or hydrops fetalis 
[27]. 

7. Rare systemic symptoms 

In rare instances, a child with neuroblastoma may have hypertension caused 
by excessive tumor production of catecholamines [28]. However, marked par
oxysmal effects from catecholamine release, as seen in pheochromocytomas, 
are uncommon in neuroblastoma, most likely because the active metabolites 
are rapidly degraded. Intractable diarrhea due to tumor secretion of the pep
tide hormone vasoactive intestinal polypeptide (VIP) is another rare symptom 
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Figure 1. Infant with hepatomegaly and respiratory distress secondary to metastatic 
neuroblastoma. 

[29]. VIP secretion is usually associated with more differentiated tumors such 
as ganglioneuroma or ganglioneuroblastoma [30]. 

Approximately 2% of patients with neuroblastoma will have acute cerebel
lar encephalopathy with opsoclonus, myoclonus, and ataxia [31]. Progressive 
ataxia and titubation of the head, myoclonic jerks, and chaotic conjugate 
jerking movements of the eyes can be prominent. Although the opsoclonus 
and myoclonus may abate in some patients after tumor removal, in some cases 
myoclonic encephalopathy has actually developed after tumor resection. This 
syndrome is more common in patients with localized disease, and almost all 
tumors have biologically favorable features [31-33]. More than 85% of these 
patients are long-term survivors, and in many patients the myoclonic symp
toms will improve with steroid treatment or intravenous gammaglobulin 
[34,35]. However, successful treatment of the tumor or the movement disorder 
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does not halt or reverse neurologic deterioration. Long-term follow-up studies 
have demonstrated that most patients have chronic neurologic deficits, includ
ing cognitive and motor delays, language deficits, and behavioral abnormali
ties [33,36,37]. 

The pathogenesis of this syndrome is not well understood, but it is believed 
that deregulation of the immune system plays a role [38]. Imaging studies and 
neuropathologic investigation have only inconsistently shown focal abnor
malities in the brains of patients with neuroblastoma and opsoclonus
myoclonus [39]. Because the majority of patients continue to have long-term 
developmental and neurologic problems, early cognitive, developmental, and 
neurologic evaluation is indicated in all patients with this syndrome so that 
appropriate therapeutic and educational intervention may be instituted in an 
attempt to minimize or reverse deficits in these areas. 

8. Diagnosis 

The diagnosis of neuroblastoma may be established by unequivocal pathologic 
examination of tumor tissue. In most cases, a tissue diagnosis of neuroblas
toma based on conventional staining (hematoxylin and eosin) is not difficult, 
especially if features suggestive of neuronal differentiation are present. How
ever, in some cases, the neuroblasts exhibit little if any features of differentia
tion, and electron microscopy may be necessary to confirm the diagnosis. 
Alternatively, immunohistochemical, cytogenetic, and/or molecular analysis 
may be needed to help differentiate neuroblastoma from other small, round, 
blue cell tumors such as rhabdomyosarcoma, lymphoma, peripheral neuro
epithelioma (also called primitive neuroectodermal tumor [PNET]), and 
Ewing's sarcoma [40-47]. For example, genetic features such as chromosome 
Ip deletion or amplification of the MYCN oncogene would support a diagnosis 
of neuroblastoma, whereas the presence of the chromosomal trans locations 
t(11;22) or t(2;13) would be characteristic of Ewing's sarcoma/PNET and 
alveolar rhabdomyosarcoma, respectively. 

The diagnosis may also be made by demonstrating unequivocal tumor cells 
in a bone marrow aspirate or biopsy combined with the detection of elevated 
urinary catecholamine excretion [48]. Excessive production of catecholamines 
is one of the most striking characteristics of neuroblasoma [49]. Sympathetic 
cells produce 3,4-dihydroxyphenylalanine (Dopa) by the enzyme tyrosine hy
droxylase, and decarboxylation of Dopa results in the production of the first 
catecholamine, dopamine. Norepinephrine is formed by dopamine-beta hy
droxylase, after which phenylethanolamine-N-methyl transferase forms 
epinephrine. Most of the excreted catecholamines are O-methylated by cat
echol-O-methyl transferase, and excretion of vanilglycolic acid (VGA), 
vanillylmandelic acid (VMA), vani! acetic acid (V AA), and homovanillic acid 
(HV A) can be measured for diagnostic purposes [23]. Using a cutoff of 3.0 
standard deviations above the mean per milligram creatinine for age, approxi-
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mately 92% of children with biopsy-proven neuroblastoma will have increased 
catecholamines at diagnosis. 

A variety of serum markers, such as ferritin, lactic dehydrogenase (LDH), 
and neuron-specific enolase (NSE), have also been used to aid in the diagnosis 
of neuroblastoma and to follow response to treatment [48,50]. However, while 
ferritin and LDH may be useful prognostic markers for neuroblastoma at 
diagnosis, they lack sensitivity and specificity. Serum NSE is more specific, but 
this tumor marker is not as sensitive. 

9. Evaluatiou of disease exteut 

Evaluation for extent of disease requires several studies (table 2). The primary 
site can be examined radiographically by plain films, computerized tomo
graphy (CT), magnetic resonance imaging (MRI), and radio labeled meta
iodobenzylguanidine (MIBG). Bilateral bone marrow aspirates and biopsies 
should be performed to assess gross marrow involvement [48]. Lymph node 
involvement may be evaluated by radiographic studies as well as physical 
examination. At the time of surgery, representative biopsies of regional 
and any enlarged (>2cm) nodes should be performed. A technetium 
diphosphonate bone scan is generally the most sensitive conventional modal
ity for the detection of cortical bone involvement at the time of diagnosis [51]. 
Plain radiographs should be obtained of positive or suspicious lesions detected 
by bone scan to document bone abnormalities and to rule out other possible 
explanations for the abnormalities. There is controversy as to whether MIBG 
scans are as sensitive as technetium diphosphonate scans in detecting cortical 
bone disease [52]. Therefore, a technetium bone scan should always be per
formed if the MIBG scan is negative. Liver disease can be assessed with CT 
scan in most patients. However, in infants, liver involvement is often diffuse 

Table 2. Evaluation of extent of disease 

Tumor site 

Primary tumor 
Metastatic sites 

Bone marrow 

Bone 

Lymph nodes 

Abdomen/liver 
Chest 

INSS recommended tests 

CT and/or MRI scan; MIBG scan, if available. 

Bilateral posterior iliac crest marrow aspirates and trephine 
( core) bone marrow biopsies. 

Bone scan and MIBG scan (if available); plain radiographs 
of positive lesions. 

Clinical examination (palpable nodes), confirmed 
histologically. CT scan for nonpalpable nodes. 

CT and/or MRI scan. 
AP and lateral chest radiographs. CT or MRI if chest 

radiograph positive. 

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; MIBG, meta
iodobenzylguanidine. 
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and may not be apparent by diagnostic imaging or by inspection of the liver at 
the time of surgery [53]. Therefore, it is recommended that a blind liver biopsy 
be performed to rule out liver involvement in infants with abdominal tumors 
[48]. A chest radiograph should be obtained to evaluate the presence of 
disease dissemination to the thorax. If the chest radiograph is positive, further 
evaluation with CT or MRI is indicated. 

10. Differential diagnosis 

The differential diagnosis of neuroblastoma includes a wide range of pediatric 
conditions. Because of the propensity to early and widespread metastases, 
neuroblastoma has been misdiagnosed as osteomyelitis, juvenile rheumatoid 
arthritis, storage disease, granulomatous processes, and leukemia. Patients 
presenting with orbital echymosis may be misdiagnosed as child abuse victims. 
Neoplastic processes from which neuroblastoma must be differentiated 
include Wilms' tumor of the extrarenal type, Ewing's sarcoma of the 
extraosseous type, and Ewing's of the vertebrae or ribs, teratomas, lym
phomas, and peripheral neuroectodermal tumors (PNET). 

11. Staging 

Several different staging systems have been used to classify the extent of 
disease in neuroblastoma patients at the time of diagnosis, and all have prog
nostic value. The Evans system, which is currently used by the Children's 
Cancer Study Group (CCG), was initially described in 1971 [4]. The criteria 
for this system are clinical (table 3). A special category of disseminated neuro
blastoma, stage IVS, was included in this staging system for a subset of patients 
with primary lesions that do not cross the midline and who have metastases 
limited to liver, skin, and/or bone marrow. Patients who meet the clinical 
criteria for this special stage are usually young, have a good prognosis despite 
extensive disease, and have a high rate of spontaneous remission. A 
surgicopathologic staging system was described by investigators from the St. 
Jude Children's Research Hospital [54], and a modified version of this system 
is currently used by the Pediatric Oncology Group (POG) (table 3) [1]. A third 
staging system, the tumor-node-metastasis (TNM) classification, has been 
devised under the auspices of the International Union Against Cancer, the 
International Society of Paediatric Oncology, and the American Joint Com
mittee [55]. In general, the staging systems are comparable when distinguish
ing between patients with low-stage disease and good prognosis and those with 
advanced disease and poor prognosis. However, the differences between the 
staging systems for intermediate-stage disease are substantial. 

Because the differences in these systems make it difficult to compare the 
results of clinical trials and biologic studies, an international consensus group 
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Table 3. Comparison of staging systems 

Staging 

Evans 

POG 

INSS 

Stage 

II 

III 

IVS 

IV 

A 

B 

C 

DS 

D 

2A 

2B 

3 

4S 

4 

Definition 

Tumor confined to the organ or structure of origin. 

Tumor extending beyond the organ or structure but not 
crossing the midline. 

Tumor extending in continuity across the midline. 

Localized primary tumor (stage I or II) with dissemination 
limited to liver, skin, and/or bone marrow. 

Any primary tumor with dissemination to distant lymph 
nodes, bone marrow, liver, skin, and/or other organs (except 
as defined for stage IVS) 

Complete gross resection of primary tumor. Attached lymph 
nodes may be positive. Distant nodes and liver negative. 

Grossly unresected tumor. Nodes and liver same as stage A 

Complete or incomplete resection. Unattached nodes positive. 

Localized primary tumor (stage A or B) with dissemination 
limited to liver, skin, and/or bone marrow. 

Same as Evans stage IV. 

Localized tumor with complete gross excision, with or without 
microscopic residual disease; representative ipsilateral lymph 
nodes negative for tumor microscopically (nodes attached to 
and removed with the primary tumor may be positive). 

Localized tumor with incomplete gross excision; 
representative ipsilateral nonadherent lymph nodes negative 
for tumor microscopically. 

Localized tumor with or without complete gross excision, with 
ipsilateral nonadherent lymph nodes positive for tumor. 
Enlarged contralateral lymph nodes must be negative 
microscopically. 

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 (unresectable) or by lymph node involvement. 

Localized primary tumor (as defined for stage 1, 2A or 2B), 
with dissemination limited to skin, liver, and/or bone marrow 
(limited to infants <1 year of agc; marrow involvement should 
be minimal, <10%). 

Same as Evans stage IV. 

met in 1986 to establish international criteria for a common neuroblastoma 
staging system [56]. The staging system is known as the International Neuro
blastoma Staging System (INSS), and most groups and countries have imple
mented the INSS in addition to, or instead of, the staging system they 
previously used (table 3). The INSS, which was revised in 1993 [48], catego
rizes patients according to the presence or absence of disease in the bone 
marrow, radiographic information, and surgical findings. Recently, the POG 
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and CCG conducted a retrospective analysis that confirmed that the INSS 
definitions identified prognostic subsets of patients with neuroblastoma 
[57,58]. Further validation of the INSS criteria is ongoing in prospective POG 
and CCG studies. 

12. Prognostic factors 

12.1. Clinical factors 

The only independent clinical prognostic factors in neuroblastoma are the 
stage of the disease and the age of the child at diagnosis [50]. As with most 
malignancies, stage of disease at diagnosis is the single most important prog
nostic factor in neuroblastoma. However, for all stages of disease beyond 
localized tumors, infants less than 1 year of age have a significantly better 
disease-free survival rate than older children with equivalent stage [59]. Sur
vival of patients of any age with stage A disease approaches 100% [1]. Patients 
with widely disseminated neuroblastoma diagnosed at over 1 year of age do 
poorly, with less than a 20% rate of long-term survival despite aggressive 
multimodality treatments [3,60,61]. However, there is some suggestion that 
children over 5 years of age with metastatic neuroblastoma have a more 
indolent course resulting in prolonged survival [62]. Infants with metastatic 
disease have a significantly better outcome than children older than 1 year of 
age [3]. Biologic factors (discussed below) have provided critical insights re
garding prognosis in this subset of patients and have had a major impact on 
management. 

12.2. Tumor markers 

Serum ferritin and lactic dehydrogenase (LDH) have been shown to be useful 
prognostic markers for neuroblastoma (table 4). Unfavorable outcomes are 
associated with elevated levels of serum ferritin (> 142ng/mL) and LDH 
(>1500IU/L) [63,64]. Serum levels of neuron-specific enolase (NSE) above 
100ng/mL have been found more often in patients with advanced-stage dis
ease than in those with localized disease [65]. Patients with regional and widely 
disseminated disease with normal NSE levels have been shown to have a 
better outcome than those with elevated NSE values [66]. 

12.3. Histology 

The degree of maturation of neuroblastoma can vary from the most primitive 
form of undifferentiated neuroblastoma to primarily mature ganglioneuroma 
with only scattered nests of neuroblasts. In 1984 a classification scheme was 
devised by Shimada and colleagues that relates the pathologic features to 
clinical behavior [67]. Shimada classified tumors as favorable or unfavorable 
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Table 4. Prognostic factors in neuroblastoma 

Prognostic factor Favorable Unfavorable 

Clincial factors 
Stage 1,2A,2B,4S (INSS) 3,4 (INSS) 
Age ,,;12 months >12 months 

Tumor markers 
Ferritin <142ng/mL >142ng/mL 
LDH <1500 lUlL >1500 lUlL 
NSE <lOOnglmL >lOOng/mL 

Biologic factors 
DNA Index >1.0 1.0 
MYCN Normal Amplified 
Chromosome Ip Normal Deleted 
TrKA High levels of expression Low levels of expression 
MRP" Low levels of expression High levels of expression 
CD44" High levels of expression Low levels of expression 
Vascularity' Low vascularity High vascularity 

Pathology 
Shimada classification Favorable Unfavorable 
Joshi classification Low-risk High-risk 

"Recently described prognostic factors: further studies needed to confirm results. 

on the basis of neuroblast differentiation, stroma, mitosis-karyorrhexis index, 
and age at diagnosis_ Joshi and coworkers proposed a modification of this 
classification using mitotic ratio (number of mitoses/lO high-power fields) and 
presence or absence of calcification. Three grades of tumor were defined as 
follows: grade 1, tumors with calcification and low mitotic ratio (~1O mitoses/ 
10 high-power fields); grade 2, tumors with either calcification or low mitotic 
ratio; and grade 3, tumors with high mitotic ratio and no calcification [68,69]. 
Patients of all ages with grade 1 tumors and patients 1 year of age or younger 
with grade 2 tumors were classified in the low-risk group. The high-risk group 
consisted of patients of all ages with grade 3 tumors and patients 1 year of age 
or older with grade 2 tumors. It is not known why unfavorable histology 
tumors are clinically more aggressive than favorable histology tumors. How
ever, amplification of the MYCN oncogene has been shown to be strongly 
associated with unfavorable histology [70,71]. 

12.4. MYCN amplification 

Cytogenetic analysis of human neuroblastomas frequently show either extra
chromosomal double-minute chromatin bodies or homogeneously staining 
regions [72,73]. Both abnormalities are cytogenetic manifestations of gene 
amplification. In 1983, Schwab and colleagues reported that an oncogene 
related to the viral oncogene v-myc, but distinct from c-myc, was amplified in 
8 of the 9 neuroblastoma cell lines tested [74]. This amplified sequence, now 
known as MYCN [75], was mapped to homogeneously staining regions on 
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different chromosomes in neuroblastoma cell lines, and the normal single
copy locus was mapped to the distal short arm of chromosome 2 [76,77]. 

Brodeur and colleagues first reported the association between MYCN am
plification and advanced-stage neuroblastoma in 1984 [78]. In 1985, Seeger 
and coworkers reported the association between MYCN amplification and 
rapid tumor progression and poor prognosis [60]. Brodeur and colleagues also 
analyzed MYCN copy number in multiple simultaneous or consecutive 
samples of neuroblastoma tissue from 60 patients and found a consistent copy 
number in different tumor samples taken from each patient [79]. No cases of 
neuroblastoma with a single copy of MYCN at the time of diagnosis developed 
amplification subsequently. These results suggest that MYCN amplification is 
an intrinsic biologic property of a subset of neuroblastomas and that tumors 
that develop MYCN amplification do so by the time of diagnosis. MYCN copy 
number has now been examined in more than 1200 patients with neuroblas
toma enrolled in protocols of the CCG and POG, and the same associations 
are seen [7]. 

In vitro studies have supported the hypothesis that MYCN contributes to 
the biologic behavior of neuroblastoma. Enhanced MYCN expression through 
exogenous gene transfer has been associated with increased growth and meta
static potential in neuroblastoma cells [80,81]. In addition, decreased rates of 
proliferation and colony formation in soft agar have been seen with antisense 
MYCN expression [82-84], and downregulation of MYCN is seen in neuro
blastoma cells chemically induced to differentiate [85]. Furthermore, con
stitutive expression of MYCN can block retinoic acid-induced differentiation 
[86]. 

MYCN is a member of the MYC family of genes. The gene encodes two 
polypeptides, with relative masses of 62 and 64kDa, that result from alterna
tive use of two translational start codons [87]. The two proteins are phospho
rylated and localized to the nucleus. The encoded gene products of the MYC 
family share structural similarities in helix-loop-helix DNA-binding domains 
with other trans-acting differentiation factors such as MyoD and E2A [74,88]. 
This motif is thought to be responsible for both DNA binding and dimeriza
tion. The MYC proteins have been shown to form a sequence-specific DNA
binding complex with MAX, another helix-loop-helix leucine zipper [88,89]. 
It is, therefore, likely that MYCN is a trans-acting factor involved in control
ling the expression of key cellular genes crucial for regulated cell growth 
and differentiation. In the same manner, high levels of MYCN expression 
subsequent to genomic amplification could result in altered cell growth and 
differentiation. 

Because the MYCN amplicon ranges in size from 350 kb to more than 1 Mb 
[90], it is possible that the aggressive phenotype associated with MYCN ampli
fication may be due to overexpression of additional genes within the amplicon. 
Recently, co amplification and concomitant high levels of expression of the 
DEAD (Asp-Glu-Ala-Asp) box gene DDXl with MYCN has been demon-
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strated in neuroblastoma tumors [91-93]. DEAD box proteins are putative 
RNA helicases that have ATP-dependent activities including modulation of 
RNA secondary structure [94]. It remains to be determined if DDXI amplifi
cation and overexpression contributes to the malignant phenotype of a subset 
of MYCN amplified tumors. 

Only 5%-10% of patients with localized disease have tumors with MYCN 
amplification, whereas more than 30% of patients with advanced disease have 
tumors with amplification of this oncogene [60,95]. While MYCN amplifica
tion is strongly associated with poor outcome regardless of the clinical stage of 
the tumor, recently there have been reports suggesting that some children with 
localized MYCN-amplified tumors have a good prognosis [95,96]. Histologic 
analysis of these localized tumors suggests that the prognostic relevance of 
MYCN amplification may vary according to the histologic features of the 
tumor. Patients with favorable histology tumors do not appear to require 
aggressive multimodality therapy to be cured. However, the outcome of pa
tients with localized, MYCN-amplified neuroblastomas with unfavorable his
tology is poor, similar to their counterparts with advanced stages of disease. 
Further elucidation of the biology of MYCN-amplified localized neuroblasto
mas may lead to the identity of the molecular events that are specific to this 
clinically favorable subset of tumors. Low levels of MYCN mRNA and protein 
have been demonstrated in one localized, MYCN amplified tumor [95]. Addi
tional studies should be performed to determine if this finding is characteristic 
of localized, MYCN-amplified neuroblastomas with favorable histology. 

Approximately 50% of patients with single-copy MYCN neuroblastomas 
will also die of disease [7]. At the present time, there are no specific biologic 
markers that consistently predict outcome for this group of patients. Although 
it is possible that activation of MYCN may occur by mechanisms other than 
amplification, higher levels of MYCN expression in single-copy tumors is not 
consistently correlated with unfavorable outcome [97-99]. Thus, another ge
netic lesion may contribute to the poor clinical outcome of this subset of 
patients. 

Southern blot analysis was used to determined MYCN copy number in 
neuroblastoma in most of the clinical studies discussed in this chapter. How
ever, several cooperative groups are now using florescence in situ hybridiza
tion (FISH) to measure MYCN copy number (figure 2) [100]. While both 
techniques can be used to accurately determine gene amplification, there are 
several advantages to the FISH technique. First, results can be obtained more 
rapidly with FISH, and second, only small numbers of tumor cells are required 
to perform the analysis. MYCN copy number can be accurately determined in 
tissue that contains only small numbers of infiltrating tumor cells, whereas 
false-negative results are often obtained when Southern blot analysis is per
formed with this type of tumor sample. In addition, with FISH it is possible to 
distinguish low levels of MYCN amplification from hyperdiploidy of chromo
some 2. 
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a 

b 

Figure 2. A cosmid clone containing the MYCN gene is shown hybridized to interphase nuclei 
from (8) a neuroblastoma lacking MYCN amplification; (b) a neuroblastoma tumor containing 
double-minute chromatin bodies containing increased copy number of this locus of MYCN; and 
(c) a neuroblastoma containing homogeneously staining regions containing increased copy num
ber of this locus of MYCN. (Photographs are courtesy of Dr. A. Thomas Look and Susan Rowe 
from the POG Neuroblastoma Reference Laboratory, St. Judes Children's Research Hospital, 
Memphis, TN.) 



c 
Figure 2 (continued) 

12.5. Tumor cell ploidy 

Flow-cytometric analysis of the DNA content of human neuroblastoma cells 
was first reported in a series of 35 infants [101]. In this analysis, diploidy was 
more common in infants with widely disseminated disease. Furthermore, all 17 
evaluable patients with unresectable hyperdiploid tumors had either a com
plete or a partial response to cyclophosphamide and doxorubicin, while six 
with diploid tumors failed to respond. Subsequent studies have confirmed the 
prognostic importance of flow-cytometric measurement of DNA content, par
ticularly in patients less than 12 months of age [3,102-105]. Several studies 
comparing tumor cell ploidy and MYCN amplification have shown that a 
correlation between amplification and diploidy exists, although the association 
is not absolute [71,106,107]. Thus, MYCN copy number and tumor cell ploidy 
provide complementary prognostic information. 

12.6. Deletion or loss of heterozygosity of the short arm of chromosome 1 

Deletion of the short arm of chromosome 1 is the most characteristic cytoge
netic abnormality in primary human neuroblastomas and tumor-derived cell 
lines [7,72,73]. Most commonly, chromosome Ip deletions are seen in near
diploid neuroblastomas and cell lines, while tumors with modal chromosome 
numbers in the triploid range rarely have deletions or rearrangements of the 
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short arm of chromosome 1 [l08]. The region most commonly deleted is 
between Ip32 and Ipter. This deletion is thought to represent the loss of a 
neuroblastoma suppressor gene [72]. In support of this hypothesis, there have 
been recent reports of neuroblastoma patients with germline deletions or 
translocations in the Ip chromosome [17,18]. 

Similar to the cytogenetic analyses, molecular studies using chromosome-l
specific DNA probes that identify restriction fragment length polymorphisms 
along the short and long arms of chromosome 1 have also shown a high 
incidence of Ip deletion in neuroblastoma. Fong and coworkers analyzed 45 
primary neuroblastomas and reported that 13 of the 47 cases (28%) showed 
loss of heterozygosity (LOH) at one or more loci [109]. The common region of 
LOH was at the distal end of chromosome Ip from Ip36.1 to Ip36.3. Others 
have reported similar results [110-113]. Mutation in the critical Ip36 locus on 
one chromosome, followed by deletion of the same region on the homologous 
chromosome (manifested by LOH), may be an important mechanism in the 
malignant transformation or progression of neuroblastoma. Several investiga
tors are currently mapping chromosome Ip in an effort to identify the putative 
neuroblastoma suppressor gene. 

Several studies have demonstrated that chromosome Ip loss is strongly 
correlated with poor clinical outcome. In a large series reported by Maris and 
coworkers, Ip LOH was detected in 30 of 156 (19%) neuroblastoma tumor 
samples [114]. Loss of chromosome Ip was strongly associated with advanced
stage disease, elevated LDH (>1500IU/L), and MYCN amplification. While 
Ip LOH was also strongly predictive of poor outcome, its prognostic value was 
equivocal when stratified for amplification of the MYCN oncogene. Others 
have reported similar findings [115]. However, a recent study by Caron and 
colleagues suggests that Ip loss has prognostic value independent of MYCN 
amplification [116]. Among patients with favorable-stage tumors that lack 
amplification of the MYCN oncogene, loss of chromosome Ip identified those 
in whom standard treatment was most likely to fail (three-year event-free 
survival, 34 ± 15 %). Furthermore, outcome was significantly better for pa
tients with advanced-stage tumors that lacked Ip deletions (three-year event
free survival, 53 ± 10%) than for those with neuroblastomas with 1 ploss 
(three-year event-free survival, 0%). 

12.7. Defects of the nerve growth factor receptor (NGFR) pathway 

Nerve growth factor (NGF) is a peptide hormone required for the survival of 
sympathetic and sensory neurons, and its effects are mediated through a 
specific cell surface receptor, nerve growth factor receptor (NGFR) [117]. This 
peptide is known to cause differentiation of the rat pheochromocytoma cell 
line PC12 into cells resembling sympathetic neurons. NGF also induces 
neurite extension in a few receptor-positive neuroblastoma cell lines, although 
most neuroblastoma cell lines fail to respond [118,119]. Multiple defects in the 
NGFR pathway in neuroblastoma lines have been detected, including 1) ab-
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sence of NGFR mRNA or protein expression, 2) expression of only a low
affinity receptor, and 3) inability of the high-affinity receptor to mediate a 
response to NGF. While it is possible that these defects may be involved in the 
maintenance of an undifferentiated phenotype, the role of the NGFR pathway 
in the pathogenesis of neuroblastoma remains unclear. 

There are two classes of NGFRs, namely, high and low affinity [120]. The 
low-affinity NGFR gene encodes a transmembrane protein, which is glyco
sylated so that it yields a protein of about 75 kDa. No known biologic re
sponses are mediated solely by the low-affinity receptor. The high-affinity 
NGF receptor, p140proto-TRK, is encoded by the proto-oncogene TrkA. This 
transmembrane glycoprotein is a tyrosine kinase that is expressed selectively 
in the developing nervous system [121]. The biologic responsiveness to NGF 
depends on interactions with the high-affinity receptor [122]. Neurite exten
sions have been seen in primary cultures of neuroblastomas from patients with 
high levels of expression of both TrkA and the low-affinity NGFR after 
treatment with NGF [123]. In addition, prolonged survival was seen in cells 
treated with NGF compared to tumor cells cultured in standard medium or in 
NGF-depleted medium, suggesting that some neuroblastoma cells are depen
dent on NGF for survival and deprivation of neurotrophic factor may lead to 
programmed cell death. Other neuroblastomas have defects within the 
NGFR-pathway and are therefore not responsive to NGF nor dependent on it 
for survival. However, transfection of TrkA cDNA into neuroblastoma cells 
that are not responsive to NGF treatment is sufficient to generate a functional 
NGF receptor complex that leads to growth arrest and differentiation in the 
presence of NGF [124,125]. 

TrkA is expressed in a substantial number of primary neuroblastomas of all 
stages. However, significantly higher levels of TrkA mRNA expression are 
present in localized and stage 4S tumors than in advanced-stage tumors (stages 
3 and 4) [123,126-128]. TrkA expression is also inversely associated with 
amplification of MYCN; extremely low levels of TrkA are observed in the vast 
majority of amplified tumors. The expression of TrkA is also associated with 
survival. Nakagawara reported a five-year cumulative-survival rate of patients 
with a high level of TrkA expression of 86% [123]. The survival rate for the 
group of patients with a low level of TrkA expression was 14%. A five-year 
survival rate of 87% was seen for the 62 patients who had tumors with high 
levels of TrkA expression and normal MYCN copy number. Overall survival 
of the four patients with tumors with normal MYCN copy number and low 
levels of TrkA expression was 50%. All 11 patients with MYCN amplification 
and low level TrkA expression died within two years after diagnosis. Although 
TrkA was statistically predictive of outcome in a univariate analysis, when 
outcome was adjusted for the effect of MYCN amplification, TrkA expression 
was no longer significant among the patients studied. Similar results have been 
reported by others [126-128]. Nevertheless, both MYCN and TrkA appear to 
playa role in the pathogenesis of neuroblastoma, and it is likely that they will 
provide complementary prognostic information. 
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12.B. Multidrug resistance 

Multidrug resistance contributes to treatment failure of a variety of cancers. 
Among the underlying mechanisms, the best known involves the MDR1 gene, 
which encodes P-glycoprotein [129]. This 170-kDa plasma membrane protein 
has homology to bacterial-transport proteins and is thought to cause cross
resistance to structurally unrelated anticancer drugs by functioning as an ATP
dependent drug-efflux pump of broad specificity. Although high levels of 
P-glycoprotein may be found in cells from many human malignant tumors, 
controversy exists regarding the role P-glycoprotein plays in determining the 
multidrug-resistance phenotype in neuroblastoma. Chan and colleagues found 
a strong correlation between increased expression of this protein and failure of 
chemotherapy in a retrospective study of sequential tumor samples from 67 
children with neuroblastoma [130]. While P-glycoprotein was not detected in 
pretreatment samples from any child with stage I, II, or IVS disease, 1 of 17 
patients with stage III disease and 12 of 19 patients with stage IV disease had 
tumors with P-glycoprotein expression. When outcome was stratified for age 
and stage, the group that was negative for P-glycoprotein had a significantly 
longer relapse-free survival and overall survival rate than the group that was 
positive. However, others have shown that P-glycoprotein is not predictive 
of outcome. Favrot and coworkers reported that expression of P-glycoprotein 
was restricted to normal cells in neuroblastoma biopsies [131], and 
Nakagawara and colleagues found an inverse correlation between expression 
of P-glycoprotein and the unfavorable prognostic factor MYCN amplification 
[132]. Similarly, no difference in either survival or event-free survival was seen 
with respect to the level of expression of MDR1 in a series of 60 patients with 
neuroblastoma reported by Norris and coworkers [133]. 

Another gene, the multidrug-resistance-associated protein (MRP), has 
been found to confer a multi drug-resistant phenotype in vitro [134,135]. The 
MRP gene is located on chromosome 16p13.1 [136], and encodes a 190-kd 
membrane-bound glycoprotein [134,137]. Like P-glycoprotein, MRP mediates 
resistance to a range of drugs including the vinca alkaloids, anthracyclines, and 
epipodophyllotoxins. High levels of MRP expression are correlated with am
plification of MYCN in neuroblastoma [138]. In addition, downregulation of 
both MRP and MYCN is seen in neuroblastoma cell lines chemically induced 
to differentiate with retinoic acid, suggesting that expression of the two genes 
may be linked. In a recent retrospective study, Norris and colleagues reported 
that high levels of MRP expression are predictive of poor outcome in patients 
with neuroblastoma [133]. When tumors were divided into quartiles according 
to ascending levels of MRP expression, the cumulative rates of event-free 
survival for the quartiles were 93%, 87%, 72%, and 38%, respectively, indicat
ing a correlation between increasing levels of MRP expression and the increas
ing risk of poor outcome. High MRP expression was also associated with a 
worse outcome in subsets of patients such as those with tumors without 
MYCN amplification and those with localized disease. Multivariate analysis 
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demonstrated that MRP expression remained prognostic after adjustment for 
the effect of MYCN amplification. Although these results need to be con
firmed in large prospective studies, these data suggest that MRP expression 
may play an important role in determining the clinical behavior of neuroblas
toma. At the present time, it is not clear how MRP influences outcome in 
patients with neuroblastoma. 

12.9. Angiogenesis 

All malignant solid tumors depend on neovascularization for their progressive 
growth to a clinically relevant size and for metastasis [139,140]. Angiogenic 
factors are produced by cells in progressively growing solid tumors that di
rectly or indirectly activate endothelial cells, stimulating them to sprout into 
vessels that grow toward the developing tumor [141]. The clinical outcome of 
adults with a variety of cancers can be predicted by the degree of tumor 
angiogenesis [142-146]. To date, there has been one study that suggests that 
vascular density may also be predictive of outcome in patients with neuroblas
toma [147]. Meitar and coworkers evaluated the vascularity of neuroblastoma 
tumors from 50 patients by counting vessels in tumor tissue sections. In addi
tion, tumors were classified histologically according to the criteria of Shimada, 
and MYCN copy number was determined by Southern blot analysis. Higher 
vascular density was strongly correlated with widely disseminated disease, 
MYCN amplification, and poor outcome. Thus, angiogenesis appears to be 
another important factor in determining neuroblastoma phenotype. 

12.10. CD44 

The cell-surface glycoprotein CD44 is the principle receptor for hyaluronate 
[148]. In addition, CD44 is involved in the homing process [149], cell-cell and 
cell-extracellular matrix interactions [150], lymphocyte activation [151], and 
induction of homotypic cell aggregation [152]. While overexpression of CD44 
or its variants has been correlated with enhanced tumorigenicity and meta
static behavior [153,154] in breast cancer, colon cancer, and lymphoma, sev
eral studies have shown that repression of CD44 in neuroblastoma tumors is 
highly predictive of poor prognosis [155-158]. Recently, Combaret and col
leagues analyzed CD44 expression in tumors from a cohort of 121 neuroblas
toma patients treated with the same well-standardized protocols [156]. Only 
disease stage and CD44 expression remained statistically independent prog
nostic markers in a multivariate analysis of the prognostic factors stage, age, 
MYCN amplification, tumor histology, and CD44 expression. Because the 
assessment of CD44 expression by immunostaining is a rapid and easily stan
dardized method, CD44 can be routinely evaluated at diagnosis. If prospective 
studies confirm the clinical relevance of CD44 expression, it may be useful to 
analyze CD44 for estimating the risk of disease recurrence in neuroblastoma 
patients. 
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13. Screening 

A number of mass screening programs for neuroblastoma have been estab
lished over the past ten years, with the goal of detecting the tumors at a 
relatively early stage of disease. Mass screening for neuroblastoma originated 
in Kyoto, Japan, and since 1985 this program has become nationally supported 
by the Japanese Welfare Ministry [159-161]. Because most of the reports from 
the Japanese screening projects refer only to survival data, it is difficult to draw 
conclusions regarding the impact of screening on mortality. However, a recent 
study from Saitama Prefecture, which did provide population incidence data, 
demonstrated that the incidence rate for infants increased with mass screening 
while no corresponding decrease in the rate for children at older ages was seen 
[162]. Several other investigators have reported cases of fatal neuroblastoma 
that were not detected by the screening program [163-166], further suggesting 
that screening at the age of 6 months may not alter mortality. 

Several population-based incidence screening programs are in progress 
outside of Japan in areas such the United Kingdom, France, Austria, Austra
lia, Italy, Norway, Germany, and Canada [167-170]. To date, data from these 
screening studies are similar to that of Saitama Prefecture. Neuroblastoma 
screening before the age of 6 months is feasible, but no significant reduction in 
mortality has been demonstrated. Furthermore, the tumors from most of the 
cases diagnosed by screening have been shown to have favorable histologic 
and biologic features [164,171]. Several investigators have suggested that 
screening at a later age, such as 1 year, may lead to the early detection of poor
prognosis neuroblastomas [170,172]. The SENSE Group (Study for the Evalu
ation of Neuroblastoma Screening in Europe), in cooperation with the 
International Agency for Research on Cancer (Lyon, France), is working on 
an enormous scale to develop a screening program for 1-year-old children that 
will include an equally large control group [170,173]. Results of such a study 
should determine whether screening for neuroblastoma at a later age can lead 
to a reduction in mortality and whether it will be worthwhile to recommend 
screening for the general popUlation. 

14. Treatment 

Because of the clinical heterogeneity of this disease, treatment of neuroblas
toma is tailored for the age of the patient, stage of disease, and biology of the 
tumor. At the present time, most cooperative groups utilize a variety of clinical 
and biologic factors to define risk groups, and treatment is determined accord
ingly. Although these risk groups currently differ somewhat among various 
cooperative groups around the world, there is general agreement that patients 
with localized disease can be cured with minimal therapy, whereas children 
over 1 year of age with widely disseminated disease require intensive, 
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multimodality therapy to achieve remission. Efforts are ongoing in the POG 
and CCG to unify the criteria for each neuroblastoma risk group so that 
intergroup clinical trials can be conducted. 

14.1. Localized neuroblastoma (all ages) 

The treatment of localized tumors is primarily surgical [1,174]. For all age 
groups, surgery alone has been shown to be effective therapy for patients with 
completely resected neuroblastomas in whom regional lymph nodes are free 
of tumor. Furthermore, Matthay and coworkers found no significant differ
ence in outcome between 40 patients with gross or microscopic residual dis
ease treated with surgery alone and 59 patients with residual disease who also 
received radiation [2]. Although most patients had 10% or less gross residual 
disease, these data suggest that surgery alone, even if complete resection is not 
achieved, is sufficient therapy for most patients with localized neuroblastomas. 
Similarly, De Bernardi and coworkers reported overall survival and event-free 
survival rates of 94% and 90%, respectively, for patients with completely 
resected localized tumors (stage 1) treated with surgery alone [175]. Patients 
with minimal residual tumor and/or tumor infiltration of regional lymph nodes 
and/or tumor rupture were classified as stage 2. Stage 2 patients less than 12 
months of age and older children with negative lymph nodes and no tumor 
rupture received no adjuvant therapy. This group had a 96% overall survival 
rate and 85% event-free survival rate. Stage 2 patients over the age of 12 
months with positive lymph nodes and/or tumor rupture received adjuvant 
chemotherapy for 6 months. An 87% overall survival rate and a 61 % event
free survival rate was achieved in this high-risk subset of stage 2 patients, 
indicating that this group of patients may require more intensive adjuvant 
therapy. 

Although others have also suggested that the presence of tumor infiltration 
of regional lymph nodes is associated with a worse prognosis [54,176], the 
prognostic value of positive lymph nodes remains controversial. In a series 
of 22 patients with INSS 2A, 2B, 3, and 4S disease, Kushner and coworkers 
reported that neuroblastoma in lymph nodes had no prognostic significance 
[177]. Regardless of stage, cytotoxic therapy was not given initially to any of 
the patients in this study. Six of the 22 patients developed recurrent or enlarg
ing tumors; two regressed spontaneously, and four were excised 5 to 39 months 
after diagnosis. Only one patient received adjuvant chemotherapy. All the 
tumors lacked MYCN amplification, and all 22 patients remain alive 24 to 98 
months from diagnosis. Although this is a small study from a single institution, 
it appears that a subset of patients with regional disease can be successfully 
treated with surgery alone even when regional lymph nodes are involved. If 
these results are confirmed in a large prospective study, it may be possible to 
avoid the acute and long-term sequelae of cytotoxic therapy in the subset of 
patients with non-stage 4 favorable biology neuroblastomas. 
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14.2. Stage 4S neuroblastoma (infants ~ 12 months) 

Infants with this special stage of neuroblastoma often undergo spontaneous 
regression of their tumors, and these patients have a survival of 75% to 90% 
[4-6]. Many of these patients may be treated with supportive care only, with
out cytotoxic therapy [178]. However, infants younger than 6 weeks at diagno
sis are at higher risk of death due to respiratory complications from hepatic 
enlargement. In young infants, therapy should be directed toward control of 
the symptoms caused by the tumor through the use of either low-dose chemo
therapy or limited hepatic irradiation. Rarely, MYCN amplification is detected 
in the tumors of patients who present clinically with stage 4S disease [179]. In 
most cases, these amplified tumors are clinically aggressive, and the patients 
have a poor outcome despite treatment with adjuvant chemotherapy. 

14.3. Regional and disseminated disease (infants :s 12 months) 

It is well known that infants with regional and disseminated disease have a 
significantly better response to chemotherapy than older children with meta
static disease [3,4]. In an effort to further tailor therapy for this subset of 
patients, the POG conducted a clinical trial, which began in 1987, in which 
therapy was based on the DNA index of the tumor. All infants with 
unresectable hyperdiploid tumors were initially treated with low-dose oral 
cyclophosphamide and adriamycin [180]. Outcome for this group of patients 
was excellent, with three-year survival estimates of more than 90%. There 
were four patients with hyperdiploid tumors and MYCN amplification, three 
of whom developed progressive disease and died. Infants with unresectable 
diploid tumors were treated with cisplatin and teniposide because previous 
studies had demonstrated that diploid tumors are not responsive to low-dose 
oral cyclophosphamide and doxorubicin [101]. The actuarial three-year sur
vival estimate for this subset of patients was 55% ± 8%. Only 1 of 9 infants 
with MYCN-amplified diploid tumors was alive at the time of the report, 
whereas 14 of 20 infants with diploid tumors that lacked MYCN amplification 
were alive. Based on these results, only infants with hyperdiploid neuroblasto
mas with normal MYCN copy number were treated with cyclophosphamide 
and adriamycin in the subsequent POG clinical trial. In an effort to improve 
survival in infants with unfavorable biology tumors, all infants with MYCN
amplified and/or diploid tumors were treated more intensively with alternating 
cycles of carboplatin/etoposide and ifosfamide/etoposide. Early results of this 
trial show excellent response rates to this treatment. 

14.4. Regional disease (patients> 1 year) 

The outlook for children with extensive local and regional neuroblastoma is 
better than that of children with distant metastatic disease. Clinical trials from 
the 1970s and early 1980s have demonstrated that some children older than 1 
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year with Evans stage III neuroblastoma can be cured with surgery and mod
erately intensive chemotherapy. Evans and coworkers reported a 44% 
disease-free survival rate using a combination of vincristine and cyclophospha
mide, and a nearly 50% disease-free survival with the addition of 
imidazolecarboxamide [181,182]. Using more intensive chemotherapy, sur
gery, and radiation, West and colleagues recently reported a 72% event-free 
survival (median follow-up of 85 months) for 25 patients with Evans stage III 
disease over the age of 1 year [183]. In that study, children with favorable 
histology tumors according to the criteria of Shimada had a better prognosis 
than those with unfavorable histologic features. MYCN copy number was 
analyzed in 16 tumors, and amplification was associated with a poor outcome: 
4 of the 6 with MYCN amplified neuroblastomas relapsed. One of the two 
patients who remain disease-free had a tumor with favorable histologic fea
tures. Castleberry and colleagues reported a three-year survival rate of 72% 
for patients over the age of 1 with stage C disease treated with chemotherapy, 
radiation, and surgery [184]. Patients who did not receive radiation achieved 
only a 46% complete response rate. Thus, in this study, radiation therapy 
clearly improved outcome. However, it is not clear whether more aggressive 
multidrug chemotherapy would blunt the efficacy of radiation. A large ran
domized prospective clinical trial will need to be performed to answer this 
question. 

14.5. Disseminated disease (patients> 1 year) 

The long-term outcome of children over 1 year of age with stage 4 neuroblas
toma remains dismal, with survival rates ranging from less than 10% to 30% 
[185,186]. Improved response rates and survival have been seen with increased 
dose intensity of the most active agents, such as cisplatin, carboplatin, 
etoposide, doxorubicin, cyclophosphamide, and ifosfamide [187-190]. In addi
tion, aggressive surgical approaches have also been shown to improve patient 
outcome when used in combination with intensive chemotherapy capable of 
inducing effective responses at primary and metastatic sites [191]. However, 
even though more than 80% of children achieve complete or partial response 
to modern multimodality therapy, more than half of these patients will recur 
within the first two years of treatment [187,190,192]. 

The dose-responsiveness of neuroblastoma provided the rationale for the 
use of myeloablative treatment with bone marrow transplantation for consoli
dating remission status. Using this approach, some studies have shown im
proved progression-free survival rates compared to historical controls 
[186,193-203]. Table 5 lists the results of several clinical trials in which autolo
gous bone marrow transplantation was used as consolidation therapy in chil
dren older than 1 year of age with stage 4 neuroblastoma. Many of the studies 
must be interpreted with caution because only those patients who achieved a 
good response to induction chemotherapy were included, the patient number 
is small, and the follow-up is short. However, the LCMEl study included an 
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Table 5. Clinical trials using autologous bone marrow transplantation as consolidation therapy in 
metastatic neuroblastoma 

Bone marrow 
Series (ref.) Patient no. PFS Regimen purging 

CCG (197) 46 40% @4years VAMP, TBl Yes 
AIEOP (198) 53 29% @ 5 years VAMP, TBl No 
MSKCC (202) 28 6% @2 years MLP, TBl Yes 
LMCE (186) 62 39% @ 2 years VCR, MLP, TBl Yes 

20% @5 years 
13% @7years 

LMCE (199) 17 50% @ 2 years Double graft Yes 
French 33 40% @2years MLP, VM26, Yes 

Multicenter (200) BCNU 
POG (194) 54 CR1: 32% @2 years MLP, TBI Yes 

PR1: 43% @ 2 years 
Australia (203) 17 94% @ 2 years VAMP, TBl No 

87% @5 years 

Abbreviations: No., number; PFS, progression-free survival; V AMP, teniposide, doxorubicin, 
melphalan, cisplatin; TBl, total body irradiation; MLP, melphalan; VCR, vincristine; CR1, first 
complete remission; PR 1, first partial remission. 

unselected group of patients, and the strategy for megatherapy and autologous 
bone marrow transplant purging was constant over a six-year period [186]. 
Progression-free survival for the 62 patients who were transplanted in this trial 
was 39% at two years, 20% at four years, and 13% at seven years. Interest
ingly, patients who had healing bone metastases before bone marrow trans
plant had a 30% progression-free survival at five years, suggesting that there 
is a subgroup of patients who may achieve long-term remission with 
mega therapy followed by autologous bone marrow transplant. 

At the present time, it is not clear if the source of stem cells will affect 
outcome. Allogeneic bone marrow transplant does not appear to offer any 
significant survival advantage compared to autologous bone marrow trans
plant [204,205]. Recently, autologous peripheral blood stem cells (PBSCs) 
have been used to rescue neuroblastoma patients in lieu of bone marrow stem 
cells [206,207]. This approach has several advantages over autologous bone 
marrow stem cell transplant: 1) general anesthesia is not required, 2) there is 
less discomfort for the patient, and 3) hematopoietic recovery occurs more 
rapidly. The average length of hospital stay for a patient undergoing PBSC 
transplant is 22 days compared to 29 days for unpurged marrow transplants 
and 34 days for purged marrow transplants (personal communication, Dr. 
Morris Kletzel). 

Two studies comparing outcome after megatherapy followed by autologous 
bone marrow to a concomitant group of children treated with chemotherapy 
only did not show significant differences in overall progression-free survival 
[192,208]. Furthermore, myeloablative regimens have not improved the out
come of patients with refractory or gross disease, and have only rarely resulted 
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in long-term survival of patients in second remission [194,195,209]. Thus, at the 
present time, the impact of myeloablative treatments on the cure rate of 
patients with high-risk neuroblastoma remains uncertain. CCG is currently 
conducting a prospective, randomized clinical trial comparing myeloablative 
therapy followed by autologous bone marrow transplantation to conventional 
intensive chemotherapy. Results from this trial should determine the relative 
efficacy of these two approaches. Other issues that remain to be resolved 
include the clinical significance of residual neuroblastoma in bone marrow or 
peripheral stem cell harvests and the efficacy of purging [207,210-215]. 

15. Novel treatment approaches 

As mentioned in the previous section, more than 50% of high-risk neuroblas
toma patients will develop tumor recurrence after achieving a complete or 
partial response to intensive multimodality therapy. Thus, alternative thera
peutic strategies are desperately needed for this subset of patients. Targeted 
radiotherapy, immunotherapy, and biological response modifiers are promis
ing novel treatments for neuroblastoma. 

15.1. MIBG treatment 

MIBG, a guanethidine analogue, was initially developed as an adrenal
medullary imaging agent with 1311 radiolabeling. The agent is bound at the cell 
membrane and, in the majority of neuroblastoma tumors, is actively trans
ported into cells, providing the opportunity for selective high levels of ra
diation of both primary and metastatic disease [216,217]. Initial studies 
demonstrated activity of 1311 MIBG in heavily pretreated neuroblastoma pa
tients with refractory or relapsed disease [217-223]. More recently, promising 
results have been seen in clinical trials that have incorporated 1311 MIBG in 
treatment regimens of newly diagnosed patients [217,224]. De Kraker and 
colleagues used 1311 MIBG as first-line therapy for 31 stage 4 patients with 
unresectable primary neuroblastomas [225]. After treatment, 70% of the 
evaluable patients either had a complete response to treatment and did not 
require surgery or were able to undergo more than 95% resection of their 
primary tumor. 

1311 MIBG has also been used in combination with hyperbaric oxygen. This 
approach is based on the finding that oxygen possesses the highest enhance
ment ratio for radiation [226]. Several investigators have shown that hyper
baric oxygen increases tumor oxygenation [227,228] and decreases 
radioresistance in tumors [227,229]. Voute and coworkers used the combina
tion of 1311 MIBG and hyperbaric oxygen in 27 heavily pretreated neuroblas
toma patients [226]. Remarkably, the estimated survival of this very 
unfavorable group of patients was 32% with 28 months follow-up. Because 
there is heterogeneity of uptake among tumor sites in the same patient 
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[230,231], it is unlikely that l31I MIBG will be curative as a single agent. 
However, this treatment modality may prove to be effective in combination 
with other treatment modalities. 

15.2. Pentetreotide 

Pentetreotide is an eight-amino-acid peptide analogue of the neuropeptide 
somatostatin. Pentetreotide is bound by high-affinity somatostatin receptors 
on the surface of tumor cell membranes including neuroblastoma, and 1l1In_ 
pentetreotide has been used for tumor imaging. It has been suggested that 
radiolabeled pentetreotide may be useful in the treatment of neuroblastoma 
[232], although to date this has not been demonstrated. 

15.3. Monoclonal antibodies 

Monoclonal antibodies to the GD2 ganglioside have been used in phase I 
clinical trials with neuroblastoma patients [233-236], and variable responses 
have been observed. Cheung and colleagues conducted a phase II trial in 
which 16 stage IV neuroblastoma patients were treated with the 3F8 mono
clonal antibody daily for five days per cycle [237]. Although 10 patients devel
oped progressive disease, responses were observed in five patients. To 
enhance these promising responses, cytokines such as granulocyte
macrophage colony-stimulating factor and interleukin-2 (IL-2) are being 
administered in combination with the monoclonal antibodies to further stimu
late host immune response [238]. Concerns remain about the development of 
antimouse or anti-idiotype responses. 

15.4. Immunotherapy 

In general, neuroblastoma cells are resistant to cytotoxic T lymphocytes, but 
sensitive to killing by natural killer (NK) cells [239]. This cytotoxicity can be 
further augmented in vitro with IL-2 or interferon y. In a Lyon-Marseille
Curie-East of France Group Study, high-dose recombinant IL-2 was adminis
tered to neuroblastoma patients achieving only partial remission after 
induction chemotherapy [240]. Although antitumor response was observed in 
3 of 15 evaluable patients, a survival advantage was not seen with this therapy 
in the posttransplant setting. Similar results have been reported in other 
studies using IL-2, interferon y, or lymphokine-activated killer cells [241-244]. 

15.5. Retinoic acid 

Retinoic acid is known to inhibit neuroblastoma growth and induce differen
tiation in vitro. In clinical trials, objective responses have been observed with 
this agent in some children with recurrent neuroblastoma [245-247]. Because 
retinoic acid may be most effective in cases without bulky disease, CCG is 
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conducting a randomized phase III trial of retinoic acid in the setting of 
minimal residual disease, following bone marrow transplant. 

15.6. Future therapies 

The identification of biologic prognostic factors has greatly facilitated the 
rational choice of therapies for individual patients. Low-risk patients are cur
rently treated with minimal therapy and thus are spared the toxic effects of 
high-dose chemotherapy and radiation. However, effective therapy is still 
needed for high-risk patients. It is likely that future laboratory investigations 
will lead to the development of effective biology-based treatment for this 
subset of neuroblastoma patients. Hopefully, treatment regimens that include 
anti-angiogenic drugs, agents that reverse the drug-resistant phenotype, gene 
therapy, or other biologic techniques will result in improved survival of high
risk neuroblastoma patients. 
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6. Pediatric germ cell tumors 

Elizabeth J. Perlman and Cynthia Kretschmar 

1. Introduction 

Germ cell tumors historically have been considered to be a single nosologic 
category comprising tumors with different histologic manifestations and dif
ferent degrees of malignancy and arising at different sites of origin. Only in the 
last decade has the biologic heterogeneity of germ cell tumors been recognized 
and addressed. Therapy tailored for the many biologically distinct subsets of 
germ cell tumors has yet to be defined. Because many categories exclusively 
involve children, this challenge has been assumed by pediatric oncologists, 
resulting in the multi-institutional and multinational cooperative studies 
currently in progress. Current protocols utilize regimens that have been effec
tive in adult germ cell tumors. The probability that the biologically unique 
pediatric subsets may be best treated by other regimens awaits future 
protocols. 

The overall incidence of germ cell tumors in children is difficult to assess 
due to the large contribution of benign tumors that are unreported. The 
incidence of malignant germ cell tumors at all ages in the United States is 
2-3 per 1,000,000 births. Listed in table 1 are the site, sex, and histology 
from a representative large study of pediatric germ cell tumors [1]. The 
subclassification of germ cell tumors that will be utilized in this chapter, 
outlined in table 2, is based on these demographic data as well as additional 
biologic parameters. In summary, the broad group of germ cell tumors shows 
a clear biphasic distribution with regard to age. One population peaks at 1-2 
years of age, and a second population peaks at 15-25 years. Tumors belonging 
to these two groups show biologic and clinical differences, as will be discussed. 
Within this dichotomy, the tumors are subdivided according to site, with the 
common sites being ovarian, testicular, and extragonadal. The subcate
gorization by site reflects less significant biologic distinction than the cate
gorization by age. Following an overview of germ cell embryology and 
histogenesis, and the pathology of germ cell tumors, each category will be 
considered separately. 
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ONCOLOGY. Copyright © 1997. Kluwer Academic Publishers, Boston. All rights reserved. 



Table I. Site, sex, and histology of pediatric germ cell tumors [1] 

Ovary 
Testis 
Intracranial 
Mediastinal 
Sacrococcygeal 
Other 

Total 

Male Female Benign 

0 73 56 
13 0 3 
9 1 1 
6 2 2 

24 43 33 
7 10 11 

59(31%) 129 (69%) 106 (56%) 

Table 2. Classification of germ cell tumors 

A. Germ cell tumors of young children 
1. Testicular 

Teratoma (mature, immature) 
Endodermal sinus tumor 

2. Extragonadal 
Teratoma (mature, immature) 
Endodermal sinus tumor 

Immature 

4 
1 
2 
2 

14 
5 

28 (15%) 

B. Germ cell tumors of adolescents and young adults 
1. Testicular 

Seminoma 
Nonseminomatous germ cell tumor 

2. Ovarian 
Mature teratoma 
Immature teratoma 
Dysgerminoma 
Endodermal sinus tumor 
Mixed malignant germ cell tumor 
Gonadoblastoma 

Malignant 

13 
9 
7 
4 

20 
1 

54 (29%) 

3. Extragonadal (mediastinal, central nervous system) 
Teratoma 
Immature teratoma 
Germinoma 
Nongerminomatous germ cell tumor 

2. Embryology and histogenesis 

Total 

73 (39%) 
13 (7%) 
10 (5%) 
8 (4%) 

67 (36%) 
17 (9%) 

188 

Primordial germ cells segregate from somatic cells very early in gestation and 
reside in the extraembryonic yolk sac. At about five weeks gestation, they 
migrate to the gonadal ridge by way of the dorsal mesentery, a process that 
appears to be governed by c-kit receptor and its ligand, stem cell factor. The 
primordial germ cells express the c-kit receptor on their cell membrane; the 
soft tissue in the migration pathway expresses the c-kit ligand, commonly 
called stem cell factor, in an increasing gradient. This gradient guides the germ 
cells toward the gonad where the sex cords express stem cell factor at the 
highest concentration. The c-kit-stem cell factor receptor-ligand pair is re
sponsible for the viability and proliferative ability of the germ cells during 
migration [2-4]. C-kit is also considered an oncogene, and has been shown to 
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be expressed in several human malignancies, including adult and ovarian germ 
cell tumors [5,6]. The role of these proteins in the development or progression 
of germ cell neoplasia has not been defined. 

In males, the primordial germ cells arrive in the gonad concomitant with 
testicular determination. Upon arrival they become surrounded by Sertoli 
cells, which likely play an important regulatory role. After a short period of 
continued c-kit-dependent proliferation, the primordial germ cells undergo 
mitotic arrest, which persists until birth. The germ cells slowly divide during 
the first decade of life, keeping pace with the growth of the gonad. Approach
ing puberty, germ cell proliferation (c-kit dependent) increases dramatically; 
following puberty, spermatogonia begin to undergo meiosis. This overview 
provides an explanation for the observation that all male germ cell tumors 
arise in cells that are premeiotic. In the absence of the Y chromosome, in 
females, the primordial germ cells populate the gonadal ridge and continue to 
proliferate (and express c-kit) for an extended period of time. At about 14 
weeks gestation, the germ cells begin to undergo DNA replication and enter 
into the prophase of meiosis I, where they are arrested. Unlike mitotic arrest 
in the testis, meiotic arrest in the ovary is a gradual process that is not com
pleted until after birth. The germ cells remain arrested in meiosis I until 
puberty, and meiosis is not completed until fertilization occurs. This overview 
suggests that the cell of origin of ovarian germ cell tumors may differ from 
those in thc testis by showing genetic evidence of entry into meiosis I, which is 
indeed the case for most [7-9]. 

Many germ cell tumors in children do not arise in gonads but in 
extragonadal sites. These tumors are presumed to arise in ectopic germ cells 
that have abberantly migrated. However, very few ectopic germ cells have 
been described in humans, and ectopic germ cells have never been described 
in the sites most common for adolescent/adult extragonadal germ cell tumors, 
namely, the brain and mediastinum [10]. Instead, human ectopic germ cells are 
most often found in the adrenal gland, where they disappear completely by 18 
weeks gestation [11]. In mice, ectopic germ cells are less rare, and in both 
males and females these germ cells enter into meiosis in phase with normal 
oocytes and largely disappear in the early postnatal period [12,13). Therefore, 
if extragonadal germ cell tumors are truly derived from germ cells, like ovarian 
germ cell tumors they would be expected to show evidence of meiotic recom
bination unless they arise prior to entry into meiosis. Numerous extragonadal 
childhood germ cell tumors have been analyzed, and all studies agree that 
these tumors arise from premeiotic cells [14-17]. In addition, thus far no 
heterosexual (46, XX) germ cell tumors have been seen in males. Therefore, if 
extragonadal germ cell tumors arose from germ cells, all such tumors must 
arise prior to 12-18 weeks gestation. The occurrence of large bulky lesions in 
infants suggests that this may indeed be the case for early childhood 
extragonadal germ ccll tumors. However, those extragonadal tumors that 
present later in life are more difficult to reconcile with this pathway. An 
alternate hypothesis is that extragonadal germ cell tumors may arise from 
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totipotent embryonic cells [18]. This hypothesis is attractive in that it explains 
the midline predisposition of adolescent/adult tumors and also accounts for 
the similarities to teratoma development in mice at the site of injection with 
embryonal stem cells. 

3. Pathology 

The histologic appearance of the different subtypes of germ cell tumors is 
largely independent of the site and age of presentation. Therefore, the pathol
ogy of all germ cell tumors will be briefly discussed. The clinical and biologic 
implications for each histologic type, however, are highly dependent on the 
site and age. Therefore, following a discussion of the pathology, each subtype 
within the classification will be considered separately. 

3.1. Mature teratoma 

Teratomas are neoplasms containing a haphazard growth of one or more types 
of tissue derived from the three embryonic layers (ectoderm, mesoderm and 
endoderm). While rigid criteria require representatives from each embryonic 
layer, the existence of monodermal and bidermal teratomas is now accepted, 
including struma ovarii and strumal carcinoids of the ovary. Full pathologic 
descriptions of teratomas may be obtained from many sources. Teratomas 
have been described in virtually every location and may contain virtually every 
tissue type [18-20]. The biologic implications of mature teratoma depend on 
the age and site of presentation; ovarian lesions are entirely benign, whereas 
those in the adolescent testis are potentially malignant. 

The development of a somatic malignancy within a teratoma has been 
referred to as teratocarcinoma or malignant teratoma, terms that are confusing 
and best avoided. The types of nongerm cell malignancies most commonly 
encountered are sarcomas, nephroblastoma, neuroblastoma, rhabdomyo
sarcoma, and glioblastoma [21,22]. The vast majority of these arise in tumors 
of adolescents and not in early childhood. This malignant transformation is 
usually associated with teratomatous foci and is thought to be derived from 
teratomatous elements rather than from totipotent embryonal cells. The de
velopment of nongerm cell malignancy is associated with a worse prognosis 
due to poor response to therapy. The degree of reduction in survival depends 
on the nature of the nongerm cell malignancy. The development of an embryo
nal rhabdomyosarcoma is associated with a dismal prognosis, while the devel
opment of other sarcomas is associated with a somewhat better prognosis [21]. 

3.2. Immature teratoma 

Immature teratomas are teratomas in which at least one element shows histo
logic immaturity. Terms such as malignant teratoma and teratocarcinoma have 
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also been applied to immature teratoma and should be avoided. Immature 
teratomas can be graded histologically according to the quantity of immature 
elements, most commonly the quantity of immature neuroectoderm (table 3, 
figure 1) [20,23,24]. Many variants of this grading system have been proposed; 
however, the differences are not substantive. Grade 1 lesions are those with 
immature tissue limited to rare low-magnification fields, with not more than 
one field in anyone slide. Grade 2 lesions contain immature neuroectoderm 
not exceeding three low-power fields per slide. Grade 3 tumors show extensive 
immature neural epithelium in more than four low-power fields per slide. 
While this grading system based on the presence of immature neuroectoderm 

Table 3. Grading of immature teratomas 

Grade 1: Immature tissue present in less than one low-power 
field" per slide 

Grade 2: Immature tissue comprising 1-3 low-power fields per 
slide 

Grade 3: Immature tissue in four or more low-power fields per 
slide 

'Low-power fields vary in the magnification used by different 
authors. Most common is the lOX objective with a 4X-lOX ocular 
for a total magnification of 40-100X. 

Figure 1. Immature teratomas are characterized by varying quantities of immature 
neuroectoderm. This routine hematoxylin- and eosin-stained field shows several immature neural 
tubules. 
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is accepted, the significance of immaturity of nonneural elements (embryonal 
muscle, cartilage, or kidney) is somewhat controversial. In practice, this sel
dom presents difficulties, since the immature elements are almost invariably 
accompanied by immature neural elements. This grading system has been 
most successfully applied to ovarian immature teratomas, where the grade 
correlates with metastatic potential as well as with behavior [25]. Similar 
correlations have been difficult to demonstrate at extraovarian sites, and the 
ability of pathologists to predict behavior in these in determinant tumors is 
limited. 

In the pediatric age group, the most significant pathologic event occurring 
within an immature teratoma is the development of endodermal sinus tumor. 
Such occurrences may be multifocal and may be difficult to identify. A valu
able indicator of this event is an elevated serum alpha-feto protein (AFP) 
level. Most observers attribute elevated AFP in immature teratomas to un
recognized, small foci of endodermal sinus tumor. However, some reports 
of carefully examined tumors have suggested that immature neural tissue or 
intestinal tissue may be a source of elevated AFP [26-28]. This suggestion 
is supported by the immunoreactivity of these tissue types with AFP. The 
judgment of most experienced observers has been that while these tissue 
elements may, in a minority of cases, explain a small, stable increase in 
serum AFP, a large or rapidly increasing elevation in a patient without liver 
failure must be assumed to represent the presence of endodermal sinus tumor 
[18,29]. 

3.3. Germinoma (seminoma and dysgerminoma) 

Germinomas in the pediatric age group are primarily restricted to the ovary 
and pineal region; those in the testis are uncommon under the age of 18 due to 
their slower growth and later detection in adulthood. Most germinomas are 
pure and are composed of aggregates or nests of uniform neoplastic cells with 
distinct, nonoverlapping cellular borders (figure 2). Germinomas often show a 
lymphocytic infiltrate and occasionally multinucleated giant cells. While ana
plastic variants of germinoma have been rarely reported, these foci may rep
resent areas of solid embryonal carcinoma. No pathologic features (such as 
mitotic rate) have been shown to identify prospectively subpopulations of 
germinomas that have different clinical outcome [30]. Synciotrophoblastic 
cells may be scattered individually throughout germinomas, and may be re
sponsible for HCG production, but do not represent choriocarcinoma and 
have no effect on prognosis [31]. Immunohistochemically, the majority of 
germinomas are positive for placental-like alkaline phosphatase (PLAP), a 
cell surface glycoprotein [32-35]. While PLAP is a valuable marker for 
germinomas, it may also be present focally in embryonal carcinomas and 
endodermal sinus tumors, as well as in a wide variety of somatic tumors [32-
34,36]. 
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Figure 2. Germinomas (including dysgerminoma, seminoma, and extragonadal germinoma) are 
composed of uniform cells with distinct cell borders and a prominent nucleolus. 

3.4. Endodermal sinus tumor (yolk sac tumor) 

The most common malignant germ cell tumor in prepubertal children, and 
virtually the only histologic form of malignant germ cell tumor found in 
children less than 4 years of age, is the endodermal sinus tumor or yolk sac 
tumor. As mentioned before, these neoplasms are often associated with 
teratomas. Endodermal sinus tumor has only been reliably distinguished from 
other patterns of malignant germ cell tumor for the last two decades. There
fore, caution is advised when evaluating earlier studies that may equate endo
dermal sinus tumor with embryonal carcinoma. The histology and cytology of 
endodermal sinus tumors vary widely, often causing difficulty in diagnosis. For 
detailed description of the protean manifestations of endodermal sinus tumor, 
many excellent reviews are available [18,20,37-39]. Several histologic subtypes 
of endodermal sinus tumor have been described; most tumors contain several 
subtypes, and none of these divisions has prognostic implication. Small foci of 
this histologically variable neoplasm in the midst of an immature teratoma 
may be extraordinarily difficult to identify. The prototypic Schiller-Duvall 
bodies of endodermal sinus tumors (figure 3) are present in 50%-75% of 
tumors. Endodermal sinus tumors are commonly associated with highly el
evated serum alpha-feto protein levels, which may be monitored clinically for 
recurrence and/or metastasis [40,41]. However, AFP levels may be misleading 
in the newborn and in patients with liver injury. 
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Figure 3. Endodermal sinus tumors are most commonly papillary lesions. Of these 50%-70% 
show Schiller-Duval bodies, which are illustrated in this field. These are characterized by a 
glomeruloid structure with a central vessel surrounded by epithelial tumor cells that project into 
a sinusoidal space, which is in turn lined by tumor cells. 

3.5. Embryonal carcinoma 

Pure embryonal carcinomas are seldom seen in the pediatric age group; this 
histologic type is most often seen as a component of a mixed malignant germ 
cell tumor of the adolescent ovary or testis. Like endodermal sinus tumors, 
embryonal carcinomas may show papillary, glandular, and solid areas. The 
cells are large, epitheliod, and often anaplastic, with large nucleoli, abundant 
mitotic activity, hemorrhage and necrosis (figure 4). As with germinomas, 
syncytiotrophoblasts may be seen and may produce HeG, but these do not 
indicate the presence of choriocarcinoma unless they are accompanied by 
cytotrophoblastic cells. Embryonal carcinomas show immunoreactivity for 
cytokeratin but not for epithelial membrane antigen, a feature that may help 
to distinguish embryonal carcinoma from other epithelial neoplasms [42]. A 
minority of embryonal carcinomas show focal, weak immunoreactivity for 
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Figure 4. The cells of embryonal carcinomas are large and anaplastic, with abundant mitoses. 

PLAP, as well as for AFP [33,43]. More recently, it has been noted that 
embryonal carcinomas, but not other germ cell tumor histologic types, show 
immunopositivity for CD30, a marker more conventionally utilized for 
Hodgkin's disease [44]. 

3.6. Choriocarcinoma 

Choriocarcinoma is rare in children and is usually seen as a minor component 
of mixed germ cell tumors in adolescents. In addition, adolescence is a period 
of high risk for gestational trophoblastic neoplasms. Choriocarcinoma may 
rarely be seen as a pure form in infants, but in these cases it virtually always 
represents metastatic gestational trophoblastic tumor [45]. Choriocarcinomas 
are composed of both medium-sized cytotrophlastic and multinucleate 
syncytiotrophoblastic cells with frequent evidence of hemorrhage. Immuno
histochemical stains for HCG identify syncytiotrophoblastic cells, with unreli
able staining of cytotrophoblasts. 

4. Serologic markers 

Serum and CSF concentrations of alpha-feto protein (AFP) and of human 
chorionic gonadotropin (HCG) are useful as markers of certain types of germ 
cell tumors. AFP is a major serum protein of the human fetus and is produced 
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Table 4. Alpha-feto protein levels in infants 

AGE 

Premature 
Newborn 
Newborn to two weeks 
Newborn to one month 
Two weeks to one month 
Two months 
Three months 
Four months 
Five months 
Six months 
Seven months 
Eight months 

MEAN::+: SD (ng/mL) 

134,734.0 ::+: 41,444.0 
48,406.0 ::+: 34,718.0 
33,113.0 ::+: 32,503.0 

9,452.0 ::+: 12,610.0 
2,654.0 ::+: 3,080.0 

323.0 ::+: 278.0 
88.0::+: 87.0 
74.0::+: 56.0 
46.5 ::+: 19.0 
12.5 ::+: 9.8 
9.7 ::+: 7.1 
8.5 ::+: 5.5 

in the embryonic liver and GI tract [46]. It is expressed at high levels by over 
85% of endodermal sinus tumors [47] and at lower levels in other histologic 
types. Its predominate utility is for monitoring for recurrence or metastasis in 
AFP-secreting tumors. The utility of AFP is diminished in infants less than 8 
months of age; however, AFP levels may be quite high in this group, and the 
half-life is quite variable (table 4) [48]. After the newborn period, the half-life 
of AFP is 5-7 days. In young children whose AFP returns to normal after 
therapy, there may be no need for second-look surgery [49]. Other neoplastic 
and nonneoplastic disorders may result in elevation of AFP, e.g., hepatitis, 
cirrhosis, and other malignancies. 

The beta subunit of human chorionic gonadotropin (HeG) is secreted by 
the syncytiotrophoblastic cells of the placenta and thus is characteristically 
markedly elevated in choriocarcinomas. However, virtually all histologic 
subtypes of malignant germ cell tumors may show rare or scattered syn
cytiotrophoblastic cells that may result in mildly elevated HeG but do not 
indicate a worse prognosis. Elevations above 100ng/mL are unusual and sug
gest the true presence of choriocarcinoma. The half-life of ReG is approxi
mately 20-30 hours. 

5. Germ cell tumors of young children 

Germ cell tumors in children less than 5 years of age are almost exclusively 
composed of teratomas (mature or immature) and/or endodermal sinus tu
mors. These may arise in the testis, in a wide variety of extragonadal sites, and 
only rarely in the ovary. By far the most common extragonadal site of presen
tation in young children is the sacrococcygeal region, for unknown reasons. 
The evidence available to date suggests that the biology of these lesions does 
not differ by site. 
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5.1. Sacrococcygeal germ cell tumors 

5.1.1. Sacrococcygeal teratomas. Teratomas arising in the sacrococcygeal re
gion represent the most common tumor of newborns. These are usually large 
midline and protuberant masses with a broad-based attachment in the region 
of the coccyx (figure 5). A striking female predominance remains unexplained 
[50--55]. Developmental anomalies secondary to the mass effect of the bulky 
sacrococcygeal tumors may be present but are seldom life-threatening. Ex
amples include sacral scoliosis, spina bifida, imperforate anus, and hip dislo
cation [55]. High-output cardiac failure may be seen and is attributed to 
intratumoral vascular shunting [50]. Sacrococcygeal lesions have been classi
fied according to the location of the tumor relative to the sacrum. Type I 
lesions have minimal presacral (intra-abdominal) growth; type II tumors are 

Figure 5. Sacrococcygeal teratomas are commonly bulky, disforming lesions present at birth. 
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predominantly external but have a definitive intra-abdominal extension; type 
III are predominately intra-abdominal but have a small external component; 
and type IV are entirely presacral with no external component [55]. This 
classification scheme has been shown to correlate with risk of endodermal 
sinus tumor development; 2 of 28 type I, 5 of 18 types II or III, and 4 of 5 type 
IV tumors developed endodermal sinus tumor histology [52]. This outcome 
may be related to the older age at presentation of the intra-abdominal type IV 
tumors and to difficulty of total excision. Sacrococcygeal teratomas should be 
excised to prevent transformation into endodermal sinus tumor. Currently, the 
surgical practice is to remove the coccyx at the time of excision - a practice 
that has markedly reduced the frequency of recurrence. This practice has been 
extant for only two decades, and much of the survival information in the 
literature rely on data derived from less complete surgical excision. 

5.1.2. Sacrococcygeal immature teratomas. Histologically, most sacrococ
cygeal teratomas are composed of many tissue types that show maturity of the 
degree expected at the patient's age, and are classified as mature teratoma. 
However, many show varying degrees of immature somatic tissue, of uncertain 
implications. Attempts have been made to apply a grading system to sacroco
ccygeal lesions similar to that of ovarian immature teratomas [51,53,54,56]. 
These studies, summarized in table 5, have shown that up to 30% of all 
sacrococcygeal teratomas lacking endodermal sinus tumor show some degree 
of immaturity at the time of initial resection. Of the completely mature 
teratomas, recurrences were due to failure to completely excise the lesion; 
those that recurred did so only once and did not develop an endodermal sinus 
tumor component. Of 49 sacrococcygeal teratomas containing immature ele
ments, five recurred as endodermal sinus tumor, four recurred locally as 
immature teratoma, and three recurred with metastatic immature teratoma 
[51,53,54,56]. There was no clear evidence of an increased frequency of recur
rence with increased grade. It may be concluded that the presence of immature 
elements is associated with an increased risk of developing endodermal sinus 
tumor as well as local recurrence of immature teratoma, and that immature 
teratoma itself is potentially malignant. However, these data are difficult to 
apply to current practice, since many of the recurrent/metastatic tumors re
ported were initially incompletely excised due to less aggressive surgical 

Table 5. Recurrences of metastases in sacrococcygeal teratomas (recurrence or metastases/total 
in category) 

Crussi et al. [53) Kooijman [51) Tapper [56) Valdiseri [54) Total 

Mature 4/22 ?/36 2/73 ?/37 
Grade 1 0/3 113 115 0 2/11 
Grade 2 2/5 2/3 118 0/2 5/18 
Grade 3 2/3 114 317 0/6 6/20 

174 



practices. On the other hand, three of the grade 2-3 tumors were clearly 
incompletely excised yet did not recur. Regardless of the degree of immatu
rity, once the mass is completely resected (including the coccyx), current 
management includes careful radiographic monitoring for recurrence and se
rial measurements of serum alpha-feto protein. Preliminary results from coop
erative studies that have used modern surgical guidelines and performed 
postoperative AFP monitoring include 23 infantile extragonadal immature 
teratomas (six grade 1, eight grade 2, nine grade 3), with seven containing 
small foci of endodermal sinus tumor that were initially undetected. Of these 
24 tumors treated with surgical excision alone, with a follow-up of 6-57 
months, there was only one local recurrence of a lesion that initially contained 
a small focus of endodermal sinus tumor [57]. This finding suggests that sur
gery alone may be sufficient treatment for infantile extragonadal immature 
teratomas. The appropriate treatment for immature teratomas containing 
small foci of endodermal sinus tumor remains controversial. 

In the majority of immature teratomas, the immature elements identified 
are neural. Rare cases have been reported that show immature nephrogenic 
tissue supportive of a nephroblastoma, without immature neural elements 
[54]. No such case has been reported to recur or metastasize. Cases of 
'extrarenal Wilms' tumors arising in a sacrococcygeal teratoma have been 
described, although their malignant potential remains to be proven [58]. Other 
malignancies arising in the setting of a sacrococcygeal teratomas were re
ported prior to the recognition of the many histologic manifestations of endo
dermal sinus tumor, which they are now thought to represent. 

5.1.3. Sacrococcygeal endodermal sinus tumor. The development of endoder
mal sinus tumor within a sacrococcygeal teratoma may occur in up to 20% of 
cases. This development is more common in tumors that arise in, or recur in, 
older infants. Prior to the advent of modern chemotherapy regimens, the 
survival of children with endodermal sinus tumor was only 10-20% after 
surgery alone or in combination with radiotherapy. The introduction of regi
mens that include cisplatin, etoposide, and bleomycin has resulted in a dra
matic improvement in outcome, with a two-year survival of over 60% for stage 
III and IV patients with sacrococcygeal endodermal sinus tumor [49,59,60]. 
Unanswered therapeutic questions revolve around the treatment of sacro
coccygeal lesions that are predominately teratoma to us with only small foci of 
endodermal sinus tumor, and the treatment of those patients with mature or 
immature teratoma alone by histology who have elevated AFP. The answer to 
such questions are often determined by the completeness of the excision. 

5.1.4. Early childhood germ cell tumors at other extragonadal sites. 
Teratomas and endodermal sinus tumors in young children have also been 
described in a wide variety of extragonadal sites other than the sacrococcygeal 
region, such as the head and neck region [41,61-63], retroperitoneum [64], 
stomach [51,65,66], liver [67,68], central nervous system [62,69], and vagina 
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Table 6. Staging for extragonadal tumors 

Stage I 
Localized disease completely resected (includes coccygectomy 
for sacral lesions); tumor markers return to baseline following 
resection 

Stage II 
Microscopic residual disease or persistent elevation of tumor 
markers; capsular invasion; microscopic lymph node 
involvement 

Stage III 
Gross residual disease or positive ascitic or pleural fluid 

Stage IV 
Distant metastases 

[41,60,70-72]. Tumors at these sites are histologically, biologically, and clini
cally similar to those in the sacrococcygeal region. The prognosis for these 
often large, bulky lesions depends on where they are located, what structures 
are involved, and the degree of resection. A recent report of early childhood 
extragonadal endodermal sinus tumors suggests that radical excision may not 
be required, and that biopsy may be successfully followed by cisplatin-based 
chemotherapy with a two-year survival of 67% [60]. Like those in the sacro
coccygeal region, histologic immaturity in extragonadal teratomas has not 
been shown to clearly affect prognosis. The staging of all extragonadal germ 
cell tumors is based on tumor extent, degree of surgical excision, and AFP 
determination (table 6). 

5.2. Testicular germ cell tumors in infants 

5.2.1. Testicular teratomas. Testicular germ cell tumors of children less than 
5 years of age, like those in extragonadal sites, are all teratomas or endodermal 
sinus tumors [73]. Unlike those in the sacrococcygeal regions, testicular 
teratomas in young children are much less frequent than endodermal sinus 
tumors and are usually small, measuring less than 2-4cm. Over 50% are 
completely mature, and the presence of immature elements does not seem 
to adversely effect the benign prognosis [1,50,51,74]. Bilateral testicular 
teratomas have been reported but are quite rare [75]. Primitive neural tumors 
may arise in testicular teratomas of young boys, as may small foci of endoder
mal sinus tumor. However, these events are quite rare and poorly understood. 

5.2.2. Testicular endodermal sinus tumor. Testicular endodermal sinus tu
mors in infants represent the most common malignant tumor of the testis in 
pediatric patients. The mean age of presentation is 24 months, with rare 
bilateral involvement (1 %). Associated malformations (ventricular septal de
fects, Down's syndrome, and undescended testis) have been reported in up to 
11 % of these patients [40]. Over 80% are stage I at diagnosis, with excellent 
survival after surgical excision alone [40,47]. Early studies suggest that age at 
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Table 7. Staging for testicular germ cell tumors 

Stage I 
Tumor confined to the testis, completely resected by high 
inguinal orchiectomy, serum markers return to normal 

Stage II 
Tumor confined to testis; transcrotal orchiectomy; microscopic 
disease high in spermatic cord; microscopic disease in 
retroperitoneal lymph nodes 

Stage III 
Increased tumor markers; macroscopic retroperitoneal lymph 
node involvement 

Stage IV 
Distant metastasis 

presentation may be an important prognostic factor. Relapse-free survival of 
children with local tumors who underwent surgical excision was 70%-77% for 
children 0-12 months, 65%-72% for children 13-24 months, and 30%-54% 
for children over 24 months of age [52,73]. Studies of patients treated with 
more current cisplatin-based therapeutic protocols have not shown age to 
be prognostic ally significant, with over 90% progression-free survival for all 
stages [47,59]. Historically, the treatment of testicular germ cell tumors in
volved high inguinal orchiectomy and retroperitoneal lymph node dissection. 
The latter staging procedure carries much morbidity, and its necessity has 
been questioned in adult patients. Retroperitoneal lymph node dissection in 
young boys is now controversial, since survival for those undergoing lymph 
node dissection shows no significant improvement [40,47]. Lymph node dis
section may, however, be indicated in those patients who did not have a 
pre orchiectomy AFP level, or in the up to 15% of patients who have a normal 
preorchiectomy AFP [47]. Current investigational protocols recommend 
lymph node sampling with resection of at least 13 lymph nodes, and resection 
of all lymph nodes greater than 3 cm. Many different staging systems are 
applied to testicular germ cell tumors; one staging system used in current 
pediatric protocols is outlined in table 7. 

5.3. Genetic studies of early childhood germ cell tumors 

Cytogenic and DNA content studies performed on a large number of 
sacrococcygeal and testicular teratomas of young children have shown the vast 
majority to be diploid; numeric and structural abnormalities are rare even in 
immature teratomas [16,76,77]. Genetic studies of early childhood endoder
mal sinus tumors, extragonadal and testicular, strongly point to a genetic 
change within a teratoma that results in the development of endodermal sinus 
tumor. The DNA content of endodermal sinus tumors is often tetraploid or 
aneuploid, and cytogenetic analysis shows recurrent, nonrandom chromo
somal abnormalities that differ from those seen in adolescent and adult germ 
cell tumors [16,77]. Deletion of the terminal portion of the short arm of 
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Figure 6. Schematic diagram of genetic gains (lines to right of chromosome) and losses (lines to 
left of chromosomes) detected in 16 childhood endodermal sinus tumors by comparative genomic 
hybridization. 

chromosome 1 has been documented by classic cytogenetic analysis, fluores
cence in situ hybridization, and comparative genomic hybridization [78-81]. 
Unlike similar analyses of neuroblastoma, the majority of childhood endoder
mal sinus tumors showing 1p deletion show loss of very small regions on distal 
1p including 1p36. Thus far, deletion of 1p36 has not demonstrated prognostic 
associations. More frequent than deletion of 1p is deletion of 6q, and the 
common region of deletion by classic cytogenetics and comparative genomic 
hybridization appears to reside in the terminal region of 6q25-6qter [78,81]. 
Gain of 12p material, characteristic of adult germ cell tumors, is present in rare 
cases. Genetic abnormalities seen in endodermal sinus tumor are summarized 
in figure 6. 

6. Germ cell tumors of adolescents and young adults 

6.1. Adolescent testicular germ cell tumors 

Tumors arising in the adolescent and adult testis are by far the most common 
subtype of germ cell tumors. These have shown an increase in incidence in the 
last few decades [82], although there has been a concomitant decline in mor
tality due to therapeutic advances. Unlike the testicular germ cell tumors of 
young children, those in adolescents and adults arise from a precursor lesion 
known as intra tubular germ cell neoplasia [83,84]. This lesion is characterized 
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by seminiferous tubules contammg neoplastic germ cells (figure 7). 
Intratubular germ cell neoplasia is present with increased frequency in pa
tients at risk for germ cell tumors, prior to the development of an invasive 
lesion, and is present adjacent to almost all sufficiently sampled adolescent and 
adult testicular germ cell tumors [85,86]. Recognition of this lesion is aided 
by positivity of the malignant cells for placental-like alkaline phosphatase 
[33,35,87,88]. The presence of intratubular germ cell neoplasia heralds the 
development of an invasive tumor within five years in 50% of patients [83]. 
The use of testicular biopsy to identify intra tubular germ cell neoplasia in 
patients at risk for future development of a germ cell tumor is highly contro
versial and, while actively utilized in other countries, is currently not routinely 
performed in the United States [89]. This is largely due to the high degree of 
response of these tumors to chemotherapy and radiation therapy, reducing the 
benefit of surveillance. 

The most frequent histologic subtype of germ cell tumor in the pediatric 
group is mixed malignant germ cell tumor. The histologic types most com
monly seen in mixed germ cell tumors are embryonal carcinoma (present 
in 87%), followed by endodermal sinus tumor (22%), teratoma (55%) and 
choriocarcinoma (17%). The most common type of postpubertal testicular 
germ cell tumor is seminoma; however, because this subtype is slowly growing, 
it presents at a later age and is rarely seen in the pediatric age group. 

Figure 7. Seminiferous tubules with central tubule containing enlarged, atypical germ cells, con
sistent with intra tubular germ cell neoplasia. 
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The standard initial treatment of all adolescent testicular germ cell tumors 
is high inguinal orchiectomy. Other surgical approaches that involve scrotal 
incisions are avoided, since local recurrences are increased [90]. Following 
orchiectomy, the histology and stage of the tumor determines whether or not 
adjuvant treatment is utilized. The introduction in 1974 of the Einhorn regi
men for germ cell tumors, which included vinblastin, cisplatin, and bleomycin, 
dramatically improved the survival rate for patients with of all subtypes of 
germ cell tumors [91]. The cure rate of disseminated testicular germ cell 
tumors is now 60%-90% with regimens that have evolved from the Einhorn 
regimen. Modifications to this regimen include the replacement of vinblastin 
by etoposide to decrease neurotoxicity, omission of bleomycin to avoid pulmo
nary toxicity, and replacement of cisplatin with high-dose cisplatin or with 
carboplatin [91-96]. In addition to considerations of toxicity, other studies 
have consistently shown a dose-related 45%-50% rate of oligospermia and 
20% rate of azospermia two years following chemotherapy [97]. 

The success of cisplatin-based chemotherapy has resulted in modification of 
the surgical staging of testicular germ cell tumors. Historically, all testicular 
germ cell tumors were managed with high inguinal orchiectomy followed by 
retroperitoneal lymph node dissection. Currently, the need for retroperitoneal 
lymph node dissection is controversial. Pure seminomas are treated with sur
gery, followed by adjuvant chemotherapy only in stages III and IV, resulting in 
complete or partial response of greater than 90% of patients with advanced
stage seminoma [98]. Clinical stage I nonseminomatous germ cell tumors are 
now managed with orchiectomy followed either by serologic surveillance or by 
retroperitoneal lymph node dissection. With intensive surveillance and early 
cisplatin-based chemotherapy for relapsing patients, both management plans 
provide cure rates of greater than 95%. The chief advantage of surveillance 
alone is that it prevents the morbidity associated with retroperitoneal node 
dissection, which provides therapeutic benefit to only 10% of clinical stage I 
patients. Pathologic features that have been associated with adverse outcome 
include lymphatic or vascular invasion, invasion of the tunica albuginea, rete 
testis or epidydimis, and a high percentage of embryonal carcinoma [92,99-
107]. Patients with clinical stage I tumors showing these histologic features 
who are then treated with two courses of BEP show a greater than 90% 
relapse-free survival with minimal toxicity. Patients with stage I nonse
minomatous germ cell tumors who show persistent elevation of serum tumor 
markers with negative radiographic imaging studies following orchiectomy 
may also be treated with adjuvant chemotherapy, with successful normaliza
tion of markers [108]. 

Patients with less than five retroperitoneal lymph nodes involved, and all 
nodes less than 2cm, may be carefully watched following node sampling, as 
these patients have a low risk of relapse. Those with greater lymph node 
involvement have a high risk of relapse without adjuvant therapy and are 
treated with cisplatin-containing adjuvant chemotherapy, resulting in a greater 
than 95% relapse-free survival [93]. 
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Patients with stage IV nonseminomatous germ cell tumors show a 70%-
80% relapse-free survival following cisplatin-containing adjuvant chemo
therapy. For the 20%-30% refractory to this therapy, salvage regimens have 
been studied that include additional agents (etoposide, ifosphomide, cisplatin, 
vinblastin, bleomycin), resulting in a 45%-65% disease-free survival, although 
with significant toxicity [109,110]. High-dose chemotherapy followed by the 
reinfusion of hematopoetic progenitor cells can also be used in relapsed or 
refractory germ cell tumors that have failed to respond to conventional-dose 
salvage regimens, resulting in a failure-free survival of 20%-30% [111-113]. 

It should be noted that teratomas in the postpubertal testis are most com
monly seen as components of malignant germ cell tumors and only rarely 
occur alone. These are potentially malignant tumors at risk for metastases 
[114-116]. For these reasons, it is important to distinguish these aneuploid 
teratomas from epidermoid or dermoid cysts, which are benign. 

6.1.1. Genetic studies of adolescent testicular germ cell tumors. Postpubertal 
testicular tumors represent the most extensively studied subgroup of germ cell 
tumors. DNA content analysis has shown all tumors in this category to be 
aneuploid in the triploid to hypo tetraploid range [117-119]. Mathematical 
analyses of such studies have further suggested that all postpubertal testicular 
germ cell tumors arise in a tetraploid precursor stem line that is seminomatous, 
with subsequent nonrandom chromosomal loss associated with the develop
ment of other histologic subtypes [118,120]. Cytogenetic analysis has consis
tently shown the characteristic isochromosome 12p, i(12p), in 75 %-80% of all 
postpubertal testicular germ cell tumors [121-128]. The i(12p) is composed of 
two mirror-image copies of the short arm of chromosome 12, of uniparental 
origin, with retention of 12q heterozygosity [129]. The presence of the i(12p) 
has also been documented by fluorescence in situ hybridization in intratubular 
germ cell neoplasia [130]. It has been suggested that patients with more than 
three copies of the i(12p) have a worse prognosis [123]. Comparative genomic 
hybridization has been successful in identifying a small region of high-level 
amplification at 12p11.2-12.1, providing an important clue to the localization 
of candidate proto-oncogenes on 12p [131,132]. Those tumors that lack the 
i(12p) often show deletion of 12q, and molecular studies suggest there are two 
deleted regions, at 12q13 and 12q22 [133]. The genes involved at these loci 
have not yet been identified. 

6.2. Ovarian germ cell tumors 

While epithelial malignancies represent the most common type of ovarian 
tumor in adults, germ cell tumors comprise 80% of ovarian tumors in children. 
Germ cell tumors in children show a higher frequency of malignancy than 
those in adults [134]. The vast majority of ovarian germ cell tumors are 
diagnosed in peripubertal and postpubertal children and adolescents; malig
nant germ cell tumors in the ovaries of very young children are exceedingly 
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Table 8. Federation of International Gynecologist and Obstetricians (FIGO) staging of ovarian 
carcinoma [209] 

I. Tumor limited to ovaries 
IA. Tumor limited to one ovary; no ascites 

i. Capsule intact 
ii. Capsule ruptured or tumor present on the external surface 

lB. Tumor limited to both ovaries; no ascites 
i. Capsule intact 
ii. Capsule ruptured or tumor present on the external surface 

Ie. Tumor limited to ovaries; ascites present or positive peritoneal washings 

II. Tumor involving ovaries with pelvic extension 
IIA. Extension and/or metastases to uterus and/or tubes; no ascites 
lIB. Extension to other pelvic tissues; no ascites 
IIC. Tumor either IIA or liB with ascites or positive peritoneal washings 

III. Tumor involving ovaries with intraperitoneal metastases outside the pelvis and/or positive 
retroperitoneal lymph nodes 

IV. Distant metastasis, including parenchymal liver metastasis 

rare. Children with ovarian germ cell tumors often present with acute abdomi
nal pain similar to appendicitis, frequently resulting in emergent laparotomy. 
Recent advances in the classification, management, and therapy of these tu
mors have resulted in increased cure rates and preservation of future fertility. 
The staging of ovarian lesions is indicated in table 8. Ovarian germ cell tumors 
show a biologic and clinical heterogeneity not seen in their testicular or 
extragonadal counterparts, with at least four distinct subgroups. These include 
mature teratomas, immature teratomas, malignant germ cell tumors similar to 
those seen in the testis, and germ cell tumors arising in dysgenetic gonads. 

6.2.1. Mature teratomas. Mature ovarian teratomas in children most com
monly present at 13-15 years of age, with a 10% incidence of bilaterality. 
Mature teratomas can be subdivided into those that are predominately cystic 
and those that are predominately solid. Cystic teratomas may contain the 
copious hair and sebaceous material characteristic of those in adults, but this 
type is less common in children. Immature elements are very rarely found in 
predominately cystic teratomas, and their malignant potential is minimal un
less the child has a constitutional genetic abnormality resulting in increased 
risk of development of neoplasms (such as Li-Fraumeni syndrome). Similarly, 
malignant degeneration (including the development of squamous carcinoma, 
adenocarcinoma, and melanoma, a phenomenon that occurs in up to 2% of 
adult mature cystic teratomas) seldom occurs in children. The solid mature 
teratoma is one of the least common ovarian germ cell tumors. These are 
biologically closer to immature teratomas than to cystic mature teratomas and 
should be carefully sectioned to exclude immature elements. Glial tissue is the 
predominant component in these lesions. Small capsular ruptures may result 
in small gray-white nodules of mature glial tissue on peritoneal surfaces, 
representing gliomatosis peritonei [27]. It is important that these peritoneal 
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nodules be adequately examined to identify foci of immaturity. Mature nod
ules, whether peritoneal or in lymph nodes, may require additional surgery but 
have no adverse prognostic significance [66,135-137]. 

6.2.2. Immature teratomas. Immature teratomas of the ovary are most com
mon in children and adolescents and are the third most common germ cell 
tumor seen in adolescent females. Immature teratomas rarely metastasize and 
are considered intermediate lesions. The study of immature teratomas has 
been confused by the lack of consistency in terminology and in their histologic 
description, making interpretation of the literature difficult at times. Immature 
teratomas are predominately solid tumors that may be quite large and are 
most often confined to the ovary. These lesions have been graded histologi
cally according to the amount of immature tissue present, discussed previously 
in the pathology section. Immature teratomas are rarely bilateral (less than 
1 % of cases), and the treatment of choice is unilateral oopherectomy. If a 
frozen section performed at the time of excision shows an immature teratoma, 
staging should be performed. Without adjuvant chemotherapy, the post
resection prognosis of immature teratomas depends on the histologic grade of 
the tumor, the size of the tumor, the age of the patient, and the stage at 
presentation [25]. Stage la, grade 1 immature teratomas are often treated with 
surgery alone, with reports of 13/14 recurrence-free survival. However, sur
vival for grades 2 and 3 lesions approximates to 60% and 30%, respectively, 
when treated by surgery alone [25]. This benign experience with stage Ia 
tumors is not uniform. Piver reported five stage Ia immature teratomas surgi
cally resected without adjuvant chemotherapy; all five developed abdominal 
recurrences within 10 months of surgery [138]. In 1986, Gershenson et al. 
reported 41 patients with ovarian immature teratoma; 15 of 16 stage I (mostly 
grade I) patients treated with surgery alone developed recurrent disease, and 
11 of these are surviving with subsequent therapy. Of 21 others that received 
adjuvant chemotherapy, 18 are alive and well [139]. Subsequent studies 
showed sustained remission in over 80% of immature teratomas following 
vincristin, dactinomycin, and cyclophosphamide (V AC) chemotherapy. The 
Einhorn regimen has subsequently proven successful in the treatment of 
ovarian germ cell tumors, although most studies include few patients with 
immature teratoma [140]. 

The benefit of adjuvant chemotherapy for ovarian immature teratomas in 
the pediatric age group has not been determined. Preliminary analysis of the 
outcome of 41 ovarian immature teratomas treated by surgery alone (19 grade 
1, 13 grade 2, and 9 grade 3), 10 of which also showed small foci of endodermal 
sinus tumor (EST), noted only one recurrence of a grade 1 lesion that con
tained EST in the initial tumor [57]. Other recent reports also suggest that low
stage immature ovarian teratomas do not require chemotherapy [141,142]. 
The chief diagnostic and therapeutic difficulty of immature teratomas is the 
presence of small foci of endodermal sinus tumor. As discussed in the pathol
ogy section, such foci may be exceedingly difficult to recognize even by 
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experienced pathologists. Furthermore, it is not clear what impact their pres
ence should have on the subsequent management. 

The role of second-look iaparotomy in patients receiving adjuvant chemo
therapy in the management of immature teratoma remains unclear. Most 
observers suggest that second-look laparotomy should be performed only in 
patients with high-stage disease [139]. However, it is clear that second-look 
laparotomy may clarify the histology of residual nodules [143]. 

6.2.3. Ovarian dysgerminoma. Dysgerminoma is the most common malignant 
germ cell tumor in the ovary, composing 48% of such lesions. It is the most 
common ovarian malignancy in children and adolescents. There is a 10%-15% 
incidence of bilaterality. The majority of dysgerminomas (70%-80%) present 
as stage I [144,145]. Dysgerminomas are exquisitely radiosensitive, and five
year survivals with radiotherapy range from 90% in stage I disease to 60%-
90% in patients with more advanced disease [146]. Properly evaluated patients 
with stage Ia ovarian pure dysgerminoma who desire fertility can be safely 
treated without radiotherapy by unilateral oophorectomy after careful lymph 
node sampling alone. Of these patients, 17% subsequently recur, but over 
90% of these may be successfully treated with chemotherapy [144]. Other 
experienced observers have opted for adjuvant treatment for patients with 
apparent stage I disease, especially those that have not been surgically staged 
[145]. For higher-stage tumors, and for recurrences, chemotherapy regimens 
including bleomycin, etoposide, and cisplatin may result in comparable or 
superior outcome to radiotherapy while preserving reproductive capacity 
[140,147-149]. Bilateral dysgerminoma may be treated with bilateral oophe
rectomy and chemotherapy, with the uterus left in situ for future embryo 
transfer. Radiation in these cases is reserved for salvage therapy. As with most 
other forms of ovarian germ cell tumor, the utility of second-look laparotomy 
is marginal [143,150]. 

6.2.4. Nongerminomatous germ cell tumors. Like tumors of the adolescent 
and adult testis, for management purposes those of the ovary are divided into 
germinomatous and nongerminomatous tumors. However, the lack of a tes
ticular counterpart to the ovarian immature teratomalendodermal sinus tumor 
merits emphasis. 

6.2.4.1. Endodermal sinus tumor. The second most common histologic sub
type of malignant ovarian germ cell tumor in children (22%) is endodermal 
sinus tumor, also called yolk sac tumor. It is important to evaluate ovarian 
endodermal sinus tumor separately from ovarian mixed germ cell tumors in 
the event that these represent biologically distinct entities with consequent 
therapeutic and prognostic differences. The understanding of this histologic 
subtype has been plagued by inconsistent terminology and by the relatively 
recent full recognition of its histologic spectrum and separation from embryo
nal carcinoma. Rarely bilateral, these tumors are rapidly growing, yet most 
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present as stage Ia tumors [37]. Prior to the advent of multi agent chemo
therapy, fewer than 20% of children with stage Ia tumors treated by surgery 
alone survived. As with other germ cell tumor categories, the initial adjuvant 
chemotherapy utilized vincristin, actinomycin-D, and cyclophosphamide 
(V AC) but was replaced by the Einhorn regimen of bleomycin, etoposide, and 
cisplatin (BEP) following the appreciation of the superior long-term relapse
free survival [59,140,151]. VAC remains of utility for patients who fail to 
respond to BEP. The vast majority of endodermal sinus tumors are associated 
with high serum levels of AFP [142]. Aggressive monitoring of serum AFP 
levels constitutes one of the important improvements in the management of 
patients with germ cell tumor, particularly those with endodermal sinus tumor. 
The AFP should fall into the normal range 5-7 weeks following surgery if 
resection of the tumor is complete. 

6.2.4.2. Other histologic types of nongerminomatous tumors. Pure embryonal 
carcinomas are rare ovarian neoplasms (4%) that should be differentiated 
from the more common endodermal sinus tumor. These are more commonly 
seen as a minor component of a mixed germ cell tumor. Similarly, ovarian 
choriocarcinoma is rarely seen as the sole histologic type but may constitute a 
minor component within a mixed germ cell tumor. Precocious puberty is 
evident in one third of prepubertal children with malignant mixed germ cell 
tumor. 

The prognosis of nongerminomatous germ cell tumors prior to the chemo
therapy era was dismal. With the advent of bleomycin, etoposide, and cisplatin 
protocols, survival rates of 70%-90% have been reported [59,139,140,152]. 
The Gynecologic Oncology Group reported that 50 of 52 patients with stage 1-
III disease following complete resection were disease free after three cycles of 
BEP [153]. Others have suggested substituting carboplatin for cisplatin and 
eliminating bleomycin to reduce pulmonary toxicity. For patients with recur
rent malignant germ cell tumor after failure on BEP, V AC chemotherapy may 
salvage 40% of patients. 

As with other ovarian germ cell tumors, second-look laparotomy remains 
controversial; most patients have negative findings on second-look laparo
tomy. However, patients with advanced disease (stage II-IV) are more likely 
to show persistent disease at laparotomy and may benefit from a different 
chemotherapy regimen. In most cases, surveillance of tumor markers may 
substitute for laparotomy if such markers normalize following treatment. Sec
ond-look laparotomy may be indicated in patients with negative markers at 
the start of chemotherapy. 

6.2.5. Ovarian germ cell tumors artSmg in dysgenetic gonads. Gonado
blastoma is a rare tumor that arises in the dysgenetic gonads of pheno
typic females having Y chromosomal determinants [154,155]. It is virtually 
never seen in normal males or females, in 46,XY males with undescended 
but well developed testes, or in 47,XXY or 46,XX phenotypic males. 
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Gonadoblastomas can develop quite early in life and have been reported in 
infants [156]. Gonadoblastomas are benign tumors; however, 50% of patients 
with gonadoblastoma will develop a dysgerminoma [154,155,157]. Therefore, 
early gonadectomy is indicated in patients with gonadal dysgenesis who con
tain the Y chromosome, and examination of the opposite gonad must be 
performed in every patient with an ovarian germ cell tumor. 

Gonadoblastomas are usually quite small and recognizable only on micro
scopic examination. Histologically, gonadoblastomas are characterized by 
nests containing both germ cells and stromal cells. Calcifications are common 
in gonadoblastoma and likely represent regression. Numerous calcifications 
within a dysgerminoma should suggest the possibility that the patient may 
have gonadal dysgenesis and may be at a high risk for developing a contralat
eral dysgerminoma. Approximately 5% of dysgerminomas are found in phe
notypic females with chromosomal abnormalities such as 46,XY or mosaic 45, 
X/46,XY. While dysgerminoma is the most common histologic subtype of 
malignancy following gonadoblastoma, endodermal sinus tumor and embryo
nal carcinoma are also reported. Little is known of the biology of gona
doblastomas. Because gonadoblastomas are present almost exclusively in 
patients with 46,XY gonadal dysgenesis, it has been suggested that a gene 
residing on the long arm of the Y chromosome codes for an oncogene that 
results in gonadoblastoma when exposed to the environment of a dysgenetic 
gonad [158]. 

6.2.6. Genetic studies of ovarian germ cell tumors. Ovarian mature teratomas 
have been the most thoroughly studied biologically due to their abundant 
numbers. Over 325 cases have been cytogenetically analyzed, demonstrating 
95% to be karyotypically normal and the remainder to show nonrecurrent 
numerical abnormalities [8,159-161]. Studies of molecular loci show that the 
majority of mature ovarian teratomas have entered, but have not completed, 
meiosis [8,9]. These studies suggest that mature ovarian teratomas arise from 
germ cells arrested in meiosis I. 

Ovarian immature teratomas are genetically heterogeneous, with evidence 
of a meiotic stem cell origin in some and mitotic origins in others [7]. DNA 
fingerprinting studies suggest that immature teratomas arise from postmeiotic 
germ cells [9]. Cytogenetic studies show a higher frequency of chromosomal 
abnormalities in immature teratomas (60%) when compared to mature 
teratomas; however, no consistent abnormalities have been identified. No 
evidence of the i(12p) has been reported in pure immature teratomas [7,162-
164]. Most immature ovarian teratomas are diploid; however, occasional tu
mors are aneuploid in the triploid to tetraploid range. Most of these high-level 
aneuploid tumors harbor foci of endodermal sinus tumor [165]. There also 
appears to be a relationship between grade of teratoma, prognosis, and low
level aneuploidy [77,162,165]. However, these studies involve small numbers 
of patients, and the independent prognostic value of DNA content determina
tion has yet to be demonstrated. 
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Genetic studies of malignant ovarian germ cell tumors involving normal 
gonads, which are scant, show no difference from their testicular counterparts. 
Most malignant ovarian germ cell tumors are aneuploid or near-tetraploid. 
Most contain the i(12p) by classic cytogenetics and amplification of 12p by 
comparative genomic hybridization [16,166-168]. As previously mentioned, 
endodermal sinus tumors frequently develop in the context of immature 
teratomas. The biologic changes associated with this histologic transformation 
have not been adequately studied; however, ploidy analyses have suggested 
that a genetic change is associated with the histologic transformation [165]. The 
absence of the i(12p) in immature teratomas and the presence of the i(12p) in 
endodermal sinus tumors associated with immature teratomas suggest that one 
genetic change may be the acquisition of the i(12p) [167-169]. 

6.3. Extragonadal germ cell tumors of adolescents 

6.3.1. Mediastinnm. The most common site of extragonadal germ cell tumors 
is the mediatinium. These account for 6%-7% of all germ cell tumors in 
children and range from benign, incidentally discovered tumors to malignant 
tumors presenting with chest pain and dyspnea. Benign teratomas may not 
recurr if they are able to be totally excised. Mediastinal immature teratomas 
are quite rare, and the prognostic significance of assessing the quantity of 
immature elements has not been established. Malignant mediastinal germ cell 
tumors in adolescents and adults may show any histologic SUbtype. Metastases 
are present at the time of diagnosis in 60%-70% of germinomatous and 85%-
95% of nongerminomatous mediastinal germ cell tumors [170]. Therefore, 
complete surgical excision is seldom possible in mediastinal malignant germ 
cell tumors. 

Prior to 1975, the prognosis for mediastinal germ cell tumors was abysmal. 
With the administration of cisplatin-based chemotherapy following surgery, 
however, the survival of patients with nongerminomatous and germinomatous 
mediastinal germ cell tumors is now 50% and 94%, respectively [95,171]. In 
the largest reported series, Nichols reported 18 of 31 patients with non
germinomatous mediastinal germ cell tumors who were disease free after 
initial therapy. Of these, 11 remained continuously free of disease, two showed 
mature teratoma to us recurrences which were resected, three relapsed with 
recurrent germ cell tumor (one of these was successfully salvaged), and three 
developed hematologic malignancies. Of 24 patients referred for salvage 
therapy following relapse, four (17%) achieved complete remission and four 
partial remission. There was no statistically significant relationship between 
outcome and histologic type, marker elevation, or treatment [95]. Other stud
ies likewise show that patients requiring salvage treatment for refractory or 
relapsed extragonadal nongerminomatous germ cell tumors carry a poor prog
nosis [171,172]. The decreased survival of patients with mediastinal malignant 
germ cell tumors, when compared to their testicular counterparts, has been 
attributed to an increased prevalence of AFP-producing tumors, to more 
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advanced stage, and to intrinsic biologic differences. The addition of etoposide 
may yield better outcomes [94,95,171]. In contrast, extragonadal germinomas 
carry a better prognosis. While radiotherapy can lead to a long-term disease
free survival, at present most investigators favor high-dose cisplatin-based 
chemotherapy as first-line treatment, which results in 83% long-term disease
free survivors [170]. 

Frequently, a mass remains following therapy and requires additional sur
gery. Approximately one third of mediastinal germ cell tumors require 
postchemotherapy surgery due to a persistent mass. Of these, 40% show 
mature teratoma, 20% show malignant nongerm cell elements, 20% show 
necrosis only, and 20% show residual viable germ cell tumor [95]. 

6.3.2. Genetic studies of mediastinal germ cell tumors. Mediastinal germ cell 
tumors are complex biologically. Ploidy analysis has suggested that mediasti
nal germ cell tumors are diploid or tetraploid, in contrast with the aneuploid 
adolescent testicular tumors [173]. However, cases have been reported that 
show the i(12p) characteristic of testicular germ cell tumors [174]. Other 
studies have shown an association between extragonadal germ cell tumors, 
most commonly mediastinal, and Klinefelter's syndrome, with up to 20% of 
patients with mediastinal nongerminomatous germ cell tumors having a con
stitutional 47,)(XY karyotype [15,175,176). 

6.3.3. Retroperitoneal germ cell tumors. A minority of adolescent and adult 
extragonadal germ cell tumors arise in the retroperitoneum. The suspicion 
that these tumors largely represent metastases from an occult testicular origin 
remains prevalent. This is supported by the finding of testicular fibrous scars in 
such patients, the development of a testicular tumor following presentation 
with an retroperitoneal tumor [171], and the finding of in situ neoplasia on 
testicular biopsy in 42 % of patients with retroperitoneal tumors [177]. Testicu
lar ultrasound is indicated to rule out an unsuspected testicular primary when 
a patient presents with a retroperitoneal germ cell tumor. 

6.3.4. Germ cell tumors of the brain. Germ cell tumors compose approxi
mately 10% of pediatric central nervous system tumors [178]. A small number 
of these involve young infants and were discussed earlier. Germ cell tumors of 
older children most often arise in the region of the pineal gland, with a 2--4-
fold increased frequency in males [58,178,179]. The clinical parameters of 
intracranial germ cell tumors are represented in table 9 [26,69,180]. The signs 
and symptoms of tumors in the pineal region are commonly those of obstruc
tion of the third ventricle, including acute hydrocephalus with headaches, 
papilledema, nausea, vomiting, and lethargy. Compression of the midbrain 
may result in Parinaud's syndrome, with paralysis of upward gaze, diminished 
pupillary response to light, and nystagmus. Those tumors arising in the 
suprasellar region cause hypothalamic or pituitary dysfunction including dia
betes insipidus, delayed or precocious puberty, or growth failure. These symp-
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Table 9. Primary intracranial germ cell tumors [26) 

Germinoma 
Teratoma 
Endodermal sinus tumor 
Choriocarcinoma 
Mixed germ cell tumor 

Number 

30 (59%) 
8 (16%) 
5 (10%) 
2 (4%) 
6 (12%) 

Median age 

16 (4-64yrs) 
4 (2mo-13yrs) 

10 (8-11 yrs) 
23 (17-28yrs) 
13 (7-26yrs) 

Sex ratio 

21 M:9 F 
8M:OF 
1 M:4F 
1 M:l F 
6M:OF 

toms may predate the neuroradiologic diagnosis by months or even years 
[180]. The evaluation of pineal or suprasellar lesions must include the 
craniospinal axis to detect metastatic seeding, which may be present in 10%-
15% of cases [181,182]. CSF should be obtained for cytologic analysis and AFP 
and HCG measurements at the time of initial surgery or shunt placement. 
Metastases outside the CNS at diagnosis are rare; systemic radiologic evalua
tion is not indicated unless suggested by symptoms. Fuller reported 9 of 233 
patients who developed pulmonary or abdominal metastases, but all were 
associated with retroperitoneal shunts, which have been demonstrated by 
others to result in spread of disease [178]. Patients with choriocarcinoma have 
a higher frequency (31 %) of extraneural recurrences [183]. 

The specific diagnosis and therapy for germ cell tumors depends on histo
logic sampling. Historically, the operative morbidity or mortality for pineal 
region biopsy was 30%-60%, resulting in the use of empiric radiation therapy 
[179]. Current surgical practices have improved operative mortality to less 
than 2%-5% [184-186], and initial tissue diagnosis of pineal-suprasellar le
sions is now strongly recommended. This approach enables the correct diagno
sis of pineal lesions that are not germinomas (approximately 40%), avoids 
unnecessary CNS radiation for a benign lesion, and may improve outcome if 
the tumor can be resected [187]. While stereotactic biopsy has a low morbidity 
[181], open biopsy is generally preferred to achieve greater sampling in these 
histologically heterogeneous tumors [179,184]. 

For many years, the standard treatment for eNS germ cell tumors was 
whole-brain radiation [178]. The success of this therapy is somewhat difficult 
to evaluate, since only about half of all patients were biopsied. Radiation of 
the brain of young children causes impairment of brain development and 
intelligence and is usually contraindicated in children less than 3 years of age 
[188-190]. Most current treatment protocols administer initial systemic che
motherapy in an effort to postpone or reduce radiation fields for children with 
good-risk tumors. The impetus for chemotherapeutic treatment of CNS germ 
cell tumors is driven by the successful treatment of testicular germ cell tumors 
with cisplatin-based therapy [91]. There have been numerous case reports and 
several small series of patients with recurrent CNS germ cell tumors treated 
with chemotherapy [180,184]. In 1987, the Japanese Intracranial Germ Cell 
Tumor Study Group reported 30 patients treated with vincristine, cisplatin and 
bleomycin; the response rate was 71 %, with a two-year survival of 67.7%, 
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while the control patients who received radiation alone showed a two-year 
survival rate of 46.5% [191]. This study was followed by a smaller series of four 
patients with germinomas and eight patients with nongerminomatous tumors 
who were treated either at recurrence or at diagnosis with cisplatin and 
etoposide: 11 of 12 patients responded, with 7 complete responses and 5 partial 
responses [192]. Preirradiation or neoadjuvant chemotherapy for newly diag
nosed patients is currently being evaluated in multicenter trials in England, 
Germany, France, and the U.S. Therapeutic trials offer reduced radiotherapy 
to patients achieving complete response to chemotherapy [193]. 

Teratomas of older children that are completely mature may have an excel
lent prognosis if completely resected, with a five-year survival of 64 % in one 
series [194]. The mortality in most cases was associated with surgical complica
tions. In comparison, patients with immature teratoma had a five-year survival 
of 26% [194,195]. However, over 50% of these patients with immature 
teratoma had elevation of AFP or HCG, suggesting the presence of malignant 
components that were not detected on biopsy. 

The majority of CNS tumors are mixed germ cell tumors, and all compo
nents may not be evident in a small biopsy. Monitoring of HCG and of AFP is 
particularly important in these cases. In a recent study of 50 patients with 
germinomas of the brain, those patients with normal HCG and AFP were all 
alive, but those patients with elevated HCG or AFP had only a 40% survival 
[187]. 

6.3.5. Genetic studies of central nervous system germ cell tumors. Cyto
genetic analysis of central nervous system teratomas involving adolescents 
have show a high frequency of sex chromosomal abnormalities, most com
monly increased copies of the X chromosome [196,197]. The i(12p) character
istic of adolescent testicular germ cell tumors has also been seen in some, but 
not all, pineal germinomas, but it has not been seen in pineal teratomas 
[198,199]. 

6.4. Hematologic malignancies 

The association between germ cell tumors and hematologic malignancy is well 
established but uncommon. The vast majority of germ cell tumors that subse
quently develop hematologic malignancies are malignant mediastinal germ 
cell tumors in males [200-207]. The associated hematologic abnormalities 
have included erythroleukemia, malignant histiocytosis, acute nonlymphocytic 
leukemia, myelodysplasia, and systemic mast cell disease. Three ovarian germ 
cell tumors have been reported in association with hematologic abnormalities; 
two of these were in 46, XY phenotypic females. The median interval between 
the diagnosis of the germ cell tumor and that of the hematologic malignancy is 
six months, much shorter than the 25-60-month interval commonly seen in 
chemotherapy-related hematologic malignancies. It has been proposed that 
the germ cell tumor may provide the stem line of the hematologic malignancy. 
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This hypothesis is supported by the presence of the i(12p) in both the germ cell 
tumor and hematopoetic malignancy in several cases [207,208]. 
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7. Hepatic malignancies in childhood and adolescence 
(hepatoblastoma, hepatocellular carcinoma, and 
embryonal sarcoma) 

Edwin C. Douglass 

1. Introduction 

Primary malignant liver tumors are uncommon in pediatric patients. 
Hepatoblastoma, hepatocellular carcinoma, and embryonal sarcoma are the 
primary entities that challenge the pediatric oncologist. Although these tu
mors are potentially curable, the efficacy of treatment is highly dependent on 
anatomic location and responsiveness to chemotherapy. 

2. Hepatoblastoma 

Hepatoblastoma is the most common malignant hepatic tumor of childhood, 
with a median age of presentation of 1 year. The majority of tumors present 
before 2 years of age, but some may be diagnosed in older children and even 
in adolescents. The annual incidence rate is approximately one per million 
children. 

2.1. Genetic factors 

The two most important genetic conditions associated with the development 
of hepatoblastoma are familial adenomatous polyposis (F AP) and Beckwith
Wiedemann syndrome (BWS). The incidence of hepatoblastoma in FAP 
kindreds in increased by a factor of 200 to 800 times that of the general 
population [1-3]. The incidence of hepatoblastoma is also increased in BWS 
and in its variants, such as hemihypertrophy. Loss of heterozygosity at chro
mosome llp15, the region of BWS, has been observed in sporadic 
hepatoblastoma [4]. Loss of genetic imprinting with retention of paternal 
alleles has also been observed at this locus [5,6]. 

Cytogenetic studies have demonstrated that trisomies of chromosomes 2q 
and 20 are common in hepatoblastoma. Double minutes have also been ob
served [7,8]. A recurring translocation, t(1;4)(q12;q34), has been reported in 
four cases of hepatoblastoma [9]. A unique translocation, t(1O:22), also has 
been reported in a case of small cell (anaplastic) hepatoblastoma [10]. 
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A single epidemiologic study of hepatoblastoma noted an association with 
maternal exposure to metals, paints, and oil products [11]. A significant 
number (approximately 10%) of children diagnosed with hepatoblastoma 
have a history of prematurity with prolonged stay in a neonatal intensive 
care unit; however, the tumorigenic factor in this association remains to be 
elucidated. 

2.2. Pathology 

2.2.1. Classification. The two primary epithelial cell types seen in hepato
blastoma are described as fetal and embryonal. Fetal cells are slightly smaller 
than normal hepatocytes and form slender cords separated by sinusoids. Em
bryonal cells have a high nuclear: cytoplasmic ratio and exhibit a higher cell 
density with more frequent mitoses than fetal cells. Both types may be mixed 
in the same tumor. Hepatoblastomas may be epithelial, with purely fetal or 
embryonal histology or an admixture of the two. Alternatively, they may 
exhibit mixed histology, with epithelial components combined with mesenchy
mal elements. These mesenchymal elements typically take the form of collec
tions of spindle cells, and osteoid may also be present. Rare histologic patterns 
also found in hepatoblastoma include the macrotrabecular variant seen in 
epithelial tumors and the small cell (anaplastic) pattern, which resembles 
neuroblastoma [12]. Table 1 lists the classification schema proposed by Conran 
et al. [13], with the distribution seen in their series of 105 cases. This classifica
tion adds a category of mixed hepatoblastoma with teratoid features, where 
elements from all three germ layers can be distinguished in the tumor. 

2.2.2. Pathology and prognosis. A number of authors have tried to discern a 
relationship between pathologic subtypes of hepatoblastoma and prognosis 
[13-15]. However, there has yet to be a clear demonstration of prognostic 
import to histopathology in the majority of cases of hepatoblastoma. It has 
been demonstrated that tumors with purely fetal histology that have been 
entirely removed have an excellent prognosis [16]. The rare small cell (ana
plastic) variant of hepatoblastoma, usually accompanied by low serum alpha-
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Table 1. Histologic classification hepatoblastoma [13] 

Epithelial type 
Fetal pattern 
Embryonal pattern 
Macrotrabecular pattern 
Small cell pattern 

Mixed epithelial/mesenchymal 
Mixed pattern 
Mixed pattern/teratoid features 

Hepatoblastoma not otherwise specified 

28% 
17% 
3% 
3% 

31% 
9% 
9% 



fetoprotein levels, appears to confer a particularly poor prognosis and has 
been resistant to most forms of treatment [17]. 

2.3. Diagnostic workup 

Hepatoblastoma is the most common liver tumor in childhood, particularly in 
children younger than 5 years of age. Other lesions that could be considered 
in the child presenting with a primary liver tumor include hepatocellular 
carcinoma, embryonal sarcoma of the liver, and vascular malformations (pri
marily hemangioendothelioma), as well as more uncommon malignancies in 
this location, such as angiosarcoma, embryonal rhabdomyosarcoma, and 
neuroblastoma. 

The serum alpha-fetoprotein level is markedly elevated in patients with 
hepatoblastoma, except in cases of the small cell variant, where minimal or no 
elevation may be seen. It should be noted that alpha-fetoprotein is normally 
elevated at birth, particularly in premature infants, and declines to normal 
adult levels over the first year of life (table 2). 

Hepatoblastoma infrequently presents with precocious puberty in males. 
This phenomenon is associated with ~-HCG-excreting tumors. 

Diagnostic imaging studies should include computerized tomography (CT) 
or magnetic resonance imaging (MRI) of the liver. CT scans cannot be relied 
upon to accurately predict tumor resectability [18]; MRI may be more useful, 
particularly as a preoperative evaluation. A CT scan of the chest should be 
performed, since this site is the most common location for metastatic disease. 
Although bone metastases may occur rarely in hepatoblastoma, bone scans at 
diagnosis are not useful and may be misleading because of the occurrence of 
osteopenia associated with hepatoblastoma [19]. This osteopenia will regress 
after treatment of the tumor. 

2.4. Staging 

Postsurgical disease extent has been the primary criterion used in the staging 
of hepatoblastoma in most North American clinical studies (table 3). Such a 
staging system is dependent on the surgical expertise and familiarity of the 

Table 2. Normal serum alpha-fetoprotein of infants at various 
ages [59] 

Age 

Premature 
Newborn 
1 mo. 
2mo. 
4 mo. 

Mean:±: S.D. (ng/mL) 

134,734 :±: 41,444 
48,406 :±: 34,713 

2654:±: 3080 
323 :±: 278 

74:±: 56 
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Table 3. Postsurgical staging of hepatoblastoma 

Stage I - completely resected tumor 
Stage II - microscopic residual posttumor resection (tumor at 

margins of resected specimen) 
Stage III - partially resected or unresected specimen confined 

to liver, or tumor spill during operative procedure 
Stage IV - distant metastatic disease 
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Figure 1. Pretreatment Staging System for Hepatoblastoma [20). 

individual surgeon with reference to resection of liver tumors. Criteria for 
pretreatment staging have been proposed (figure 1) and may be most useful 
for comparison of patients in multi-institutional studies [20]. 

2.5. Treatment 

The following discussion of treatment of hepatoblastoma will be divided into 
three topics: early case reports/small clinical series, clinical trials, and manage
ment of resistant/recurrent disease. Orthotopic liver transplant, an increas
ingly important modality in the management of this disease, will be discussed 
later in the chapter, since this topic relates to all the malignant liver tumors of 
childhood. 
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2.5.1. Early case reports. Responses of childhood 'hepatomas' were noted 
even in the early clinical trials of doxorubicin [21]. Reports by Andrassy [22] 
and Weinblatt [23] indicated the effectiveness of doxorubicin in combination 
chemotherapy given preoperatively to children with hepatoblastoma. Cis
platin emerged as an important agent in the treatment of hepatoblastoma, 
with reports of its therapeutic efficacy both in combination with doxorubicin 
[24] and combined with vincristine and 5-fluorouracil [25,26]. Even when used 
as a single agent, cisplatin, used in a high dose of 150 mg/m2, produced marked 
preoperative tumor responses in seven patients with advanced disease [27]. 

2.5.2. Clinical trials. The first two multi-institutional studies of hepato
blastoma were reported by Evans in 1982 [28]. All children with malignant 
liver tumors, both hepatoblastoma and hepatocellular carcinoma, were eli
gible for these studies, and the two histologic types were combined in the 
analyses of survival. In study 1 (1972-1976), children with stage I tumors 
received no further treatment, and those with residual or metastatic disease 
received vincristine, actinomycin-D, and cyclophosphamide together with ra
diation therapy to areas of disease. Metastatic disease occurred in 7 of the 11 
children with stage I tumors. Only 7 of the 40 patients entered survived; there 
were no survivors who did not have either complete resection or minor 
residual disease that received radiotherapy. No responses occurred to chemo
therapy alone. Study 2 (1972-1978) employed a more aggressive chemo
therapy combination of vincristine, cyclophosphamide, doxorubicin, and 
5-fluorouracil. All patients (including those with stage I disease) received 
chemotherapy, while those with residual or metastatic disease continued to 
receive radiation therapy. This study demonstrated a marked survival im
provement in patients with stage I disease: 20 of 24 patients survived with the 
addition of adjuvant chemotherapy. Responses to chemotherapy were noted 
in 12 of 37 patients with measurable disease (stages III and IV); however, their 
overall survival remained poor, with only two patients surviving after resection 
of residual disease. A third study ran from 1981-1984 and added cisplatin and 
bleomycin to the four-drug regimen of study 2. No analysis of the data from 
this study has been published; however, the outcome was similar enough to the 
previous studies to include patients in an analysis of histology and prognosis in 
hepatoblastoma [16]. 

From the mid-1980s, both the Pediatric Oncology Group (POG) and the 
Children's Cancer Group (CCG) developed treatment protocols based prima
rily on the use of cisplatin. The CCG demonstrated that a regimen of cisplatin 
and continuous-infusion doxorubicin achieved a measurable tumor response 
in 25 of 33 children (75%) with initially unresectable hepatoblastoma. This 
response allowed gross tumor excision in 20 of the 25 patients, and 19 of these 
29 remained free of disease following treatment [29]. The POG employed 
cisplatin combined with vincristine and 5-fluorouracil in a pilot study for 
patients with all stages of hepatoblastoma. Patients with tumor excised initially 
(stages I and II) had a 90% disease-free survival following four courses of 
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adjuvant chemotherapy. In patients with advanced disease (stages III and IV), 
36 of39 achieved a partial response to chemotherapy (92%), and 24 of31 stage 
III patients had a complete excision of tumor after chemotherapy. Patients 
with stage IV disease fared poorly, with only 1 of 8 experiencing a long-term 
disease-free survival [30]. 

The cisplatin/doxorubicin regimen and the cisplatin/vincristine/5-fluorou
racil regimen were subsequently compared in a randomized intergroup proto
col (CCG 88811POG 8945) that ran from 1989 through 1992 and registered 173 
eligible patients with hepatoblastoma. There was no difference in survival 
between the two regimens. Patients with stages I and II disease continued to 
do well, with 95% event-free survival (EFS) of patients with stage IIII disease, 
60% EFS of patients with stage III disease, and 25% EFS of patients with 
stage IV disease. Toxicity was more pronounced in patients receiving the 
cisplatin/doxorubicin regimen, particularly cardiotoxicity and severe neu
tropenia, and it was concluded that the cisplatin/vincristine/5-ftuorouracil reg
imen should be considered the preferable treatment [31,32]. 

The International Society for Pediatric Oncology (SlOP) has also evaluated 
the use of cisplatin and doxorubicin used preoperatively in all patients present
ing with primary liver tumors and elevated AFP levels. They report a response 
rate of 86% in patients with hepatoblastoma [33]. 

The German cooperative Pediatric Liver Tumor Study evaluated the use of 
a combination of ifosfamide, doxorubicin, and cisplatin in 37 patients with 
advanced or metastatic hepatoblastoma. Thirty-five of the 37 patients re
sponded to the chemotherapy, with a disease-free survival rate of 73% (23 
patients) at a median of 36 months follow-up [34]. No patients with lymph 
node involvement or metastatic disease were long-term survivors, and a rising 
AFP level during therapy was a predictor of poor survival. 

2.5.3. Management of resistant/recurrent disease. The management of resis
tant and/or recurrent disease in hepatoblastoma remains unsatisfactory; how
ever, it is possible, on an individual basis, for patients to benefit and even enjoy 
long-term disease-free survival after failing primary treatment. The child with 
rising AFP levels after achieving a complete remission represents a particu
larly perplexing and not uncommon clinical situation. Such children may be 
reasonably managed by continued close follow-up with imaging of the chest 
and abdomen until the tumor source of the rising AFP level is apparent. 
Recurrent disease confined to the lungs may be managed by metastatectomy 
alone or with concurrent chemotherapy with a feasible chance of cure [35-37]. 
Recurrent disease in the remaining liver or abdomen carries a much worse 
prognosis and warrants the use of aggressive treatment regimens if a cure is 
sought. 

Resistant disease confined to the liver after primary chemotherapy repre
sents another common clinical situation in the management of hepato
blastoma. There is some evidence of the benefit of radiotherapy in selected 
cases [30,38], and intratumoral chemoembolization has also been used, but it 
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is here that orthotopic liver transplantation offers the greatest possibility cure 
(see section 4 below). 

Patients whose tumors are resistant to chemotherapy with standard 
platinum-containing regimens may benefit from treatment with increased dose 
intensity of cisplatin. In the POG 9345 study, 12 hepatoblastoma patients who 
continued to have unresectable or metastatic disease following chemotherapy 
with carboplatin (700mg/m2), vincristine, and 5FU received cisplatin (40mg/ 
m2/d X 5 days) with VP-16; 9 of 12 achieved further tumor shrinkage, and this 
therapy allowed complete tumor resection in three of these patients. 

3. Hepatocellular carcinoma 

In contrast to hepatoblastoma, hepatocellular carcinoma is seen more fre
quently in children over 5 years of age, although it may occur in infants [12]. 
An abdominal mass, sometimes associated with pain, is the usual presenting 
feature. A number of underlying conditions, all characterized by hepatocellu
lar damage, may be associated with hepatocellular carcinoma, including biliary 
atresia, Fanconi's anemia, type 1 glycogen storage disease, and hereditary 
tyrosinemia. Hepatocellular carcinoma has also been reported in neuro
fibromatosis type 1, fetal alcohol syndrome, and ataxia-telangiectasia [12]. 
Hepatocellular carcinomas have occurred as second malignant neoplasms in 
patients who received abdominal irradiation as treatment for Wilms' tumor 
[39]. 

Several institutional series of hepatocellular carcinoma in childhood have 
noted the very high mortality rate associated with this malignancy «90%) 
[39-41). In a review of cases combined from early Pediatric Intergroup Stud
ies, Haas reported only one survivor out of 28 patients. Although the 
fibrolamellar variant of hepatocellular carcinoma has been reported as carry
ing an improved prognosis, this outcome was not confirmed by the Intergroup 
series [16]. In the latest Pediatric Intergroup Study, children and adolescents 
with hepatocellular carcinoma were randomized to receive therapy with either 
cisplatin/vincristine/5-fluorouracil or cisplatin/doxorubicin. While 7 of 7 pa
tients whose tumors were initially completely resected survive free of disease, 
only 4 of 38 patients with more advanced disease at diagnosis survive. Al
though this study suggests a good prognosis for those patients whose disease 
can bc rcsccted, both chemotherapy regimens proved inadequate for the 
treatment of patients with advanced disease [42]. 

There are a number of treatment modalities that have been used in the 
treatment of hepatocellular carcinoma. These include (in addition to surgery 
and numerous chemotherapeutic regimens) cryosurgery, embolization, 
chemoembolization, isolated hepatic perfusion, percutaneous intratumoral 
alcohol injection, radiation therapy, and radioimmunotherapy. None has had 
a significant impact on patient outcome [41,43]. However, individual patients 
may benefit from one or more of these modalities. A reasonable approach to 
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unresectable nonmetastatic hepatocellular carcinoma may include standard 
chemotherapy such as ICE (ifosfamide, carboplatin, etoposide) or chemo
embolization with combinations such as cisplatin, doxorubicin, and mito
mycin. If tumor shrinkage is achieved, resection should be attempted. If the 
tumor remains unresectable, orthotopic liver transplantation may be con
sidered (see section 4 below). Patients with metastatic hepatocellular carci
noma at diagnosis have a very poor prognosis, but chemotherapy may still 
provide some palliative benefit. 

4. Transplantation for hepatic malignancy 

The cure of primary hepatic malignancy in childhood depends ultimately on 
surgical extirpation of the tumor. While chemotherapy may provide tumor 
shrinkage adequate for subsequent resection in the majority of cases of 
hepatoblastoma, a significant minority (10%-25%) of children remain who 
have tumors that can only be removed by complete hepatectomy and 
orthotopic liver transplant. There is much more experience with liver trans
plantation in adults with hepatocellular carcinoma, where the chance of signifi
cant survival after transplant has been reported to be from 25% to 50% 
[44-46]. Because of its rarity, experience with transplantation from hepato
blastoma is more limited; however, several reviews have reported a 50%-75% 
long-term survival for children with hepatoblastoma treated with liver trans
plantation [47-49]. The more favorable chances of survival with hepato
blastoma are most likely due to its greater chemotherapeutic responsiveness 
compared to hepatocellular carcinoma. Informative literature on the outcome 
of liver transplantation in children with hepatocellular carcinoma is also lim
ited, but the survival of these children seems to parallel that of adults [49]. 
Hepatocellular carcinoma is an occasional finding in the livers of children who 
receive an orthotopic transplant for chronic liver disease but does not seem to 
affect the chances for survival of these children [50]. 

Liver transplantation is a reasonable therapeutic strategy for the child with 
unresectable hepatoblastoma that has shown some response to chemotherapy. 
The chances for recurrence of tumor after transplant in these children is small, 
due in part to the effectiveness of chemotherapy in preventing the appearance 
of metastatic disease. The child with unresectable hepatocellular carcinoma 
(which usually shows little response to chemotherapy) may not be as likely to 
be cured by liver transplantation; however, long-term survival has been 
reported. 

5. Embryonal sarcoma of the liver 

Embryonal sarcoma of the liver is an undifferentiated sarcomatous neoplasm. 
It is the third most common hepatic malignancy in childhood, with an inci-
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dence of occurrence slightly less than hepatocellular carcinoma. It presents 
typically in late childhood (6-10 years) as a rapidly growing abdominal mass 
that may be associated with pain [51]. Immunohistochemical and ultrastruc
tural attempts have not clearly defined its histogenesis [52-54]. 

Older series have noted a very poor prognosis conferred by this tumor 
[51]; however, recent reports have demonstrated the efficacy of combined 
modality therapy with chemotherapy followed by surgical resection of residual 
disease. Earlier chemotherapy reports indicated that 'sarcoma therapy' with 
vincristine, actinomycin, cycylophosphamide, and doxorubicin could produce 
tumor responses [55,56]. More recent reports indicate that cisplatin and 
ifosfamide may be even more effective [56,57]. Some patients enjoy long-term 
survival after surgical resection without adjuvant chemotherapy [54,58]. Chil
dren presenting with unresectable tumors should receive chemotherapy, 
e.g., vincristine, ifosfamide, and doxorubicin, followed by attempted surgical 
resection. 

6. Summary 

Hepatoblastoma is the most common malignant liver tumor of childhood. 
Clinical trials have demonstrated its responsiveness to chemotherapy, espe
cially with platinum-based chemotherapeutic agents. In patients with com
pletely resected tumors, recurrent disease is effectively controlled by adjuvant 
chemotherapy. In patients with initially unresectable tumors, chemotherapy 
can induce tumor shrinkage sufficient to allow complete extirpation of tumor 
and also to prevent recurrent disease. The child with tumor resistant to pri
mary therapy or with recurrent disease presents a special problem requiring 
individualized and innovative therapies, including consideration of orthotopic 
liver transplant. 

Hepatocellular carcinoma in children and adolescents carries a much 
poorer prognosis compared to hepatoblastoma. Complete resection of tumor 
offers the only hope of cure, but these tumors are unfortunately resistant or 
partially resistant to conventional doses of chemotherapy. A number of inno
vative treatment strategies have been employed, but optimal treatment re
mains elusive. Transplant for tumor localized to the liver may offer the only 
hope of cure. 

Embryonal (undifferentiated) sarcoma of the liver is a rare tumor that has 
not been studied prospectively in any clinical trial. Small published series 
indicate that it can be responsive to chemotherapy, and cure may be possible. 
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III 

Sarcomas 



8. Osteosarcoma 

Jeffrey S. Dome and Cindy L. Schwartz 

1. Introduction 

Only three decades ago, osteosarcoma was considered incurable; treatment 
options were greeted with great skepticism and pessimism [1]. The recognition 
of the efficacy of adjuvant chemotherapy has allowed 70% of patients with 
osteosarcoma to be cured of their disease. With the advances in our under
standing of the biology of osteosarcoma, we are poised to improve this cure 
rate even further. This chapter highlights the latest information on the biology 
and treatment of osteosarcoma. 

2. Epidemiology and etiology 

Osteosarcoma is the most common primary malignancy of bone in childhood 
and adolescence. There is a bimodal pattern of incidence, with the first peak 
occurring in the second decade of life and the second, much smaller, peak 
occurring around age 70 (see figure 1). Osteosarcoma is rare in early child
hood, with only a few documented cases in patients less than 3 years of age [2-
4]. In the pediatric population, bone tumors compose 5% of malignancies in 
children aged 0-14 years; 52% of these are osteosarcoma and 40% are Ewing's 
sarcoma [5]. Osteosarcoma thus composes 2.6% of pediatric malignancies in 
the United States, with an age-specific incidence rate of 3.3 per million chil
dren under age 15 [6]. Although not generally included in statistics of child
hood cancer, adolescents account for the highest frequency of osteosarcomas 
diagnosed [7]. 

The incidence of osteosarcoma is slightly higher in males, with a male: 
female ratio of about 1.4: 1 [7-9]. The median age of onset is 17 years in 
females and 20 years in males [7]. There is some international variation in 
incidence of osteosarcoma, as well as racial differences within the United 
States [8-10]. The latest Surveillance, Epidemiology, and End Results (SEER) 
data indicate an incidence rate in black children that is 15% higher than in 
white children [6]. 

The etiology of osteosarcoma is unknown, although rapid bone growth, 
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Figure 1. Epidemiology of osteosarcoma according to latest Surveillance, Epidemiology, and End 
Results (SEER) data, 1973-1987 (7]. 

both physiologic and pathologic, was one of the first associated factors identi
fied [11]. Osteosarcoma, with its peak incidence during the pubertal growth 
spurt, occurs at the time of maximal expansion of bone. The most frequently 
affected sites are the metaphyses of long bones, the location of growth [12]. 
Children with osteosarcoma have been reported to be significantly taller than 
controls [13], and giant breeds of dogs are at greater risk of developing 
osteosarcoma than smaller dogs [14]. Conditions characterized by excessive 
cellular proliferation such as fibrous dysplasia, Paget's disease, bone infarcts, 
osteomyelitis, and unresolved calluses are also associated with the develop
ment of osteosarcoma. It is speculated that rapidly dividing cells have an 
increased susceptibility to carcinogenic agents or genetic mutations. 

Various environmental agents have been postulated as causative factors for 
osteosarcoma, but only ionizing radiation has a well-documented effect. Jaw 
tumors were first reported in the 1920s in luminizers, women who painted 
watch dials with paint containing radium and other radioactive substances 
[15]. Since then, radiation exposure, both accidental and therapeutic, has been 
demonstrated in numerous studies to predispose to bone sarcomas. In a report 
of late effects of pediatric primary cancer treatment, the risk of developing 
secondary osteosarcoma correlated with radiation dose. Childhood cancer 
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survivors who received 1000-2999 rads of radiation therapy had a sixfold 
increased risk of developing secondary bone cancer, rising to 38-fold at 
doses of more than 6000 rads [16]. The average latency period to secondary 
osteosarcoma is in the 9-11 year range [17]. Notably, while most secondary 
osteosarcomas occur within the initial radiation field, there is an increased risk 
even outside radiation portals and in patients treated with chemotherapy 
alone. The increased risk may be explained by the genetic predisposition of 
some patients, particularly those with hereditary retinoblastoma and the Li
Fraumeni syndrome, towards developing osteosarcoma. It is also possible that 
prior treatment with alkylating agents can increase the risk of bone sarcomas 
[16]. 

While other environmental agents have been implicated in the develop
ment of osteosarcoma, their role in the causation of this disease has not been 
well substantiated. The National Toxicology Program released a study several 
years ago suggesting fluoride as an etiologic agent of osteosarcoma in male rats 
[18]. However, subsequent epidemiological studies found no relationship be
tween fluoride levels in drinking water and osteosarcoma [19]. Herbicides, 
fertilizers, and pesticides have also been associated with osteosarcoma [20,21], 
but reports are conflicting and definitive evidence is lacking. 

Viruses as causative agents of human osteosarcoma have been thoroughly 
investigated, but only circumstantial evidence linking the two has surfaced. By 
inoculating animals with a variety of sarcoma viruses, researchers have been 
able to elicit osteosarcomas in mice and rats [22-24]. Osteosarcomas have also 
been induced in hamsters injected with extracts from human osteosarcomas, 
suggesting the presence of an infectious agent within the extract [25]. In the 
same report, viral particles were seen by electron microscopy within the tumor 
tissue. Immunological studies have detected specific antibody to a common 
sarcoma antigen in sera from 100% of patients with osteosarcoma, 85% of 
their family members, and 29% of normal blood donors [26]. The high 
percentage of family members carrying the antibody suggests the possibility 
of a virus or other infectious agent. Further, cytotoxic lymphocytes directed 
against osteosarcoma cells have been found in rats and humans [24,27]. De
spite this evidence, a specific human virus has never been demonstrated to play 
a role in the genesis of osteosarcoma. 

3. Cytogenetics 

The cytogenetics of osteosarcoma indicate that this tumor is characterized by 
extreme chromosomal irregularity. Unlike other tumors that may have classic 
alterations in karyotype, osteosarcoma cells are frequently aneuploid and 
contain a disparate array of chromosome aberrations. Only the parosteal 
variant of osteosarcoma is associated with a predictable cytogenetic abnormal
ity, namely, the ring chromosome [28,29]. The percentage of osteosarcomas 
with cytogenetic abnormalities varies according to he detection technique 
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used. In series using classic chromosome banding techniques, 50%-80% of 
tumor samples had karyotype aberrations [29-31]. Using the technique of 
comparative genomic hybridization (CGH), more than 91 % of tumor samples 
had cytogenetic changes [32]. The high degree of karyotypic irregularity re
flects a combination of clonal and nonclonal alterations, the latter presumably 
a result of chromosome instability. Higher-grade tumors tend to have more of 
both types of alterations [33]. 

It has been difficult to pinpoint which chromosomal loci are important in 
the pathogenesis of osteosarcoma because of the multitude of changes seen. 
Nevertheless, a few loci have nonrandomly been observed to be involved in 
deletions or rearrangements. Two important hot spots occur at chromosomes 
13q14 and 17p13, which contain the retinoblastoma (Rb) and p53 tumor 
suppressor genes, respectively. Other frequent deletion sites, detected by 
allelotyping, are located on 3q and 18q [34]. Karyotyping and flow cytometry 
reveal that osteosarcomas can range from being near-diploid to pentaploid, 
with the majority of tumors containing both hypodiploid and hyperdiploid 
clones of cells [35,36]. 

4. Molecular biology 

The recent boom in the field of molecular oncology has greatly expanded our 
understanding of the events that initiate cancer. The study of osteosarcoma 
has been particularly exciting due to the variety of molecular biological phe
nomena characterized in this tumor. This section summarizes the oncogenes 
of both the tumor suppressor and dominant-acting varieties, that have been 
associated with osteosarcoma. 

4.1. Tumor suppressor genes 

Tumor suppressor genes, also called recessive oncogenes, are genes that exert 
an inhibitory effect on growth. Tumor suppressor genes cause malignant 
change through loss of function rather than overexpression. Hereditary 
retinoblastoma and the Li-Fraumeni syndrome, both associated with high 
rates of osteosarcoma, are caused by deletions or mutations in their respective 
tumor suppressor genes, Rb and p53. There is now abundant evidence that 
these two genes playa role in the genesis of osteosarcoma. 

The discovery of the retinoblastoma gene, Rb, had its beginnings when 
Knudson proposed a two-hit model for retinoblastoma development based on 
the observation that the hereditary from of this disease occurs at a younger age 
than the sporadic form [37]. According to the model, mutations in two genes 
are necessary in order to develop this ocular tumor. Patients with a genetic 
predisposition carry one mutation from birth and thus require only one addi
tional alteration to express the disease. When this hypothesis was proposed, 
the nature and location of the purported genes was a mystery. Later, a region 
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conferring susceptibility to retinoblastoma was localized to chromosome 
13q14 and the gene for retinoblastoma was cloned [38-40]. It is now clear 
that Rb encodes a phosphoprotein that serves as a critical checkpoint for 
entry into the cell cycle. Absent or dysfunctional Rb protein enables cells to 
progress through cell division unregulated, predisposing to the genesis of 
malignancy. 

The first suggestion of a relationship between the Rb gene and osteo
sarcoma was epidemiologic. The actuarial risk of developing a second sar
coma, predominantly osteosarcoma, in hereditary retinoblastoma survivors 
has been estimated to be 6%-50% at 20 years and 38%-90% at 30 years [41-
44]. This finding suggests that the two tumors may share a common genetic 
etiology. This observation was later substantiated in the laboratory. Concur
rent with the reports on retinoblastoma, cytogeneticists detected karyotypic 
anomalies at chromosome 13q14 in osteosarcoma [45], and molecular analyses 
confirmed mutations in the Rb gene [46-48]. In two large series of osteo
sarcoma specimens, approximately 40% had structural abnormalities of the 
Rb gene, 63% had loss of heterozygosity (LOH) at the Rb locus, and 54% had 
absent Rb protein expression [49,50]. Functionally, when copies of the Rb 
gene were introduced into Rb-negative osteosarcoma cell lines, restoration of 
expression of the gene resulted in a change in cell morphology, inhibition of 
growth, and suppression of tumor formation in nude mice [51]. 

While the Rb gene is associated with osteosarcoma, not all osteosarcomas 
harbor Rb mutations, nor do all patients with hereditary Rb mutations de
velop osteosarcomas, implicating the involvement of other genes. Studies on 
osteosarcoma specimens have revealed a high frequency of LOH on chromo
some 17, the locus that contains the gene for p53 [49,52]. 

The p53 gene, like Rb, encodes a nuclear phosphoprotein that acts as a 
tumor suppressor. The exact mechanisms of p53 action continue to be studied, 
but it appears that it regulates the transition from the G 1 to the S phase of the 
cell cycle [53]. DNA-damaging agents, such as radiation and carcinogens, 
induce an increased expression of p53 protein, allowing cells time to repair 
damaged DNA. If such repair does not successfully occur, p53 may promote 
cell death through apoptosis [54-56]. Absent or dysfunctional protein, as well 
as inactivation by binding to viral proteins or cytoplasmic sequestration, are 
mechanisms by which p53 may contribute to oncogenesis. The p53 gene is the 
most frequently altered gene in sporadically occurring human cancer [53]. 

Numerous lines of evidence implicate absent or defective p53 as a causative 
factor in osteosarcoma. Transgenic mice carrying a mutated p53 gene develop 
osteosarcomas, [57] and osteosarcoma cell lines have gene rearrangements 
and deletions in p53 [58-61]. With high-resolution techniques, 42% of human 
osteosarcoma specimens examined harbored either a gross or subtle p53 
mutation [62]. Multifocal tumors had a higher likelihood of containing such 
a mutation [63]. 

Osteosarcoma is included in the spectrum of cancers of the Li-Fraumeni 
syndrome, a familial predisposition to cancer associated with germline p53 

219 



mutations [64]. Among children with osteosarcoma, 3%~% have germline 
p53 mutations, even without a family history of Li-Fraumeni syndrome 
[65,66]. With further scrutiny, the families of these children sometimes meet 
the criteria for Li-Fraumeni syndrome [67]. It is therefore imperative to take 
a careful family history in osteosarcoma patients, and some clinicians advocate 
testing all patients for p53 mutations. 

Mechanisms other than genomic alteration may cause inactivation of 
the p53 gene. The human homologue of the murine double-minute 2 gene 
(MDM2) encodes a protein that binds p53 and inactivates it [68]. Up to 27% 
of osteosarcomas overexpress the MDM2 gene [68-70]. Overexpression of 
MDM2 is much more prevalent in metastatic or recurrent tumors, suggesting 
that this finding may be a marker of, and possibly a contributor to, progression 
of disease. 

There is now early evidence that the cyclins and cyclin-dependant kinases 
(CDKs), critical regulators of the cell cycle, may be altered in osteosarcoma 
[71]. The complexity of cell cycle control suggests that initiation of 
tumorigenesis may be the result of disturbances of any number of genes. 

4.2. Dominant-acting oncogenes 

Simply described, proto-oncogenes are a general class of genes that promote 
cell growth. These genes are present in normal cells and are critical to the 
regulation of cellular processes such as progression through the cell cycle. 
When these genes are altered such that they promote growth excessively, they 
are termed oncogenes. Oncogenes have been incriminated in osteosarcoma 
development, though their role is less substantiated than that of the tumor 
suppressor genes. Many oncogenes, including c-abl, c-raf, c-ras, c-met, c-mos 
and c-sis, have been investigated, but the best-described oncogenes associated 
with osteosarcoma are c-myc and c-fos. 

The myc family of oncogenes encodes proteins that serve as transcription 
factors in the regulation of cell growth, apoptosis, and transformation. Overall, 
myc expression promotes growth and inhibits differentiation. The complex 
means by which myc exerts its actions and its regulatory elements have 
recently been reviewed [72,73]. Aberrant myc expression has been reported 
in a variety of pediatric tumors, most notably neuroblastoma (n-myc) and 
Burkitt's lymphoma (c-myc). Evidence also implicates this oncogene in 
osteosarcoma development. An analysis of six osteosarcoma cell lines re
vealed 5-20-fold amplification [74]. Radiation-induced murine osteosarcomas 
had c-myc amplification in 12 of 53 (23 %) tumors, with decreased differentia
tion markers in those tumors with the highest amplification [75]. Analyses of 
human tumors also reveal myc amplification [76,77], though only 7% were 
affected in the largest series reported [78]. Notably, this does not exclude the 
overexpression of myc protein, through transcriptional, translational, or post
translational mechanisms. 

The fos and jun oncogenes encode proteins that compose the activator 
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Table 1. Genes implicated in osteosarcoma development 

Gene Chromosome Class Documented mechanism of alteration 

p53 17p13 Tumor suppressor Deletion, mutation, rearrangement 
Rb 13q14 Tumor suppressor Deletion, mutation, rearrangement 
MDM2 12q13-14 Oncogene Gene amplification 
Myc 8q24 Oncogene Gene amplification 
fos 14q21 Oncogene i RNA/protein expression 

protein-1(AP-1) complex of transcription factors. These factors may playa 
role in the signal transduction pathway from the cell membrane to the nucleus. 
The fos and jun proteins are inducible by various external stimuli and form 
heterodimers that bind DNA and transactivate growth-related genes [79,80]. 
The association of the fos oncogene with bone tumors was first made when the 
FB] sarcoma virus (containing v-fos) induced osteosarcomas when injected 
into mice [22,81,82]. Knockout mice lacking this gene develop osteopetrosis, 
whereas transgenic mice overexpressing this gene develop osteosarcoma [83-
86]. The role offos in human osteosarcoma is less clear. Fos gene amplification 
and RNA overexpression were observed only in a small minority of human 
osteosarcoma cell lines [87,74]. In situ hybridization revealed detectable fos 
RNA expression in 33% of human osteosarcomas but not in normal cells [88]. 
Fos protein expression, assayed by immunohistochemistry, was elevated in 
approximately 60% of human tumors [89]. While it is premature to draw 
definitive conclusions regarding a causative role for c-fos in osteosarcoma, the 
evidence is very suggestive. 

In summary, oncogenes and tumor suppressor genes are altered in a signifi
cant proportion of osteosarcomas (see table 1). In some cases, multiple genes 
are aberrant in the same tumor. It is fair to hypothesize that osteosarcoma 
follows a multihit model of tumorigenesis, with alterations of critical combina
tions of genes precipitating tumor development. The implications of specific 
mutations for the prognosis of osteosarcoma are actively being investigated. 

5. Pathology 

By definition, osteosarcoma is a tumor of malignant connective tissue that 
produces osteoid. Since this tumor arises from a mesenchymal stem cell, 
various types of differentiation may be seen. Osteosarcomas may have fibro
blastic, chondroblastic, or osteoblastic components, but the common thread is 
that they all produce osteoid. Fibrosarcomas and osteochondromas may look 
very similar histologically to osteosarcoma, but they lack the bone production. 
Raymond et al. suggest lumping osteosarcomas into two categories, conven
tional and variant [90]. The conventional osteosarcomas, which constitute 
the majority of osteosarcomas in children and adolescents, behave in a 
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stereo typically aggressive manner, and fine histologic distinctions are usually 
of academic interest only. The variants, however, may have distinct clinical 
courses and therefore must be recognized. 

The World Health Organization recently published a revised malignant 
osteosarcoma classification schema in which the tumors are grouped accord
ing to whether they arise in the center or surface of bone [91]. The cen
tral, or intramedullary, tumors include osteosarcomas of the conventional, 
telangiectatic, well-differentiated and small cell varieties. The conventional 
osteosarcomas, in turn, are divided into osteoblastic, chondroblastic, and fi
broblastic sUbtypes. All the central osteosarcomas are aggressive with the 
exception of the well-differentiated intramedullary subtype. The surface, or 
peripheral, osteosarcomas include the parosteal (juxtacortical), periosteal, 
and high-grade surface variants. The parosteal osteosarcomas are very low 
grade and rarely metastasize, although they may contain areas of dedifferen
tiated tumor. The periosteal osteosarcomas are somewhat differentiated and 
are intermediate in their metastatic potential. The high-grade surface tumors 
are aggressive and behave similarly to conventional osteosarcoma. The histo
logic features of these subtypes are summarized in table 2. 

A few types of osteosarcoma warrant special mention because they have 
different clinical behaviors [9]. Osteosarcoma of the jaw is seen mainly in 
patients beyond the second decade and is associated with chondroblastic 
differentiation with small amounts of osteoid. It has an indolent course and 
metastasizes less frequently than classic osteosarcoma. Paget's disease
associated osteosarcoma occurs in patients beyond the fifth decade of life and 
carries a poor prognosis. Postradiation osteosarcoma has a long latency period 
between radiation and disease onset (average 9-11 years). As a result, it occurs 
only rarely in childhood, usually in the setting of hereditary retinoblastoma. 
Like Paget's-associated osteosarcoma, postradiation osteosarcoma has a poor 
response to chemotherapy. Post-radiation extraosseous osteosarcoma has also 
been described. A small percentage of osteosarcomas are multifocal (5%), 
involving different areas of bone at diagnosis. It is unclear whether multifocal 
tumors represent metastases or multiple primary malignancies. 

Although the current histologic categorization of osteosarcomas has proven 
useful, pathologists are attempting to better define subclasses for this neo
plasm. Immunohistochemical assays using antibodies against collagen sub
types have been developed to identify osteoid, since this matrix material 
characteristically contains collagen types I and V and lacks collagen types II, 
III, IV, and VI [92]. This test has helped to properly diagnose cases with 
scant amounts of osteoid, which may be confused with Ewing's sarcoma, 
fibrosarcoma, malignant fibrous histiocytoma, or poorly differentiated 
chondrosarcoma [93]. Markers against collagen also help distinguish between 
different classes of conventional osteosarcoma, although the clinical utility of 
this remains to be determined. Immunohistochemical studies using antibodies 
against the noncollagenous proteins osteonectin and osteocalcin, presumed 
osteoblastic markers, initially showed promise to distinguish osteoblastic tu-
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Table 2. Pathologic classification of malignant osteosarcomas 

Peak age 
Pathologic subtype O/oa affected Histologic features 

Central tumors (medullary) 
• Conventional osteosarcoma 87 2nd 

Osteoblastic (50%) decade Tumor cells with nuclear and mitotic 
atypia; osteoid or bony trabeculae 
interspersed among tumor cells; may have 
extensive sclerosis 

Fibroblastic (25%) Tumor cells are spindle shaped and may 
bc in a herringbone pattern; osteoid 
production focal 

Chondroblastic (25%) Cells lie in lacunae and form chondroid 
lobules 

• Telangiectatic osteosarcoma 3 2nd Septa surrounded by malignant cells 
decade separated by spaces; may have few 

pleomorphic cells in bloody background; 
benign giant cells present 

• Intraosseous well 1.2 3rd Well-differentiated spindle cells with little 
differentiated (low grade) decade cytological atypia; interlacing pattern 

permeates surrounding structures 

• Small cell (round cell) 1.3 2nd Small cells resembling those of Ewing's 
decade sarcoma, but osteoid matrix is produced 

Surface tumors (peripheral) 
• Parosteal Uuxtacortical) 4 3rd Slightly atypical spindle cells between 

decade normal-appearing bony trabeculae 

• Periosteal 1.5 2nd Resembles a moderately differentiated 
decade chondroblastic osteosarcoma 

• High-grade surface 0.7 2nd Highly anaplastic osteosarcoma 
decade originating on surface of bone 

"Percentages reflect data from the Mayo Clinic series of 1718 osteosarcoma patients [9] applied to 
the WHO classification system [91]. 

mors from those with fibroblastic or chondroblastic differentiation [94]. Addi
tional date did not support such specificity [95]. 

6. Clinical presentation and patterns of spread 

The most common sites of osteosarcoma occurrence in children and adoles
cents are the femur (44%), tibia (17%), and humerus (15%) [8,9] (figure 2). 
Other bones may be involved, particularly in older individuals where 
osteosarcoma is frequently seen in the axial skeleton. Pain, either sudden or 
insidious, is the most frequent presenting symptom. Patients may recall a 
traumatic event to the tender area, but this is often coincidental; the trauma 
merely draws attention to the involved site. It is possible, however, to have a 
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Figure 2. Distribution of osteosarcoma (adapted from Mirra [194]). The unlabeled bones consti
tute less than 1 % of osteosarcoma cases. This series includes middle-aged and elderly patients; if 
only children and adolescents were considered, there would be even fewer cases in the axial 
skeleton. 

pathological fracture through a tumor-infiltrated bone. Swelling is another 
sign of osteosarcoma, which may be minimal at first but becomes progressively 
more significant over time. The skin overlying the tumor may be taut and 
shiny, and superficial venous congestion may be seen. Osteosarcoma presenta
tion with local signs and symptoms is the rule; it is distinctly uncommon to 
have constitutional symptoms. 
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Approximately 15%-20% of patients with newly diagnosed osteosarcoma 
have metastases detectable on imaging studies [96]. This disease spreads 
hematogenously, with an impressive predilection towards the lungs. Distant 
bone is the next most common metastatic site, affecting 2 %-4 % of patients. It 
is unclear whether this entity represents multifocal tumor arising synchro
nously or metastasis from the primary tumor. Authors have cited lack of 
pulmonary metastases in these patients as evidence for multifocal disease, but 
others have refuted this claim [97]. Other reported, but infrequent, locations 
of spread include the lymph nodes, liver, kidney, brain, soft tissue, and heart 
[8]. 

7. Clinical evaluation and diagnostic studies 

The evaluation of suspected osteosarcoma begins with a detailed history and 
physical examination focusing on the typical presenting features of local pain 
and swelling. Metastases are rarely detected on initial history and physical, 
except in very advanced disease. 

7.1. Radiologic evaluation 

The radiologic evaluation of osteosarcoma involves multiple imaging modali
ties. Conventional radiography remains the most valuable initial tool in the 
detection of osteosarcoma. In most cases, typical radiographic features illus
trate the aggressive osteoid-forming nature of this disease. Lesions may be 
lytic (30%) , sclerotic (45%), or mixed (25%) [98]. They may be confined to 
the medulla but often destroy the cortex and elevate soft tissue. Osteoid 
produced by tumor cells appears cloud like with ill-defined margins. Periosteal 
reaction, commonly appearing as triangular-shaped elevations (Codman's tri
angles), frequently occurs in osteosarcoma but is not specific to this disease. 
The major drawback of plain films is their relative insensitivity in delineating 
extent of tumor involvement in bone. 

The advent of magnetic resonance imaging (MRI) has greatly enhanced our 
ability to document tumor location and anatomic relationships. MRI is excep
tionally well suited for imaging bone tumors and has become the modality of 
choice for imaging osteosarcoma. T1-weighted sequences demonstrate the 
interface between tumor and bone marrow and T2-weighted sequences distin
guish between tumor and muscle. MRI defines spatial relationships accurately, 
since it can image in any plane. It facilitates surgical planning because it 
defines tumors size, distance from the joint line, evidence of extension into the 
joint, and evidence of neurovascular involvement. Tumor boundary definition 
by MRI corresponds to that of pathologic evaluation within millimeters [99] 
(see figure 3). Computed tomography (CT), largely supplanted by MRI, con
tinues to be effective in certain anatomic sites such as the pelvis and shoulder 
girdle [100]. 
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Imaging modalities have been used to predict osteosarcoma responsive
ness to chemotherapy. The contrast agent gadolinium-diethylenetriamine
penta acetic acid (Gd-DTPA), used in conjuction with MRI, highlights the 
tumor's vascularity; decreasing vascularity signifies tumor necrosis [101]. 
Angiography also measures vascularity, but has not consistently correlated 
with degree of necrosis. Color Doppler flow imaging has been proposed as a 
good predictor of tumor death [102]. Magnetic resonance spectroscopy (MRS) 
is a potential tool to assess tumor metabolism. 31p spectoscopy measures the 
concentration of phosphorylated compounds (phosphomonoester, phospho
diester, inorganic phosphate, phosphocreatine, and adenosine triphosphate) in 

Figure 3. (3) PA view of plain film of the distal femur of an adolescent patient with osteosarcoma. 
An intramedullary ill-defined sclerotic lesion is seen. (b,c) Corresponding MRI images: (b) Coro
nal Tl-weighted image shows low signal intensity in the distal femur with minimal cortical 
breakthrough, which may be secondary to the biopsy site (arrow). No involvement of the joint is 
seen. (c) Coronal inversion recovery image shows heterogenous foci of decreased and increased 
signal intensity, signifying areas of osteoid formation and bone marrow edema, respectively. The 
bonc marrow is likely infiltrated with tumor cclls. (Courtesy of Dr. Loralie Ma, Johns Hopkins 
Hospital.) 
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Figure 3. (continued) 

soft tissue [100,103]. Malignant bone tumors have spectral characteristics dis
tinct from those of normal tissue that change during chemotherapy. These 
changes have not correlated with degree of necrosis, however. Nuclear scans, 
such as thallium-201, have also been used to monitor response to therapy; 
decreased uptake correlates with degree of necrosis [104]. Some investigators 
advocate performing nuclear medicine scans to guide therapy even before 
definitive resection or amputation [105]. 

Workup for metastases involves imaging the lungs and bone, the two most 
common sites of spread. CT scans most reliably detect pulmonary spread. In 
cases of questionable pulmonary nodules, positron-emission tomography 
(PET) scanning, which indicates metabolically active tissue, may distinguish 
metastases from benign tissue [106]. Bone scintigraphy, using methylene 
diphosphonate labeled with technetium-99m, is the most sensitive and cost
effective means for detecting skip lesions and distant bone metastases [100]. 
This modality is also effective in detecting spread to lung, lymph nodes, and 
soft tissue [107]. In initial staging, MRI should also be performed on the entire 
length of the affected bone to help detect skip metastases. 
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7.2. Biopsy 

The histologic diagnosis of osteosarcoma may be accomplished by needle or 
open-surgical biopsy. While needle biopsies are less invasive, they are prone to 
sampling error and do not yield sufficient tissue for biological studies. Open
surgical biopsies are not trivial, since poor technique may lead to tumor 
seeding along the biopsy tract and subsequent local recurrence. Moreover, 
the biopsy site must be carefully placed in order to be included within the 
definitive resection planes. If biopsy placement is suboptimal, limb salvage 
may be precluded [108]. A study by the MD Anderson Cancer Center 
group reported that only 6 of 26 osteosarcomas referred by outside institutions 
had well-placed biopsies [109]. Fortunately, more patients are now being 
referred to surgeons who will perform the definitive resection for the initial 
biopsy. 

7.3. Additional evaluation 

Additional evaluation of the patient with osteosarcoma primarily assesses the 
baseline function of organs affected by treatment. Cardiac function, poten
tially compromised by doxorubicin, is best evaluated with echocardiogram or 
MUGA scan and ECG. Renal function, affected by cisplatin, ifosfamide, and 
methotrexate, is estimated by urinalysis, BUN, and creatinine. Glomerular 
filtration rate should be determined by 12- or 24-hour urine collection for 
creatinine clearance or by radioisotope elimination. Renal tubular function is 
assessed with electrolyte, calcium, phosphorous, and magnesium determina
tions. Audiologic examination is advised before administration of the ototoxic 
agent cisplatin. 

Lactate dehydrogenase (LDH) and alkaline phosphatase levels may be 
prognostic indicators for osteosarcoma. High levels of both enzymes have 
been associated with poor outcome [110]. While these factors are not used to 
stratify patients into treatment groups, serial measurements may be indicative 
of response to therapy. The recommended workup for a patient with newly 
diagnosed osteosarcoma is summarized in table 3. 

7.4. Differential diagnosis 

The differential diagnosis of osteosarcoma includes other lesions of bone, 
benign and malignant. The most frequent consideration is Ewing's sarcoma. 
In contrast to osteosarcoma, Ewing's sarcoma occurs in fiat bones or the 
diaphyses of long bones and typically appears as a purely lytic lesion on plain 
film. Another distinguishing feature of Ewing's sarcoma is the predominance 
of the soft tissue component of the mass. Other malignant neoplasms to 
consider are leukemias, lymphomas, and bone metastases from other tumor 
types. Benign lesions such as osteoid osteoma, osteoblastoma, enchondroma, 
osteochondroma, chondroblastoma, aneurysmal bone cysts, and avascular ne-
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Table 3. Recommended evaluation of a patient with newly diag
nosed osteosarcoma 

I. History and physical examination 
II. Radiologic evaluation 

• Plain films of affected bone 
• MRI scan of affected bone 
• PA and lateral chest x-ray 
• cr scan of chest with LOcm intervals 
• Radionuclide bone scan 

III. Biopsy of primary tumor 
IV. Laboratory evaluation 

• Complete blood count (CBC) with differential 
• Electrolytes, calcium, phosphorous, magnesium 
• Blood urea nitrogen, creatinine 
• Lactate dehydrogenase (LDH), alkaline phosphatase 
• Liver function tests 
• Varicella titers 

V. Cardiac evaluation 
• Echocardiogram or MUGA scan 
• Electrocardiogram 

VI. Renal evaluation 
• Urinalysis 
• Glomerular filtration rate 

12- or 24-hour urine collection for creatinine clearance 
or radioisotope GFR 

VII. Audiogram 

crosis also masquerade as osteosarcoma [111]. Osteomyelitis may also be 
considered in the differential diagnosis, although it more closely resembles 
Ewing's sarcoma on x-ray and in clinical presentation. Biopsy is essential in 
making the final diagnosis. 

8. Prognostic factors 

A plethora of prognostic factors for osteosarcoma have been identified, but in 
the context of variable study designs and changing treatment strategies, 
reports regarding their value have been contradictory. Prior to the era of 
neoadjuvant chemotherapy, the mainstays of prognosis were age, sex, tumor 
size, and location. Many studies showed age before or in the early part of the 
second decade, male gender, large tumors (> 15 cm), and location in the axial 
skeleton as poor prognostic indicators. While some of these prognostic factors 
were predictive in univariate analyses, none was consistently proven as an 
independent prognosticator in multivariate analyses [112]. Other suggested 
predictors of poor outcome have included tumor spread at diagnosis, high 
alkaline phosphatase levels [110,113], incomplete tumor resection, and short 
duration of symptoms [114,115]. A new generation of prognostic factors, such 
as histologic response to chemotherapy, expression of P-glycoprotein, and 
molecular biological changes, has now emerged (table 4). 
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Table 4. Prognostic indicators in osteosarcoma 

Recent 
Indicator Prognostic implication Comments references 

Stage Metastasis or multifocal Even with surgical resection 
disease -? and modern chemotherapy, 
unfavorable metastatic disease still 

portends poor long-term 
survival 

Response to ;,90% necrosis -? Other than presence of [110,112,117-120] 
chemotherapy favorable metastases, the most 

<90% necrosis -? valuable prognostic indicator 
unfavorable today 

P-glycoprotein High expression -? Promising new factor that also [120,127-129] 
expresson unfavorable has therapeutic implications. 

Tests of expression need to 
be standardized 

DNA ploidy Near diploid clones -? [35] 
favorable 

Tumor size Large tumor (>15cm) Conflicting data on value of [186] 
-? unfavorable this marker. A recent study 

using sophisticated tumor 
volume measurements found 
size as an independent 
predictor of outcome. 
Cannot be dismissed yet 

Tumor site Axial skeleton -? least Empirically, one would think [110,112] 
favorable that tumors in areas difficult 

Proximal femur -? to resect would do worse, 
unfavorable but data on this are 

Proximal tibia -? conflicting 
favorable 

Histologic Parosteal variant -? With the exception of rare [9,115] 
subtype favorable low-grade osteosarcomas, 

the difference between 
outcome of conventional 
osteosarcomas is not 
significant 

Duration of Short dura ton <2-6 Shown to be of importance [114,115] 
symptoms months -? before adjuvant 

unfavorable chemotherapy. May not hold 
up any longer 

Alkaline High levels -? Unclear whether these [110,120] 
phosphatase unfavorable markers are independent 
ILDH levels predictors with respect to 

tumor size 
Gender Male gender -? Conflicting data. Not found to [112] 

unfavorable be an independent predictor 
of outcome 

Age Age < second decade Has not stood up as an [112] 
-? unfavorable independent variable 

230 



8.1 . Histologic response to chemotherapy 

In the mid-1970s, with the advent of neoadjuvant chemotherapy prior to 
definitive surgical resection, a new prognostic possibility was described. Tu
mors could be assessed histologically for percent necrosis following chemo
therapy [116] (see figure 4). Multiple clinical trials have since confirmed the 
predictive value of histologic response to treatment, with modern era event
free survival rates of 70%-90% in responsive tumors and 40%-60% in unre
sponsive tumors [110,112,117-120]. Most studies define a favorable response 
as 90% tumor necrosis or greater. The agreement between studies on the value 
of this prognostic indicator is remarkable; other than metastasis at presenta
tion, histologic response to chemotherapy is regarded the best predictor of 
osteosarcoma outcome to date. 

8.2. P-glycoprotein expression 

A potential new prognostic indicator for osteosarcoma is the expression 
of P-glycoprotein (P-gp), which confers the multidrug resistance (MDR) 
phenotype. P-gp is a 170-kDa integral membrane protein encoded by the 
human mdr1 gene located on chromosome 7q21 [121,122]. It functions as an 
A TP-dependent efflux pump that prevents intracellular accumulation of 
anthracyclines, vinka alkaloids, epidophyllotoxins, taxanes, and actinomycin 
D, resulting in multidrug resistance [123]. P-gp has been documented in a 
number of adult cancers as well as in rhabdomyosarcoma, neuroblastoma, 
acute lymphoblastic leukemia, and retinoblastoma [124]. Specific normal cells 
also manufacture this protein, which is thought to be involved in the secretion 
of toxic metabolites and the maintenance of the blood-brain barrier. 

Figure 4. (a) Osteosarcoma showing cytologically malignant cells interspersed among osteoid 
(arrows) (hematoxylin and eosin x 400). (b) The same osteosarcoma following chemotherapy and 
total excision. Extensive residual osteoid and stromal fibrosis is present without viable tumor cells 
(hematoxylin and eosin x 12S). (Courtesy of Dr. Elizabeth Perlman, Johns Hopkins Hospital.) 
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Schwartz et al. first demonstrated that the expression of P-gp may have 
prognostic implications for osteosarcoma [125]. Since gene amplification of 
mdr1 in human tumors has not been observed, assays for multidrug resistance 
have accordingly been directed at the RNA or protein level. Overexpression 
of mdr1 gene products is seen in 23%-86% of primary osteosarcomas, de
pending upon the technique used. Reverse transcriptase/polymerase chain 
reaction (RT-peR), which measures levels of mRNA transcript, is the most 
sensitive method to measure mdr1 expression. Immunohistochemistry is more 
widely used, however, because it directly detects P-gp and can elucidate the 
cellular expression pattern of this protein. Each technique has its drawbacks 
[126], and it has been challenging to compare studies that utilize different 
methods of detection [127,128]. Regardless of technique, higher levels of 
expression are associated with metastatic osteosarcomas and a trend towards 
worse outcome [127,129]. In the largest study to date, Baldini et al. reported a 
significantly lower actuarial relapse-free survival rate in patients expressing 
high P-gp in their original tumors (42%) compared to those with low or absent 
expression (80%) [120]. The prognostic value of P-gp in this study was inde
pendent of other factors and more predictive than extent of necrosis after 
chemotherapy. The MDR phenotype thus shows promise as a strong prognos
tic factor in osteosarcoma, although standardization of assays will be needed 
to expand this approach. 

8.3. Other molecular and cytogenetic indicators 

Oncogenes and tumor suppressor genes are rapidly being characterized in 
osteosarcoma. It is possible that specific genetic alterations carry prognostic 
significance. Preliminary evidence suggests unfavorable prognosis with LOH 
at the p53 locus on chromosome 17 [34] and with MDM2 gene amplification 
[69]. A recent report suggests that Rb indirectly regulates the transcription of 
genes for enzymes such as dihydrofolate reductase. Alteration of the Rb gene 
could thus lead to resistance to methotrexate, which is commonly used in 
osteosarcoma treatment [130]. Genetic markers conferring a good prognosis 
in osteosarcoma include a near-diploid DNA content. Even in the presence of 
hyperdiploid cell clones, which most osteosarcomas have, the presence of at 
least 20% diploid cells has been linked to favorable outcome [35]. With better 
correlations, these observations may be applied to therapeutic approaches. 

9. Treatment 

Within the last 20 years, the survival rate for localized osteosarcoma has risen 
from 20% to 70%, largely a result of adjuvant therapy and a multidisciplinary 
approach to treatment. This section describes the different modalities of 
therapy used to treat osteosarcoma, with particular attention paid to modern 
treatment strategies. 
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9.1. Surgery 

Surgery was the first available therapy for osteosarcoma and remains a corner
stone of treatment today. The traditional surgical approach to a patient with 
osteosarcoma is amputation of the affected bone. This procedure can reliably 
remove all tumor tissue, leaving clear margins. The local recurrence rate 
following amputation is less than 5%. Functionality following this procedure 
depends on the ability to fit a prosthesis. Function following a below-knee 
amputation is excellent, while a hemipelvectomy causes significant impair
ment. For above-knee amputations, it is sometimes possible to perform a tibial 
turnback, or rotationplasty. This involves resecting the distal femur but leav
ing an intact neurovascular bundle to the tibia in place. The tibia is then 
rotated so that the foot is inverted and fixated to the remaining femur, result
ing in a functional joint (i.e., the ankle) to replace the knee. A prosthesis may 
then be placed with good results. 

With improved control of microscopic residual disease by chemotherapy, 
limb-salvage procedures, which involve en bloc resection of tumor with the 
placement of an internal prosthesis, were developed. Today, about 60%-80% 
of osteosarcomas are amenable to limb-salvage operations [108]. Reconstruc
tions use allografts, customized artificial endoprosthetic devices, or a combina
tion of the two. The method of choice depends upon the preference and 
experience of the surgeon. Limb-salvage procedures may fail due to infection, 
nonunion, and fracture. Relative contraindications include major neuro
vascular involvement, pathologic fractures, and a contaminated, inappropri
ately placed, or infected biopsy site. Skeletal immaturity may preclude patients 
from limb-salvage procedures since limb-length discrepancy may be profound. 
Telescopic prostheses are available for selected patients. Although overall 
survival is not compromised by limb-salvage surgery [110], several studies 
reported that local failure rate was significantly higher in resected tumors than 
amputated tumors (9.2% to 10.5% versus 1.9% to 2.5%) [131-133]. The risk of 
local relapse was apparent in those with narrow surgical margins and poor 
response to chemotherapy. Definitive studies have not been performed. 

Surgery also plays an important role in the treatment of pulmonary 
metastases. Although the outcome for patients with pulmonary metastases has 
traditionally been poor, surgical resection of both primary and metastatic 
disease combined with chemotherapy has increased disease-free survival rates 
to 25%-40%. After relapse, resection of metastases may significantly extend 
the survival time. 

9.2. Chemotherapy 

Before the era of chemotherapy, 80% of patients with localized osteosarcoma 
would develop pulmonary metastases within 6-9 months of amputation. In the 
1970s, it was recognized that high-dose methotrexate [134], doxorubicin [135], 
and cisplatin [136] had activity against osteosarcoma. Compared to historical 
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controls, disease-free survival rates rose with the introduction of these agents 
into adjuvant treatment regimens [137]. In 1978, the Mayo Clinic reported 
improved survival without chemotherapy, which was attributed to improved 
surgical techniques or a change in the natural history of osteosarcoma [138-
141]. As a result, adjuvant chemotherapy was not the definitive standard of 
care until prospective randomized trials firmly established the benefit of che
motherapy [142,143]. In retrospect, the earlier study may have been affected 
by referral patterns or other unrecognized factors resulting in a group of 
patients with better prognostic features. 

In the mid-1970s, the Memorial Sloan Kettering Cancer Center (MSKCC) 
pioneered the use of preoperative chemotherapy with response-based chemo
therapy after definitive surgical resection [116]. Potential theoretical advan
tages of this approach included the more immediate treatment of pulmonary 
micrometastases and the facilitation of surgical resection by cytoreduction and 
encapsulation of tumor. Additionally, assessing tumor response to chemo
therapy provided treatment-guiding information; poor histologic responders 
had their postoperative chemotherapy regimens altered. This approach 
proved beneficial for good histologic responders, yielding cure rates greater 
than 70%; however, poor responders, despite tailored chemotherapy, had cure 
rates of only 40%-50%. Subsequent protocols in he early 1980s demonstrated 
that intensifying preoperative chemotherapy increases the percentage of 
patients achieving good histologic response and raises the overall survival 
rate, but exposes all patients to enhanced toxicity. Despite intensification of 
therapy, cure rates of poor responders remain low [118]. Table 5 shows the 
results of several large multi agent osteosarcoma trials. It should be noted that 
since intensity and duration of therapy affect outcome, accurate comparison of 
trials by agents alone is limited. 

Recent treatment protocols have incorporated new approaches to improve 
outcome. Ifosfamide and etoposide have been added to the armamentarium of 
cfficaceous anti-osteosarcoma agents [144,145], and newer compounds such as 
topotecan are being investigated. The use of colony-stimulating factors to 
hasten recovery from neutropenia has enabled intensification of chemo
therapy regimens. Pharmacokinetic studies are being undertaken to optimize 
the dosing and administration of already familiar drugs, most notably 
methotrexate, since outcome may be dependent upon peak levels [146]. 

It may prove feasible to identify patients with an adverse biological risk 
factor at diagnosis and modify treatment accordingly. The Pediatric Oncology 
Group (POG)/Children's Cancer Group (CCG) intergroup study is analyzing 
all diagnostic tumor specimens for P-glycoprotein expression. Those patients 
expressing this protein may have better outcome if treated with agents not 
removed by the P-gp pump (e.g., cisplatin, methotrexate, ifosfamide). An 
alternative approach is to use competitive inhibitors of P-gp to overcome 
multidrug resistance. Verapamil was the first such drug used in clinical trials, 
but because high levels were necessary to overcome the MDR phenotype, the 
therapeutic index was easily exceeded. Newer studies have employed CSA or 
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its analogues as a means of P-gp blockade, since levels that completely inhibit 
the pump are achievable in human serum with minimal toxicity. A pilot study 
noted responses to CSA with doxorubicin and cisplatin in patients treated for 
recurrent osteosarcoma [125,147]. A phase II study of this approach is ongoing 
in the POG (c. Schwartz, personal communication). 

9.3. Biological response modifiers 

Even with the most intensive treatment regimens, 20%-30% of patients will 
relapse. Since further manipulations of standard chemotherapeutic agents 
may provide only minimal increases in survival, innovative biological response 
modifiers are being explored as adjuvants to therapy. Interferon (IFN), a 
cytokine that inhibits growth of osteosarcoma cells and partially reverses the 
malignant phenotype in vitro, was the first such agent to be studied. Human 
trials found no in vivo benefit [148]. 

An antitumor effect may be inducible with muramyl tripeptide phosphati
dyl ethanolamine (MTP-PE), a synthetic lipophilic analogue of the mycobac
terial cell wall component muramyl dipeptide. MTP-PE potentiates the 
immune system by activating monocytes and macrophages. Human monocytes 
phagocytize a liposomal form of this compound very efficiently and subse
quently kill tumor, but not normal, cells [149]. In a murine model, 8%-10% of 
liposomal MTP-PE injected intravenously localized to the lungs and caused 
regression of pulmonary melanoma metastases [150,151]. In a subsequent 
prospective study, dogs with spontaneously developed osteosarcoma survived 
longer if given MTP-PE versus observation alone [152]. Phase I human trials 
demonstrated good tolerance of this drug, with side effects limited to chills, 
fever, headaches, myalgias, and fatigue [153]. A phase II study revealed that, 
compared to resection alone, patients with chemoresistant metastatic pulmo
nary osteosarcoma treated with MTP-PE showed a statistically significant 
prolongation of time to relapse (4.5 months vesus 9 months) [154]. MTP-PE is 
currently being studied in phase III trials in the setting of minimal residual 
disease after extirpative surgery. Extension of therapy for 12 weeks beyond 
the chemotherapy will minimize any potential limitation of monocyte re
sponse by cytotoxic therapy. 

Another class of biological response modifiers under evaluation are growth 
hormone (GH) antagonists. GH stimulates the transcription of insulin-like 
growth factor I (IGF-1), an autocrine stimulator of osteosarcoma cells in vitro. 
Without GH, tumor growth may be inhibited. Murine osteosarcoma has re
duced metastatic potential in hypophysectomized mice [156], and GH hor
mone antagonists can mimic hypophysectomy [157,158]. Clinical trials may 
begin in the near future. 

Angiogenesis inhibitors prevent the vascularization necessary for growth 
and metastasis of cancer. The identification of the chemical factors that medi
ate angiogenesis has opened new prospects for the treatment of solid tumors 
[159]. Several analyses of angiogenesis inhibitors have used osteosarcoma cells 

238 



in animal models. When osteosarcoma cells were inoculated into mice and the 
angiogenesis inhibitor TNP-470 (or a control) was subsequently administered 
for three weeks, the number and vascularity of pulmonary metastases was 
significantly decreased in the TNP-470-treated group [160]. Similar results 
were observed in a rat model [161]. TNP-470 has been approved by the FDA 
for phase I trials, but results have not been reported in patients with 
osteosarcoma. 

9.4. Radiation therapy 

Osteosarcoma is generally classified as radioresistant. In clinical trials 30-40 
years ago, responses to radiation doses of 80Gy were transient, and residual 
tumor cells remained in amputation specimens. Enhancement of tumor re
sponse with radiosensitizers such as bromodeoxyuridine resulted in unaccept
ably high soft tissue damage [162]. Various studies had limited success adding 
radiation therapy to chemotherapy for overt pulmonary metastases, but these 
were not randomized, and it is difficult to tease out the actual effect of the 
radiation [46,166,167]. A prophylactic role for radiation therapy in preventing 
lung metastases has been investigated but has not proven effective in clinical 
trials [165]. At the cellular level, the radioresistance of osteosarcoma is pre
dictable. Osteosarcoma cell lines show a heightened ability to repair DNA in 
response to radiation damage. In addition, many osteosarcomas harbor p53 
mutations, which may confer a radioresistant phenotype by allowing cells to 
divide despite DNA damage [163,164]. With the success of preoperative che
motherapy and limb-sparing surgery, the only recognized role for radiation in 
the treatment of osteosarcoma is palliative. 

10. Metastasis and recurrence 

10.1. Metastasis at presentation 

Approximately 15%-20% of patients diagnosed with osteosarcoma present 
with metastatic disease, usually in the lungs. Between 1975 and 1984, even with 
adjuvant chemotherapy and resection of metastases, only 11 % of patients 
with metastases at presentation survived [96]. Notably, patients with 
chemotherapy-induced complete response who did not undergo meta
statectomy had a 100% relapse rate. This confirmed other reports attesting 
to the necessity of complete surgical resection of metastatic osteosarcoma. A 
more recent report showed a two-year disease-free survival rate of 46% in 
patients treated with ifosfamide, high-dose methotrexate, doxorubicin, and 
aggressive surgery [168]. Considering these promising data, patients with 
metastases should be candidates for aggressive chemotherapy with subsequent 
primary tumor resections and metastatectomies. Even those who are not cured 
in the long run may experience significantly prolonged survival. Current trials 
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for metastatic disease at diagnosis are evaluating new agents such as topotecan 
and etoposide/ifosfamide combinations. 

10.2. Recurrent disease 

Most recurrences of osteosarcoma occur in the lungs (80%), followed by 
distant bone (15%) and local bone (5%) [169]. Approximately 20% of patients 
develop metastases in multiple locations [170,171]. Less common sites of 
relapse include the brain, epidural space, liver, mediastinum, diaphragm, and 
soft tissue. The recognition of nonpulmonary metastases has increased with 
the advent of adjuvant chemotherapy [170]. This increase may be due to the 
greater efficacy of intravenous chemotherapy in the lungs compared to other 
locations. Alternatively, patients may be living longer, allowing previously 
unobserved patterns of metastasis to surface. The median time to develop
ment of metastases is now 20 months, compared to seven months historically 
[172]. Relapses beyond five years from diagnosis are rare, although they have 
been reported as late as 13 years after diagnosis. 

As for primary disease, treatment for recurrent disease is multimodal. 
When surgery and chemotherapy are employed, five-year survival rates fol
lowing recurrence are 25 %-40%. Surgery plays a crucial role in the manage
ment of recurrence. Studies over the past 15 years have repeatedly confirmed 
the benefit of resecting pulmonary metastases, both in terms of overall survival 
rate and duration of survival [173-178]. In some cases, multiple thoracotomies 
are necessary to effect a long-term cure. In a review of long-term survivors 
of osteosarcoma metastases, Pastorino notes that the average number of 
thoracotomies performed on each patient ranges between 2 and 3, with the 
number of resected lesions ranging from 3 to 9 [179]. Chemotherapy also has 
its place in the treatment of relapsed disease. The choice of agents must be 
tailored to the tumor's initial response to particular drugs. Since high-dose 
chemotherapy with autologous bone marrow rescue has been performed on 
only limited numbers of osteosarcoma patients, its role in the treatment of 
recurrent disease is unclear [171]. 

Prognostic factors for survival following relapse have been assessed in 
multiple studies. Survival after pulmonary relapse is better than that after local 
or distant bone recurrence. For those patients with pulmonary metastases, 
complete surgical resection is the best predictor of good outcome [171]. Other 
favorable indicators include unilateral pulmonary disease, fewer than three 
pulmonary nodules, and a long disease-free interval [171,174,176,180]. The 
extent of necrosis of pulmonary metastases following chemotherapy does not 
appear to affect prognosis [180]. 

11. Late complications 

Enhanced survival of children with osteosarcoma after intensive chemo
therapy has resulted in a large cohort of patients who are at significant risk for 
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late sequelae. While some complications of therapy are overt and easily recog
nized, such as the musculoskeletal complications after amputation or limb 
salvage, others may be subclinical. Since most osteosarcomas recur within five 
years, subsequent patient evaluations should concentrate on potential 
therapy-induced effects. 

The most significant late effect of osteosarcoma treatment is doxorubicin
related cardiotoxicity. With cumulative exposure, anthracyclines cause ven
tricular wall thinning, increased wall stress, and elevated afterload. Most 
patients are clinically asymptomatic, but increasing numbers are developing 
frank congestive heart failure or ventricular arrhythmias. This outcome is 
particularly problematic in osteosarcoma patients, where cumulative doxoru
bicin dose as well as dose fraction, both associated with cardiotoxicity, are 
higher than in most other malignancies. Goorin reported cardiac effects in 
approximately 75% of survivors of osteosarcoma. It was once thought that the 
cardiac effects of anthracyclines stabilized with time, but more recent informa
tion suggests that cardiac decompensation may arise 15 or more years post
treatment [1811. Factors contributing to such decompensation include 
pregnancy and weight lifting. If echo cardiographic changes are present after 
completion of therapy, the risk for developing clinical heart disease is 70%, 
versus 12% when changes are absent. Monitoring for anthracycline-induced 
cardiac damage should include history and physical exam, echocardiogram to 
measure fractional shortening and afterload [182], and electrocardiogram to 
measure QTc interval, since prolongation may be indicative of anthracycline
induced myocardial damage [183]. Holter monitoring should be performed in 
those with any evidence of myocardial injury. Such studies should be per
formed every other year in all survivors of osteosarcoma, with annual follow
up in patients with abnormal results. Treatment for anthracycline-associated 
congestive heart failure includes pharmacotherapy with afterload-reducing 
and inotropic agents and heart transplantation for those with severe end-stage 
disease. 

Osteosarcoma survivors treated with cisplatin are susceptible to ototoxicity. 
Hearing loss is first noted in the high-frequency range, often in association 
with tinnitus and vertigo. More profound hearing loss is commonplace. Audio
grams should be performed every 3-5 years unless clinical evidence of hearing 
loss arises. It is not yet clear whether there will be late emergence of 
ototoxicity after cisplatin. There has been no evidence of improvement in 
hearing over time [184]. 

Long-term glomerular and renal tubular damage may be precipitated by 
the agents cisplatin and ifosfamide. This toxicity generally occurs during 
or soon after therapy, but it may be persistent. Glomerular dysfunction results 
in elevated levels of serum creatinine, azotemia, and decreased glomerular 
filtration rate (GFR). Cisplatin-induced tubular dysfunction causes prominent 
urinary wasting of cations, particularly magnesium, as well as calcium and 
potassium. Ifosfamide may cause phosphaturia, glycosuria, amino aciduria, 
and inability to acidify thc urine (Fanconi syndrome). Treatment of neph-
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rotoxicity is supportive; electrolytes should be monitored and replaced as 
necessary. 

Fertility may be compromised in patients receiving alkylating agents such as 
cyclophosphamide and ifosfamide. In both males and females, the likelihood 
of sterility is dose related; adolescent males may become sterile after 4 g/m2 of 
cyclophosphamide (almost invariably after 109/m2), while female teens can 
tolerate doses of more than 20g/m2 without infertility. Women treated with 
alkylating agents are at risk for the development of early menopause [185]. 
Sperm collection in adolescent males should be considered prior to initiating 
therapy. 

Late mechanical complications of limb-salvage procedures include fracture, 
loosening of the prosthesis, and limb-length discrepancy. Revision of the 
prosthesis or amputation are commonly necessary. Occasionally, growth in the 
contralateral growth plate must be surgically impaired to avoid limb-length 
discrepancy. Long-term studies of function after limb-sparing surgery are 
ongoing. While few patients choose amputation over limb salvage, the limita
tions on activities may be more profound with the latter. Musculoskeletal 
sequelae of limb amputation include phantom pains and pressure sores from 
ill-fitted prostheses. 

Treatment-induced second malignancies after osteosarcoma are relatively 
rare due to the limited use of alkylating agents and radiotherapy. However, 
since osteosarcoma patients have an increased risk of carrying a mutated p53 
gene in the germline (Li-Fraumeni syndrome), they may be genetically predis
posed to other malignancies such as breast cancer. Careful attention to familial 
cancer history is necessary throughout follow-up. 

12. Conclnsions and future directions 

The progress made in treatment of osteosarcoma during the past three de
cades has been remarkable. Surgical techniques have bcen refined so that the 
majority of patients can now undergo limb-salvage operations rather than 
amputation. Effective chemotherapy combinations have been identified that 
allow 70% of patients to be cured of their disease. In order to take these 
successes to new heights, however, we must look towards novel forms of 
anticancer therapy. The recent boom in our understanding of the biology of 
osteosarcoma has enabled us to develop agents that target malignant cells via 
mechanisms more specific than simple disruption of DNA. Examples of novel 
treatments already in use include the immunomodulator MTP-PE and the 
multidrug resistance reversing agent cyclosporine A. As we continue to un
ravel the molecular mechanisms underlying osteosarcoma, we will identify 
even more potential therapeutic targets. 

References 

1. Link MP, Eilber F. 1993. Osteosarcoma. In Pizzo PA, Poplack DO (eds.), Principles and 
Practice of Pediatric Oncology. Philadelphia: Lippincott, pp. 841-866. 

242 



2. Siegal G, Dahlin D, Sim F. 1975. Osteoblastic osteogenic sarcoma in a 35-month old girl: 
report of a case. Am J Pathol 63:336-890. 

3. Levy M, Jaffe N. 1982. Osteosarcoma in early childhood. Pediatrics 70(2):302-303. 
4. Luiz C, Al Kharusi W, Sethu A, Buhl L, Al Lamki Z. 1992. Osteosarcoma in a 26-month old 

girl. Cancer 70(4):894-896. 
5. Miller R, Yound J, Novakovic B. 1995. Childhood cancer. Cancer 75(Suppl 1 ):395-405. 
6. Gurney J, Severson R, Davis S, Robison L. 1995. Incidence of cancer in children in the 

United States. Cancer 75(8):2186-2195. 
7. Dorfman H, Czerniak B. 1995. Bone cancers. Cancer 75(Suppll):203-21O. 
8. Huvos A. 1991. Bone Tumors: Diagnosis, Treatment and Prognosis. Philadelphia: W.B. 

Saunders. 
9. Unni K. 1996. Dahlin's Bone Tumors - General Aspects and Data on 11,087 Cases. 

Philadelphia, New York: Lippincott-Raven. 
10. Parkin D, Stiller C, Nectoux J. 1993. International variations in the incidence of childhood 

bone tumours. Int J Cancer 53:371-376. 
11. Johnson L. 1953. Bull NY Acad Mcd 29:164-171. 
12. Price C. 1958. Primary bone-forming tumours and their relationship to skeletal growth. J 

Bone Joint Surg 40B(3):574-593. 
13. Fraumeni J. 1967. Stature and malignant tumors of bone in childhood and adolescence. 

Cancer 20(6):967-973. 
14. Tjalma R. 1966. Canine bone sarcoma: estimation of relative risk as a function of body size. 

J Nat! Cancer Inst 36(6):1137-1150. 
15. Loutit J. 1970. Malignancy from radium. Br J Cancer 24(2):195-207. 
16. Tucker M, D'angio G, Boice J, et al. 1987. Bone sarcomas linked to radiotherapy and 

chemotherapy in children. N Engl J Med 317(10):588-593. 
17. Newton W, Meadows A, Shimada H, Bunin G, Vawter G. 1991. Bone sarcomas as second 

malignant neoplasms following childhood cancer. Cancer 67(1):193-20l. 
18. Toxicology and carcinogenesis studies of sodium fluoride (CAS No. 7681-49-4) in F344/N 

Rats and B6C3F Mice (Drinking water studies). 1990. NIH publication 91-2848. 
19. Gelberg K, Fitzgerald E, Hwand S, Dubrow R. 1995. Fluoride exposure and childhood 

osteosarcoma: a casc-control study. Am J Public Health 85(12):1678-1683. 
20. Schwartzbaum J, George S, Pratt C, Davis B. 1991. An exploratory study of environmental 

and medical factors potentially related to childhood cancer. Med Pediatr OncoI19:115-121. 
21. Moss M, Kanarek M, Anderson H, Hanrahan L, Remington P. 1995. Osteosarcoma, season

ality and environmental factors in Wisconsin, 1979-1989. Arch Environ Health 50(3):235-
241. 

22. Finkel MP, Biskis BO, Jinkins PB. 1966. Virus induction of osteosarcomas in mice. Science 
151(711):698-701. 

23. Czitrom A, Pritzker K, Langer F, Gross A, Luk S. 1976. Virus-induced osteosarcoma in rats. 
J Bone Joint Surg 58-A(3):303-308. 

24. Friedlander G, Mitchell M. 1976. A virally induced osteosarcoma in rats. J Bone Joint Surg 
58-A(3):295-302. 

25. Finkel M, Biskis B, Farrell C. 1968. Osteosarcomas appearing in syrian hamsters after 
treatment with extracts of human osteosarcomas. Proc Natl Acad Sci USA 60:1223-1230. 

26. Morton D, Malmgren R. 1968. Human osteosarcomas: immunologic evidence suggesting an 
associated infectious agent. Science 162:1279-128l. 

27. Yu AHW, Jaffe N, Parkman R. 1977. Concomitant presence of tumor-specific cytotoxic and 
inhibitor lymphocytes in patients with osteogenic sarcoma. N Engl J Med 297:121-127. 

28. Sinovic J, Bridge J, Neff J. 1992. Ring chromosome in parosteal osteosarcoma - clinical and 
diagnostic significance. Cancer Genet Cytogenet 62:50-52. 

29. Mertens F, Mandahl N, Orndal C, et al. 1993. Cytogenetic findings in 33 osteosarcomas. lnt 
J Cancer 55:44-50. 

30. Hoogerwerf W, Hawkins A, Perlman E, Griffin C. 1994. Chromosome analysis of nine 
osteosarcomas. Genes Chromosomes Cancer 9:88-92. 

243 



31. Ozisik Y, Meloni A, Peier A, Altungoz 0, Spanier S, Zalupski M, Leong S, Sandberg A. 
1994. Cytogenetic findings in 19 malignant bone tumors. Cancer 74(8):2268--2275. 

32. Tarkkanen M, Karhu R, Kallioniemi A, et al. 1995. Gains and losses of DNA sequences in 
osteosarcomas by comparative genomic hybridization. Cancer Res 55:1334-1338. 

33. Fletcher J, Gebhardt M, Kozakewich H. 1994. Cytogenetic aberrations in osteosarcomas. 
Cancer Genet Cytogenet 77:81-88. 

34. Yamaguchi T, Togushida J, Yamamoro T, et al. 1992. Allelotype analysis in osteosarcomas: 
frequent allele loss on 3q, 13q, 17p, and 18q. Cancer Res 52:2419-2423. 

35. Look A, Douglass E, Meyer W. 1988. Clinical importance of near diploid tumor stem lines 
in patients with osteosarcoma of an extremity. N Engl J Med 318(24):1567-1572. 

36. Bauer HCF. 1993. Current status of DNA cytometry in osteosarcoma. In Humphrey GB 
(ed.), Osteosarcoma in Adolescents and Young Adults: New Developments and Controver
sies. Boston: Kluwer, pp. 159-169. 

37. Knudson AG Jr. 1971. Mutation and cancer: statistical study of retinoblastoma. Proc Nat! 
Acad Sci USA 68(4):820-823. 

38. Friend SH, Bernards R, Rogelj S, Weinberg RA, Rapaport JM, Albert DM, Dryja TP. 1986. 
A human DNA segment with properties of the gene that predisposes to retinoblastoma and 
osteosarcoma. Nature 323(6089):643-646. 

39. Fung YK, Murphree AL, TAng A, Qian J, Hinrichs SH, Benedict WF. 1987. Structural 
evidence for the authenticity of the human retinoblastoma gene. Science 236(4809):1657-
1661. 

40. Lee WH, Bookstein R, Hong F, Young LJ, Shew JY, Lee EY. 1987. Human retinoblastoma 
susceptibility gene: cloning, identification, and sequence. Science 235(4794):1394-1399. 

41. Abramson DH, Ellsworth RM, Zimmerman LE. 1976. Nonocular cancer in retinoblastoma 
survivors. Trans Am Acad Ophthalmol Otolaryngol 81(3 Pt 1):454-457. 

42. Abramson DH, Ellsworth RM, Kitchin FD, Tung G. 1984. Second nonocular tumors in 
retinoblastoma survivors. Are they radiation-induced? Ophthalmology 91(11):1351-1355. 

43. Draper GJ, Sanders BM, Kingston JE. 1986. Second primary neoplasms in patients with 
retinoblastoma. Br J Cancer 53(5):661-671. 

44. Smith LM, Donaldson SS, Egbert PR, Link MP, Bagshaw MA. 1989. Aggressive manage
ment of second primary tumors in survivors of hereditary rctinoblastoma. Int J Radiat Oncol 
Bioi Phys 17(3):499-505. 

45. Gilman P, Wang N, Fan S, Reede J, Khan A, Leventhal B. 1985. Familial osteosarcoma 
associated with 13; 14 chromosomal rearrangement. Cancer Genet Cytogenet 17:123-132. 

46. Weichselbaum R, Cassady J, Jaffe N, Filler R. 1977. Preliminary results of aggressive 
multimodality therapy for metastatic osteosarcoma. Cancer 40:78-83. 

47. Benedict W, Fung Y, Murphree A. 1988. The gene responsible for the development of 
retinoblastoma and osteosarcoma. Cancer 62:1691-1694. 

48. Reissmann P, Simon M, Lee W, Siamon D. 1989. Studies of the retinoblastoma gene in 
human sarcomas. Oncogene 4:839-843. 

49. Toguchida J, Ishizaki K, Sasaki M, Ikenaga M, Sugimoto M, Kotoura Y, Yamamuro T. 1988. 
Chromosomal reorganization for the expression of recessive mutation of retinoblastoma 
susceptibility gene in the development of osteosarcoma. Cancer Res 48:3939-3943. 

50. Wadayama B, Toguchida J, Shimizu T, Ishizaki K, Sasaki M, Kotoura Y, Tamamuro T. 1994. 
Mutation spectrum of the retinoblastoma gene in osteosarcomas. Cancer Res 54:3042-3048. 

51. Huang H, Vee J, Shew J, et al. 1988. Suppression of the neoplastic phenotype by replacement 
of the RB gene in human cancer cells. Science 242:1563-1566. 

52. Toguchida J, Ishizaki K, Nakamura Y, Sasaki M, Ikenaga M, Kato M, Sugimoto M, Kotoura 
Y, Yamamuro T. 1989. Assignment of common allele loss in osteosarcoma to the subregion 
17p13. Cancer Res 49:6247-6251. 

53. Chang F, Syrjanen S, Syrjanen K. 1995. Implications of the p53 tumor-suppressor gene in 
clinical oncology. J Clin Oncol13(4):IOO9-1022. 

54. Lane DP. 1993. A death in the life of p53. Nature 362:786-787. 
55. Marx J. 1993. How p53 suppresses cell growth. Science 262:1644-1645. 

244 



56. Yonish-Rouach E, Grunwald D, Wilder S, et al. 1993. p53-mediated cell death: relationship 
to cell cycle control. Mol Cell Bioi 13:1415-1423. 

57. Lavigueur A, Maltby Y, Mock D, Rossant J, Pawson T, Bernstein A. 1989. High incidence of 
lung, bone, and lymphoid tumors in transgenic mice overexpressing mutant alleles of the p53 
oncogene. Mol Cell Bioi 9(9):3982-3991. 

58. Masuda H, Miller C, Koeffler H, Battifora H, Cline M. 1987. Rearrangement of the p53 gene 
in human osteogenic sarcomas. Proc Nat! Acad Sci USA 84:7716-7719. 

59. Romano JW, Ehrhart JC, Duthu A, Kim CM, Appella E, May P. 1989. Identification and 
characterization of a p53 gene mutation in a human osteosarcoma cell line. Oncogene 
4(12):1483-1488. 

60. Miller CW, Aslo A, Tsay C, Slamon D, Ishizaki K, Toguchida J, Yamamuro T, Lampkin B, 
Koeffler HP. 1990. Frequency and structure of p53 rearrangements in human osteosarcoma. 
Cancer Res 50(24):7950-7954. 

61. Chandar N, Billig B, McMaster J, Novak J. 1992. Inactivation of p53 gene in human and 
murine osteosarcoma cells. Br J Cancer 65(2):208-214. 

62. Toguchida J, Yamaguchi T, Ritchie B, et al. 1992. Mutation spectrum of the p53 gene in bone 
and soft tissue sarcomas. Cancer Res 52:6194-6199. 

63. Ivarone A, Matthay K, Steinkirchner T, Israel M. 1992. Germ-line and somatic p53 gene 
mutations in multifocal osteogenic sarcoma. Proc Nat! Acad Sci USA 89:4207-4209. 

64. Malkin D, Li F, Strong L, et al. 1990. Germ line p53 mutations in a familial syndrome of 
breast cancer, sarcomas, and other neoplasms. Science 250:1233-1238. 

65. Toguchida J, Yamaguchi T, Dayton S, et al. 1992. Prevalence and spectrum of germline 
mutations of the P53 gene among patients with sarcoma. N Engl J Med 326(20):1301-1308. 

66. Mcintyre J, Smith-Sorensen B, Friend S, et al. 1994. Germline mutations of the p53 tumor 
suppressor gene in children with osteosarcoma. J Clin Oncol 12(5):925-930. 

67. Porter D, Holden S, Steel C, Cohen B, Wallace M, Reid R. 1992. A significant proportion of 
patients with osteosarcoma may belong to Li-Fraumeni cancer families. J Bone Joint Surg Br 
74-B(6):883-886. 

68. Oliner J, Kinzler K, Meltzer P, George K, Yogelstein B. 1992. Amplification of a gene 
encoding a p53-associated protein in human sarcomas. Nature 358:80-83. 

69. Ladanyi M, Cha C, Lcwis R, Jhanwar S, Huvos A, Healey J. 1993. MDM2 gene amplification 
in metastatic osteosarcoma. Cancer Res 52:16-18. 

70. Florenes Y, Maelandsmo G, Forus A, Andreassen A, Myklebost 0, Fodstad 0.1994. MDM2 
gene amplification and transcript levels in human sarcomas: relationship to TP53 gene status. 
J Nat! Cancer Inst 86(17):1297-1302. 

71. Miller C, Aslo A, Campbell M, Kawamata N, Lampkin B, Koeffler H. 1996. Alterations of 
the p15, p16, and p18 genes in osteosarcoma. Cancer Genet Cytogenet 86:136-142. 

72. DePinho RA, Schreiber-Agus N, Alt FW. 1991. Myc family oncogenes in the development 
of normal and neoplastic cells. Adv Cancer Res 57:1-46. 

73. Henriksson M, Luscher B. 1996. The myc family of oncogenes. Adv Cancer Res 68:109-182. 
74. Tsfort R, Cody D, Lovell G, Doersen C. 1995. Analysis of oncogenes, tumor suppressor 

genes, autocrine growth-factor production, and differentiation state of human osteosarcoma 
cell lines. Mol Carcinogenesis 14:170-178. 

75. Sturm S, Strauss P, Adolph S, Hameister H, Erfie Y. 1990. Amplification and rearrangement 
of c-myc in radiation-induced murine osteosarcomas. Cancer Res 50:4146-4153. 

76. Masuda H, Battifora H, Yokota J, Meltzer S, Cline MJ. 1987. Specificity of proto-oncogene 
amplification in human malignant diseases. Mol Bioi Med 4(4):213-227. 

77. Ikeda S, Sumii H, Akiyama K, Watanabe S, Ito S, Inoue H, Takechi H, Tanabe G, Oda T. 
1989. Amplification of both c-myc and c-raf-l oncogenes in human osteosarcoma. Jpn J 
Cancer Res 80:6-9. 

78. Ladanyi M, Park C, Lewis R, Jhanwar S, Healey J, Huvos A. 1993. Sporadic amplification of 
the myc gene in human osteosarcomas. Diagn Mol PathoI2(3):163-167. 

79. Angel P, Karin M. 1991. The role of jun, fos and the AP-l complex in cell-proliferation and 
transformation. Biochim Biophys Acta 1072(2-3):129-157. 

245 



80. Radler-Pohl A, Gebel S, Sachsenmaier C, ct al. 1993. The activation and activity control of 
AP-1 (fos/jun). Ann N Y Acad Sci 684:127-148. 

81. Ward JM, Young DM. 1976. Histogenesis and morphology of periosteal sarcomas induced 
by FBJ virus in NIH Swiss mice. Cancer Res 36(11 Pt 1):3985-3992. 

82. Curran T, Peters G, Van Beveren C, Teich NM, Verma 1M. 1982. FBJ murine osteosarcoma 
virus: identification and molecular cloning of biologically active proviral DNA. J Virol 
44(2):674-682. 

83. Ruther V, Garber C, Komitowski D, Muller R, Wagner EF. 1987. Deregulated c-fos expres
sion interferes with normal bone development in transgenic mice. Nature 325(6103):412-416. 

84. Ruther V, Komitowski D, Schubert FR, Wagner EF. 1989. c-fos expression induces bone 
tumors in transgenic mice. Oncogene 4(7):861-86S. 

85. Wang ZO, Ovitt C, Grigoriadis AE, Mohle-Steinlein V, Ruther V, Wagner EF. 1992. Bone 
and haematopoietic defects in mice lacking c-fos. Nature 360(6406):741-74S. 

86. Wang Z, Liang J, Schellander K, Wagner E, Grigoriadis A. 1995. c-fos-induced osteosarcoma 
formation in transgenic mice: cooperativity with c-jun and the role of endogenous c-fos. 
Cancer Res 55:6244-6251. 

87. Schon A, Michiels L, Janowski M, Merregaert J, Ertle V. 1986. Expression of 
protooncogenes in murine osteosarcomas. Int J Cancer 38:67-74. 

88. Wang H, Rodgers W, Chmell M, Svitek C, Schwartz H. 1995. Osteosarcoma oncogene 
expression detected by in situ hybridization. J Orthoped Res 13:671-678. 

89. Wu JX, Carpenter PM, Gresens C, Keh R, Niman H, Morris JW, Mercola D. 1990. The 
proto-oncogene c-fos is over-expressed in the majority of human osteosarcomas. Oncogene 
5(7):989-1000. 

90. Raymond A, Simms W, Ayala A. 1995. Osteosarcoma-specimen management following 
primary chemotherapy. Hematol Oncol Clin North Am 9(4):841-867. 

91. Schajowicz F, Sissons H, Sobin L. 1995. The World Health Organization's histologic classi
fication of bone tumors. Cancer 7S(S):1208-1214. 

92. Veda Y, Nakanishi I. 1989. Immunohistochemical and biochemical studies on the collag
enous proteins of human osteosarcoma. Virchows Arch (B) 58:79-88. 

93. Grundmann E, Veda Y, Schneider-Stock R, Roessner A. 1995. New aspects of cell biology 
in osteosarcoma. Pathol Res Pract 191 :563-570. 

94. Jundt G, Schultz A, Berghauser KH, Fisher LW, Gehron-Robey P, Termine JD. 1989. 
Immunocytochemical identification of osteogenic bone tumors by osteonectin antibodies. 
Virchows Arch (A) 414:345-353. 

95. Bosse A, Vollmer E, Bocker W, Roessner A, Wuisman P, Jones D, Fisher LW. 1990. Thc 
impact of osteonectin for differential diagnosis of bone tumors. An immunohistochemical 
approach. Pathol Res Pract 186(5):651-657. 

96. Meyers P, Heller G, Healey J, Huvos A, Applewhite A, Sun M, LaOuaglia M. 1993. 
Osteogenic sarcoma with clinically detectable metastasis at initial presentation. J Clin Oncol 
11(3):449-453. 

97. Parham D, Pratt C, Parvey L, Webber B, Champion J. 1985. Childhood multifocal 
osteosarcoma: clinicopathologic and radiologic correlates. Cancer 55(11):2653-2658. 

98. Kesselring FO, Penn W. 1982. Radiological aspects of "classic" primary osteosarcoma: value 
of some radiological investigations: a review. Diagn Imaging 51(2):78-92. 

99. Gillespy T, Manfrini M, Ruggieri P, Spanier SS, Pettersson H, Springfield DS. 1988. Staging 
of intraosseous extent of osteosarcoma: correlation of preoperative CT and MR imaging 
with pathologic macroslides. Radiology 167(3):765-767. 

100. Murphy WA. 1991. Imaging bone tumors in the 1990's. Cancer 67(4):1169-1176. 
101. Fletcher BD, Hanna SL, Fairclough DL, Gronemeyer SA. 1992. Pediatric musculoskeletal 

tumors: use of dynamic contrast-enhanced MR imaging to monitor response to chemo
therapy. Radiology 184:243-248. 

102. Van der Woude HJ, Bloom JL, Schipper J, et al. 1994. Changes in tumor perfusion induced 
by chemotherapy in bone sarcomas: color doppler flow imaging compared with contrast
enhanced MR imaging and 3-phase bone scintigraphy. Radiology 191:421-431. 

246 



103. Mooyaart EL, Kamman RL, Boeve WI. 1993. In vivo "p nuclear magnetic resonance 
spectroscopy of osteosarcoma. In Humphrey GB (ed.), Osteosarcoma in Adolescents and 
Young Adults: New Developments and Controversies. Boston: Kluwer, pp. 19-24. 

104. Rosen G, Loren G, Ramanna L. 1991. Osteogenic sarcoma: early evaluation of preoperative 
chemotherapy with thallium-201 scintigraphy. Proc Am Soc Clin Oncol: 97. 

105. Rosen G. 1993. An opinion supporting the role of high-dose methotrexate in the treatment 
of osteosarcoma. In Humphrey GB (eds.), Osteosarcoma in Adolescents and Young Adults: 
New Developments and Controversie. Boston: Kluwer, pp. 49-54. 

106. Tse N, Hoh C, Hawkins R, Phelps M, Glaspy 1.1994. Positron emission tomography diagno
sis of pulmonary metastases in osteogenic sarcoma. Am J Clin Oncol 17:22-25. 

107. Hoefnagel CA, Bruning PF, Cohen P, Marcuse HR, van der Schoot IB. 1981. Detection of 
lung metastases from osteosarcoma by scintigraphy using 99mTc-methylene diphosphonate. 
Diagn Imaging 50(5):277-284. 

108. Aboulafia A, Malawer M. 1993. Surgical management of pelvic and extremity osteosarcoma. 
Cancer 71:3358-3366. 

109. Murray J, Jessup K, Romsdahl M, et al. 1985. Limb-salvage surgery in osteosarcoma: early 
experience at MD Anderson Hospital and Tumor Institute. Cancer Treatment Symp 3:131-
137. 

110. Meyers P, Heller G, Healey J, Huvos A, Lane J, Marcove R, Applewhite A, Vlamis V, Rosen 
G. 1992. Chemotherapy for nonmetastatic osteogenic sarcoma: the Memorial Sloan
Kettering experience. J Clin Oncol 10(1):5-15. 

111. Rosenberg ZS, Lev S, Schmahmann S, Steiner GC, Beltran J, Present D. 1995. 
Osteosarcoma: subtle, rate, and misleading plain film features. Am J Radiol 165:1209-
1214. 

112. Davis A, Bell R, Goodwin P. 1994. Prognostic factors in osteosarcoma: a critical review. J 
Clin Oncol 12(2):423-431. 

113. Bacci G, Picci P, Ferrari S, Oralndi M, Ruggieri P, Casadei R, Ferraro A, Biagini R, Battistini 
A. 1993. Prognostic significance of serum alkaline phosphatase measurements in patients 
with osteosarcoma treated with adjuvant or neoadjuvant chemotherapy. Cancer 71(4):1224-
1230. 

114. Bentzen S, Poulsen H, Kaai S, Jensen 0, Johansen H, Mouridsen H, Daugaard S, Arnoldi C. 
1988. Prognostic factors in osteosarcoma. Cancer 62(1):194-202. 

115. Taylor W, Ivins J, Unni K, Beabout J, Gelenzer H, Black L. 1989. Prognostic variables in 
osteosarcoma: a multi-institutional study. J Natl Cancer Inst 81(1):21-30. 

116. Rosen G, Murphy M, Huvos A, Gutierrez M, Marcove R. 1976. Chemotherapy, en bloc 
resection, and prosthetic bone replacement in the treatment of osteogenic sarcoma. Cancer 
37(1):1-11. 

117. Raymond A, Chawla S, Carrasco C. 1987. Osteosarcoma chemotherapy effect: a prognostic 
factor. Semin Diagn Pathol 4:212-236. 

118. Winkler K, Beron G, Delling G. 1988. Neoadjuvant chemotherapy of osteosarcoma: results 
of a randomized cooperative trial (COSS-82) with salvage chemotherapy based on histologi
cal tumor response. J Clin Oncol 6:329-337. 

119. Glasser D, Lane J, Huvos A, Marcove R, Rosen G. 1992. Survival, prognosis, and therapeutic 
response in osteogenic sarcoma. Cancer 69(3):698-708. 

120. Baldini N, ScotIandi K, Barbanti-Brodano G, et al. 1995. Expression of P-glycoprotein in 
high-grade osteosarcomas in relation to clinical outcome [see comments]. N Engl J Med 
333(21 ):1380-1385. 

121. Roninson IB, Chin JE, Choi KG, Gros P, Housman DE, Fojo A, Shen DW, Gottesman MM, 
Pastan I. 1986. Isolation of human mdr DNA sequences amplified in multidrug-resistant KB 
carcinoma cells. Proc Natl Acad Sci USA 83(12):4538-4542. 

122. Callen DF, Baker E, Simmers RN, Soshadri R, Roninson IB. 1987. Localization of the 
human multiple drug resistance gene, MDR1, to 7q21.1. Hum Genet 77(2):142-144. 

123. Endicott JA, Ling V. 1989. The biochemistry of P-glycoprotein-mediated multidrug resis
tance. Annu Rev Biochem 58:137-171. 

247 



124. Goldstein U, Galski H, Fojo A, et al. 1989. Expression of a multidrug resistance gene in 
human cancers. J Nat! Cancer Inst 81(2):116-124. 

125. Schwartz C, Rosier R, Willis J, Hicks D. 1992. P-glycoprotein (P-gp) expression in 
osteosarcoma and clinical outcome (meeting abstract). Proc Am Soc Clin Oncol11:A948. 

126. Chan H, DeBoer G, Haddad G, Gallie B, Ling V. 1995. Multidrug resistance in pediatric 
malignancies. Hematol Oncol Clin North Am 9(2):275-318. 

127. Wunder JS, Bell RS, Wold L, Andrulis IL. 1993. Expression of the multidrug resistance gene 
in osteosarcoma: a pilot study. J Orthoped Res 11(3):396-403. 

128. Serra M, Scot!andi K, Manara MC, Maurici D, Benini S, Sarti M, Campanacci M, Baldini N. 
1995. Analysis of P-glycoprotein expression in osteosarcoma. Eur J Cancer 31A(12):1998-
2002. 

129. Stein U, Wunderlich V, Haensch W, Schmidt-Peter P. 1993. Expression of the mdrl gene in 
bone and soft tissue sarcomas of adult patients. Eur J Cancer 29A(14):1979-1981. 

130. Li W, Fan J, Hochhauser D, et al. 1995. Lack of functional retinoblastoma protein mediates 
increased resistance to antimetabolites in human sarcoma cell lines. Proc Nat! Acad Sci USA 
91:10436-10440. 

131. Winkler K, Bieling P, Bielack S. 1992. Die chemotherapie des osteosarkoms. Z Othosp 
138:285-289. 

132. Fuchs N, Winkler K. 1993. Osteosarcoma. Curr Opinion Oncol 5:667-671. 
133. Picci P, Sangiorgi L, Rougraff B, Neff J, Casadei R, Campanacci M. 1994. Relationship of 

chemotherapy-induced necrosis and surgical margins to local recurrence in osteosarcoma. J 
Clin Oncol 12(12):2699-2705. 

134. Jaffe N, Frei E, Taggis D, Bishop Y. 1974. Adjuvant methotrexate and citrovorum factor 
treatment of osteogenic sarcoma. N Engl J Med 291:994-997. 

135. Cortes EP, Holland JF, Wang JJ, Sinks LF, Blom J, Senn H, Bank A, Glidewell O. 1974. 
Amputation and adriamycin in primary osteosarcoma. N Engl J Med 291:998-1000. 

136. Baum E, Greenberg L, Oaynon P, Krivit W, Hammond D. 1978. Use of cis-platinum 
diammine dichloride (CPDD) in osteogenic sarcoma (OS) in children. Proc Am Assoc 
Cancer Res 19:385. 

137. Grem JL, King SA, Wittes RE, Leyland-Jones B. 1988. The role of methotrexate in 
osteosarcoma. J Nat! Cancer Inst 80:626-656. 

138. Taylor WF, Ivins JC, Dahlin DC, Edmonson JH, Pritchard DJ. 1978. Trends and variability 
in survival from osteosarcoma. Mayo Clin Proc 53(11):695-700. 

139. Edmonson JH, Green SJ, Ivins JC, Gilchrist GS, Cregan ET, Pritchard DJ, Smithson WA, 
Dahlin DC, Taylor WF. 1980. Methotrexate as adjuvant treatment for primary osteosarcoma 
(letter). N Engl J Med 303(11):642-643. 

140. Taylor WF, Ivins JC, Pritchard DJ, Dahlin DC, Gilchrist GS, Edmonson JH. 1985. Trends 
and variability in survival among patients with osteosarcoma: a 7-year update. Mayo Clin 
Proc 60(2):91-104. 

141. Jaffe N, Patel S, Benjamin R. 1995. Chemotherapy in osteosarcoma: basis for application and 
antagonism to implementation; early controversies surrounding its implementation. 
Hematol Oncol Clin North Am 9(4):825-839. 

142. Link M, Goorin A, Miser A, et al. 1986. The effect of adjuvant chemotherapy on relapse-free 
survival in patients with osteosarcoma of the extremity. N Engl J Med 314(25):1600-1606. 

143. Eilber F, Giuliano A, Eckardt J, Patterson K, Moseley S, Goodnight J. 1987. Adjuvant 
chemotherapy for osteosarcoma: a randomized prospective trial. J Clin OncoI5(1):21-26. 

144. Marti C, Kroner T, Remagen W, Berchtold W, Cserhati M, Varini M. 1985. High dose 
ifosfamide in advanced osteosarcoma. Cancer Treat Rep 69(1):115-117. 

145. Cassano WF, Graham-Pole J, Dickson N. 1991. Etoposide, cyclophosphamide, cisplatin, and 
doxorubicin as neoadjuvant chemotherapy for osteosarcoma. Cancer 68(9):1899-1902. 

146. GrafN, Winkler K, Betlemovic M, Fuchs N, Bode U.1994. Methotrexate pharmacokinetics 
and prognosis in osteosarcoma. J Clin OncoI12(7):1443-1451. 

147. Rosier RN, Teot LA, Hicks DG, Schwartz C, O'keefe RJ, Puzas JE. 1995. Multiple drug 
resistance in osteosarcoma. Iowa Orthopaed J 15:66-73. 

248 



148. Winkler K, Beron G, Kotz R, et al. 1984. Neoadjuvant chemotherapy for osteogenic sar
coma: results of a coorperative German/Austrian study. J Clin OncoI2(6):617--624. 

149. Kleinerman E, Erickson K, Schroit A, et al. 1983. Activation of tumoricidal properties in 
human blood monocytes by liposomes containing lipophilic muramyl tripeptide. Cancer Res 
43:2010-2014. 

150. Fidler I, Sone S, Fogler W, et al. 1981. Eradication of spontaneous metastases and activation 
of alveolar macrophages by intravenous injection of liposomes containing muramyl dipep
tide. Proc Nat! Acad Sci USA 58:1680-1684. 

151. Fidler I, Barnes Z, Fogler W, et al. 1982. Involvement of macrophages in the eradication of 
established metastases following intravenous injection of liposomes containing macrophage 
activators. Cancer Res 42:496-501. 

152. MacEwen E, Kurzman I, Rosenthal R, et al. 1989. Therapy of osteosarcoma in dogs with 
intravenous injection of liposome encapsulated muramyl tripeptide. J Natl Cancer Inst 
81:935-937. 

153. Murray J, Kleinerman E, Cunningham J, et al. 1989. Phase I trial of liposomal muramyl 
tripeptidephosphatidylethanolamine in cancer patients. J Clin Oncol 7:1915-1925. 

154. Kleinerman E, Gano J, Johnston D, Benjamin R, Jaffe N. 1995. Efficacy of liposomal 
muramyl tripepetide (CGP 19835A) in the treatment of relapsed osteosarcoma. Am J Clin 
Oncol 18(2):93-99. 

155. Kleinerman E, Snyder J, Jaffe N. 1991. Influence of chemotherapy administration on mono
cyte activation by liposomal muramyl tripeptide phophatidylethanolamine in children with 
osteosarcoma. J Clin Oncol 9(2):259-267. 

156. Pollak M, Sem A W, Richard M, Tetenes E, Bell R. 1992. Inhibition of metastatic behavior 
of murine osteosarcoma by hypophysectomy. J Nat! Cancer Inst 84:966-971. 

157. Chavez-Kappel C, Velez-Yanguas M, Hirschfeld S, Helman L. 1994. Human osteosarcoma 
cell lines are dependcnt on Insulin-like growth factor I for in vitro growth. Cancer Res 
54:2803-2807. 

158. Pinski J, Schally AV, Groot K, Halmos G, Szepeshazi K, Zarandi M, Armatis P. 1995. 
Inhibition of growth of human osteosarcomas by antagonists of growth hormone-releasing 
hormone. J Nat! Cancer Inst 87(23):1787-1794. 

159. Folkman J. 1995. Clinical applications of research on angiogenesis. N Engl J Med 
333(26):1157-1163. 

160. Mori S, Ueda T, Kuratsu S, Hosono N, Izawa K, Uchida A. 1995. Suppression of pulmonary 
metastasis by angiogenesis inhibitor TNP-470 in murine osteosarcoma. Int J Cancer 
61(1):148-152. 

161. Morishita T, Mii Y, Miyauchi Y, et al. 1995. Efficacy of the angiogenesis inhibitor 
O-(chloroacetyl-carbamoyl)fumagillol (AGM-1470) on osteosarcoma growth and lung 
metastasis in rats. Jpn J Clin Oncol 25(2):25-31. 

162. Martinez A, Goffinet D, Donaldson S, Bagshaw M, Kaplan H. 1985. Intra-arterial infusion of 
radiosensitizer (BUdR) combined with hypofractionated irradiation and chemotherapy for 
primary treatment of osteogenic sarcoma. J Radiat Oncol Bioi Phys 11(1):123-128. 

163. Kastan MB, Onyekwere 0, Sidransky D, Vogelstein B, Craig RW. 1991. Participation of p53 
protein in the cellular response to DNA damage. Cancer Res 51(23 Pt 1):6304-6311. 

164. Kuerbitz SJ, Plunkett BS, Walsh WV, Kastan MB. 1992. Wild-type p53 is a cell cycle 
checkpoint determinant following irradiation. Proc Nat! Acad Sci USA 89(16):7491-7495. 

165. Rab G, Ivins J, Childs D, Cupps R, Pritchard D. 1976. Elective whole lung irradiation in the 
treatment of osteogenic sarcoma. Cancer 38:939-942. 

166. Jaffe N, Paed D, Farber S, et al. 1973. Favorable response of metastatic osteogenic sarcoma 
to pulse high dose mcthotrexate with citrovorum rescue and radiation therapy. Cancer 
31(6):1367-1373. 

167. Rosen G, Tefft M, Martinez A, Cham W, Murphy M. 1975. Combination chemotherapy 
and radiation therapy in the treatment of metastatic osteogenic sarcoma. Cancer 35(3):622-
630. 

168. Miser J, Arndt C, Smithson W, et al. 1994. Treatment of high grade osteosarcoma with 

249 



ifosfamide, mesna, adriamycin, high dose methotrexate with or without cisplatin. Results of 
two pilot trials. Proc ASCO 13:421. 

169. Goorin A, Shuster J, Baker A, Horowitz M, Meyer W, Link M. 1991. Changing pattern of 
pulmonary metastases with adjuvant chemotherapy in patients with osteosarcoma: results 
from the Multiinstitutional Osteosarcoma Study. J Clin Oncol 9(4):600-605. 

170. Giuliano A, Feig S, Eilber F. 1984. Changing metastatic patterns of osteosarcoma. Cancer 
54:2160-2164. 

171. Tabone M, Kalifa C, Rodary C, Raquin M, Couanet D, Lemerle J. 1994. Osteosarcoma 
recurrences in pediatric patients previously treated with intensive chemotherapy. J Clin 
OncoI12(12):2614-2620. 

172. Jaffe N, Smith E, Abelson H, Frei E. 1983. Osteogenic sarcoma: alterations in the pattern of 
pulmonary metastases with adjuvant chemotherapy. J Clin Oncol1(4):251-254. 

173. Rosenberg S, Flye M, Conkle D, Geipp C, Levine A, Simon R. 1979. Treatment of osteo
genic sarcoma: aggressive resection of pulmonary metastases. Cancer Treatment Rep 
63(5):753-756. 

174. Putnam J, Roth J, Wesley M, Johnston M, Rosenberg S. 1983. Survival following aggressive 
resection of pulmonary metastascs from ostcogenic sarcoma: analysis of prognostic factors. 
Ann Thorac Surg 36(5):516-523. 

175. Goorin A, Delorey M, Lack E, et al. 1984. Prognostic significance of complete surgical 
resection of pulmonary metastases in patients with osteogenic sarcoma: analysis of 32 pa
tients. J Clin Oncol 2(5):425-431. 

176. Meyer W, Schell M, Kumar A, et al. 1987. Thoracotomy for pulmonary metastatic 
osteosarcoma: an analysis of prognostic indicators of survival. Cancer 59:374-379. 

177. Belli L, Scholl S, Livartowski A, et al. 1989. Resection of pulmonary metastases in 
osteosarcoma: a retrospective analysis of 44 patients. Cancer 63:2546--2550. 

178. Pastorino U, Gasparini M, Tavecchio L, et al. 1991. The contribution of salvage surgery to 
the management of childhood osteosarcoma. J Clin Oncol 9(8):1357-1362. 

179. Pastorino U, Gasparini M, Azzarelli A, Tavecchio L, Racasi G. 1993. Salvage surgery for 
childhood osteosarcoma. In Humphrey G (ed.), Osteosarcoma in Adolescents and Young 
Adults: New Developments and Controversies. Boston: Kluwer Academic. 

180. Ward W, Mikaelian K, Dorey F, Mirra J, Sassoon A, Holmes E, Eilber F, Eckardt J. 1994. 
Pulmonary mctastascs of stage lIB extremity osteosarcoma and subsequent pulmonary 
metastases. J Clin OncoI12(9):1849-1858. 

181. Steinherz LJ, Steinherz PG, Tan C. 1995. Cardiac failure and dysrhythmias 6-19 years after 
anthraeycline therapy: a series of 15 patients. Med Pediatr Oneol 24(6):352-361. 

182. Steinherz LJ, Graham T, Hurwitz R, Sondheimer HM, Schwartz RG, Shaffer EM, Sandor G, 
Benson L, Williams R. 1992. Guidelines for cardiac monitoring of children during and after 
anthracycline therapy: report of the Cardiology Committee of the Childrens Cancer Study 
Group. Pediatrics 89(5 Pt 1):942-949. 

183. Schwartz CL, Hobbie WL, Truesdell S, Constine LC, Clark EB. 1993. Corrected QT interval 
prolongation in anthracycline-treated survivors of childhood cancer. J Clin Oncol 
11(10):1906--1910. 

184. Schwartz CL, Hobbie WL, Ruble K, Hinkle A, Constine LS. 1996. Long term nephrotoxicity 
and ototoxicity after cisplatin (CDDP) therapy. Proc 4th Int Conf on Long Term Complica
tions of Treatment of Children and Adolescents for Cancer, Buffalo, NY. 

185. Nicholson HS, Byrne J. 1993. Fertility and pregnancy after treatment for cancer during 
childhood or adolescence. Cancer 71 (Suppl 10):3392-3399. 

186. Bieling P, Rehan N, Winkler P, et al. 1996. Tumor size and prognosis in aggressively treated 
osteosarcoma. J Clin OncoI14(3):848--858. 

187. Link M. 1993. Results of the MIOS. In Humprey G (ed.), Osteosarcoma in Adolescents and 
Young Adults: New Developments and Controversies. Boston: Kluwer. 

188. Rosen G, Caparros B, Huvos AG, et al. 1982. Preoperative therapy for osteogenic sarcoma: 
selection of postoperative adjuvant chemotherapy based on the response of the primary 
tumor to preoperative chemotherapy. Cancer 49(6):1221-1230. 

250 



189. Winkler K, Bielack S, Delling G, Jurgens H, Kotz R, Salzer-Kuntschik M. 1993. Treatment 
of osteosarcoma: experience of the Cooperative Osteosarcoma Study Group (COSS). In 
Humphrey G (ed.), Cancer Treatment and Research: Osteosarcoma in Adolescents and 
Young Adults: New Developments and Controversies. Boston: Kluwer. 

190. Winkler K, Bielack S, Delling G, et al. 1990. Effect of intraarterial versus intravenous 
cisplatin in addition to systemic doxorubicin, high-dose methotrexate, and ifosfamide on 
histologic tumor response in osteosarcoma (Study COSS-86). Cancer 66(8):1703-1710. 

191. Provisor A, Nachman J, Krailo M, Ettinger L, Hammond D. 1987. Treatment of non
metastatic osteogenic sarcoma of the extremities with pre-and post-operative chemotherapy. 
Proc ASCO 6:217. 

192. Miser JS, Krailo M. 1993. The Children's Cancer Group Studies. In Humphrey G (ed.), 
Osteosarcoma in Adolescents and Young Adults: New Developments and Controversies. 
Boston: Kluwer. 

193. Bramwell VHC, Burger M, Sneath R, et al. 1992. A comparison of two short intensive 
adjuvant chemotherapy regimens in operable osteosarcoma of limbs in children and young 
adults: the first study of the European Osteosarcoma Intergroup. J Clin OncoI1O(10):1579-
1591. 

194. Mirra JM. 1989. Bone Tumors: Clinical, Radiologic, and Pathologic Correlations. Philadel
phia: Lea & Febiger. 

251 



9. The Ewing's sarcoma family of tumors: Ewing's 
sarcoma and peripheral primitive neuroectodermal 
tumor of bone and soft tissue 

Linda Granowetter and Daniel C. West 

1. Introduction 

In 1921 James Ewing described a radiosensitive tumor of the forearm com
posed of small round cells that he believed to be of endothelial origin [1]. 
These small round cell tumors of bone came to be known as Ewing's sarcomas. 
Soft tissue variants are called extraosseous Ewing's sarcoma [2,3] and the 
Askin tumor [4]. Bone and soft tissue tumors, which are quite similar to 
Ewing's sarcoma under the light microscope but which have notable neural 
differentiation, have been denoted peripheral primitive neuroectodermal tu
mors (PNETs) or peripheral neuroepithelioma. The distinction between 
Ewing's sarcoma of bone and soft tissue and other small round blue cell 
tumors of childhood was essentially a diagnosis of exclusion until current 
immunohistochemical and molecular genetic techniques gave us tools to bet
ter delineate these tumors. These tumors are defined by a common molecular 
marker, the (11;22)(q24;q12) translocation, or its variants. It is now thought 
that these tumors are all related and compose a spectrum of neuroepithelial 
tumors ranging from the least differentiated (Ewing's sarcoma) to the most 
differentiated variants (PNET). It has been suggested that these tumors be 
considered a family of tumors called the Ewing's sarcoma family of tumors 
(ESFT). Discussions in this chapter will refer to the Ewing family of tumors, 
but it should be noted that much of the epidemiological and clinical data have 
been derived from studies restricted to histologically defined Ewing's sarcoma 
of bone. A complete database of the biological and clinical spectrum of this 
family of tumors does not yet exist because large prospective clinical trials 
were generally open only to patients with Ewing's sarcoma of bone; soft tissue 
variants and peripheral neuroepitheliomas have been treated in trials for 
sarcomas or other tumors. Further, as discussed below, the criteria for distin
guishing PNET and Ewing's sarcoma have not been uniform over years and 
among pathologists. Future studies will include all members of this family of 
tumors, and thus, enrich the database available. 

2. Epidemiology 

Ewing's sarcoma of bone is a rare tumor: in the United States, there are about 
2.7 cases identified each year per million children under 15 years of age [5]. If 
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one were to include the soft tissue variants, PNET, and older patients, the 
incidence would be slightly amplified. Horowitz and colleagues compiled data 
from 17 studies, performed over 10 years, which included Ewing's sarcoma, 
peripheral PNET and extraosseous Ewing's sarcoma, and found that among 
1505 reported patients 87% had Ewing's sarcoma of bone, 8% extraosseous 
Ewing's sarcoma, and 5% peripheral PNET [6]. Among these patients, more 
than half the tumors occurred in the second decade of life, close to one third 
in the first decade, and less than 10% in the third decade. These data are very 
similar to those from the Children's Cancer Group (CCG)-Pediatric 
Oncology Group (POG) intergroup study (1988-1992) of Ewing's sarcoma of 
bone and PNET, in which 30% of patients were younger than 10 years, 57% 
were age 10-17, and 13% were between 18 and 30 years of age [7,8]. Less 
commonly, ESFT occurs in patients over 30 years of age [9-11]. The spectrum 
of age of patients with peripheral neuroepitheliomas is said to include an 
increased number of younger patients. Ewing's sarcoma is rare among non
white populations [12-15]. In New York state, 22% of primary bone malignan
cies among white patients are Ewing's sarcoma, but only 7% of primary bone 
tumors diagnosed in African Americans are Ewing's sarcoma [12]. 

Clear predisposing factors to Ewing tumors have not been identified. A 
recent report [16] from Canada linked an increased risk of death from bone 
cancer (osteosarcoma, Ewing's sarcoma, and chondrosarcoma) to elevated 
levels of radium in the drinking water of recorded birthplace, but this finding 
has not been confirmed in other reports. In an analysis from England, low 
birth weight was associated with Ewing's sarcoma [17]. A report for the 
National Cancer Institute [18] demonstrated an increased risk of stomach and 
neuroectodermal cancers in family members of Ewing's sarcoma patients; 
however, a similar (albeit smaller) study of patients ascertained from the 
Manchester bone tumor registry [19] found no excess of cancer in relatives. 
The risk of cancer in mothers of children with Ewing's sarcoma does not 
appear to be increased [20]. There have been reports of Ewing's sarcoma in 
siblings [21,22]; however, the Ewing family of tumors is not associated with the 
Li-Fraumeni familial cancer syndrome [23]. Although osteosarcoma following 
chemotherapy and radiation treatment for Ewing's sarcoma is well described, 
Ewing's sarcoma as a second malignancy is rare [24-27]. There is no convinc
ing evidence that Ewing's sarcoma is associated with skeletal abnormalities, 
genitourinary abnormalities, or other congenital abnormalities, although case 
reports and associations have been reported. 

3. Pathology 

The Ewing's sarcoma family of tumors consists of classic Ewing's sarcoma 
(ES) of bone, extraosseous Ewing's sarcoma, and peripheral primitive neuro
ectodermal tumors (PNETs) of bone and soft tissue (including the so-called 
Askin tumor of the chest wall) [4]. These tumors are grouped together because 
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they share the t(11;22)(q24;q12) chromosomal rearrangement and are widely 
believed to be of common neural histogenesis [28,29]. In fact, many patholo
gists and oncologists now view the distinction between ES and PNET as 
unimportant and consider al\ ES and PNETs of bone and soft tissues as Ewing 
tumors with varying degrees of neural differentiation [30]. As a family, Ewing 
tumors are part of the larger group of small round cell tumors of childhood 
(SRCTs), which also include rhabdomyosarcoma, neuroblastoma, and non
Hodgkin's lymphoma [28]. Differentiating between these can be difficult be
cause they are of such similar morphology, but the distinction is important, 
since therapy and prognosis vary depending on subtype. The process of mak
ing a definitive diagnosis requires identification of subtle features of differen
tiation derived from a combination of methods, including light microscopy 
(LM), electron microscopy (EM), and immunohistochemistry (IC). A sum
mary of the immunohistochemistry of Ewing tumors and other SRCTs is 
shown in table 1. 

Classic Ewing's sarcoma, the most undifferentiated SRCT, is characterized 
by sheets of homogeneous small round cells with scant cytoplasm, well-defined 
cellular borders, absence of intercellular material, and relatively few mitotic 
figures (figure 1) [1,6,28,29,31]. Atypical forms of ES are common and gener
ally demonstrate larger and more pleomorphic cells with slightly more cyto
plasm and greater numbers of mitotic figures. Typically, ES shows no evidence 
of differentiation by LM or EM and, until recently, stained negatively for 
routinely available immunohistochemical markers. ES cells usually contain 
cytoplasmic glycogen demonstrated by PAS staining, which can be useful for 
differentiating ES from an osteosarcoma. However, PAS staining is of no 
value in differentiating ES from other SRCTs, since they are often PAS 
positive as well. 

Peripheral PNET is a primitive neural tumor that by LM shows some 
evidence of neural differentiation in the form of pseudorosettes or true ro
settes but lacks ganglion cell differentiation and frank neuropil [6,31,32]. Ul-

Table 1. Immunohistochemical characteristics of small round cell tumors of childhood 

Marker 

S-IOO 
NSE 
Desmin 
Actin 
Vimentin 
LCA 
013/HBA 71 (p30/3ZM1C2 ) 

Ewing tumors 

Es PNET Neuroblastoma Rhabdomyosarcoma Lymphoma 

+/-
+ 

+ +/-

+ + 

+ 
+ 

+/
+/
+ 
+ 
+ 

+/-

+/

+ 
+/-

Symbols: +, majority of cells show positive staining; -, majority of cells show negative staining; + / 
-, tumor may show positive or negative staining. Abbreviations: NSE, neuron-specific enolase; 
LCA, leukocyte common antigen. 
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Figure I. The light microscopy appearance of a Ewing tumor, demonstrating sheets of homoge
neous small round cells with relatively scant cytoplasm and no evidence of differentiation. (Cour
tesy of Deborah Schofield, M.D., Department of Pathology, Children's Hospital, Boston.) 

trastructural and immunostaining provide further evidence of neural differen
tiation, with the presence of neurites and dense core granules by EM and 
staining with neural immunohistochemical markers, such as S100 and NSE 
[6,29,32]. 

In the past, classic ES was often a diagnosis of exclusion, because there was 
no specific tumor marker available to distinguish ES from other SRCTs. 
Recently, ES and PNETs have been shown to express large amounts of the 
cell-surface glycoprotein p30/32M1C2, which is encoded by the MIC2 gene lo
cated on the pseudoautosomal portion of the X and Y chromosome [31]. 
Several monoclonal antibodies (HBA71, 12E7, and 013) to p30/32M1C2 have 
been developed, and numerous studies demonstrate that they are quite sensi
tive and reasonably specific for Ewing tumors [31,33,34]. For example, 
Fellinger and colleagues [34] demonstrated that 61 of 63 Ewing's sarcomas and 
9 of 11 peripheral PNETs were positive for HBA71. In a larger study, Perlman 
et al. found that 221 of 244 (91 %) Ewing family tumors stained positively for 
the monoclonal antibody 12E7 [31]. Unfortunately some cross-reactivity with 
other neoplasms, such as rhabdomyosarcomas, astrocytomas, Wilms' tumors, 
and T-cell lymphomas, has been observed [33,34]. Nevertheless, the non
ESFf generally demonstrates a heterogeneous and speckled staining pattern 
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Figure 2. Immunochemical stain of a Ewing tumor with the 013 (HBA71) antibody, which 
recognizes the cell surface glycoprotein p30/32M1C' . Note the membranous staining pattern charac
teristic of Ewing tumors. (Courtesy of Deborah Schofield, M.D., Department of Pathology, 
Children's Hospital, Boston.) 

that can often be distinguished from the intense and diffuse membranous 
staining pattern of ESFT (figure 2) [34]. 

4. Histogenesis 

The histogenesis of Ewing's sarcoma has been a point of debate since the 
tumor was first described by Dr. James Ewing in 1921 [1]. Ewing speculated 
that the tumor was of endothelial cell origin; however, today the bulk of 
ultrastructural, immunohistochemical, genetic, and experimental data suggest 
a neural origin [29,32]. This hypothesis is supported by several lines of evi
dence. First, primarily on the basis of the shared t(11;22), ES appears to be 
closely related to peripheral PNET, a tumor with clear ultrastructural and 
immunohistochemical evidence of neural differentiation [35]. Second, ES and 
PNET demonstrate similar patterns and levels of oncogene expression [36]. 
Third, a small fraction of ES (atypical ES) tumors and cell lines stain with 
neural markers such as SlOO or NSE, and ultrastructural data have shown that 
rare ES tumors contain neurosecretory granules [32,36,37]. Finally, there are 
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limited experimental data demonstrating that treatment of certain ES cells 
lines with differentiating agents such as cAMP or retinoic acid can induce 
morphologic and immunohistochemical evidence of neuronal differentiation 
[38]. Thus, the prevailing hypothesis is that the ES family of tumors originate 
from a common neural precursor cell but show varying degrees of neural 
differentiation. In such a paradigm, ES would be considered the most undiffer
entiated member of the family, with atypical forms of ES being somewhat 
intermediate and peripheral PNET furthermost down the neural differentia
tion pathway [28,29]. 

5. Tumor genetics 

The (11;22)(q24;q12) chromosomal translocation, first described in the early 
1980s, is present in 85%-95% of Ewing tumors [39-43]. At the cytogenetic 
level, this chromosomal marker is so specific that it is often used to distinguish 
Ewing tumors from other SRCTs [44,45]. The DNA containing the 
t(11;22)(q24;q12) breakpoint has been cloned and found to involve EWS, a 
novel gene on chromosome 22, and FLI, the human homologue of the mouse 
Fli-1 gene on chromosome 11 and member of the Ets family of DNA transcrip
tion factors [46]. Transcription across the breakpoint on the derivative 22 
chromosome produces a hybrid mRNA consisting of the 5' half of EWS fused 
to the 3' half of FLI (EWSIFLI) (figure 3) [47]. There is no evidence of 
transcription from the derivative 11 chromosome. 

The genomic structure of EWS on chromosome 22 consists of 17 exons 
distributed over 40kb, while FLI is encoded by nine exons over 100kb on 
chromosome 11 [48,49]. Restriction enzyme mapping and reverse
transcriptase PCR studies of numerous tumors demonstrate that all 
breakpoints occur within introns, and transcription of mRNA across these 
breakpoints results in fusion of intact and in-frame exons [45,48,50]. Zucman 
and colleagues analyzed 54 Ewing tumors and found that the most common 
fusions were between exon 7 of EWS and either exons 6 (27 of 54) or 5 (11 of 
54) of FLI [48]. These hybrid RNAs correspond to breakpoints within intron 
7 (between exon 7 and 8) of EWS and either intron 5 or 4 of FLI (figure 3) 
[45,48]. EWS exon 71FLI exon 6 and EWS exon 71FLI exon 5 correspond to 
the type 1 and type 2 fusion transcripts, respectively [45,47,50,51] The type 1 
rearrangement accounts for 55%-60% of cases, while type 2 occurs in approxi
mately 25% of cases. The remaining 15%-20% of tumors have more complex 
and variable rearrangements; however, in all rearrangements described thus 
far, DNA from at least the first seven exons of EWS and exons 8 and 9 of FLI 
are included [45,48]. 

In the process of cloning the t(11;22), it was observed that some Ewing 
tumors demonstrated rearrangements of EWS, but not FLJ. Zucman et al. 
showed that these tumors contain a t(21;22) involving EWS and ERG, another 
Ets transcription factor and closely related to FLI, located on chromosome 21 
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Figure 3. A schematic representation of the two most common t(11;22)(q24:qI2) rearrangements 
in Ewing tumors. The type 1 rearrangement breaks intron 7 of EWS and intron 5 of FLI, resulting 
in fusion of EWS exons 1-7 to FLI exons 6-9. The type 2 rearrangement breaks EWS intron 7 and 
intron 5 of FLI, resulting in the fusion of EWS exons 1-7 to FLI exons 5-9. The type 1 fusion 
occurs in 55%...{j0% of cases and the type 2 in approximately 25% of cases. The remaining 15%-
25% of cases have rearrangements that are more complex and variable; however, all fusions 
include at least exons 1-7 of EWS and at least exons 8-9 of FLI. 

Table 2. Tumors associated with rearrangement of EWS 

Tumor 

ESFT 

Desmoplastic small round cell 
tumor (DSRCT) 

Malignant melanoma of soft parts 

Mixoid chondrosarcoma 

Mixoid liposarcoma 

Translocation 

t(11;2)(q24;qI2) 
t(21;22)(q22;qI2) 
t(7;22)(p22;qI2) 

t(11;22)(p13;qI2) 

t(12;22)(q13;qI2) 

t(9;22)( q22-31;qI2) 

t(12;22)(q13;qI2) 

Fusion gene References 

EWSIFLI [46-47] 
EWSIERG [48] 
EWSIETV-J [52] 
EWSIEIA-F [53] 

EWSIWTl [55-56] 

EWSIATF-I [196] 

EWSICHN [60] 

EWSICHOP [61] 

[48]. As many as 5%-10% of Ewing tumors appear to contain this alternate 
translocation, which produces an EWSIERG fusion mRNA [45,50,51]. 

There are several single case reports of other rearrangements involving 
EWS in Ewing tumors (table 2). Jeon et al. described a case of ES with a 
t(7;22)(p22;q12) that results in the fusion of exons 1-7 of EWS to another Ets 
family member called ETVl (ETS Translocation Variant) [52]. In another 
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report, an extra osseous ES was found to fuse EWS (again exons 1-7) with the 
3' end of E1A-F. This gene encodes the adenovirus EIA enhancer binding 
protein, which contains an Ets DNA binding domain, again similar to FLIl, 
ERG, and ETV1 [53]. Thus, in all EWS rearrangements in Ewing tumors 
described thus far, a hybrid RNA is produced that fuses at least exons 1-7 of 
EWS to the 3' half of an Ets transcription factor. 

Additional chromosomal rearrangements not involving the EWS locus on 
chromosome 22 have also been reported. A t(1;16)(q21;q13) has been re
ported to occur together with the t(11;22) in a substantial fraction of tumors 
[54]. This translocation breakpoint has not yet been cloned. 

6. EWS: other genes and other tumors 

Translocations involving EWS are known to occur in several other tumor types 
outside the Ewing family of tumors. These include malignant melanoma of 
soft parts, myxoid chondrosarcomas, myxoid liposarcoma, and desmoplastic 
small round cell tumors. The cytogenetic abnormalities and the genes involved 
are listed in table 2. In each case, the first seven exons of EWS are fused to 
genes whose protein products are putative transcription factors. Perhaps the 
most interesting of these occurs in desmoplastic small round cell tumors in 
which the t(11;22)(p13;q12) results in the fusion of exon 7 of EWS with exon 
8 of WTl [55,56]. WT1 is a putative tumor suppressor gene mutated in a subset 
of Wilms' tumors. This tumor represents the only example of a translocation 
involving WT1 and ultimately could have important implications regarding the 
role of WTl in tumorgenesis. 

7. Biological consequences of the t(11;22) 

7.1. Normal EWS and FLI 

EWS is an ubiquitously expressed gene that encodes a novel protein of 656 
amino acids [47]. In the amino terminal half of the protein, there is a region 
that shares partial homology (40%) with the large subunit of eukaryotic RNA 
polymerase II. The carboxy terminal half contains sequences homologous to 
the RNA binding domain of several proteins (figure 4). Recently, a Drosophila 
homologue of EWS has been cloned and termed SARFH (sarcoma-associated 
RNA-binding fly homologue) [57]. SARFH is expressed in the fly embryo at 
the earliest stages of development and in a variety of adult cell types. Antibody 
studies indicate that SARFH colocalizes with RNA polymerase II, implying 
that SARFH - and by homology, EWS - participate in functions common to 
the expression of many or most genes transcribed by RNA polymerase II. 
Recall that RNA polymerase II is responsible for transcription of almost all 
eukaryotic genes. 
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Figure 4. A schematic representation of the protein structure of normal or wild-type EWS, FL1, 
and EWSIFLl. EWS has a regulatory domain within the amino-terminal half of the protein that is 
being conserved in all EWSIFLl rearrangements. Normal FLl has an Ets DNA binding domain 
in its carboxy-terminal half that is required for transcriptional activation. EWSIFLl results in the 
replacement of the RNA binding domain of EWS with the DNA binding domain of FLl. In the 
type 1 rearrangement depicted here, the breakpoint occurs at amino acid 265 of EWS and 219 of 
FL1. This rearrangement places the FLl DNA binding domain under the control of the EWS 
regulatory domain. 

Much more is known about FLI than EWS. FLI expression is somewhat 
more selective than EWS, although it is highly expressed in many adult tissues, 
including thymus, muscle, heart, spleen, and bone marrow [58]. FLI is a 
member of the Ets family of transcription factors, and its protein product 
presumably functions to regulate the expression of specific, but as yet un
known, target genes [59]. Mouse Fli-I is involved in the induction of 
erythroleukemia by the Friend murine leukemia virus (F-MuLV) and serves 
as the integration site for F-MuLV. The apparent effect of proviral DNA 
integration is overexpression of normal Fli-I, rather than a rearrangement of 
fusion of F-MuLV with Fli-1 [60,61]. 

7.2. Ets family of transcription factors 

The Ets family of transcription factors consists of over 30 related proteins that 
have been implicated in genc-specific transcriptional activation, in DNA rep-
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lication, and more generally as participating in the general transcriptional 
activation complex [59]. These proteins have been shown to play an important 
role in a variety of cellular activities, such as developmental programs, growth 
control, and transformation [59]. All members of the family share common 
domains, termed Ets domains, usually located in the C-terminal region of the 
protein (figure 4) [59]. It is via these Ets domains that DNA binding occurs. 
These proteins bind specifically to promoter elements over a lO-base-pair 
region of DNA with a core GGA trinucleotide sequence, termed an Ets box. 
Subtle differences in flanking sequences on either side of the core sequence 
define an Ets box and determine which Ets protein binds to a specific promoter 
site. 

The Ets family can be divided into five subfamilies based on similarities at 
the Ets domains, the position of the Ets domain within the protein, and other 
sequence/structural similarities. Both FLI and ERG are members of the same 
Ets subfamily, while EITl and ElA-F are members of different Ets subfami
lies. All are potent transcriptional activators, although the specific genes on 
which they act are unknown. While DNA binding is mediated through the Ets 
domain in the carboxy-terminal half of the FLI or ERG protein, there also is 
an important regulatory or modulatory domain in the amino-terminal half of 
the protein [62,63]. Evidence in several experimental systems suggests that 
most Ets proteins cooperate with other nuclear proteins and function as a part 
of larger protein complexes to regulate transcriptional activation. These inter
actions occur primarily via the amino-terminal region of the protein. 

7.3. EWSIFLI hybrid 

The EWSIFLI fusion results in the substitution of the 3' or carboxy terminal 
(CTD) half of EWS with the 3' or CTD half of FLI (figure 4) [47]. The effect 
is replacement of the RNA binding domain of EWS with the Ets DNA binding 
domain of FLI. Alternatively, from the perspective of the FLI, the result is the 
removal of the amino transcriptional activation and regulatory domain of FLI 
and replacement by the amino terminal half of EWS. This rearrangement also 
places the fusion gene under the transcriptional control of the ubiquitously 
expressed EWS promoter. 

In the past three years, tremendous progress has been made in the under
standing of the biological consequences of the t(11;22) and the EWSIFLI 
fusion gene. Several groups have shown that EWSIFLI mRNA is translated 
into a protein of approximately 68kDa, and that this protein, like wild-type 
FLI, localizes to the nucleus [64-66]. May et al. showed that EWSIFLI is a 
potent transforming gene in NIH 3T3 cells, while FLI alone is not [66]. By 
creating large deletions in either the EWS or the FLI half of EWSIFLl, these 
authors further demonstrated that both EWS and FLI sequences are necessary 
for this transformation activity. These data indicate that the transforming 
potential of EWSIFLI is dependent on the presence of both EWS and FLI, and 
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not merely due to overexpression of FLI under transcriptional control of the 
EWS promoter. 

7.4. EWSIFLI chimeric protein 

The EWSIFLI chimeric protein binds to DNA in a sequence-specific manner 
identical to wild-type FLI, and the 3' Ets domain of FLI is necessary and 
sufficient for this activity [64,65,67]. In several different in vitro systems, both 
wild-type FLI and EWSIFLI function as sequence-specific transcriptional ac
tivators; however, EWSIFLI is much more potent. This transcriptional activa
tion activity is dependent not only on DNA binding through the Ets domain of 
FL!but also on the EWS portion ofthe protein [64,65,67,68]. Deletion analysis 
has demonstrated that the region of EWS most important to its transcriptional 
activation activity lies within amino acids 210-265 (figure 4). In fact, it is 
possible to delete all of EWS up to amino acid 210 and still maintain this 
activity [65]. This region of the protein (aa210-265) is encoded by exon 7 and, 
as noted previously, is conserved in all EWS rearrangements described to date. 

There are conflicting data as to whether amino acids 210-265 of EWS 
constitute a true transcriptional activation domain or whether they represent 
a regulatory or modulatory domain [64,65,68]. Structurally, this region is very 
proline and glutamine rich, and the predicted protein structure yields a turn
loop-turnlsheet-Ioop-sheet structure that has been seen in other transcrip
tional activation domains [65]. Based on these structural predictions, this 
region is probably involved in protein-protein interactions that modulate the 
transcriptional activation activity of EWSIFLI. 

7.5. Altered transcriptional control 

With the above experimental and structural data in mind, one could hypoth
esize that EWSIFLI transforms cells by altering normal transcriptional con
trols. Additional supporting data for this hypothesis comes from in vitro 
experiments comparing the ability of wild-type FLI and EWSIFLI to bind to 
the serum responsive element (SRE) within the c-fos promoter [69]. To acti
vate the target gene in this system, wild-type FLI must form complexes with a 
second protein, serum response factor (SRF), via its amino-terminal transcrip
tional activation domain. Once the complex is formed, binding to the SRE 
within the target gene promoter occurs. EWSIFLI is capable of autonomously 
binding to DNA and initiating transcription in the absence of SRF, thus 
bypassing the regulatory control of this protein. Deletion of the amino
terminal half of FLI results in similar autonomous DNA binding, implying 
that an amino-terminal regulatory domain is present in wild-type FLI that is 
fundamentally altered in the EWSIFLI chimeric protein. These data, coupled 
with the observation that EWSIFLI is a more potent transcriptional activator 
than wild-type FL!, suggest that EWSIFLI may not be as limited or con-
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strained as FLI [69,70]. Wild-type FLI may be limited to simulating only those 
genes with the correct Ets binding site in its promoter and in an environment 
that contains appropriate cofactors. On the other hand, EWSIFLI appears 
capable of activating transcription of target genes in the absence of these 
cofactors; thus subverting normal transcriptional controls to activate trans
forming genes that wild-type FLI cannot [70]. 

The genes on which EWSIFLI acts, the signal transduction pathways in 
which it induces transformation, and the proteins that regulate or fail to 
regulate its activity remain unknown. The only clues thus far come from Braun 
et aI., who showed by representational difference analysis that transformation 
by EWSIFLI in NIH 3T3 cells induces expression of transformation-associated 
genes such as strome lysin 1 and cytokeratin 15 [71]. The significance of this 
finding is as yet unknown. Identification of target genes and proteins that 
regulate EWSIFLI is an area of active investigation. 

8. Clinical significance 

In addition to fascinating and profound biological effects, EWSIFLI and EWSI 
ERG provide important nucleic acid tumor markers that can be used clinically 
for a variety of purposes. From tumor to tumor, the t(11;22) breakpoints occur 
over a very broad range of genomic DNA, making detection by conventional 
PCR impractical. However, the EWSIFLI fusion RNA is easily detectable by 
reverse-transcriptase PCR (RT-PCR) using a single set of oligonucleotide 
primers. EWSIERG is detectable in a similar fashion. 

A PCR-based assay has many important potential applications. It has obvi
ous diagnostic utility, especially since SRCTs can be so difficult to classify
so much so that Delattre et al. have suggested that RT-PCR evidence of EWSI 
FLI RNA be used as the primary criterion for distinguishing Ewing tumors 
from other SRCTs [45]. Other groups have investigated whether particular 
types of EWSIFLI fusion transcripts in a given tumor correlate with clinical 
parameters and/or prognosis. In a large European multicenter trial, Zoubek et 
al. compared the expression of different fusion transcripts to patient age, sex, 
primary tumor location tumor volume, and disease extension [50]. They found 
no significant correlation between various fusion types and these features; 
however, there was a suggestion that relapse-free survival for patients with 
localized disease tended to be longer for those with the type I fusion transcript. 

The power of RT-PCR to detect as few as one tumor cell in 106 normal cells 
has obvious application in the detection and monitoring of SUbmicroscopic 
disease or minimal residual disease. Our early data in the Pediatric Oncology 
Group, along with data from several other groups, demonstrate that it is 
possible to detect evidence of circulating tumor cells in the bone marrow and 
peripheral blood of approximately 25% of patients with nonmetastatic and 
50% of patients with metastatic Ewing tumors [72,73]. One could hypothesize 
that this finding may be of prognostic importance in that it may be an indica-
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tion of tumor burden, significant occult metastatic disease, or perhaps a reflec
tion of particularly malignant tumor phenotype. In any case, if true, it might 
allow one to identify a group of poor-prognosis patients who might benefit 
from more intensive therapy. Alternatively, one might be able to identify a 
group of patients with an especially good prognosis who could be spared 
excessive treatment. We are currently conducting a prospective trial within 
the Pediatric Oncology Group, as are several groups in Europe, to test this 
hypothesis. 

Finally, early data suggesting that Ewing tumors may provide an excellent 
target for gene therapy. Ouchida et al. created stable transfections with 
antisense EWSIFLlor antisense EWSIERG in Ewing cell lines [74]. Expres
sion of antisense EWSIFLI or EWSIERG resulted in the loss of endogenous 
EWSIFLI and EWSIERG protein and tumorigenicity in nude mice. Thus, 
perhaps Ewing tumors will become potential targets for antisense therapy in 
the future. 

9. Extent of disease and sites at presentation 

Among 530 patients with PNET or ES of bone registered on the CCG-POG 
intergroup Ewing's sarcoma study performed between 1988 and 1992, 76% 
were localized at diagnosis and 24% were metastatic. The most common 
primary sites, in order of occurrence, were pelvis (27%), femur (17%), rib 
(12%), humerus (7%), and vertebrae and fibula (5% each) [8]. Data regarding 
soft tissue ES and PNET are more difficult to ascertain. Among the ESFT 
tumors reviewed by Horowitz and colleagues [6], only 5% were defined as 
PNET of bone or soft tissue. Three quarters of those defined as PNET arose 
in the central axis; half arose in the chest or chest wall. 

The distinction between extraosseous Ewing (EOE) tumors and a primary 
bone tumor is not always clear: soft tissue extension is exceedingly common in 
Ewing tumors of bone, and soft tissue tumors may invade adjacent bone. For 
example, in the chest wall tumors, the rib is often involved and may be the 
primary site or not. It is not known if bone primaries and soft tissue primaries 
differ in natural history and/or response to therapy. The ongoing CCG-POG 
intergroup study, which includes both soft tissue and apparent bone primaries, 
may clarify this question. 

10. Clinical presentation 

Almost all patients with ESFT with bone primaries report pain on presenta
tion, more than half of patients will have a palpable mass, and about a fifth will 
present with fever [75]. Among patients with extraosseous tumors, a mass is 
more often the presenting symptom, but pain is still reported in the majority 
of patients. In a Mayo clinic series, 16% of patients with extremity bone 
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tumors presented with a pathologic fracture (75]. The pain of Ewing's sarcoma 
may be intermittent, and a significant delay from the onset of symptoms and 
diagnosis is not uncommon, particularly among patients with pelvic tumors. 
Many patients report symptoms beginning greater than three months before 
diagnosis [76]. Fever, fatigue, and generalized malaise are not uncommon 
presenting complaints. 

Given the wide range of possible primary sites of this tumor, more specific 
presenting complaints vary widely. However, some typical patterns of presen
tation are worth noting. Patients with pelvic tumors often have a prolonged 
history of hip or back pain, progressing to extremity weakness and/or periph
eral nerve involvement, such as a sciatica-like syndrome. Back pain may be a 
harbinger of spinal cord compression in patients with vertebral or paraspinal 
tumors, and such patients require urgent investigation and initiation of treat
ment to prevent neurologic compromise [77]. Patients with rib or chest wall 
tumors may present with chest wall pain and with respiratory symptoms due to 
mass and/or to pleural effusion. Effusions may be sympathetic or malignant; 
when the fluid is examined histologically, close to half the patients will show 
malignant cells [78,79]. Most investigators consider ipsilateral pleural effusion 
to be regional rather than metastatic disease. 

The most common sites of distant spread are the lungs, bone, and bone 
marrow. In the 1988-1992 CCG-POG intergroup study of ES and PNET of 
bone, among those with metastatic disease at diagnosis, the most common site 
was lung, followed by bone and bone marrow [7,8]. In the long-term follow
up of the first Intergroup Ewing's Sarcoma Study (lESS) for patients 
nonmetastatic at diagnosis, the first site of relapse was lung in 34 % of patients, 
bone in 33%, and more than one site in 27% (most often bone and lung). 
Other, less common sites of first relapse were bone marrow, lymph node, soft 
tissue, brain, and spinal cord [76]. Among sites of bone metastasis, vertebral 
metastases appear to be common [76]. Liver metastases are uncommon, and 
isolated central nervous system metastases are rare [76,80]. Recent studies 
evaluating blood and bone marrow specimens for molecular evidence of 
micrometastases has proven that tumor cells may be found in blood or marrow 
in patients in whom metastasis is not clinically evident [72,73]. 

11. Prognostic features 

Among patients with nonmetastatic disease, the primary site is an important 
risk factor: patients with pelvic tumors have the worst prognosis, and those 
with rib or distal primaries enjoy the best outlook [76,81]. In general, patients 
with larger tumors have a less sanguine prognosis [82,83]. An elevated lactate 
dehydrogenase, probably as evidence of a higher tumor burden, has been 
reported as a high-risk feature, as have elevated erythrocyte sedimentation 
rates [83-85]. It is interesting to note that in the German Cooperative Ewing's 
Sarcoma Study (CESS) series, tumors with greater than 100mL volume had a 
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significantly worse outlook in the 1981 trial, but this difference was no longer 
significant in the CESS 1986 trial, demonstrating that sufficient therapy can 
obviate some 'poor-prognosis' characteristics [86]. The absence of extrao
sseous extension in bone tumor primaries is considered to be a favorable sign 
[87]. The extent of neural differentiation has been thought to confer poor 
prognosis in some analyses [88,89]; however, in a large retrospective analysis 
of 315 patients from France, Spain, and the United States, neuroectodermal 
features were not associated with a poor prognosis, but 'filigree pattern and 
dark cells' were associated with a poorer outlook [90]. The confirmation of 
these findings in a large prospective series would be enlightening. Oberlin and 
others have reported that good histopathologic response to chemotherapy is 
correlated to survival [91]. Picci and colleagues report similar findings. They 
found statistically significant differences in five-year disease-free survival 
(DFS) in nonmetastatic extremity patients correlated with histologic response 
- 90% five-year DFS in patients with no visible tumor apparent in surgical 
specimens resected after chemotherapy, compared to 53% for those with 
microscopic nodules and 32 % for those with macroscopic nodules remaining 
[92]. Most studies have demonstrated that older patients fare less well; the 
CCG-POG intergroup study (1988-1992) demonstrated a distinct advantage 
for nonmetastatic patients less than nine years of age when compared to the 
older patients treated in that trial [7,8]. 

Metastatic disease at diagnosis confers a poor prognosis. Long-term follow
up of patients treated from 1968 to 1980 documented two survivors among 27 
patients metastatic at diagnosis [93]. The 1988-1992 POG-CCG study demon
strated a less than 20% four-year survival for patients with metastases at 
diagnosis, and patients with bone metastases at diagnosis did significantly 
worse than those with metastases restricted to the lung [7,8]. 

12. Diagnosis 

When signs and symptoms suggest the possibility of Ewing's sarcoma, the first 
step towards diagnosis is appropriate imaging of the primary site. For tumors 
of long bones, a destructive lesion of the diaphysis is most common. Cortical 
bone changes and an accompanying soft tissue mass are common. Periosteal 
reaction, either 'onion-peel' lamellar changes or elevation of the periosteum 
(called Cadman's triangle), is the most common feature noted [94]. In fiat 
bones, a sclerotic appearance may be seen [94]. These features, however, are 
not pathognomonic: other possibilities in the differential diagnosis are benign 
lesions such as eosinophilic granuloma and osteomyelitis, which radiographi
cally may mimic changes seen in ES. Other malignant lesions such as 
osteosarcoma, neuroblastoma (particularly in younger children), primary 
lymphoma of bone, and other sarcomas of bone should be considered. Com
puted tomography (CT) scans with contrast define the primary site well, 
particularly the extent of bone disease [95]. Magnetic resonance imaging 
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Figure 5. PNET of the ilium in a 2-year-old child before therapy and aftet chemotherapy and 
surgery. (A) Radiograph of the pelvis at diagnosis. Note osteolytic and blastic changes in the right 
ilium, with a soft tissue mass protruding into the pelvis. (B) Magnetic resonance imaging of the 
pelvis at diagnosis. Note large soft tissue mass surrounding the right iliac wing, with erosion of the 
right iliac crest. 
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Figure 5. (C) Magnetic resonance imaging after chemotherapy, before resection. (D) Radiograph 
of the pelvis after chemotherapy and surgery. Right ilium has been excised except for a small rim 
of acetabulum holding femoral hcad in place. 

The patient is now 6 years old, has no evidence of recurrence, and walks with a mild limp. These 
images were originally reproduced in Med Pediatr OncoI21:297-294, 1993. 
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Figure 6. (A) Radiograph of ES of the proximal 
tibia in a 6-year-old. Note lytic changes and mini
mal periosteal reaction. (B) Magnetic resonance 
image of the same tumor. Note demarcation of in
volved bone and marrow. (C) Radiograph of the 
tibia after completion of chemotherapy and limb
sparing procedure. 

The child is now 11 years old, has no evidence of 
recurrence, and enjoys full activity. Courtesy of 
Samuel Kenan, M.D. (Hospital for Joint Diseases, 
New York), and Karen Norton, M.D., Department 
of Radiology, Mount Sinai Medical Center, New 
York. 
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(MRI) is generally thought to best delineate the extent of soft tissue and 
marrow disease (figures 5 and 6) [96]. Technetium bone scans of the whole 
body will help define the primary as well as start the metastatic evaluation. 
Ewing family tumors are generally thallium and gallium avid; although such 
studies may be helpful in discerning response to therapy, they are not specific 
enough to be useful in differential diagnosis [97,98]. 

On the basis of clinical presentation and radiographs alone, there is no 
absolute way to distinguish among the diagnostic possibilities. Additional 
studies to help refine the diagnostic possibilities include a urine for VMA or 
HV A, which, if positive, indicates neuroblastoma. A complete blood count 
demonstrating blasts would be consistent with leukemia or lymphoma. If there 
is a clinical suspicion of neuroblastoma or lymphoma, bone marrow biopsy 
and aspirate may be diagnostic, sparing the patient a more invasive biopsy of 
the primary. If the marrow is overtly positive for cells suggestive of an ESFT, 
the diagnosis may be established employing cytogenetics. There are no stan
dard examinations of the blood that are specific for ES. Commonly encoun
tered nonspecific findings include an elevated sedimentation rate, anemia, and 
an elevated lactate dehydrogenase [84,85]. 

After the initial laboratory and imaging evaluation is complete, the diagno
sis must be made by biopsy. There is no proven advantage to excisional biopsy 
or an attempt at complete resection at the time of diagnosis; in fact, such 
attempts may be counterproductive. After induction chemotherapy, surgical 
procedures are likely to be less morbid than attempts at complete resection at 
the time of diagnosis. Further, postchemotherapy surgery yields valuable in
formation regarding the response to chemotherapy, as well as a clear sense of 
the need for radiation based on the assessment of surgical margins. An attempt 
at complete resection of chest wall tumors at the time of diagnosis may actually 
complicate later attempts at local control considerably [99,100). In the past, 
open biopsy has been the preferred procedure so that sufficient material can 
be obtained for a full battery of studies, including light microscopy, electron 
microscopy, and chromosome and molecular studies. However, fine-needle 
aspiration may be sufficient for evaluation in selected cases since the advent of 
PCR-based molecular techniques [101]. The biopsy must be done in an insti
tution equipped to process the material appropriately. Frozen section of the 
material obtained should be examined to be certain that the tissue obtained is 
sufficient for diagnosis because spontaneous necrosis is a near constant feature 
of ESFT. 

Ideally, the surgeon who does the biopsy will also perform later definitive 
resection. At the very least, the biopsy should be performed by a surgeon 
familiar with both the principles of cancer surgery and reconstructive tech
niques so that the biopsy does not limit reconstructive options for the patient 
should surgery be chosen as the method of local control. Biopsy of the 
extraosseous extension of primary bone tumors is generally recommended to 
lessen the risk of subsequent pathologic fracture at the site of a bone biopsy, 
particularly in a weight-bearing bone. It is critical that the biopsy be performed 
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to avoid contamination of surrounding tissue, and in a site and place that can 
be excised at the time of definitive local control surgery. 

The surgical team planning a biopsy should keep in mind all the needs of 
the patient: if a malignant tumor is suspected, the family and patient should be 
prepared for this possibility. Consultation with the oncology team early will 
facilitate appropriate handling of all tissue samples. Moreover, if the patient 
requires general anesthesia, consideration should be given to the option of 
having the oncologist obtain marrow specimens for the metastatic evaluation 
at the same time as the biopsy procedure. Further, consideration should be 
given to the placing of central venous access; although it is virtually impossible 
to know the definitive diagnosis in the operating theater, a presumptive diag
nosis of malignancy is often clear, which makes appropriate the placement of 
catheters and obtaining marrow under the same anesthetic. 

Once the diagnosis of an ESFT is definite, a more specifically directed 
evaluation of the patient should ensure rapidly. The first element of the 
evaluation is a more careful definition of the extent of the disease. There is no 
uniformly accepted staging system for Ewing's sarcoma; patients are generally 
classified as nonmetastatic or metastatic. Many treatment programs also 
stratify tumors by site, such as pelvic versus nonpelvic. The primary site should 
be evaluated by MRI, if this had not been done prior to biopsy, and this 
evaluation should include specific measurements of the tumor and tumor 
involvement of the marrow so that this information can be used to guide local 
control therapy. 

A complete metastatic evaluation must be undertaken. Computed 
tomography of the chest with contrast should be done to search for pulmonary 
or mediastinal disease. A technetium bone scan should be done to search for 
sites of bone metastases. Recently, total body MRI has been reported to yield 
information on bone metastases not seen on standard technetium scans; how
ever, the clinical impact of such a costly and intensive evaluation is not known 
at this time [102]. The bone marrow aspirate and biopsy must be examined: 
most studies require a single site of aspirate, but there are data demonstrating 
that sampling of multiple sites increases yield [103]. If the patient presented 
with neurologic symptoms referable to the spinal cord, metrizimide MRI of 
the spine or myelogram should be performed urgently. If there is metastatic 
disease in the lungs, or clinical suspicion of CNS disease, a computed 
tomogram of the brain should be considered. Ewing tumors accumulates both 
gallium and thallium; thallium in particular has been recommended to assess 
chemotherapy response [98]. Several reports suggest that MRI scanning is 
useful for monitoring response to chemotherapy [104-106]. In a small number 
of patients, positron emission tomography has been shown to correlate with 
histological response to chemotherapy and may become a useful modality of 
evaluation of chemotherapy response [107]. 

Other elements of the initial evaluation are directed toward gathering 
information that will allow the clinician to start treatment with minimal delay. 
Physiologic assessment of the patient prior to chemotherapy must include 
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evaluation of liver function, renal function (serum creatinine and, if abnormal, 
creatinine clearance), and cardiac function (electrocardiogram and echocardi
ogram or radionuclide cardiac scan). The radiation therapist, surgeons, and 
rehabilitation specialists should meet with the patient and family as early as 
possible in the course of treatment to plan therapy for local control. A 
multidisciplinary evaluation of the patient's and family's emotional and social 
needs are essential to planning appropriate care. It is also essential to under
stand that the impact of intensive combined modality therapy upon family 
functioning is enormous; without family cooperation, compliance with the 
treatment regimen is more likely to be compromised, perhaps compromising 
the outlook for the patient. 

13. Treatment principles 

The obvious goal of treatment is to cure the patient; the unstated aim is to do 
so while minimizing the negative late effects and maximally preserving func
tion. In order to amplify possibilities for the patient, it is critical that each 
patient's care is directed by a team of pediatric or medical oncologists working 
with surgeons and radiation oncologists who are familiar with the disease and 
its treatment. This therapeutic term must work in concert with support staff, 
including experienced nurses, social workers and psychologists, and physical 
rehabilitation staff, so that the patient is offered a full range of medical, 
psychosocial, and rehabilitation services. State-of-the-art therapy should be 
offered: given the rarity of ESFT, participation in the most current clinical 
research trial available is ideal. 

In order to effect cure of a Ewing family tumor, attention must be given to 
both systemic and local control. Initiation of chemotherapy after diagnosis 
begins the local control by reducing tumor size and initiates the eradication of 
overt or micrometastatic disease. After induction chemotherapy, local control 
is planned and performed; thereafter, chemotherapy continues. Discussion of 
chemotherapy regimens employed for ES and PNET of bone is followed by a 
discussion of local control regimens. 

14. Chemotherapy of Ewing's sarcoma and peripheral primitive 
neuroectodermal tumors 

The survival of patients with ES of bone was dismal when treatment consisted 
only of local measures: less than 10% survived [108]. Single-agent studies 
performed in the 1960s demonstrated that cyclophosphamide, vincristine, and 
actinomycin-D were effective agents against ES (table 3). A 1967 report of 54 
patients treated with radiation to the entire bone cited a 24% five-year sur
vival; however, it was noted that 4 of the 13 survivors also received chemo
therapy with either nitrogen mustard and/or actinomycin-D [109]. Other 
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Table 3. Phase IIII clinical trials: response rates in Ewing's sarcoma 

Chemotherapy [Refs] # patients % CR + PR 

Cyclophosphamide [113-119] 36 47% 

Doxorubicin [197-203] 60 42% 

5-fluorouracil [131,204] 10 40% 

Vincristine [119,124-126] 10 40% 

BCNU [119,205] 18 33% 

Ifosfamide [120-123] 60 32% 

Etoposide [127,128] 10 30% 

Actinomycin-D [117,129,130] 16 19% 

Cisplatin [206,207] 27 7% 

Ifosfamide/etoposide [161,162] 92 42% 

Ifosfamide/etoposide [208] 26 96% 

Ifosfamide/etoposide/cisplatin [209] 2 100% 

Comments 

ES and PNET/V ACD 
pretreated patients 

Upfront window in 
chemotherapy naive 
paticnts 

Pretreated V ACD, 
VACD +/-IE 

Abbreviations: CR, complete response; PR, partial response; ES, Ewing's sarcoma; PNET, primi
tive neuroectodermal tumor; V ACD, vincristine, actinomycin-D, cyclophosphamide, doxorubi
cin; IE, ifosfamide, etoposide. 

reports of chemotherapy activity against ES ushered in an era of prospective 
trials of combined modality therapy; survivals of more than two years were 
demonstrated [110-112]. Some of the successes of the relatively early trials 
ultimately proved to be enduring; for example, the National Cancer Institute 
(NCI) trial initiated in 1968 resulted in a 33% 15-year survival rate [93]. These 
early trials engendered several prospective clinical trials designed to develop 
regimens that would increase long-term survivorship. 

Table 3 lists agents with activity against Ewing's sarcoma. The agents shown 
to be most active include the classical alkylating agents, cyclophosphamide 
and ifosfamide [113-119,120-123]. High-dose melphalan was also shown to be 
highly active, but primarily in doses better suited to marrow ablation programs 
[210,212]. Vincristine [119,124-126] and etoposide [127,128] each show good 
single-agent activity. Actinomycin-D showed relatively lower response rates 
[117,129,130] but was one the earliest agents associated with survivorship and 
was thus integrated into all the early multiple agent trials. BCNU yielded 
good response rates [119,205] but is associated with relatively prolonged 
myelosuppression, making its integration into multiple agent trials of newly 
diagnosed patients difficult; it has been successfully employed in programs 
for relapsed or very-high-risk patients, in combination with marrow rescue. 
Cisplatin showed little activity compared to the other agents, but it should be 
noted that the earlier phase II trials most likely included patients less inten-
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sively treated prior to the investigation of the new agent. Although 5-
fluorouracil yielded a response rate of 40%, when added to a regimen for 
metastatic patients there was no evidence of increased efficacy [132], so it has 
not been incorporated into current regimens. 

15. Multiageut multimodality trials for localized Ewing's sarcoma 

Table 4 summarizes the major multimodality, multiagent chemotherapy trials 
for the treatment of Ewing's sarcoma. These trials, unless otherwise noted, 
were open only to ES of bone. However, it should be noted that evidence of 
neural differentiation was not uniformly sought on most trials; thus, unless 
PNET was specifically excluded, it is likely that the trials included some PNET 
of bone patients as well. The NCI trial initiated in 1968 demonstrated a 33% 
long-term survival [133], but it must be noted that the chemotherapy doses 
employed were modest by today's standards. In 1973, the first Intergroup 
Ewing's Sarcoma Study (lESS) opened. Patients eligible for study had local
ized bone primaries; patients with amputation prior to study entry were ex
cluded from randomization. The trial opened with the concept that one third 
of the patients would be randomized not to receive initial adjuvant chemo
therapy, but after two of the first three patients so enrolled relapsed, the trial 
was refigured so that all patients received one of three regimens: vincristine, 
actinomycin-D, and cyclophosphamide (VAC), or VAC + bilateral prophy
lactic pulmonary radiation, or VAC + doxorubicin (VACD) [76]. The five
year relapse-free survival (RFS) rates reported in 1990 were 24%, 44%, and 
60%, respectively; thus, the regimen of V AC with doxorubicin was found to be 
significantly better than either of the other regimens [76] (figure 7). Patients 
with pelvic primaries treated on this study fared worse than those with 
nonpelvic primaries - so much so that the difference among the three regi
mens could not be demonstrated in this subset. Looking at all three regimens 
together, 44% of patients developed metastases (51 % of these were bone and 
pulmonary), and 15% are reported to have suffered local recurrence (10% 
were combined with metastatic disease). Interestingly, the patients who under
went pulmonary radiation did not have an incidence of pulmonary metastases 
significantly different from patients on the alternate regimens. Other informa
tion gleaned from this study was confirmation of the poorer prognosis in pelvic 
patients and that patients younger than age 10 fared best [76]. 

The second lESS study opened in 1978 and compared high-dose intermit
tent chemotherapy to moderate-dose chemotherapy given 'continuously' for 
patients with localized nonpelvic primaries. Patients were stratified for proxi
mal versus distal site, biopsy only versus resection, and gender, based on 
preliminary data from the lESS-I. Both arms consisted of VACD. The high
dose intermittent arm prescribed vincristine and doxorubicin alternating with 
vincristine and cyclophosphamide every three weeks for six cycles and then 
vincristine and actinomycin-D alternating with vincristine and cyclophospha-
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Figure 7. Time to relapse (local recurrence, first metastases or death) by treatment on lESS-I. 
TRT 1, V AC + doxorubicin; TRT 2, VAC; TRT 3, VAC + bilateral pulmonary radiotherapy. 

mide. The 'continuous arm' prescribed lower-dose cyclophosphamide and 
vincristine weekly; actinomycin-D was introduced at week 6, and doxorubicin 
was introduced at week 15. At five years, the DFS was 68% in the high-dose 
intermittent arm, compared to 48% for the continuous arm [134]. Analysis of 
this study demonstrated that the dose intensity of doxorubicin in the high-dose 
arm was the most important factor relating to the better outcome [135]. 
Although on the surface the 68% five-year DFS seems a major improvement 
over the first lESS trial, it must be remembered that the IESS-I included pelvic 
patients. On the lESS-I, the overall five-year RFS for nonpelvic patients was 
57%; the five-year RFS in the V AC and doxorubicin arm approached 70% 
[76]. In lESS-II, the site (which in this group excluded pelvic patients), the 
patient's gender, and the extent of surgery were not shown to be significant 
variables. 

278 



All patients with localized pelvic Ewing's sarcoma treated on the lESS-II 
program received the high-dose intermittent arm of V ACD. The five-year 
RFS in this set of 59 patients was 55% [81], with a 12% local relapse rate (8% 
were local plus distant metastases, and 3% were only local relapse). The low 
local relapse rate may have been attributed to a higher complete resection rate 
than earlier programs; however, it is also likely that the local recurrence rate 
was underestimated, since imaging methods at that time were less sensitive 
than current methods and since the primary site was not biopsied when pulmo
nary or distant bone metastases were identified. 

Almost cotemporal with the lESS-II, the St. Jude investigators were evalu
ating a relatively nontoxic program employing oral cyclophosphamide for 
seven days followed by intravenous doxorubicin on day 8 as induction therapy. 
The early results on this program were very promising [83). Among 24 meta
static and nonmetastatic patients, 19 had no gross residual tumor after induc
tion chemotherapy. In a follow-up study of 53 localized patients who received 
the same induction, 50 proceeded on to local therapy with surgery and radia
tion, with radiation doses based on the initial chemotherapy response. 

A single-arm trial of V ACD initiated by the German Cooperative Ewing's 
Sarcoma Study (CESS), CESS-81, yielded a 55% DFS for 93 patients at 69 
months [86,136]. In this program, local control was surgery, surgery with 36 Gy 
to incompletely resected tumors, or 50-60 Gy radiation to central tumors and 
46 versus 60Gy for unresected extremity tumors; patients in this study had 
relatively high local relapse rates, attributed to problems in radiation quality 
control [86,136,137]. Factors significantly associated with poor prognosis in 
this study were initial tumor volume greater than 100mL and more than 10% 
viable tumor at the time of resection (in the subset undergoing surgery for 
local control). 

Bacci and colleagues published a series of 144 patients treated on two 
sequential programs; the first 85 patients received vincristine, doxorubicin, 
and cyclophosphamide, and the second 59 received this regimen and 
actinomycin-D. In a comparison of the two groups, it appeared that the pa
tients who received all four drugs had an improved survival [138]. However, 
this trial was not randomized, and the four-drug regimen employed higher 
doxorubicin and cyclophosphamide doses than the three-drug regimen. 

Most investigators agree, based on the preceding data, that doxorubicin is a 
critical agent in the treatment of ESFT. However, two reports challenge the 
conventional wisdom, at least in regard to extraosseous ES. The Intergroup 
Rhabdomyosarcoma Study (IRS) I, II, and III (1972-1991) included some 
extraosseous ES patients. A report describing the outcome of paraspinal tu
mors registered on IRS I and II states that extra osseous ES paras pinal tumors 
composed 32% of the patients and that as a group these patients achieved five
year disease-free survival of about 60% [139], despite the fact that many of 
them received VAC only, and others were randomized between VA, VAC 
+/- doxorubicin. Among the 2792 patients registered on IRS I-III, there were 
130 (5%) patients with extraosseous ES [140]. Of these, 12% had metastases 
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at diagnosis. At 10 years, 62%, 61 %, and 77% of the patients of IRS I, II, and 
III, respectively, were alive. There were 63 patients who were irradiated for 
local control because of gross residual disease at the time of diagnosis, and 39 
were treated with V AC and 24 V AC + doxorubicin. An advantage among the 
patients who received doxorubicin could not be discerned [140]. From this 
small group of patients, it is impossible to conclude decisively that doxorubicin 
is not valuable in extra osseous ES, as it appears to be in osseous ES. 

The role of ifosfamide and ifosfamide in combination with etoposide was 
first investigated, with promising results, in the setting of relapsed patients (see 
table 3). Two single-arm, historically controlled trials investigated the role of 
ifosfamide in multimodality trials. The CESS-86 study [86,137] prescribed a 
36-week program of vincristine, actinomycin-D, cyclophosphamide, and doxo
rubicin (V ACD) alternating with vincristine, actinomycin-D, ifosfamide, and 
doxorubicin (V AlA) for induction. Local control was decided clinically: either 
surgery, resection + 46Gy radiation, or 60Gy radiation. After local control, 
treatment with V ACDN AID resumed. In contrast to the CESS 81, there was 
no difference in survival based on the local control method, and a somewhat 
better survival overall was noted in the V AID regimen, compared to the 
regimen without ifosfamide [86,136,137]. In contrast, the French found no 
benefit in substituting ifosfamide for cyclophosphamide when compared to a 
historical control group [141,142]. In this study there was also an unexpected 
high rate of cardiac toxicity: three patients developed acute cardiac failure 
after having received 420-480 mg/m2 doxorubicin [141,142]. A report from the 
National Cancer Institute detailed the treatment of 54 patients with ESFT of 
bone or soft tissue treated with a 51-week program of vincristine, doxorubicin, 
and cyclophosphamide alternating with ifosfamide and etoposide. Local con
trol with radiation and/or surgery was performed after week 12 of therapy 
[143]. Forty-three of the patients on this program had metastatic disease at 
diagnosis; 54% were bone tumors. The five-year disease-free survival was 42% 
overall, 64 % for localized tumors, and 13 % for metastatic tumors. Congestive 
heart failure occurred in 7% at a cumulative dose of doxorubicin of 480 mg/m2; 

two patients died, one underwent cardiac transplant, and one resolved. One 
patient developed myelodysplastic syndrome [143]. 

The CCG-POG intergroup study (1988-1992) of ES and PNET of bone 
was a prospective randomized trial comparing a high-dose intermittent regi
men of vincristine, doxorubicin, or actinomycin-D (V ACD) and a regimen of 
the same agents and doses alternating with ifosfamide and etoposide. The 
treatment regimen lasted 51 weeks. Local control measures were radiation, 
surgery, or surgery followed by radiation for inadequate margins. In this 
program [7,8], the three-year survival for nonmetastatic patients was 80% for 
patients who received the arm including ifosfamide and etoposide and 56% 
for patients who received V ACD. The most remarkable difference was seen in 
patients with pelvic primaries. There was no demonstrable improvement, 
however, in the outcome of metastatic patients, and a difference between the 
regimens when examining only extremity patients was not significant. This 
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study also demonstrated a significant effect of age on outcome, with patients 
9 years of age or younger having a improved outlook. In summary, single-arm 
or historically controlled studies give mixed results regarding the role of 
ifosfamide and/or etoposide in newly diagnosed patients [136,137,141,142]. 
The POG-CCG randomized trial supports the addition of ifosfamide and 
etoposide, particularly for the nonmetastatic pelvic patients. 

The duration of treatment and the total doses of drugs required to effec
tively treat patients with ESFT is not entirely clear. The lESS I-II [76,134] 
employed no less than one year of therapy. The most recent reported SFOP 
program was approximately one year of therapy [141,142]. In contrast, the 
CESS trials prescribed about 36 weeks of therapy [136,137], and others have 
reported trials of six months of intensive therapy [145,146]. Significant differ
ences in outlook between these trials are difficult to discern. Therefore, there 
is presumptive evidence that sufficiently intensive shortened-duration pro
grams are likely to be as effective as programs of longer duration. The ongoing 
CCG-POG intergroup trial is comparing a five-drug regimen (vincristine, 
cyclophosphamide, and doxorubicin alternating with ifosfamide and etopo
side) of 51 weeks duration to a dose-intensified 30-week regimen; the regimens 
prescribe equal total drug doses, and both regimens employ cytokine support. 
This program is open to patients with all Ewing family tumors, and patients 
with bone and soft tissue tumors are eligible. 

16. Primitive neuroectodermal tumors 

Few reports attempt to isolate the experience with extracranial PNET tumors; 
the majority of studies for ES undoubtedly include some PNET patients. A 
report from Memorial Sloan-Kettering in New York reviews the clinical data 
of patients with PNET seen over a 20-year period [147]. Over half the patients 
reported in this series presented with thoracopulmonary primary tumors. The 
progress-free survival (PFS) in this set of patients was only 25% at 24 months; 
the authors conclude that PFS was correlated with extirpative surgery within 
three months of diagnosis, dose-intensive use of alkylating agents, and radia
tion therapy to treat residual microscopic disease [147]. However, early sur
gery may simply equate with accessible and perhaps smaller tumors, and high 
alkylator dose is likely to correlate with more aggressive trends in the more 
recently treated patients. Investigators from St. Jude reported a survival rate 
of 35% for 26 patients with PNET treated from 1962 to 1987 [148]. However, 
a more recent report from the same institution demonstrates three-year RFS 
of 67% in 22 patients treated on programs recommended for ESFT that 
included chemotherapy with V ACD and ifosfamide/etoposide and excision 
and/or radiation [149]. Other centers report survivals similar to that seen with 
ES tumors when patients are treated on regimens including V ACD and/or 
ifosfamide, as employed for ES [150,151]. Current recommendations are to 
treat PNET patients as one would treat ES patients. 
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17. Soft tissue ESFf 

There are few data that isolate results for soft tissue ESFT. Most ESFT have 
been treated on a variety of soft tissue sarcoma programs. Most investigators 
assume that the soft tissue ESFT will respond to the same treatment as the 
bone ESFT. As previously discussed, one controversial issue is the role of 
doxorubicin in the treatment of soft tissue extraosseous ES. More than half (30 
of 56) of the paras pinal soft tissue sarcoma patients treated on the IRS studies 
I and II (1978-1984) were extraosseous ES; the lO-year survival for these 
patients was greater than 60%, despite the fact that a significant number of 
them did not receive doxorubicin [139]. A review of IRS I-III (1972-1991) 
identified 130 patients with extraosseous ES of various sites treated on the IRS 
programs. In the group of 63 patients with localized tumors with gross residual 
disease at the start of induction chemotherapy, there was no evidence that 
patients who received doxorubicin had an improved prognosis compared to 
those who did not (65% alive at 10 years versus 62%) [140]. It is also interest
ing to note that among 114 extra osseous ES patients treated on the IRS with 
localized disease, 21 had a complete resection at diagnosis and a lO-year 
survival rate of 86%. Patients with microscopic residual received 41.4Gy 
radiation, and those with gross residual were treated with 40-55 Gy (dose 
based on age and tumor size); the respective lO-year survival rates were 78% 
and 60%, respectively [140]. The five-year survival rate for patients with 
metastatic extra osseous ES treated on IRS I-II was 25% [140]. These survival 
rates are not very different than that seen on treatment programs for ES of 
bone. The data concerning the outlook of patients with soft tissue ESFT 
as compared to bone tumors should be forthcoming from the currently 
open CCG-POG intergroup trial enrolling all ESFT patients. The role of 
doxorubicin will not be defined in this program, since all patients will receive 
doxorubicin. 

18. Treatment of metastatic disease 

It is generally acknowledged that patients with metastases fare poorly on 
current standard regimens. A comparison of two sequential Intergroup studies 
of Ewing's sarcoma of bone [132] demonstrated a very poor outlook for 
patients with metastatic disease. The five-year survival was 30% in the first 
study and 28% in the second. Patients older than age 10 had the poorest 
outlook, with a less than 20% survival in the lESS-II. In a study of 18 patients 
treated at St. Jude with a regimen of oral cyclophosphamide for seven days 
followed by doxorubicin, surgery and radiation, and maintenance therapy 
consisting of BCNU and VA and VC, 10 patients remained disease free for 
16-82 months [152]. This success has been difficult to duplicate. In both the 
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lESS and St. Jude trials, some of the long-term survivors were patients with rib 
primaries and pleura as the metastatic site; most current trials consider these 
patients to have regional rather than metastatic disease. The recently closed 
POG-CCG intergroup trial (1988-1992) of VA CD compared to VACD alter
nating with IE showed a survival of less than 20% for metastatic patients [7,8]. 
A group of patients treated at the NCI with an intensive V AC plus IE program 
has yielded similar poor results for metastatic with a 13% EFS at five years 
[143]. 

Efforts to combat metastatic disease have included the addition of radiation 
to all sites of disease, the use of sequential hemibody radiation (for high-risk 
and/or metastatic patients [153-155]) or total body radiation [145], and even 
more intensive chemotherapy regimens. Treatment plans employing TBI and 
intensive chemotherapy are discussed below in section 20 (Megatherapy). 
Standard treatment programs usually mandate the use of radiation to sites of 
metastatic disease. With the exception of the St. Jude protocol [152], most 
regimens reported for patients with pulmonary metastases included radiation 
to the lung. Radiation doses to the lung of 15-18Gy in 150cGy fractions are 
generally recommended [132]. Some investigators have recommended boost 
doses to 40-50Gy to gross pulmonary lesions, provided that the field is small. 
The CESS reported that survival in patients with lung metastases appeared to 
be better in patients who received higher doses of pulmonary radiation: 1 of 6 
who received no radiation survived, as did 4 of 10 who received 12-16Gy and 
5 of 6 who received 18-21 Gy [156]. Radiation to bone metastases with a dose 
of 40-50Gy has been recommended; some investigators limit radiation of 
bone metastases to four sites or less in order to limit the dose to marrow
bearing bone. 

There is a paucity of data regarding the role of surgery for metastatic 
disease existing at the time of diagnosis. There are no reports specifically 
relating to resection of bony metastases. Retrospective reviews of pulmonary 
metastatectomy in ES are difficult to interpret, since these studies include 
patients with pulmonary metastases at diagnosis and relapse, as well as pa
tients treated on a variety of chemotherapy and salvage regimens. In a review 
of 19 NCI patients with ES who underwent thoracotomy, 53% were rendered 
surgically disease free; for these patients, the five-year disease-free survival 
rate was 15%, with a median survival of 28 months [157]. A retrospective 
review of pulmonary metastatectomy from the Netherlands included 12 
patients with ES; the median survival after resection was 18 months, but all 
the patients eventually succumbed [158]. An updated review from the NCI 
included 28 patients with ES who had a 1.7-year median survival after 
metastatectomy; patients who had three or more nodules or an incomplete 
resection had a shorter survival [159]. It is impossible to say, from the data 
available, whether metastatectomy contributes to survival in newly diagnosed 
ESFT patients beyond that which one would expect from the more standard 
approach of pulmonary radiation. 
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19. Treatment of recurrent disease 

Local recurrence is suggested by a recurrent mass, pain, or both. In patients 
whose local treatment consisted of radiation, new cortical destruction or lytic 
lesions on plain film or increased uptake on bone scan is suspicious of recur
rence [160]. MRI and CT scans may be difficult to interpret in irradiated 
patients because of persistent edema and fibrosis. In patients who have had 
surgery, CT or MRI is often not possible or difficult to interpret because of 
metal prostheses or other hardware. Although biopsy, particularly of irradi
ated bone or at a surgical site, is not without complication, confirmation of 
local recurrence should be sought if at all possible. If local recurrence is 
suspected, the patients should also be evaluated for metastatic disease with a 
CT scan of the chest and a complete bone scan. If local and/or metastatic 
disease is confirmed, bone marrow aspiration and biopsy should also be 
performed. 

Treatment of recurrent local disease is directed by the prior therapy. Pa
tients who were initially treated with radiation generally require surgery for 
control of local recurrence. Limb sparing is generally unsatisfactory after 
radiation; thus, in patients with recurrent extremity tumors, amputation must 
be considered. Patients who underwent surgery for local control may benefit 
from radiation, but for extremity lesions, amputation should also be consid
ered. Inasmuch as repeated local control therapy without additional systemic 
therapy would be highly unlikely to be curative, a chemotherapy trial to assess 
response should be considered prior to surgery. The role of aggressive surgery 
for second local control should be evaluated based on the expectation of cure. 
A patient who did not receive initial intensive therapy or all active drugs, or 
one who relapses locally a considerable time after chemotherapy was com
pleted, is most likely to benefit [152]. One must consider reserving radical 
surgery for patients in whom an aggressive chemotherapy and/or radiation 
salvage regimen is possible. 

Resection of pulmonary metastases has been reported to prolong life in 
selected patients with one to three resectable lesions [157-159]; however, cure 
with resection alone would be exceedingly unlikely. CT scans generally under
estimate the extent of pulmonary disease, and thus the chance of a complete 
resection may be less than one would expect based on imaging studies. The 
primary role of the surgeon for patients with pulmonary metastases is for 
biopsy and, in rare cases, resection. Whole lung radiation should be consid
ered; doses of 15-18Gy are standard. Higher doses of pulmonary RT (18-
21 Gy) may be considered [156]. 

Chemotherapy for recurrent disease should be based on an assessment of 
previous treatment. Patients who relapse after a significant time off therapy 
may respond to the same agents [152], but dose intensification should be 
considered. Patients initially treated with V ACD only are likely to benefit 
from ifosfamide and etoposide [120-123,127,128,161,162]. Patients who have 
received V ACD and ifosfamide and etoposide who relapse on therapy or 
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shortly after completing therapy may benefit from entry in ongoing phase II 
trials of investigational agents. Patients whose tumors are responsive to che
motherapy may be considered for intensive 'mega therapy' retrieval programs, 
ideally in organized investigational programs. 

20. Megatherapy 

Poor results for patients with metastases at diagnosis, high-risk tumors such as 
bulky pelvic lesions, and relapsed patients have led to trials of intensive 
chemotherapy, as well as trials of intensive chemotherapy and total body 
irradiation (TBI), most with autologous marrow or peripheral stem cell sup
port. The efficacy of these programs are somewhat difficult to interpret, since 
most published reports include a mixture of newly diagnosed and relapsed 
patients. Table 5 summarizes some notable trials, and reviews of trials, of 
intensive chemotherapy and/or radiotherapy. Burdach and colleagues in 
Germany reported a 45% six-year DFS after transplantation for 17 patients 
with chemotherapy-responsive metastatic or relapsed ES [163]. An optimistic 
report from the SFOP reported a three-year DFS of 41 % for a group of 44 
metastatic patients enrolled in a program of standard induction chemo
therapy, after which the 34 good responders went on to receive high-dose 
busulfan and melphalan supported by autologous stem-cell reconstitution 
[164]. A review of megatherapy for metastatic or relapsed ES patients over 11 
years at a single institution (Vienna) demonstrated only a 23% survival [165]; 
the investigators now advocate aggressive radiation of all lesions, as defined by 
pre therapy total bone MRI and marrow PCR analysis, in order to improve 
results [102]. A summary of the European experience from the European 
Bone Marrow Transplant Registry (see table 5) reports an event-free survival 
(EFS) of 21 % at five years in patients metastatic at diagnosis; relapsed patients 
entering BMT in a second complete response had a 32% EFS at five years 
[166]. Based on these data, it is not possible to conclude that these programs 
salvage significant numbers of relapsed and/or metastatic patients: the pub
lished reports include few patients, and the abstracts generally have short 
follow-up. The long-term survivals reported for metastatic patients do not 
appear to be better than those reported with more standard chemotherapy 
regimens. Chemotherapy-sensitive patients in second complete remission or 
partial remission may benefit from megatherapy; however, patients who re
lapse on the current aggressive regimens are less likely to enter a second 
remission compared to patients treated in the past. Therefore, it is difficult to 
assume that these data will apply to patients being treated on current regi
mens. An alternative to mega therapy with PSC or autologous marrow support 
is intensive therapy with cytokine support, as is currently being investigated by 
the POGo For the data on the role of megatherapy to be meaningful, it is 
imperative that patients are enrolled on investigational programs so that the 
data can be appropriately interpreted and analyzed. 
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21. Local control 

Options for local control of the primary tumor in the ESFT are radiation 
therapy, surgery, or both modalities used sequentially. There has never been a 
prospective randomized trial directly comparing local control modalities with 
reference to local failure rates, survival, and functional outcome. Thus, it is not 
surprising that there is continuing controversy over which, if any, method is 
preferred [167,168]. Surgery partisans cite trends towards improved survival in 
patients who have been treated with surgery; however, it must be noted that all 
such data are derived from retrospective reviews, which are marred by the fact 
that patients who undergo surgery are more likely to be those patients with 
smaller and more accessible tumors. Beyond claims of superior local control 
and survival, presumed advantages of surgery are a lessened risk of secondary 
sarcoma due to radiation and a likelihood of less interference with growth 
potential in young patients. Possible advantages of radiation as sole local 
control are the lack of limitation imposed by inaccessible site or bulk thought 
to be too great for surgical control. Some believe that combining radiation and 
surgery may improve local control and ultimately survivaL Surgeons and ra
diation therapists both claim results with functional superiority, yet there is no 
comparative prospective study analyzing functional results. Some investiga
tors advocate a planned approach employing both surgery and radiation, 
particularly in high-risk patients; however, this approach is problematic, since 
the patient is then subject to the disadvantages of both radiation and surgery. 
The combination of surgery followed by radiation is generally employed for 
patients with positive or close margins after surgery or who demonstrate a 
poor histologic response to chemotherapy. Radiation may be employed to 
treat an unresectable lesion, which if responsive to radiation may then be 
resected at a later date; the utility of this approach with reference to decreased 
local failure rates and improved survival has not been proven. Some investiga
tors advocate marginal resection followed by radiation and consider lower 
doses of radiation for microscopic residual, but significantly lower does for 
microscopic residual is not uniformly accepted as adequate for local control. 
The following section will review some of the data that exist regarding local 
control modalities and outcomes in ESFT of bone. 

Table 6 summarizes the local failure rates for radiation therapy as reported 
in major clinical trials for ESFT of bone. It should be noted that local control 
rates as reported may be underestimated, since it is possible that some patients 
reported as suffering from metastatic relapse as first events may also have 
persistent or progressive disease at the local site that was not noted. Excluding 
the CESS 81, which reported problems with radiation compliance, local con
trol rates with radiation appear acceptable for nonpelvic tumors. For bulky 
pelvic tumors, radiation control rates are less satisfactory. It is not surprising 
that local tumor control with radiation is less in pelvic lesions, since local 
control has been shown to decrease with increasing tumor size, e.g., tumors 
larger than 8cm [83,169]. It is important to note that it was shown that failure 
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of local control with radiation generally occurred within the bone, not at the 
margins, indicating that the failures were not due to inadequate fields [169]. 
Most programs have reported less than 10% isolated local failures (see 
table 6) in nonpelvic tumors. Thus, if freedom from relapse were the only 
yardstick used to judge radiation as therapy for local control of ESFT of bone, 
radiation would be acceptable, at least for non pelvic or less than bulky lesions 
[170,171]. 

An important question is this: Even if local control rates reported for 
patients treated with radiation as the sole local control were acceptable, does 
survival increase if surgery or surgery plus radiation is employed? The answer 
to this question is not known. Survival and disease-free survival among pa
tients who have had surgery appears better in several trials, but selection bias 
remains a significant problem. A report from the Mayo Clinic [75] that re
viewed the records of 140 patients treated between 1969 and 1982 found that 
the survival rate in this group was 74% at five years for patients who under
went surgery and 34 % for those who did not. It must be noted that all patients 
received radiation therapy as well, so these data cannot be used to state that 
surgery alone is a preferred modality. Investigators from Bologna [172] report 
that among 182 patients treated between 1979 and 1982, disease-free survival 
was 30.3% in those who were treated with radiation only, 47.9% in those who 
received radiation and surgery, and 59.1 % for those who were treated only 
with surgery. The authors themselves state that these numbers are significantly 
biased by the selection of more favorable patients for surgical procedures. A 
review by Sailor and colleagues reported a 91 % five-year survival rate for 
patients undergoing surgery with or without radiation, but only 54% for those 
who were treated with radiation only [173]. The CESS-81 [86,136] reported a 
distinct advantage for patients who underwent surgery, but admittedly the 
radiation therapy compliance problems in this study were unacceptably high. 
The CESS-86 [86,137] achieved better local control rates, yet despite an im
proved local control rate, surgery was not shown to significantly impact overall 
survival. A review of the impact of surgery and surgical margins that included 
ES patients from the CESS-81, -86 and -91P demonstrated that surgery im
proved the lO-year local control rate: the local or combined (local plus meta
static) relapse rate was 31 % after irradiation alone and 7% after surgery with 
or without radiation [174]. However, it should be noted that this review 
included patients from the CESS-81 series, with whom there may have been 
problems with irradiation [86]. The local or combined relapse rate after sur
gery with radical or wide margins was 5%, compared to 12% for patients with 
marginal or intralesional resections [174]. Despite these data, there was no 
statistically demonstrable difference in survival based on the extent of exci
sion, because there was an increased incidence of metastases in the patients 
who underwent surgery. The authors have hypothesized that patients who 
undergo surgery and have viable tumor in place are at higher risk of dissemi
nating tumor at the time of surgery; they propose radiation followed by later 
surgery in high-risk patients [174]. 
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Several authors have tried to mitigate the effect of selection bias by review
ing local control results at selected anatomic sites. Although helpful, these 
studies also yield conflicting results. Further, these reviews are flawed because 
the patients are heterogeneous with regard to chemotherapy programs and 
differ with reference to the techniques available for both radiation and surgery 
over the time periods surveyed. In an attempt to exclude patients with obvi
ously expendable bones, or very bulky pelvic lesions, Terek and colleagues 
reviewed 32 patients with Ewing's sarcoma of the femur treated between 1970 
and 1985. Local recurrence occurred in 5 of 10 treated with radiation, 0 of 9 
treated with surgery, and 1 of 13 treated with surgery and radiation [175]. 
Although an advantage for surgery with regard to local control seems appar
ent, the local therapy choice had no statistically significant impact on overall 
survival: the five-year survival was 31 % [175]. 

Resection of pelvic lesions has generated interest. Since most pelvic lesions 
are bulky and are less easily controlled with radiation alone, it seems intuitive 
that a reduction in tumor bulk would decrease local relapse rates and improve 
survival. A study from Memorial [176] reported that twice as many pelvic 
patients who underwent resection survived compared to patients treated with 
radiation. Frassica and colleagues also reported an apparent difference in 
outcome correlated with resection: 75% five-year survival in resected patients 
(with radiation) and 18% in patients receiving radiation alone [177]. In con
trast, an improved outlook in pelvic patients undergoing surgery was not 
demonstrated in the lESS studies [81], nor in a series from Italy [178]. A recent 
retrospective review of 39 patients with ES of the pelvis showed no significant 
diffference in disease-free and overall survival between those undergoing 
surgery and those treated with radiation [179]. 

In summary, there is no definitive general answer to the question of which 
form of local control is best. The first imperative is that the local control choice 
should be designed to eradicate the primary tumor. Functional considerations 
should be given weight in decision-making, but it is paramount that the ulti
mate survival of the patient is the most important goal: systemic therapy 
should not be compromised in order to improve orthopedic function. The 
choice of local control method must be based on a careful assessment of the in
dividual patient. Factors to be weighed include the skeletal maturity of the 
patient, the bulk of the tumor, and the site of the tumor. Each patient should 
be evaluated by a team consisting of oncologists, surgeons, and radiotherapists 
able to recommend a local control regimen tailored to the patient's needs. 

22. Radiation therapy 

Issues regarding the implementation of radiation therapy include the timing of 
radiation, fractionation of doses, and the extent of the radiation field. Early 
programs such as the IESS-J initiated radiation at the start of treatment, since 
chemotherapy had not yet been definitively proven to be useful [76]. Sub-
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sequent programs have prescribed the start of radiation therapy after induc
tion chemotherapy. The duration of induction therapy prior to radiation may 
be as short as six weeks as in the lESS-II [134], nine weeks as in many 
published trials [7,86,136,137], or as long as 12 weeks in the recently reported 
NCI program [143]. There is no evidence to indicate that local control is 
compromised by a delay of up to 12 weeks. Completion of induction therapy 
initiates systemic control and provides a way to assess the response to chemo
therapy. Exceptions to planned delay of radiation until after induction chemo
therapy are rare, but should be noted: patients who present with spine or 
paraspinallesions with neurological symptoms at diagnosis may require emer
gency radiation as soon as the diagnosis is confirmed, and very rarely patients 
with chest disease causing respiratory distress will require emergency radia
tion after diagnosis is confirmed. 

In the past, it had been thought that whole bone radiation was required 
because ES always involves the marrow cavity. Whole bone radiation, how
ever, is not without significant morbidity, particularly in patients with signifi
cant growth ahead of them. The lESS-II prescribed 5-cm margins [134]. 
Investigators at St. Jude [169] demonstrated excellent local control rates for 
lesions less than 8cm when they employed radiation to the initial bone tumor, 
the soft tissue residual after induction chemotherapy, and a 3-cm margin 
[83,169]. Investigators from Gainesville [180] treated the initial tumor plus a 4-
cm margin, sparing at least one epiphysis in standard-risk patients. In 1983, the 
POG started a randomized trial of standard whole bone radiation compared to 
radiation to the initial tumor plus a 2-cm margin. As the study was ongoing, 
interim analysis showed that tailored port radiation was successful, and the 
study was modified so that all patients received tailored port radiation. Final 
data from this report are not available, but interim analysis supports the use of 
tailored port radiation [181,182]. The current POG-CCG trial employs less 
than whole bone radiation, based on these preliminary results. There is no 
published series to date that confirms the adequacy of less than whole bone 
radiation for lesions greater than 8 cm. 

Treatment dose also varies somewhat among reported regimens. In the 
IESS-I [170,171], dose was modified according to patient age, with patients less 
than 5 years old receiving 45 Gy to whole bone and 10 Gy boost to the tumor, 
while those older than 15 received 55 Gy whole bone and 10 Gy boost to the 
tumor site. There was no correlation between treatment dose and local con
trol. In CESS-81, 45-60Gy was given for primary radiation and 30-36Gy for 
postoperative radiation [86,136]. In CESS-86, 60Gy was given unless critical 
organs were in the field [86,137J. Patients with lesions larger than 8cm were 
treated with 35 Gy at St. Jude, and 90% local control was achieved, but in these 
patients with lesions larger than 8cm there was a 48% local recurrence after 
35 Gy. The conclusion was that the overall control rate for 35 Gy is inadequate 
[169]. 

The schedule of radiation in most programs is 1.8-2 Gy per fraction five 
days a week. The CESS-86 randomized patients between hyperfractionated 
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(1.6Gy BID) and standard radiation, and no difference in survival or local 
relapses was noted [86,137]. Investigators from Gainesville have employed 
hyperfractionated radiation (1.2 Gy BID to 50.4-60 Gy, depending on re
sponse to induction chemotherapy) in a series of three protocols [180,183]. 
The local control rates reported were good, and functional outcomes were 
deemed superior to historical controls. Although hyperfractionation appears 
to be at least as effective as daily fractionation, at this time there are not 
enough data to warrant the use of twice-a-day radiation outside the context of 
controlled trials. 

Prophylactic lung radiation was employed in the IESS-I study. Pulmonary 
radiation (15-18Gy) in combination with VAC chemotherapy was superior to 
V AC alone but was less effective than the addition of doxorubicin to V AC in 
this study [76]. No current protocols routinely employ prophylactic pulmonary 
radiation. Pulmonary radiation for pulmonary metastases is appropriate at 
a dose of 12-21 Gy in standard fractions (see discussion of treatment of 
metastases above). Total body radiation has been employed in trials of 
megatherapy, as discussed above. Hemibody radiation used as part of systemic 
therapy has also been employed [153-155], but there are no data demonstrat
ing results superior to chemotherapy trials, in which radiation is restricted to 
local disease. 

23. Surgical approaches 

The initial surgical approach should be biopsy, done in a manner consistent 
with obtaining adequate tissue and assuring that the biopsy site is consistent 
with the potential for later excision and/or radiation. In certain circumstances, 
fine-needle aspiration may be sufficient for diagnosis [101]. In the case of 
extremity lesions, the biopsy should be placed so that the possibility of limb 
sparing remains open. Ideally, the biopsy should be done in the institution that 
will treat the patient so that the material can be processed for all the required 
immunochemistry and molecular studies. If a lesion involves a weight-bearing 
bone, biopsy of soft tissue may be preferable to bone biopsy in order to lessen 
the risk of pathological fracture. One study demonstrated an increased risk of 
complications in patients whose biopsy was performed at the referring rather 
than the treating institution [184]. 

There is no evidence that prechemotherapy excision confers an advantage 
over surgical resection after chemotherapy induction for ESFT. In fact, an 
attempt at pre chemotherapy excision is likely to result in increased morbidity 
and a higher risk of positive margins, which will mandate either a second 
surgery or radiation. The concept of surgery after neoadjuvant chemotherapy 
is generally accepted by orthopedic surgeons who are accustomed to the role 
of neoadjuvant chemotherapy before limb sparing. For chest wall and rib 
lesions, there is a tendency among surgeons to recommend resection prior 
to chemotherapy; however, recent reports question this model and urge 
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preoperative chemotherapy, which is highly likely to reduce the morbidity 
and extent of surgery and perhaps to spare the patient radiation therapy 
without compromising the patient's outlook [99,100]. Specific data regarding 
the appropriate timing of surgery for soft tissue lesions are not as clear, but 
it should be noted that patients with extraosseous ES treated on the IRS 
programs with group III (unresected) tumors had survival rates similar to 
those of patients with bone ESFT [140], indicating that immediate surgical 
excision is not required in soft tissue ESFT. Delay of surgery until after 
induction chemotherapy provides the treatment team with valuable informa
tion regarding response to chemotherapy. Induction chemotherapy is gener
ally complete from 9 to 12 weeks after diagnosis. If surgery is the choice 
of local control, surgery should be done after recovery from induction 
chemotherapy. 

The goal of resection should be a compete excision with clean margins, for 
both soft tissue and bone tumors. Radical or wide resection is ideal, but in 
order to minimize functional deficit and growth deficits, margins considered 
acceptable are 5 cm for bone, 5 mm for fat planes, and 2 mm for fascial planes. 
These recommendations are similar to those used for limb sparing in 
osteosarcoma. Patients with closer margins will require radiation therapy after 
recovery from surgery. Some investigators have recommended irradiation 
after surgery for patients with poor histologic response as well [137,174]. Some 
consider radiation first for bulky lesions, to be followed by surgery [174]. 

Recommendations for surgery by site are generally detailed in open proto
cols. For extremity and pelvic lesions, standard orthopedic limb-sparing ap
proaches are recommended. Custom prosthesis, allograft, and vascularized 
autograft are reconstruction options to be considered. It should be noted, 
however, that if margins are likely to be close or positive, postoperative 
radiation will be required and may have a ncgative impact on wound healing 
and bone graft survival. Rib primaries may have discontinuous lesions, and 
therefore it is generally recommended that the entire involved rib be removed. 
In the past, it has been recommended that a rib below and above also be 
resected, but current thinking holds this to be unnecessary; it should be borne 
in mind that induction chemotherapy improves the ability to resect rib and 
chest wall lesions significantly [99,100]. 

Some unusual presentations require modification of the standard surgical 
biopsy approach. For example, patients who present with cord compression 
syndrome may have a diagnosis made by needle biopsy, and emergency radia
tion therapy and prompt initiation of chemotherapy may obviate the need 
for laminectomy. If a diagnosis cannot be made by needle biopsy and 
laminectomy is required, decompression as needed is indicated, but complete 
excision will not spare the patient radiation under most circumstances. Spine 
lesions are often associated with paravertebral and/or epidural extension, and 
therefore it is recommended that patients with spine lesions always receive 
radiation therapy in lieu of or in addition to surgery. 

After surgical resection with negative margins, radiation is not generally 
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recommended in most trials. However, in the CESS studies, patients who had 
less than 90% histologic response received radiation even if a wide or radical 
resection had been accomplished [86,136,137]' If there is gross or microscopic 
residual after resection, it is standard to add radiation therapy. 

24. Late effects 

The late effects of chemotherapy for patients with ES are primarily those 
related to treatment with alkylating agents and anthracyclines. A risk of car
diac dysfunction and infertility are among the most well-documented and 
serious consequences of chemotherapy. Secondary malignancies are a devas
tating consequence of therapy, and will be discussed below. Survivors of ESFT 
should be monitored for late effects by oncologists familiar with the late 
complications of chemotherapy. 

Orthopedic and functional late effects vary depending upon the method of 
local control and the age of the patient at the time of treatment. Radiation, 
particularly in doses greater than 60Gy, may be associated with significant 
problems such as pathologic fracture, growth problems, fibrosis, and poor 
function. The IESS-I reported pathologic fracture or shortening of 2cm or 
more in 25% of survivors followed [185]. A review of 29 patients with ES of 
lower extremities who received SOGy radiation and chemotherapy found that 
18 of 22 had mild to moderate functional deficits; one patient had dysfunction 
severe enough to require amputation [186]. Hyperfractionated radiation 
therapy has been reported to result in improved functional outcome compared 
to standard radiation dose fractionation [180,183]. The functional outcomes of 
patients who have had limb-sparing surgery for extremity lesions, or resection 
at other sites, vary by site and procedure. There are few data available specifi
cally examining the functional outcomes in ESFT patients treated with sur
gery, but there is no reason to believe that the outcome in patients who have 
not had radiation will differ from patients who have undergone limb sparing 
for other bone tumors such as osteosarcoma. All ESFT patients who have 
undergone irradiation or limb-sparing procedures should be followed for late 
effects and offered appropriate physical therapy programs. 

Nicholson and colleagues studied overall functional outcome for 29 adult 
survivors of childhood ES who were five years or more past diagnosis and at 
least 21 years of age [187]. In this study, siblings were interviewed as controls 
[187]. The ES survivors perceived their health as only fair or poor, despite no 
actual increase in the incidence of specific medical conditions. Physical disabil
ity and a slightly lower rate of marriage were reported in comparison to 
matched siblings; however, employment status despite disability and income 
was not notably different than controls [187]. The most disturbing information 
uncovered was that 4 of the 29 (7.2%) survivors developed a second malig
nancy, namely, three osteosarcoma in the radiation field and one cervical 
cancer. 
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Several studies have estimated the risk of secondary malignancy in ES 
survivors. Sarcoma, most often osteosarcoma, in the irradiated field is a known 
risk of ES; other malignancies, including secondary leukemia, have been re
ported. An early report estimated the risk of a secondary cancer, primarily 
bone sarcoma in irradiated fields, to be as high as 35% (± 15%) [188]. The risk 
of secondary bone sarcoma associated with increasing radiation and alkylator 
dose was described by the Late Effects Study Group, which estimated a 22% 
risk of developing bone cancer at 20 years after diagnosis of ES [25]. In a study 
of over 10,000 three-year survivors of childhood cancer, only 1.9% of ES 
survivors developed a secondary cancer [189]. Using a United Kingdom 
population-based registry, it has been shown that as many as 5.4% of three
year survivors of ES will develop a second bone cancer, and higher risk was 
associated with increasing radiation and alkylating agent dose [190]. An analy
sis based on data reported to United States tumor registries should a 100-fold 
risk of developing bone cancer in ES survivors [191]. In a report from 
Stanford, among 25 survivors free of disease for at least three years, one 
ANLL and one osteosarcoma developed; the actuarial risk of developing bone 
cancer at five years was estimated to be 4 % and the risk of all secondary cancer 
8% [192]. In a recent report based on a database of 266 ES survivors, the 
incidence of secondary sarcoma at 20 years after diagnosis was 6.5 % and for all 
malignancies (including leukemia) was estimated to be 9.2% [193]. The high
est risk of bone sarcoma was seen with radiation doses in excess of 60Gy, 
which are now relatively uncommon [193]. Although the exact risk of second
ary cancer is uncertain, it is clear that survivors of ES must be monitored for 
secondary malignancy. Radiation doses currently employed are somewhat 
lower than in the past; however, higher cumulativc doses of alkylating agents, 
anthracyclines, and the addition of etoposide are known risk factors for sec
ondary malignancy [194,195]. It is critical that success in treating ESFT is not 
impaired by an unacceptable incidence of secondary cancer. 

25. Conclusions and considerations for the future 

Optimal treatment for patients with ESFT requires both local control of the 
primary tumor and systemic treatment. Decisions regarding local control must 
be made by a team of experts in surgery, radiation, and oncology familiar with 
these tumors. Chemotherapy is essential to cure. Advances in radiation 
therapy and surgical techniques have improved the functional outlook for 
ESFT survivors. To amplify our knowledge base and provide state-of-the-art 
therapy, patients with ESFT tumors should be treated specifically in clinical 
trials designed for these relatively rare tumors. The treating institutions should 
be able to provide services in all the disciplines involved: pathology, imaging, 
oncology, surgery, rehabilitation services, and psychosocial support. Current 
treatment programs employ increasingly intensive chemotherapy, and it is 
critical that the treatment be delivered by staff appropriately trained in the 
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delivery of intensive chemotherapy and in management of potential 
complications. 

Investigation into the molecular biology of these tumors has provided us 
with tools to specify diagnosis. We now enjoy an understanding of the histo
logic lineage of this family of neuroectodermal tumors. Ongoing investigations 
into the presence of subclinical disease, as detected by RT-PCR for the mo
lecular transcripts associated with the ESFT, will likely yield prognostic infor
mation and may eventually guide us in determining the optimal duration of 
therapy. Detection of micrometastatic disease by RT-PCR may help us to 
better define risk groups so that treatment duration or intensity may be better 
tailored. New treatments based on our current knowledge of the molecular 
biology of the ESFT are quite speculative; however, antisense gene therapy 
may be employed to purge marrow, to treat directly, or to target tumors with 
radioisotope therapy. The ESFTs are among the cancers for which the devel
opments in molecular biology have yielded extraordinary information that has 
improved our understanding of these tumors. Hopefully, this new knowledge 
will lead to new methods of therapy. Current programs tend to rely on increas
ing intensification of standard chemotherapeutic agents. This intensification 
will undoubtedly remain the mainstay of therapy for the near future, but as we 
approach a point of diminishing returns for increasing doses of chemotherapy, 
it is encouraging to know that we may be provided with a new set of tools for 
the future. 
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10. Rhabdomyosarcoma: biology and therapy 

Alberto S. Pappo and David N. Shapiro 

1. Introductiou 

Rhabdomyosarcoma, a malignant tumor of skeletal muscle, is the most com
mon soft tissue sarcoma in people younger than 21 years, accounting for 5% to 
8% of all cases of childhood cancer [1,2]. The traditional histologic classifica
tion scheme for rhabdomyosarcoma is primarily based on the degree of resem
blance to normal fetal skeletal muscle prior to innervation [3]. These tumors 
are classified into two broad histiotypes, namely, embryonal and alveolar, that 
each have characteristic pathologic, cytogenetic, and clinical features [4]. 
Embryonal rhabdomyosarcomas occur in young children and account for 
approximately 60% of the cases; the primary tumor is usually located in 
specific anatomic sites, including the head and neck region, genitourinary 
tract, and orbit. The tumor is characterized by histologically variable numbers 
of malignant spindle and primitive round cells that may contain the cross
striations typical of skeletal muscle. By contrast, alveolar rhabdomyosarcomas 
often occur during adolescence as primary tumors of the extremities or 
trunk. This histologic variant is characterized by the presence of fibrovascular 
septa that form alveolar-like spaces filled with primitive, poorly cohesive, 
monomorphous, malignant cells. Patients with tumors of alveolar histology are 
generally considered to have a poorer clinical prognosis than do those with 
embryonal rhabdomyosarcomas [5]. 

2. Biology aud genetics 

Recent studies characterizing the complex genetic program controlling normal 
skeletal muscle development and efforts toward the molecular characteriza
tion of tumor-specific cytogenetic alterations have substantially improved our 
understanding of rhabdomyosarcoma tumorigenesis. Although rhabdomy
oblasts share many structural features with their normal skeletal muscle coun
terparts, the presence of specific genetic lesions leads to the altered growth and 
behavioral characteristics of these tumors. The results of these investigations, 
discussed below, will yield important diagnostic tools for improving the classi-
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fication scheme for this tumor, facilitate the sensitive and specific detection of 
residual disease, and offer the possibility of novel therapeutic interventions 
designed to target tumor-specific gene products. 

2.1. Biology 

Consistent with their origin from skeletal muscle precursors, rhabdomy
osarcomas share patterns of expression of muscle-specific genes with their 
normal cognate tissue, fetal skeletal muscle. For example, rhabdomy
osarcomas express transcripts for the MyoD family of muscle-specific regula
tory factors [6-8]. Members of the MyoD family (MyoD [MYF3], myogenin 
[MYF4], MYF5, and herculin) have a conserved basic helix-loop-helix (HLH) 
motif that mediates DNA binding, protein dimerization, and transcriptional 
activity [9]. These muscle-specific transcription factors are sufficient to orches
trate skeletal myogenesis and directly regulate expression of essential skeletal 
muscle-specific structural genes [10]. Further, expression of MyoD family 
members is considered to be consistent with commitment to the myogenic 
lineage and therefore is a useful marker of skeletal muscle precursors. Expres
sion of MyoD transcripts has been demonstrated repeated in all rhabdomy
osarcomas examined; occasionally, myogenin, MYF5, and herculin are also 
expressed [11-14]. Interestingly, recent data have suggested that endogenous 
MyoD protein is only a weak transcriptional activator in rhabdomyosarcoma, 
perhaps due to a deficiency of a cooperating factor in the tumor cells [15]. 
Although no correlation between tumor histology and the expression pattern 
of these transcription factors has been reported, their restricted expression to 
cells of myogenic lineage has proven to be a useful adjunct in the pathologic 
diagnosis of rhabdomyosarcoma and in the differentiation of these tumors 
from other primitive pediatric neoplasms [16]. 

2.2. Genetics 

Cytogenetic analysis has become increasingly important for the characteriza
tion of childhood tumors and has provided a reliable means of grouping 
dissimilar forms of the same disease. The results of more than 60 detailed 
cytogenetic studies of rhabdomyosarcomas have been reported; approxi
mately two thirds of the cases were alveolar in histology. Chromosomal abnor
malities were demonstrated in both embryonal and alveolar tumors [17-24]. 
Importantly, several chromosomal regions appear to show nonrandom in
volvement in specific structural rearrangements, allowing the positional clon
ing of important genes adjacent to these breakpoints. 

In 1982, the characteristic chromosomal translocation t(2;13)(q35;qI4) was 
first described in alveolar rhabdomyosarcoma [25]. Subsequent studies have 
confirmed the presence of this translocation in more than 70% of the success
fully karyotyped alveolar rhabdomyosarcomas, and it is now considered spe-
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cific for tumors of this histology [20]. A less frequent variant abnormality, 
t(1;13)(p36;q14), has also been described and occurs in 10% to 15% of alveolar 
tumors [20,23,24]. This translocation involves a cytogenetically indistinguish
able region on chromosome 13q14. The pathologic and clinical features of 
patients with the t(l;13) may differ from those of children with the more 
common t(2;13), since these patients with the t(l;13) tend to be younger and 
their tumors more often involve extremity sites [26]. 

As determined by flow cytometry, approximately two thirds of alveolar 
tumors have near-tetraploid DNA content. The remaining cases are usually 
diploid [20,23,24,27-32]. This result is not unexpected because karyotypic 
evidence supports the development of tetraploidy by end ore duplication of a 
primary diploid tumor line [17]. Interestingly, near-tetraploidy is almost never 
observed in embryonal rhabdomyosarcomas; it is apparently pathognomonic 
for tumors of alveolar histology [28]. 

Various chromosomal abnormalities have been reported for embryonal 
rhabdomyosarcoma, including deletion of chromosome 1p with hyperdiploidy, 
trisomy 2; and ring chromosome 13 [19,20,33-38]. The complexity and variety 
of these cytogenetic abnormalities argue against the nonrandom, karyotypi
cally apparent structural rearrangements seen in alveolar tumors. However, 
characteristic ploidy patterns have been noted with embryonal tumors. These 
studies have shown that about two thirds of embryonal rhabdomyosarcomas 
have hyperidiploid DNA content; the remainder are usually diploid [28-32]. 
Of potential importance, these investigations have also shown that diploid 
embryonal rhabdomyosarcomas frequently respond poorly to standard che
motherapeutic regimens. 

Identification of the genes disrupted by the t(2;13) breakpoint relied upon 
somatic cell hybrid mapping studies, which place the candidate P AX3 gene 
within the same region of chromosome 2q as the breakpoint [39,40]. PAX3 is 
a member of a large superfamily of developmental control genes that encode 
transcription factors containing a characteristic DNA-binding domain, termed 
the paired box [41]. The paired box was first found in three Drosophila seg
mentation genes and subsequently was detected in mouse, human, nematode, 
zebrafish, and chick genomes [42-45]. Cloning and analysis of the murine 
homologue, Pax-3, revealed both a 128-amino-acid paired box and a 78-
amino-acid paired-type homeodomain in the 5' half of the gene. Together, 
these regions are associated with coordinate, sequence-specific DNA binding 
activity [46]. PAX3 structural rearrangements in alveolar rhabdomyosarcoma 
were then confirmed to be direct consequences of the tumor-specific translo
cation, which disrupts the gene downstream of the paired box and 
homeodomain. Fine-mapping showed that all rearrangements occur within the 
20-kb intron between the last two PAX3 exons. In all cases, these rearrange
ments result in translocation of the 5' region of PAX3 to the tumor-derived 
der(13) chromosome and of the 3' region of PAX3 to the tumor-derived 
der(2) chromosome. Interestingly, mutations (rather than translocations) of 
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the PAX3 paired box are found in patients with Waardenburg syndrome, a 
developmental disorder characterized by sensorineural deafness and pigmen
tary disturbances [47-52]. 

Isolation and characterization of cDNA clones has shown that the PAX3 
rearrangement leads to a novel chimeric gene comprising the 5' PAX3 se
quences juxtaposed to 3' sequences derived from a member of the forkhead 
family of transcription factors that is located on chromosome 13q14 (desig
nated ALV or FKHR). This rearrangement creates an 836-amino-acid fusion 
protein (predicted molecular mass of 97kDa) comprosed of the paired box 
and homeodomains from PAX3 with the conserved forkhead DNA binding 
domain and the unique FKHR carboxyl-terminal region [53,54]. More than 40 
forkhead genes have been identified among species ranging from yeast to 
human; all forkhead family members share a highly conserved 100-amino-acid 
motif, termed the forkhead domain, which has sequence-specific DNA binding 
activity [55-59]. Structural analysis of this domain has identified two potential 
helix-forming regions in the amino-terminal region and a basic region near the 
carboxyl terminal - features that are similar among members of the helix
loop-helix family of transcription factors [60,61]. Other regions of the protein 
confer potent transcription regulatory activity in several of the forkhead fam
ily members [62-64]. In addition, genetic and functional studies of forkhead 
genes have demonstrated their contributions to control of embryonic develop
ment and adult tissue-specific gene expression [65-68]. 

Based upon amino acid sequence homology within the DNA binding do
main, FKHR is closely related to a group of forkhead-like genes including the 
Drosophila fkh, slp-l, and slp-2 genes and the rat and human BFl genes [69-
71]. Interestingly, FKHR shows the highest degree of identity with AFX1; this 
forkhead family member was recently identified fused in frame to MLL as the 
result of the t(X;ll) in acute lymphoblastic leukemia [72]. Encoding a 655-
amino-acid protein with a predicted molecular mass of 72kDa, the 6.6-kb 
FKHR transcript is expressed in nearly all fetal and adult tissues. 

Reverse transcriptase polymerase chain reactions (RT-PCR) and Northern 
analyses were performed on several independently derived alveolar 
rhabdomyosarcoma cell lines; all lines demonstrated the t(2;13). Chimeric 
transcripts arising from the der(13) chromosome were detected in all lines 
tested [53,54]. The uniform size of these transcripts suggests that the translo
cation breakpoints occur within equivalent introns of PAX3 and FKHR. Se
quence analysis has confirmed that the PAX3 fragment (which is truncated 
after ASP391 ) is fused in frame to 3' FKHR sequences. 

The der(13) allele, which expresses the PAX3-FKHR fusion transcript, is 
most likely central to the etiology of alveolar rhabdomyosarcoma for several 
reasons. First, the reciprocal der(2) gene product lacks both the PAX3 paired 
box and homeodomains. The paired box and homeodomains together seem to 
affect DNA binding specificity differently than does either domain alone [73-
75]. Second, although both types of chimeric transcripts have been identified in 
many alveolar rhabdomyosarcoma cell lines, sensitive RT-PCR analysis failed 
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to detect the der(2) transcript in other lines. These observations are 
consistent with Northern analyses of tumor cell RNA showing that the der(13) 
transcript is significantly more abundant in tumors expressing both chimeric 
transcripts. Finally, only the der(13)-derived 97-kDa fusion protein has been 
identified by immunoprecipitation [53]. Together, these data suggest that the 
der(13) encodes the protein product involved in tumorigenesis of alveolar 
rhabdomyosarcomas. 

The PAX3-FKHR protein has several important structural features that 
may be important to its function. The avian retroviral oncogene qin and its 
human homologue recently were identified as forkhead family members, sug
gesting that under certain conditions, the mammalian forkhead genes may 
possess transforming activity [76,77]. In light of functional and structural stud
ies demonstrating that the amino terminus of the forkhead domain is essential 
for DNA binding, the t(2;13) fusion protein (which contains only the carboxyl 
portion of the domain) is unlikely to contribute to sequence-specific DNA 
interactions [60,64]. However, the extreme carboxyl terminus of FKHR con
tains an acidic domain that may be important for protein function because this 
domain is similar to the transcriptional regulatory domains of other transcrip
tion factors such as AP-1 and JUN [78]. By contrast, retention of the intact 
PAX3 paired box and homeodomain suggests that they contribute to the DNA 
binding specificity of the fusion protein. Further, the reported in vitro trans
forming potential of the PAX genes depends on the structural integrity of the 
paired domain and retention of its DNA-binding capacity [79]. Therefore, the 
fusion protein may bind normally to PAX3 genomic targets but aberrantly 
activate or repress transcription by its action through novel FKHR 3' regula
tory sequences. This hypothesis has been confirmed in vitro and in vivo: t(2;13) 
fusion proteins can bind to and transcriptionally activate model P AX3 binding 
sites in the absence of demonstrable contribution from the bisected FKHR 
domain [80,81]. Consistent with this observation, a potent transactivation 
domain located within the 60 carboxyl-terminal amino acids of the FKHR 
protein has been identified [80]. 

Alternatively, the t(2;13) may lead to activation of the oncogenic potential 
of PAX3 and/or FKHR simply through increased protein levels. Perhaps 
translocation causes juxtaposition of FKHR sequences with positive regula
tory elements (e.g., enhancers or RNA stabilization sequences). This hypoth
esis is consistent with expression of chimeric PAX3-FKHR transcripts in cells 
that lack normal PAX3 transcripts, which could be generated from the 
unrearranged allele on chromosome 2. Conversely, expression of the chimeric 
protein could also be increased by elimination of PAX3 3' negative regulatory 
elements. Data supporting either of these models of augmented chimeric 
protein expression are unavailable as yet. 

Although the (2;13)( q35;q14) translocation has been found in most alveolar 
rhabdomyosarcomas, several cases that contain a variant (1;13)(p36;q14) 
translocation have been reported [20,23,24]. Similar to the consequences of 
the t(2;13), the t(1;13) fuses the PAX7 gene on chromosome 1 to FKHR 
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sequences on chromosome 13 [82]. This fusion results in a chimeric transcript 
encoding the PAX7 paired box and homeodomain with the carboxyl terminal 
FKHR transactivation domain. The predicted amino acid sequences of the 
P AX7 paired box are 94 % homologous to the P AX3 paired box, and the 
homeodomain of PAX7 is 97% identical to that of PAX3 [83]. This high 
degree of similarity suggests that the PAX3 and PAX7DNA binding domains 
recognize very similar targets, perhaps regulating a common set of target 
genes important for rhabdomyosarcoma tumorigenesis. 

The involvement of PAX3 and PAX7 in the t(2;13) and t(l;13) of alveolar 
rhabdomyosarcoma is similar to recent data concerning the t(11;22) and 
t(21;22) of Ewing's sarcoma and peripheral neuroepithelioma [84,85]. In these 
tumors, the amino-terminal portion of EWS is fused to carboxyl-terminal 
regions of FLIl or ETS, two members of the ETS family of transcription 
factors. However, by contrast with Ewing's sarcoma (in which both chimeric 
transcripts are expressed from the EWS promoter), the chimeric transcripts in 
alveolar rhabdomyosarcoma are expressed from either the PAX3 or the 
PAX7 promoter. In situ hybridization studies of mouse embryogenesis dem
onstrate that expression of Pax-3 and Pax-7 follows distinct but overlapping 
developmental patterns [46,86]. In addition to their expression in specific 
regions of the developing nervous system, both genes are expressed in somites 
around the time of dermomyotome formation. Pax-3 expression occurs prior 
to myoblast migration and formation of the skeletal muscle precursors, but 
Pax-7 expression begins a few days later and persists during differentiation of 
the trunk and limb musculature. Expression of Pax-3 and Pax-7 in skeletal 
muscle precursors is consistent with their activity in the development of alveo
lar rhabdomyosarcoma. 

Although the genes involved in both of the most common alveolar 
rhabdomyosarcoma transloacations have been identified, further understand
ing of their specific mechanisms of transformation depends on finding their 
individual or shared targets. In this regard, the specific targets of both P AX3 
and PAX7 are unknown, and optimal DNA recognition sequences mremain to 
be identified for most paired box and forkhead genes. Clearly, defining altered 
patterns of gene expression will be central to elucidating the pathways respon
sible for tumorigenesis in alveolar rhabdomyosarcoma. Recent data suggest 
that enforced expression of the P AX3-FKHR fusion protein not only inter
feres with normal myogenic differentiation program but also can activate 
genes important for tumor growth and invasiveness [87,88]. 

Unlike alveolar rhabdomyosarcomas, embryonal rhabdomyosarcomas 
seem to lack consistent translocations and other characteristic karyotypic 
abnormalities that could be important mechanisms contributing to 
tumorigenesis [33,37]. However, other genetic mechanisms, including mitotic 
nondisjunction and loss (with or without reduplication of the remaining homo
logue), localized gene conversion, point mutation, small deletion, and mitotic 
recombination, are all factors that can affect tumor development. The exis
tence of mitotic recombination in initiated progenitor cells giving rise to a 
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specific tumor has suggested the chromosomal location for numerous tumor 
suppressor loci (even in the absence of known cytogenetic aberrations) by 
delineating the smallest overlapping region of somatic homozygosity shared 
among tumors of a similar phenotype. 

In this regard, restriction fragment length polymorphism analysis of em
bryonal rhabdomyosarcomas has shown consistent loss of heterozygosity 
(LOR) through mitotic recombination for loci on chromosome 11p; this loss 
has not been observed for alveolar rhabdomyosarcomas [11,89]. The smallest 
region affected in these cases encompasses 11p15.5-pter and includes the loci 
for the hemoglobin-~ gene cluster, tyrosine hydroxylase, H19, insulin, insulin
like growth factor 2, and the HRAS oncogene [90,91]. Importantly, this region 
has also been implicated in the development of other embryonal tumors, 
including Wilms' tumor, adrenal carcinoma, and hepatoblastoma, as well as 
tumors of the lung, bladder, ovary, and breast [92,93]. Further, the gene for 
Beckwith-Wiedemann syndrome, an autosomal-dominant syndrome charac
terized by generalized somatic hyperplasia and a predisposition for the 
development of embryonal tumors (including Wilms' tumor and rhabdo
myosarcoma), has been mapped to the same chromosomal region as that lost 
through LOR in embryonal rhabdomyosarcoma [94]. 

Functional evidence of a rhabdomyosarcoma tumor suppressor gene at 
11p15.5 has been obtained through experiments using microcell hybridization 
to transfer an intact chromosome 11 into an embryonal rhabdomyosarcoma 
with LOR in this region [95]. In the micro cell hybrids, selective retention 
of either the short or long arms of chromosome 11 resulted in dramatic loss 
of proliferative capacity without loss of tumorigenicity. Thus, in addition to 
the suppressor locus at 11pI5.5, these results suggest the cxistence of a 
tumor suppressor on 11q that had not been recognized in previous molecular 
analyses [96]. 

Recent microcell fusion experiments incorporating smaller segments of 
chromosome 11p have further localized the 11pI5.5 suppressor [97]. The 
suppressor locus lies within an approximately 4500-kb region between the 
anonymous genomic markers D11S719 and D11724. The gene appears to 
reside between and is excluded from the centrometric region near the calcito
nin gene and the more tel om eric region near IFG2, two chromosomal seg
ments once thought to contain the suppressor. Interestingly, the 4500-kb 
region lies directly between a cluster of germline trnaslocation breakpoints 
associated with Beckwith-Wiedemann syndrome and the region of un parental 
disomy found in some patients with this disorder [98,99]. 

The evidence for a tumor suppressor locus at 11pI5.5 appears incontrovert
ible, but the mechanism by which this gene is inactivated has yet to be estab
lished. Studies investigating the parental origin of alleles in this genomic 
region in familial and sporadic cases of embryonal rhabdomyosarcoma have 
shown that isodisomic chromosome 11 p alleles are consistently paternal in 
origin [100]. Thus, genomic imprinting of the paternal allele in embryonal 
rhabdomyosarcoma may be an alternative first step to inactivation by muta-
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tion for achieving nullizygosity at the 11p15.5 suppressor locus. Similar pre
sumed epigenetic modifications from preferentially inherited parental alleles 
have been reported for several other tumors, including retinoblastoma, Wilms' 
tumor, and osteosarcoma [101-103]. 

Molecular analyses have clearly demonstrated that rhabdomyosarcoma, 
which has traditionally been classified by histologic criteria, can also be de
fined according to specific and characteristic genetic lesions. Alveolar tumors 
harbor tumor-specific translocations, which result in the formation of chimeric 
transcription factors. By contrast, embryonal tumors have loss of heterozygos
ity in a region of chromosome 11p15.5, implying inactivation of a tumor 
suppressor gene. Although other molecular defects (e.g., mutations of the P53 
tumor suppressor gene, activating point mutations in the NRAS and KRAS 
cellular oncogenes, imprinting of IGF2, and occasional NMYC gene amplifica
tion) have been described in rhabdomyosarcomas, none of these is specific for 
these tumors, and therefore these defects presumably lack etiologic impor
tance for initial rhabdomyosarcoma tumor development [104-107]. Future 
understanding of the role of these molecular defects in rhabdomyosarcoma 
tumorigenesis will undoubtedly result in improved targeted treatment strate
gies for this malignancy. 

3. Therapeutic considerations 

Prior to the introduction of combined modality therapy (comprising chemo
therapy, radiotherapy, and surgery), fewer than one third of children with 
rhabdomyosarcoma survived [108-111). By contrast, nearly 70% of children 
with this disease are cured with current therapies [112]. The improved out
comes for these children can largely be attributed to refinements in risk 
stratification, supportive care, and the use of multimodal therapy. As de
scribed previously, the recent identification of nonrandom chromosomal 
translocations within distinct histologic subtypes of rhabdomyosarcoma and 
the cloning of the genes associated with these translocations offer the oppor
tunity to better understand the mechanisms involved in the pathogenesis of 
this disease [11,54,113,114]. These findings will improve diagnosis, staging, and 
monitoring of these patients and will facilitate development of novel specific 
therapies for children who are at increased risk for relapse. 

3.1. Prognostic factors and clinical staging 

Accurate identification of prognostic factors in children with rhabdomy
osarcoma can help distinguish groups of patients who are at risk for treatment 
failure. The presence of specific clinical and laboratory features at initial 
diagnosis can help refine staging systems and develop specific risk-based thera
pies for these children. The system used most widely to stage patients with 
rhabdomyosarcoma is the surgicopathologic system developed by the Inter-
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group Rhabdomyosarcoma Study (IRS; table 1). In this system, patients are 
stratified according to the amount of residual tumor after initial surgery. 
Another clinical staging scheme, the Tumor-Node-Metastasis (TNM) system, 
stratifies patients according to the extent of tumor present at diagnosis and is 
not dependent upon the efficacy of the initial surgical intervention (table 2). 
The TNM system has been widely applied to the staging of adult patients with 
a variety of solid tumors. 

Extent of disease (clinical group or stage) and primary site have consis
tently been shown to predict survival in children with rhabdomyosarcoma 
(Figure 1). In a study of 1688 patients registered on two consecutive IRS trials, 
patients whose localized tumors could be surgically extirpated had an excel
lent outcome (five-year overall survival, 82%), but those with metastatic 
disease fared poorly (five-year overall survival, 24%) [5]. In addition, multi
variate analysis of patients enrolled in the first two IRS trials showed that 
certain clinical features within specific clinical groups also can help predict 
clinical outcome [S]. For example, patients with group I disease whose tumors 
had embryonal or botryoidal histology had a superior outcome. For patients in 
clinical group III, primary tumors of the orbit were associated with a favorable 
prognosis. For group IV patients, the presence of a primary tumor in the 
genitourinary tract conferred a relatively good prognosis. These findings 
prompted development of risk-based therapies in which extent of disease, 
anatomic location, and histologic subtype influence the intensity and duration 
of treatment. 

The prognostic significance of the pretreatment TNM staging system has 
been examined by IRS investigators. Among the SOS patients with 
rhabdomyosarcoma who were enrolled in IRS studies from 1978 to 1982, 
certain subgroups of patients had significantly improved survival. These 
groups included patients whose tumors were confined to the organ or tissue of 
origin (T1), those with small nonmetastatic lesions «S cm in diameter), and 
those whose primary tumors were in nonparameningeal head and neck re
gions, the genitourinary tract, or the orbit [lIS]. In a subsequent international 
collaborative study of 9S1 children with nonmetastatic rhabdomyosarcoma, 
TNM status and primary site both were prognostically significant [116]. These 

Table 1. IRS clinical grouping classification 

Group I: 
Group II: 

(a) 
(b) 
(c) 

Group III: 
Group IV: 

Localized disease, completely resected 
Gross total resection with evidence of regional spread 
Gross resection of tumor with microscopic residual disease 
Complete resection of primary tumor, regional nodes involved 
Regional disease with involved nodes - microscopic residual disease and/or 
histologic involvement of the dissected regional node most distal to the primary 
tumor site 
Incomplete resection with gross residual disease 
Distant metastatic disease present at onset (lung, liver, bones, bone marrow, brain, 
and distant muscle and nodes) 
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Table 2. A. TNM pretreatment staging classification 

Stage Sites T 

Orbit T, or T, 
Head and neck (excluding parameningeal) 
GU-nonbladder/nonprostate 

2 Bladder/prostate T, or T, 
Extremity 
Cranial Parameningeal 
Other (includes trunk, retroperitoneum, etc.) 

3 Bladder/prostate T, or T, 
Extremity 
Cranial parameningeal 
Other (includes trunk, retroperitoneum, etc.) 

4 ALL T, or T, 

B. Definitions 

Tumor 
T, 

(a) 
(b) 

T2 
(a) 
(b) 

Regional Nodes 
No 
N, 

Confined to anatomic site of origin 
<5 cm in diameter 
~5cm in diameter 

Extension and/or fixation to surrounding tissue 
<5 cm in diameter 
~5 cm in diameter 

Regional nodes not clinically involved 
Regional nodes clinically involved by neoplasm 

Size N 

a or b No or N, 

a No or N, 

a N, 
b No or N, 

aorb No or N, 

N, Clinical status of regional nodes unknown (especially for sites that preclude 
lymph node evaluation) 

Metastasis 
Mo 
M, 

No distant metastasis 
Metastasis present 

findings were confirmed recently in 189 patients with extremity lesions who 
were treated in IRS-III [117]. Patients with stage 2 disease (unfavorable site, 
tumors <5cm, no nodal metastases) fared significantly better than those with 
stage 3 disease (~5 cm, nodal disease; table 2). 

3.2. Treatment of pediatric rhabdomyosarcoma 

The outcome for children with rhabdomyosarcoma has improved dramatically 
over the past 30 years. In the late 1950s and early 1960s, after local therapies 
such as surgery and irradiation, fewer than one third of children with 
rhabdomyosarcoma survived [2,108,110,111]. Exceptions included patients 
with tumors in selected primary sites (orbit and bladder) who were treated 
with radical surgery (orbital exenteration or cystectomy); survival rates as high 
as 70% were reported for these patients [118,119]. Because most rhabdomy-
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Figure 1. Survival according to clinical group for all patients treated in IRS-III. (Reproduced with 
permission from Crist WM et aI., J Clin Oncol13:610-630, 1995.) 

osarcoma treatment failures were systemic, testing of chemotherapeutic 
agents for control of macroscopic and microscopic distant disease was initi
ated. Vincristine, dactinomycin, and cyclophosphamide (V AC; singly or in 
combination) yielded promising results during the 1960s [4,108,120,121]. Soon 
thereafter, the value of adjuvant chemotherapy was tested in a prospective 
study by the Children's Cancer Study Group A. In this trial, patients whose 
tumors were completely resected received postoperative radiotherapy; they 
then were randomized to receive either adjuvant dactinomycin and vincristine 
for one year or observation only. Approximately 82 % of patients treated with 
adjuvant chemotherapy remained in remission after two years, compared to 
47% of the control group [11]. Other pioneering work documented that the 
use of combined modality therapy increased response rates and improved 
survival among children with rhabdomyosarcoma [122-124]. These early en
couraging results in limited numbers of patients, combined with the heteroge
neity and rarity of childhood rhabdomyosarcoma, prompted implementation 
in 1972 of the first national cooperative trial. Relevant contributions from 
these national and international cooperative trials are discussed below. 
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3.3. The Intergroup Rhabdomyosarcoma Study Trials (1972-1991) 

The IRS committee has reported the results of three consecutive trials: IRS-I 
(1972-1978, n = 686), IRS-II (1978-1984, n = 999), and IRS-III (1984-1991, 
n = 1062) [112,125,126]. For each of these three studies, two thirds of eligible 
patients were younger than 10 years, and there was a slight male predomi
nance. The primary sites and extent of disease at diagnosis are shown in figure 
2. Nearly 50% of children presented with unresectable disease (clinical group 
III). The most common anatomic location was the head and neck region 
(including the orbit and parameninges). The estimated five-year overall sur
vival rate has steadily and significantly increased in each of the three succes
sive IRS trials - 55% in IRS-I, 63% in IRS-II, and 71 % in IRS-III. In IRS-I, 
treatment assignment was based on the postsurgical extent of disease, with no 
stratification for specific risk subgroups, However, several subsequent studies 
have documented differences in clinical outcome according to primary site, 
histology, and clinical group [127-134]. 

The second IRS study recognized the prognostic significance of certain 
well-characterized risk factors (clinical group, site, and histology) and strati
fied patients accordingly (table 3). Patients with group I and II alveolar tumors 
of the extremities and those with primary tumors in 'special pelvic' sites 
(bladder, prostate, vagina, uterus) received V AC chemotherapy. IRS-III fur
ther expanded upon these observations and stratified patients into nine dis
tinct risk subgroups according to extent of disease, primary tumor site, and 
histology (table 3). Therapy assignment in IRS-IV varies with clinical group 
and pretreatment TNM characteristics (table 2). Findings from the first three 
IRS studies and the treatment protocols of IRS-IV are summarized below and 
in table 1. 

3.3.1. Clinical group I. This group comprises children whose tumors were 
completely resected and who were expected to have an excellent prognosis 

Group II (549) 
20% 

Group t (433) 
16% 

Other (6t6) 
22% 

Extremities (511) 
19% 

ParamaningaBI (437) 
16% 

Genitourinary (650) Orbit (257) 

Group IV (451) 
16% 

24% 9% 
Head & Neck (276) 

10% 

Figure 2. Distribution of patients who were enrolled in IRS-I, IRS-II, and IRS-III according to 
clinical group and primary site. (Reproduced with permission from Pappo A et aI. , J Clin Oncol 
13:2123-2139,1995.) 
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[112,125,126]. Following surgical resection, patients or the first IRS trial were 
randomized to receive V AC chemotherapy alone with radiotherapy to the 
tumor bed. The five-year overall and disease-free survival estimates did not 
differ significantly between these two groups. Therefore, it was concluded that 
radiotherapy could be omitted without significantly jeopardizing outcome of 
children with clinical group I tumors. 

IRS-II addressed whether cyclophosphamide could be deleted from the 
vincristine-dactinomycin-cyclophosphamide combination in patients with 
group I non extremity nonalveolar tumors (these patients fared well in IRS-I). 
This trial showed that V A chemotherapy was equivalent to V AC chemo
therapy in this subset of patients. In the third IRS study, intensified V A 
therapy was administered for 12 months to patients with favorable histology 
tumors (regardless of primary site). This treatment combination was as effec
tive as prolonged treatment with the more intensive V AC regimen used in 
IRS-II. Thus, patients with completely resected favorable histology tumors 
can be safely and effectively treated with two drugs (V A) without the need for 
alkylators or radiation therapy. 

In IRS-IV, patients with orbital and paratesticular primary lesions receive 
V A chemotherapy. Patients with tumors with unfavorable features (as defined 
by site, size, and/or nodal disease) are randomized to receive one of three 
different chemotherapeutic regimens (V AC; vincristine, ifosfamide, and 
etoposide [VIE]; or vincristine, dactinomycin, and ifosfamide [V AI]). Radio
therapy is reserved for patients with stage 3 disease (large tumors or nodal 
disease). 

3.3.2. Clinical group II. Children in this category usually received postopera
tive radiotherapy at various points during treatment, resulting in a local con
trol rate of 90% [112,125,126]. In IRS-I, the addition of cyclophosphamide to 
the V A regimen failed to improve outcome for these patients. In IRS-II, 
intensifying therapy with a V AC regimen also failed to improve outcome 
among patients with nonectremity non alveolar tumors. In IRS-III, children 
with clinical group II favorable histology tumors (excluding orbit, head, 
and para testicular primaries) were randomized to receive V A or V A and 
doxorubicin. The five-year progression-free and overall survival rates were, 
respectively, 77 ::t 6% and 89 ::t 5% for the VA and doxorubicin arm 
compared to 56 ::t 10% and 54 ::t 13% for the VA arm (p = 0.08 and 0.03, 
respectively). However, the beneficial effect of adding doxorubicin became 
less dramatic (p = 0.18) when the results of the two V A-containing regimens 
in IRS-II and IRS-III were combined. The value of doxorubicin in these 
children therefore requires further clarification. Based on these findings. 
VA with radiotherapy remains the therapeutic standard for children with 
clinical group II disease who present with a favorable histology tumor in 
a favorable site. In IRS-IV, patients with primary lesions of the orbit receive 
VA chemotherapy; all others are randomized to receive either V AC, VAl, 
or VIE. 
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3.3.3. Clinical gronp III. Children with inoperable rhabdomyosarcoma repre
sent the largest group of patient enrolled in the IRS trials [112,125,126]. 
Among all clinical groups, these patients have shown the most dramatic im
provements in five-year overall (IRS-I, 52 ± 3%; IRS-III, 74 ± 2%) and 
progression-free (IRS-I, 48.3%; IRS-III, 66.2%) survival rates. In IRS-I, all 
group III patients were randomized to receive either V AC chemotherapy and 
radiation of VAC with doxorubicin (VADRC-VAC) and radiation. Addition 
of doxorubicin to the V AC regimen failed to significantly improve complete 
response rates (67% vs. 72%), five-year overall survival (53% vs. 51 %), or 
five-year disease-free survival (39% vs. 43 %). 

In IRS-II, all patients (excluding those with tumors in special pelvic sites) 
were randomized to receive intensified V AC or V ADRC-VAC therapy. Prog
nosis did not differ significantly for these two regimens. However, compared to 
their less intensive counterparts in IRS-I, the intensified V AC and V ADRC
V AC regimens were superior in inducing complete responses and prolonged 
survival. 

Excluding those with tumors in special pelvic sites, the orbit, and selected 
head sites (scalp, parotid, oral cavity, larynx, oropharynx, cheek), patients in 
IRS-III were randomized to receive either pulsed VAC chemotherapy or 
VADRC-VAC-cisplatin or VADRC-VAC-cisplatin-VP16. At five years, 
the progression-free and overall survival rates for the three regimens were 
similar (table 3). Several patients among these study arms received alternate 
induction chemotherapy with one of three drug pairs (doxorubicin-DTIC, 
dactinomycin-VP16, or dactinomycin-DTIC) and second-look surgery. Al
though the precise impact of each of these treatments on clinical outcome 
could not be assessed, outcome for these children was improved compared to 
that of patients who were treated in IRS-II (five-year overall survival, 65 ± 3% 
vs. 59 ± 3%; five-year progression-free survival, 61 ± 3% vs. 52 ± 3%). 

Preliminary data from the IRS-IV pilot showed that significant toxicity was 
evident with the administration of escalating cyclophosphamide doses when 
growth factor support was omitted from this regimen. The overall incidence of 
toxic deaths was 7.6%, comprising one death at 1.8g/m2 dose level and eight 
among patients who received 2.2g/m2. In addition, hepatic veno-occlusive 
disease has been recently recognized as a complication of high-dose V AC 
therapy in these patients [135]. 

3.3.4. Clinical group IV. The outcome for patients with metastatic disease 
continues to be poor, despite intensification of therapy or new drug combina
tions. The combined-agent regimens used in the first three IRS studies have 
consistently led to five-year overall and progression-free survival rates below 
30%. Because of the dismal prognosis for these group IV patients, IRS-IV and 
IRS-V are investigating novel drugs, including melphalan, ifosfamide, and 
topotecan, that have shown promising activity in preclinical models. To facili
tate evaluation of their efficacy, either alone or in combination with other 
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active agents, these drugs are given in an 'up-front widow' to newly diagnosed 
patients with metastatic disease [136-139]. 

3.3.5. Bladder/prostate tumors. The favorable outcome of children with pri
mary genitourinary tumors was recognized in IRS-I (five-year overall survival, 
74%) [125]. However, this outcome was achieved at the expense of numerous 
bladder extirpations for patients with genitourinary primary tumors; only 23% 
of the patients had functional bladders three years after therapy [140]. The 
treatment strategy in IRS-II shifted to a primary chemotherapeutic approach, 
and four months of V AC chemotherapy was followed by delayed radiation 
and/or surgery in an attempt to reduce the side effects typically associated with 
these treatment modalities. This treatment approach failed to improve the 
bladder salvage rate (three-year bladder function retention rate, 25%) and led 
to survival rates similar to those of IRS-I [141]. 

In IRS-III, induction chemotherapy was followed by radiotherapy, which 
was initiated at week 6. Second-look surgery at week 20 was recommended, 
and alternate induction therapy with dactinomycin and VP16 was initiated if 
tumor remained. The three-year bladder preservation rate (60%), five-year 
progression-free survival estimate (74 ± 5%), and overall survival rate (83 ± 
4%) associated with IRS-III were strikingly superior to those of IRS-I and 
IRS-II [112,125,126,142]. 

3.3.6. Unfavorable histology clinical groups I and II tumors. The poor out
come for children with clinical group I alveolar tumors was recognized in IRS
I [125]. All these patients therefore received intensive V AC chemotherapy in 
IRS-II [126]. This treatment modification increased the three-year disease
free survival rate from 43% to 69%. Therapy was further intensified in IRS-III 
by using a VADRC-VAC-cisplatin-containing regimen. The five-year pro
gression-free (71 ± 6%) and overall survival (80 ± 6%) rates for IRS-III 
significantly improved over those for comparable patients treated on IRS-II 
(59 ± 5% and 71 ± 5%, respectively; p = 0.002 and 0.01) [125]. 

3.3.7. Parameningeal tumors. The treatment prescribed in IRS-I for all pa
tients with clinical group III or IV disease included VAC or VADRC-VAC 
chemotherapy with radiation of the primary tumor to a 2-cm margin beginning 
at week 6. Of the 57 patients with parameningeal tumors in this study, 20 
(35%) had direct meningeal extension either at diagnosis (n = 10) or within 
the first 12 months of therapy (n = 10); 18 (90%) of these patients died [134]. 
Characteristics associated with an increased risk of direct meningeal extension 
included intracranial extension of the primary tumor, erosion of the base of 
skull, and cranial nerve palsy. These findings prompted a protocol modifica
tion in 1977 to initiate radiation therapy concurrently with induction chemo
therapy (encompassing the entire cranial neuraxis and primary tumor) for 
high-risk patients and intermittent intrathecal chemotherapy [128]. These 
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changes were associated with substantial improvements in overall survival 
(67% vs. 47%) and reduced the incidence of CNS relapse [126,128]. 

Compared to patients in IRS-II, those in IRS-III with limited meningeal 
involvement (cranial nerve palsy or base-of-skull erosion without intracranial 
extension) received a reduced volume of radiotherapy [112]. The higher five
year progression-free survival rate in IRS-III (69 ::t: 4%) compared to IRS-II 
(61 ::t: 4 %) suggests that this treatment modification did not compromise 
outcome [112]. In IRS-IV, intrathecal chemotherapy has been omitted, 
and patients with limited intracranial extension receive limited-volume 
radiotherapy. 

3.3.8. Favorable histology paratesticular group II tumors. Patients with tu
mors in the paratesticular area account for 7% of rhabdomyosarcoma cases 
[131]. Because these children fared well in the first two IRS studies (estimated 
three-year overall survival rate, 90%), they were not randomized in IRS-III 
and were treated with reduced therapy that included V A and radiotherapy for 
one year. The five-year overall survival estimate (81 %) was similar to that 
reported for a randomized VAC or VA study in IRS-II (75%) [112]. These 
findings suggest that less intensive therapy is appropriate for children with 
group II paratesticular tumors. 

3.3.9. Favorable histology orbit and head tumors (groups II and III). The 
favorable prognosis for children with orbital (five-year overall survival, 
>90%) and nonparameningeal head sites (five-year overall survival, 75% to 
80%) was recognized in IRS-I and IRS-II [129]. In IRS-III, patients with group 
II or III tumors were treated with VA and radiotherapy for one year. Outcome 
for these patients (five-year overall survival, 91 %; five-year progression-free 
survival, 78%) was similar to those observed in IRS-I and IRS-II, which used 
more intensive therapies [112]. 

3.4. The SlOP trials (1975-1989) 

The International Society of Pediatric Oncology (SlOP) has conducted three 
consecutive trials (SlOP 75, MMT 84, and MMT 89) of treatments for 
rhabdomyosarcoma [116,143-148]. Risk stratification was based primarily on 
patient characteristics (according to the TNM system) prior to treatment. 
Investigators in these trials used a primary chemotherapeutic approach for 
controlling local and distant disease while attempting to decrease the late 
sequelae associated with radical surgery and radiotherapy. These therapies 
resulted in outcomes similar to those of the IRS studies, but local recurrence 
was significantly higher. 

The first SlOP trial (1975-1983) enrolled 281 patients with nonmetastatic 
rhabdomyosarcoma and mandated a VADR-VAC-based regimen. Children 
with completely resected. localized stage I disease received V AC-VADR for 
18 months; patients with incomplete excision also received 45 Gy of radio-
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therapy. For stages II or III disease, primary chemotherapy with V ADR
V AC was compared to primary radiotherapy; the four-year survival rate for 
the entire group was 56%. Overall survival did not differ between the treat
ment arms, suggesting that primary chemotherapy only can be used in selected 
patients without compromising survival [116,143,149]. 

Based upon their pretreatment TNM stage and initial response to therapy, 
286 patients with rhabdomyosarcoma received 3 to 10 courses of an 
ifosfamide-containing regimen (VAl) during the second SlOP trial (MMT 84). 
If the response to initial chemotherapy was inadequate, patients received 
second-line therapy with cisplatin and doxorubicin. Local therapy was given to 
all patients with para meningeal primary tumors but was omitted in all others 
unless they failed to achieve a complete response. The four-year overall sur
vival estimate for nonmetastatic patients was 69%. This regimen produced 
high response rates (78%) and avoided radiotherapy in 40% to 75% of se
lected patients [148]. The SlOP MMT 89 study enrolled 362 nonmetastatic 
rhabdomyosarcoma and 56 patients with metastatic disease [146,147,150]. The 
treatment approach included stratification according to site and stage and VAl 
with or without carboplatin, epirubicin, or etoposide as front-line therapy 
[151,152]. Patients with completely resected stage I tumors received V A 
therapy, whereas those with incompletely resected stage I tumors and those 
with stage II or III disease received V AI therapy. The three-year estimate of 
overall survival was 78% for patients with no metastases and 25% for those 
with metastatic disease [147,150]. 

3.5. The CWS trials (1981-1986) 

The German Cooperative Soft Tissue Sarcoma (CWS) trials stratified patients 
according to the IRS surgicopathologic staging system and implemented a 
risk-directed therapeutic approach based on initial chemotherapeutic re
sponse. The first study (CWS-81) used V AC-VADRC chemotherapy and 
demonstrated a correlation between the degree of tumor response after the 
first seven weeks of chemotherapy [153]. For patients who experienced a 
complete response at week 7, the five-year PFS rates were 82% compared to 
50% for patients whose tumor volume decreased by more than two thirds and 
32% for those with a volume reduction of less than one third. The results of 
second-look surgery after two cycles of chemotherapy mandated the amount 
of radiotherapy. Children with nonmetastatic disease fared well, demonstrat
ing a five-year disease-free survival rate of 68 ± 4%, and patients with meta
static disease had a poor prognosis (five-year disease-free survival estimate, 
11±5%). 

In the CWS-86 study, cyclophosphamide was replaced by ifosfamide in an 
attempt to produce a more effective regimen. Radiotherapy prior to second
look surgery dramatically improved local control rates among patients with 
macroscopic residual tumor. In addition, the V AIADR regimen increased the 
proportion of patients with responsive disease (71 % vs. 55%) [154]. The five-
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year disease-free survival estimate for patients with nonmetastatic disease was 
69%. 

3.6. The Italian RMS studies 

The first Italian rhabdomyosarcoma trial compared the efficacy of a standard 
V AC regimen comprising five days of divided dactinomycin doses to that of a 
V AC-M regimen in which the dactinomycin dose was given as a single, high
dose injection [155]. Toxicity and response were similar for both treatment 
arms. A subsequent trial demonstrated encouraging early responses in chil
dren with group III or IV rhabdomyosarcoma who received V AIADR [156]. 

3.7. Local therapy: lessons from multi-institutional trials 

Although rhabdomyosarcoma is a chemosensitive tumor, drugs alone cannot 
cure most children who have this disease. Surgical resection alone or in com
bination with irradiation is necessary for local control of the tumor. Radio
therapy has been used to eradicate residual microscopic or macroscopic tumor 
cells following surgery or chemotherapy. In response to the results of several 
trials, radiotherapy doses now vary according to patient age, tumor site, and 
amount of residual tumor. 

As discussed previously, early introduction of radiotherapy has improved 
survival among patients with parameningeal rhabdomyosarcomas [128]. Inten
sified chemotherapy and second-look surgery have decreased the use of radio
therapy and extensive primary surgery for patients with vaginal and vulvar 
rhabdomyosarcomas [157]. In addition, the use of early radiotherapy, aggres
sive chemotherapy, and second-look surgery has dramatically decreased the 
use of radical surgery to treat children with genitourinary rhabdomyosarcoma 
[112,142,157]. Currently, microscopic residual disease is treated with 40Gy of 
radiation to the tumor bed and a 2-cm margin. In IRS-IV, radiotherapy of 
completely resected tumors with unfavorable features (large size, unfavorable 
site, nodal involvement) is mandated. Gross residual disease requires higher 
doses - 45 to 55 Gy, depending on the site and size of tumor. 

Further, to increase local control and decrease the acute and late adverse 
effects of radiotherapy, IRS-IV initiated a pilot protocol evaluating 
hyperfractionated radiotherapy n patients with unresected or metastatic 
rhabdomyosarcoma [158]. Severe or life-threatening toxicities occurred in 154 
of the 204 group III cases (75%) and in 52 of the 80 group IV cases (65%). 
These frequencies are similar to the 81 % incidence of significant toxicity 
following conventionally fractionated radiotherapy in IRS-III. This study sug
gests that hyperfractionated radiotherapy is feasible and is associated with 
tolerable side effects in children with unresected or metastatic rhabdomy
osarcoma. A prospective randomized trial to compare the efficacy of conven
tional versus hyperfractionated radiotherapy is underway. 

Surgical approaches to the treatment of rhabdomyosarcoma also have been 
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influenced by information gathered from multi-institutional trails. For ex
ample, because nodal involvement has been shown to be particularly common 
among patients with extremity and genitourinary tumors, nodal sampling 
should be strongly considered at the time of initial staging [159]. If performed 
within 35 days of the primary procedure, surgical reexcision may benefit 
patients with microscopic positive residual tumor in extremity locations [160]. 
Para testicular masses should be resected using either an inguinal orchiectomy 
or hemiscrotectomy (which should be reserved for patients with neoplastic 
fixation or for those who had a previous transcrotal procedure) [161]. 

3.B. Late effects of therapy 

Because of the improved long-term survival of children treated for 
rhabdomyosarcoma, several serious and potentially life-threatening therapy
related complications have emerged. In IRS-IV, incorporation of ifosfamide 
into front-line therapeutic protocols for children with unresectable rhabdomy
osarcoma was associated with a 14% incidence of renal toxicity. Factors con
tributing to renal tubular injury included high doses of ifosfamide (>72 g/m2), 
age younger than 3 years, and preexisting renal abnormalities (e.g., hydro
nephrosis) [162]. 

Among 50 patients treated for orbital rhabdomyosarcoma in IRS-I, 90% 
developed cataracts, 61 % showed growth retardation, 50% had bone hypopla
sia and facial asymmetry, and 10% developed learning disabilities [163]. 
Among the 86 boys with paratesticular rhabdomyosarcoma who were treated 
in IRS-I and IRS-II, 10% had bowel obstruction and decreased ejaculatory 
function. Further, lymphedema was seen in 5% of these patients, and 4% had 
bony hypoplasia in the field of radiotherapy. One third of these boys devel
oped hemorrhagic cystitis, and half of thc patients for whom adequate follow
up was available developed elevated FSH levels or azoospermia [162]. Of the 
109 patients with bladder and prostate tumors who were treated in IRS-I and 
II, 29% developed posttherapy hematuria, 29% showed evidence of delayed 
pubertal development, and 10% had growth retardation [164]. 

There were 162 patients with nonorbital head and neck rhabdomy
osarcomas enrolled in IRS-II and -III. Among these children, 75% had abnor
mal statural growth and 20% were receiving growth hormone replacement. Of 
the 162 patients, 10% developed cataracts, 50% had impaired auditory func
tion, and 30% had cosmetic and/or dental abnormalities [165]. 

The occurrence of second malignant neoplasms is one of the most devastat
ing late sequelae of successful contemporary therapy. Of the 1770 patients 
enrolled in IRS-I and IRS-II, 22 developed second malignant neoplasms (10-
year cumulative incidence rate, 1.7%). The most common second malignan
cies were bone sarcomas (n = 11) and acute nonlymphoblastic leukemia (n = 
5); the median time to development of these two neoplasms was 7 and 4 years, 
respectively [166]. Investigators at Memorial Sloan Kettering Cancer Center 
reported a lO-year cumulative risk (6%) among 130 long-term survivors of 
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rhabdomyosarcoma; high doses of dactinomycin, cyclophosphamide, and 
radiotherapy were associated with the increased risk of this complication 
[167]. 

4. Conclusions 

Recent advances in understanding the unique biological and genetic features 
of this tumor as well as in new drug development and scheduling have substan
tially improved the outlook for children with rhabdomyosarcoma. However, 
despite these improvements, numerous challenges remain regarding the treat
ment of patients with rhabdomyosarcoma. Among these are the refinement 
of risk-directed therapy based upon the recognition of newly recognized, 
prognostically important biological and clinical features. Dose intensification 
with the administration of hematopoietic growth factor therapy offers the 
possibility of improved therapy for children with metastatic or recurrent dis
ease. Finally, because none of the agents currently used in the treatment of 
rhabdomyosarcoma is tumor specific, the recent identification of transloca
tion-specific gene products (PAX3-FKHR and PAX7-FKHR) in alveolar tu
mors provides an attractive molecular target for future therapies. 
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IV 

Late Effects of Childhood Cancer 



11. Late effects of cancer therapy 

Elaine R. Morgan and Maureen Haugen 

1. Introduction 

Concern about late effects of chemotherapy is a novel problem for the 
oncologist. As late as the 1960s, survival from childhood cancer was less than 
20% overall, with many subsets of patients demonstrating even worse out
come [1]. However, in the last three decades, treatment for malignancy in 
children has become far more effective. By the late 1980s, 60% to 70% of 
children with cancer (figure 1) were surviving their illness [2]. Although out
comes were less favorable for certain types of malignancy (figure 2), it is 
estimated that by the year 2000, one in 900 young adults will be a survivor of 
childhood cancer [3]. This has created a new area of concern for pediatricians, 
oncologists, and internists. Dealing with the late effects of therapy, an un
heard- of luxury in the 1960s, has now become a dilemma for patients, practi
tioners, and families of patients and must take a prominent position in the 
practice of pediatric oncology. 

Chemotherapy, radiation therapy, surgery, and the psychological effects 
and societal discrimination of chronic illness have protean effects on the 
survivors [4]. These effects encompass the realms of medicine, psychology, 
education, and social service and will undoubtedly playa major role far into 
adulthood in these patients. In order to help deal with the wide-reaching 
secondary events, late-effects clinics are being developed in most large 
oncology programs, staffed by practitioners and other personnel with interest 
and expertise in this area [5]. Even today the very late effects to be encoun
tered in the mature adult survivors are unknown [5,6]. 

Although findings vary significantly in different series, there is an indication 
of increased mortality compared to matched controls in adults previously 
treated for childhood malignancy. One series has suggested that this increase 
occurs primarily in patients who suffered a relapse of their primary disease 
before five years from diagnosis [7]. However, another series demonstrated an 
increased age-adjusted death rate in adult survivors continuing for more than 
five years after diagnosis, even excluding deaths from the primary cancer [8] 
(figure 2). Factors associated with increasing mortality rates included primary 
diagnosis, female sex, increased intensity of therapy, numbers of modalities of 
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Figure 1. Cancer-specific trends in five-year survival for chldren less than 15 years of age. 

treatment, and increasing chronologie age after therapy [9]. In this series, 
there was a greater risk in survivors of Hodgkin's disease and central nervous 
system (eNS) tumors, relative to other diagnoses. 

At the present time, the spectrum of late effects is still evolving and will 
undoubtedly continue to change. Treatment modalities, chemotherapeutic 
agents, surgical techniques, and aggressiveness of therapy continue to develop, 
making the prediction of long-term problems based on historical controls 
difficult [5]. Nonetheless, there is an ever-increasing knowledge about the 
nature of these late events and their impact on patient survival and quality of 
life. We have only scratched the surface, however, in dealing with the impact 
of effects on the next generation, the progeny of present survivors [2,10-13]. 
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2. Nature of late effects 

When one considers the modalities of treatment used, it is obvious that there 
are several different categories of late effects to be considered. First are the 
direct physical/anatomic changes engendered in the patient. Surgical resection 
may result in the loss of organs or limbs that have been resected/amputated for 
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the purpose of removing tumor. Thus, patients may have to adapt to a variety 
of changes in physical appearance and function, including alteration in skeletal 
structure, colostomy, cystectomy, nephrectomy, partial pneumonectomy, etc. 
These changes necessitate specific adaptive behaviors and the use of prosthe
ses or appropriate medical supplies. 

Irradiation therapy may likewise alter body habitus, particularly in the 
growing organism, and may result in assymetric appearance or discrepancies in 
the development of one side of the body, as in limb-length discrepancy [14] or 
scoliosis secondary to truncal assymetry [15,16]. Furthermore, radiation dam
age to bone or soft tissues may result in significant deformity, pathologic 
fracture, necrosis, and infection of structures, which can even necessitate 
further surgical resection [17,18]. 

Further physical problems may result from physiological/functional impair
ment secondary to surgical resection of organs and the combined effects on 
organs of chemotherapy and irradiation. Resultant organ damage may yield a 
variety of disabilities that may require medical therapy and/or alterations in 
life-style and quality of life. For example, cardiac dysfunction secondary to 
primary treatment may cause symptomatic heart disease, may necessitate 
limitation in certain physical activities, or may require active medical interven
tion for maximal function [19-22]. In addition, the physiologic effects of cancer 
treatment may even lead to the development of additional malignancies (sec
ond malignant neoplasms or SMNs), in themselves requiring further therapy 
[23,24]. Beyond this, gonadal effects of therapy can lead to alteration of 
reproductive function [25-27] with ramifications on the social and psychologi
cal function of survivors [28] and potentially on future generations [11,13,29]. 
Central nervous system effects of treatment can lead to neurological dysfunc
tion and cognitive problems as well [30-32]. 

Of no lesser consequence are the psychosocial ramifications resulting from 
treatment. As mentioned above, cognitive difficulties may result from central 
nervous system therapy, leading to educational difficulties and subsequent 
problems with employment [33]. Furthermore, the simple consequences of 
chronic illness in childhood may lead to frequent school absences, with addi
tional educational requirements and problems. Additionally, societal reaction 
to 'disabled' persons may create additional hurdles such as employment bias 
and insurance limitation [33-35]. 

3. Factors impacting on late effects 

The nature of late effects is dependent on several factors. These include 
specific modalities of treatment, interaction between mUltiple treatment mo
dalities, era of treatment, specific anatomic areas affected and consequently 
treated, disease-specific genetic associations, intensity and number of different 
treatments used, and age of the patient at the time of therapy. In the ensuing 
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discussion, we will attempt to highlight these areas to assist in the prediction of 
effects for individual patient subgroups. 

The effects alluded to above are also impacted by the interaction of differ
ent treatment modalities. Thus, certain chemotherapeutic agents may inhibit 
wound healing or decrease resistance to infections, thus increasing surgical 
morbidity. On the other hand, disruption of the blood-brain barrier by surgi
cal intervention, by the tumor itself, or by irradiation in patients with brain 
tumors may increase sensitivity to and consequences of chemotherapy [36,37]. 
In addition, certain drugs are radiation sensitizers, increasing the local skin 
and tissue damage resultant from irradiation [38]. Of even greater concern is 
the interaction between chemotherapy and irradiation therapy, causing in
creased organ toxicity to heart, lung, liver, skin, kidney, bladder and central 
nervous system [39-41]. Although attempts are made to take these interac
tions into account during therapy, late and sometimes unanticipated conse
quences can result. 

Genetic predispositions may also impact on the development of late effects. 
For example, children with Down's syndrome have an inherent increased 
sensitivity to methotrexate [42,43], resulting in increased immediate toxicity 
and potential for late toxicities as well. Certain genetic conditions such as 
Ataxia telangiectasia, Fanconi's anemia, and Bloom's syndrome result in 
faulty DNA repair mechanisms, increasing both the sensitivity of these pa
tients to radiation therapy and their potential for secondary neoplasia [44-
46]. Likewise, children from families with genetic cancer syndromes, such as 
the Li-Fraumeni syndrome, have increased incidence of secondary cancers 
[47]. 

The age of the child is another determining factor for the development of 
secondary consequences. The younger child with immature organ function 
may have enhanced toxicity from chemotherapy because of altered metabo
lism, thus increasing the risk of serious side effects, such as anthracycline 
cardiotoxicity at relatively lower doses [48]. Furthermore, the young child with 
significant growth potential will have a greater likelihood of developing physi
cal problems related to further growth, such as short stature from spinal 
irradiation or leg-length discrepancy from surgical or radiation-induced inter
ruption of the growth plate [49,50]. Likewise, the younger child is more likely 
to demonstrate cognitive difficulties after brain irradiation because of the 
continuing brain development in the normal young child [51]. On the other 
hand, for unclear reasons, peripheral neuropathies that may create long-term 
disabilities are more common in the older adolescent and in the adult. Like
wise, gonadal effects resulting in fertility problems occur more commonly in 
postpubescent patients [52-54]' 

Intensity of treatment and number of relapses, both of which impact on the 
number of therapeutic regimens used in therapy, have obvious implications on 
late effects. Thus, for example, in evaluating the late effects resulting from 
bone marrow transplantation procedures, it is also important to review the 
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prior therapy given, because of cumulative toxicities. In general, the more 
therapy, the greater the risk for early and late morbidity, and the patient 
suffering relapses is more likely to receive additional courses of treatment 
[7,10,55]. 

Finally, the era of treatment is another factor in the consideration of late 
effects [4]. Over the years, new chemotherapeutic agents have been devel
oped, subjecting children to late morbidity that might not have occurred 
previously. Furthermore, the overall intensity of treatment has increased dra
matically over the past 30 years [7,10]. On the other hand, supportive care 
measures have concurrently improved, minimizing some of these effects. Also, 
as we learn more about the nature of late morbidity, regimens are modified 
accordingly to try to decrease these effects. Certain disease entities are actu
ally being treated with shorter courses of chemotherapy, as a result of en
hanced survival and knowledge about potential damage from prolonged 
therapy, and with exclusion of radiation therapy [56]. In addition, radiation 
therapy techniques and equipment have improved significantly over the years, 
allowing increased tissue sparing [57]. Thus, for example, the marked scoliosis 
seen in Wilms' tumor patients 30 years ago is a lesser problem today [16,58]. In 
fact, with increased efficacy of chemotherapy, some patients who might previ
ously have received radiation therapy are now treated without radiation or at 
least with lower treatment doses. Likewise, surgical techniques have vastly 
improved. Currently, the ability to perform limb-salvage procedures for cer
tain children with limb sarcomas has obviated the necessity for amputation, 
thereby improving life-style [59]. Improved chemotherapy and radiation 
therapy protocols have decreased the utilization of mutilating surgery. As 
treatment protocols evolve, the spectrum of late effects changes. In addition, 
advances in other areas of medical care, such as heart and liver transplanta
tion and modern reproductive technologies, may ameliorate some of the late 
effects, thereby improving survival and quality of life for survivors. 

4. Modality-sepecific late effects 

4.1. Surgery 

In general, when one thinks of late effects of cancer therapy, one is likely to 
concentrate on the consequences of chemotherapy and radiation therapy. 
However, surgery remains a major modality in the treatment of pediatric 
cancers and may also impact on later quality of life. The results of cancer 
surgery are obviously related to the anatomic structures involved and in some 
instances may result in secondary effects as well. Postoperative complications 
may increase the severity of late effects [60]. 

The results of neurosurgery involving the brain can be easily deduced by an 
understanding of neuroanatomy. In addition to anticipated neurologic deficits, 
the presence of tumor and/or the surgical approach can result in serous endo-
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crinologic sequelae such as permanent diabetes insipidus and other distur
bances of the pituitary-hypothalamic axis [61]. In earlier years, it was common 
to remove the eye and/or to perform orbital exenteration in patients with 
retinoblastoma or orbital rhabdomyosarcoma [62]. Aside from the obvious 
resultant loss of vision, this procedure led to facial deformities as the operated 
orbit failed to grow [63]. Modern prosthetic devices have improved this situa
tion. The majority of other head and neck tumors in children were usually 
treated primarily with nonsurgical modalities. Radical neck dissections and 
nasopharyngeal surgeries commonly performed in adults with carcinoma are 
rarely done in children. 

Resection of musculoskeletal structures results in obvious orthopedic dis
turbances. In addition, commonly performed limb-salvage surgeries, which are 
prominent in the management of patients with bone tumors, may result in 
asymmetric growth because of interruption of the growth plate or complica
tions such as fracture or infection of the graft. Resection of paraspinal masses 
with laminectomy, which was more commonly done in earlier years for treat
ment of impending cord compression and major truncal muscle resection for 
sarcomas, may lead to assymetry and spine instability [64] and consequent 
scoliosis, which may be very significant. In fact, significant thoracic scoliosis 
may also impact on lung function. 

Beyond this, the obvious impact of organ resection may have serious conse
quences for later function. Certain surgeries, such as unilateral nephrectomy, 
partial hepatectomy, and (less commonly) resection of lung tissue if not exten
sive, appear to be tolerated with minimal long-term effects [65]. Other surger
ies, however, have a very significant impact on quality of life. Splenectomy 
results in increased risk of late sepsis, with life-long necessity for bacterial 
prophylaxis [66]. The consequences of bowel resection vary with the level and 
extent of resection and also vary concerning the possibility of reanastomosis. 
When primary anastamosis is not possible, externalization of bowel may be 
necessary [67]. In certain instances, specific malabsorption syndromes may 
result. Similarly, bladder resection, which used to be commonly performed for 
bladder-prostate rhabdomyosarcoma, is now less commonly done but still 
occurs in some situations. This procedure may lead to nephrostomy, 
ureterostomies, or an ileal conduit with impact on quality of life [68]. Further
more, in some instances, these diversions may lead to frequent urinary tract 
infections, with potential impairment of renal function. Retroperitoneal lymph 
node dissection is uncommonly performed in children but may result in retro
grade ejaculation [69]. Finally, removal of reproductive organs like treatment 
with chemotherapy or irradiation, more commonly in females than males, 
will impact on fertility, sexual function, and hormone levels, with resultant 
premature menopause and necessity for hormone replacement therapy [70]. 

Currently, most treatment programs tend to utilize more conservative sur
gery with preservation of organ function, minimizing these effects. Nonethe
less, it is essential to understand the potential consequences of surgery for 
anticipatory guidance and counseling, as well as appropriate monitoring. 
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4.2. Radiation therapy 

Radiation therapy itself can cause significant long-term sequelae. Certainly, 
treatment regimens have changed over time with attempts to decrease total 
dose, to shrink down portals, or in some cases to eliminate irradiation. And 
technology has immensely improved to provide greater accuracy of treatment, 
less scatter, and relative tissue sparing. In general, higher total dose and 
individual radiation fractions and younger age of the child at the time of 
radiation increase the risk for long-term sequelae [14,71]. Follow-up of survi
vors of childhood cancer means understanding the implications over time of 
the effects of radiation therapy. 

Radiation therapy plays an important role in the treatment of pediatric 
brain tumors. Survival has increased over the last 20 years due to advances in 
surgery and chemotherapy as part of treatment [72]. Long-term effects of 
central nervous system (CNS) therapy have been studied extensively, and 
neurologic, neuropsychologic, and endocrinologic dysfunctions have been 
noted. 

Radionecrosis of the brain is usually seen six months to two years following 
treatment and is related to a total dose of approximately 5000cGy and a dose 
per fraction of 180-200cGy [71]. Spontaneous brain and spinal cord hemor
rhage has been infrequently reported 4 to 5 years following radiation therapy 
for a primary CNS malignancy [73,74]. Focal signs or signs of increased intrac
ranial pressure can be seen, mimicking a structural lesion, and must be distin
guished from recurrent tumor. The pathophysiology of this development is 
unclear [74]. 

Leukoencephalopathy is a late complication of treatment from radiation 
and certain chemotherapy, notably methotrexate [71,72]. Clinically, it is 
characterized by dementia, ataxia, focal motor deficits, coma, and death. Its 
pathological hallmark is white matter destruction. CT findings of leuk
oencephalopathy were first reported in 1978 by Peylan-Ramu and colleagues 
in patients with leukemia [72]. It has also been reported in children with brain 
tumors treated with radiation without chemotherapy. 

Learning disabilities secondary to treatment and tumor-induced brain in
jury are frequently described but are difficult to quantitate. In general, chil
dren who received more than 2400cGy suffer from more learning disabilities 
and a decline in IQ scores over time [72]. Children with brain tumors, who may 
receive 2 to 3 times the radiation dose of those with leukemia (4000-6000 cGy 
vs. 1800-2400cGy), have generally more severe intellectual dysfunction. Age 
at the time of treatment (younger than 4 to 5 years), location of the tumor 
(hemispheric tumors), more rapidly growing tumors, the use of adjuvant 
methotrexate, higher total dose, and higher dose per radiation fraction, as well 
as the presence of hydrocephalus at the time of presentation, appear to be risk 
factors for increased neuropsychologic dysfunction [72]. 

Endocrinopathies affect not only children who have had radiation to the 
brain but also those who have had direct thyroid irradiation, as well as those 
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who have received abdominal, spinal, or pelvic radiation with scatter to the 
ovaries or testes. These problems tend to be the most amenable to therapy. 
The most common complication of radiation is growth failure. Cranial irradia
tion will cause growth hormone deficiency in up to 80% of children with brain 
tumors and precocious puberty in some patients [74]. There is an immediate 
suppressive effect of radiation on the hypothalamic pituitary axis at a mini
mum total dose of approximately 2500cGy [72]. 

Primary hypothyroidism may be seen as a late effect of radiation to the 
pituitary-hypothalamic axis or directly to the thyroid from cervical spine or 
neck radiation. Damage occurs usually when the dose exceeds 2000cGy 
[14,75]. 

Gonadal dysfunction will affect males and females depending on the stage 
of pubertal development at the time of treatment and on the total dose of 
radiation. Reduced sperm production in postpubertal males has been seen 
with radiation scatter associated with pelvic therapy even with scrotal shield
ing [76]. Prepubertal testicular germ cells also appear to be radiosensitive to 
scatter from abdominal radiation [14,77]. Leydig cell toxicity with resulting 
inadequate production of testosterone will occur with direct exposure at 
higher dosage, as indicated from experience from children with testicular 
leukemia [78]. 

Assessment of effects on female hormonal and reproductive function is 
more difficult. Despite this uncertainty it is known that age and total dose of 
radiation are dependent factors. Delayed menarche, primary ovarian failure, 
or early menopause can result from abdominal, pelvic, spinal, or total body 
irradiation [67]. 

Radiation therapy can commonly cause functional and cosmetic disabilities 
involving bone, teeth, muscle, and other soft tissues. These are reported in 
11 % to 38 % of pediatric cancers, primarily solid tumors [79]. Changes include 
scoliosis, impairment of soft tissue, and muscle and bone growth. Scoliosis is 
seen most commonly in Wilms' tumor patients treated with 1800 to 3500cGy 
to the tumor bed, even when including the entire width of each vertebra in the 
field [67], and has also been observed in other solid tumors where the spinal 
column has been radiated [80]. The incidence and severity of scoliosis have 
decreased with the use of modern radiation equipment and field planning 
[16,80]. 

Atrophic or hypoplastic soft tissue, muscle, or bone will occur with radia
tion with severity related to the age of treatment of the child and the total dose 
of radiation. Tissues will become fibrosed, hair may not grow, skin may de
velop pigmentary changes, eyes may develop cataracts, hearing may be im
paired. Growing bones may not grow or may develop avascular necrosis, 
osteoporosis, multiple fractures, or a second malignancy. Dentition may be 
delayed or arrested in development, or may have an increased propensity for 
malocclusion and caries when higher total doses are used (i.e., 4500--6000cGy 
to the nasopharynx) [81,82]. 

Abnormalities that have been attributed to radiation-induced or radiation-
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associated cardiopulmonary diseases have been well summarized [21,25,26]. 
Delayed effects include acute pericarditis and pericardial effusions, pericardial 
fibrosis, pancarditis, valvular defects, conduction defects, coronary artery dis
ease, and chronic restrictive pulmonary fibrosis. A report from Stanford Uni
versity retrospectively reviewed the records of 635 patients treated for 
Hodgkin's disease before 21 years of age. The authors concluded that medias
tinal radiation of 4000 to 4500cGy increases the risk of death from coronary 
artery and other cardiac diseases, with the greatest risk within five years of 
radiation [27]. 

Direct irradiation of the ocular apparatus can be avoided by shielding. 
Effects on the retina and the lacrimal glands are rare. The lens, however, is 
very radiosensitive. It can be affected by scattered doses even with shielding 
[71]. Cataract formation can be seen at a minimum dose of 200cGy (approxi
mately 400cGy for hyperfractionated radiation) [83]. 

Chronic radiation otitis may occur with irradiation to the ear in doses 
greater than 5000cGy. Radiation-induced deafness appears to be rare [71]. 

Fibrosis and enteritis are the most common late pathologic abnormalities of 
the gastrointestinal tract. They can occur anywhere from the esophagus to the 
rectum and are often associated with adhesions or stricture formation, which 
may be progressive or recurrent. The incidence of problems may increase with 
the concomitant use of certain chemotherapies and abdominal surgery. Fibro
sis of the liver secondary to radiation is probably underreported because the 
incidence of subclinical hepatitis is unknown [67]. Similiarly, hyposplenia or 
asplenia resulting from direct splenic irradiation occurs, but the true incidence 
is unknown [46]. 

Radiation dose exceeding 2300cGy is a well-known cause of chronic 
nephritis [67]. Cystitis is also seen following radiation at an incidence of 5% of 
patients at doses less than 4000 Gy - an incidence that increase with distal 
urinary tract obstruction, infection, or the concurrent use of radiomimetic 
agents [67]. 

One of the most dreaded late effects is second malignancy. Acute 
nonlymphocytic leukemias have been observed, as well as bone tumors, mela
nomas, and breast tumors in the field of radiation [3,84,85]. 

Strategies for avoiding these late complications have focused on refining 
radiation techniques and on limiting radiation dosages by intensifying chemo
therapeutic regimens. 

4.3. Chemotherapy 

The generally anticipated effects of chemotherapy, like radiation therapy, are 
related to the age of the child during the exposure and to dose and schedule. 
Chemotherapy, however, unlike radiation therapy and surgery, is most likely 
to result in acute toxicities, which are usually transient but occasionally persist. 
Because most chemotherapeutic agents are cell cycle dependent, their acute 
toxicites can be related to the proliferation kinetics of individual cell popula-
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tions. Most susceptible are those tissues or organs with high cell turnover rates, 
such as the bone marrow, gastrointestinal mucosa, testes, epidermis, and liver. 
Least susceptible are those cells that replicate slowly or not at all, i.e., neurons, 
muscle cells, and connective tissue. Most chemotherapeutic agents do not 
directly affect linear growth, although there are exceptions to this statement 
and growth may also be affected indirectly. 

Alkylating agents in common use are nitrogen mustard, cyclophosphamide, 
ifosfamide, busulfan, and procarbazine. This class of drugs is most lethal to 
rapidly dividing cells. These drugs can cause gonadal changes, including ova
rian failure and damaged, decreased, or absent spermatogonia that mayor 
may not be reversible depending on the total dose received [86,87]. Prepuber
tal gonads appear to be relatively resistant to injury, i.e., there is greater 
impact in patients in more advanced stages of sexual development [87-89]. 

Acute leukemias as a second malignancy neoplasm (SMN) related to alky
lating agents have been noted up to 20 years after treatment, with the highest 
risk during the first two years posttreatment. The patient may present in a 
myelodysplastic phase. Cytogenetic analysis reveals an abnormal karyotype in 
up to 96% of patients, with the classic observation being loss of part or all of 
chromosome 5 or 7. The leukemia is most frequently FAB subtype M1 or M2 
acute nonlymphocytic leukemia [85]. Other SMNs secondary to alkylating 
agents include lymphomas and bladder carcinomas. The mechanism by which 
chemotherapy induces an SMN is unknown but may be associated with the 
ability of these drugs to alter DNA. In 1995, Travis et al. found a significant 
(4.5-fold) risk of bladder cancer following cyclophosphamide therapy. The risk 
was dependent on cumulative dose and was most significant for a total dose of 
greater than 20 Gy [90). 

Cyclophosphamide itself is associated with hemorrhagic cystitis, with about 
a 10% incidence [90]. There are occasional cases occurring decades after 
therapy. With ifosfamide, a cyclophosphamide analogue, the incidence may be 
as high as 45%, but the incidence is presumably reduced by use of prophylaxis 
with vigorous hydration and Mesna administration [91]. Ifosfamide, as well, 
can cause dose-related Fanconi's renal disease that mayor may not be revers
ible. Risk factors for development of this syndrome include higher total dose, 
younger age of the patient, exposure to agents that also cause renal tubular 
defects, and presence of only one kidney [92]. 

Nitrogen mustard alone in this class can cause skin and tendon contractures 
from drug extravasation, resulting acutely in severe tissue necrosis and slough
ing and subsequently in late soft tissue contractures. 

The class of agents known as antibiotics (dactinomycin, doxorubicin, 
daunomycin, and bleomycin) have a diverse number of late effects. All except 
bleomycin are vesicant drugs similar to nitrogen mustard. Dactinomycin can 
cause late hepatotoxicity but usually only if there is evidence of acute toxicity. 
Bleomycin can result in pulmonary fibrosis at a higher total dose [93]. 
This drug may also play a role in the development of vasooclusive disease 
and premature coronary artery disease [94]. A side effect specific to the 
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anthracyclines doxorubicin and daunomycin is dose-related cardiotoxicity, 
generally seen at a total dose in excess of 200 mg/m2. However, age of the child 
during treatment and additional therapy including radiation therapy may be 
compounding factors, and cardiac toxicity, although dose related, is not consis
tently predictable [95]. Furthermore, cardiac damage continues to occur for at 
least 15 to 20 years after exposure, and the risk even at lower doses is not yet 
known. Anthracyclines, in the absence of radiation, have been associated with 
late echo cardiographic abnormalities in 65% of survivors of childhood leuke
mia [20]. In 1992, Larsen studied survivors of childhood cancer [77]; patients 
who received anthracyclines alone (24 radiation therapy alone, and 27 who 
received both modalities). An increased frequency of electrocardiographic 
changes (QTc prolongation, supraventricular premature complexes, supraven
tricular tachycardia, ventricular premature complexes, couplets, and ventricu
lar tachycardia) were noted in all groups when compared with age-matched 
controls. Serious ventricular ectopy has been noted in patients with a cumula
tive anthracycline dose of greater than 200mg/m2 [96]. 

The late effects of antimetabolites (methotrexate, 6-mercaptopurine, 6-
thioguanine, 5-fluorouracil, and cytosine arabinoside) are usually a result of 
toxicity during therapy - for example, hepatic or renal toxicity [97,98]. How
ever, leukoencephalopathy (described above in section 4.2) from intrathecal 
or high-dose intravenous methotrexate (MTX) may not be seen until years 
later and is most commonly seen when MTX is used in combination with 
radiation therapy [71,72]. 

The plant alkaloids vincristine and vinblastine are vesicants. Late persistent 
neurotoxicity - specifically, peripheral neuropathies - can be observed in 
children receiving multiple doses of vincristine. Older children and adoles
cents, as well as patients with unrecognized neurologic diseases such as 
Charcot-Marie-Tooth [99], tend to be more sensitive to vincristine. 

The platinum drugs cis-platinum and carboplatinum are both ototoxic and 
renal toxic and can cause peripheral neuropathies. Cis-platinum effects, how
ever, at standard therapy doses are more severe. Cis-platinum renal toxicity 
occurs in 50%-75% of patients and appears to be dependent on the individual 
dose intensity as well as the total cumulative dose. Renal failure from chemo
therapy generally represents persistence of acute toxicity and does not usually 
develop in patients who had no problems during or shortly after therapy. 
However, late-onset hypomagnesemia and other electrolyte abnormalities can 
be seen despite normal or recovered levels at termination or early after 
therapy. Cis-platinum ototoxicity is also therapy related but may worsen 
over time. It has also been noted that high-dose cranial irradiation within 
10 months of cis-platinum therapy increases the sensitivity to ototoxic effects 
[71]. Peripheral neuropathies seen more commonly in adults may be reversible 
[100]. 

Hormones such as estrogens, androgens, progestins, and corticosteroids 
have multiple late effects. Obesity, avascular necrosis [101], osteporosis, and 
cataracts are usually seen with prolonged and/or high-dose exposure. 
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Epidophylototoxins include etopiside (VP-16), tenoposide (VM-26), and 
topotecan. Therapy-related secondary acute non lymphocytic leukemia, com
monly with chromosomal translocation at the llq23 locus, may occur after 
exposure to VP-16 and VM-26. This SMN appears to be related to the dose 
and schedule [94]. It is not yet clear whether the same phenomenon will occur 
with related topoisomerase II inhibitors. 

5. Overview of late effects 

While it is helpful to understand the late effects induced by specific modalities 
of therapy, as discussed previously, one must approach the patient in a more 
unified fashion. Therefore, it is important to consider, by systems, the nature 
of late events that may occur in order to plan an approach to health care 
maintenance in these patients. In general, most clinics have devised a system
atic approach to the screening of survivors of childhood cancers based on the 
currently understood probabilities of certain adverse events. Thus, although 
this information may be contained elsewhere in this chapter, we will now 
attempt to outline by organ systems the consequences of therapy that can be 
anticipated. 

5.1. Integument (skin, soft tissue, and mucous membranes) 

Surgery may result in cosmetic defects; certain chemotherapeutic agents may 
lead to hyperpigmentation; and chronic graft-versus-host disease following 
bone marrow transplantation may cause scleredermatous changes in the skin 
and subcutaneous tissues [102,103]. However, radiation effects are far more 
prominent and may lead to significant hypoplasia of skin and underlying 
tissues. Likewise, radiation to the head and neck may cause atrophy of the 
salivary and/or lacrimal glands, with resultant sicca syndromes [82]. Chemo
therapy alone, and radiation effects on salivation as well as direct effects on 
the teeth, particularly in children with preerupted permanent teeth, can cause 
permanent dental discoloration, hypoplasia, absence of secondary teeth, 
enamel changes, and increased incidence of dental caries [81,82,104]. Further
more, the lack of saliva production impairs taste sensation and creates prob
lems with eating and swallowing that may result in serious nutritional deficits 
[105]. Likewise, dry eyes may adversely effect the cornea. In addition, irradia
tion of the eye(s) can also lead to microphthalmia and cataract formation 
[106]. Furthermore, skin irradiation and chemotherapy may predispose later 
to second malignant neoplasms and benign melanocytic nevi [107-109]. 

5.2. Musculoskeletal and soft tissue 

Surgical effects on bone and soft tissues have obvious consequences, depend
ing on the nature of the surgery. Chemotherapy may affect the skeleton 
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through renal impairment, which may lead to altered mineral metabolism and 
rachitic changes in bone [110] or may directly cause skeletal changes such as 
osteporosis due to methotrexate [111] or aseptic necrosis from steroids r 101]. 
Similarly, hormonal changes such as premature menopause may predispose to 
the development of osteoporosis [101]. 

Here also, the consequences of radiation therapy are particularly promi
nent. Chest wall irradiation in the growing child may inhibit later breast 
growth and may also predispose to development of mammary cancer [3,112]. 
Hypoplasia of muscle and soft tissue may lead to skeletal deformities and to 
scoliosis when the area irradiated involves the axial skeleton. Furthermore, 
irradiation of growing bones may inhibit growth, leading to limb asymmetries 
and short stature, or may cause direct osteonecrosis [113] or slipped capital 
femoral epiphysis [114]. 

5.3. Cardiovascular and pulmonary 

All modalities of therapy may affect the heart, lungs, and vessels directly or 
indirectly. Anthracyclines and related drugs can cause decreased ventricular 
function and overt heart failure months to many years following therapy [115]. 
Ventricular arryhthmias can also be seen, and sudden cardiac decompensation 
during pregnancy has been observed [116,117]. Irradiation can independently 
cause or exacerbate these effects and may also cause fibrosis of cardiac muscle, 
pericardial effusions with tamponade, or vascular effects on the coronary 
arteries [118,119]. 

Other chemotherapies, such as bleomycin and potentially cisplatin, may 
cause arterial changes in small peripheral vessels and may potentially affect 
the coronary arteries [94], although this outcome has not been well docu
mented. Additional cardiovascular effects may result from hypertension 
consequent to renal toxicities. 

Pulmonary effects, whether induced by chemotherapy, irradiation, or sur
gery, may result in pulmonary hypoplasia and pulmonary fibrosis and insuffi
ciency [120]. Particularly in children receiving chest irradiation at a young age, 
subsequent pulmonary development may be impaired, resulting in insufficient 
pulmonary volume to deal with increased demands secondary to subsequent 
patient growth [121]. 

All the cardiovascular effects may naturally be worsened by exposure to 
cigarette smoke. Patients may be further at risk because of inappropriate life
styles such as inactivity, poor diet, or excessive anaerobic exercise [122]. 

5.4. Renal 

Unilateral nephrectomy seemingly does not lead to significant renal problems, 
even with subsequent growth [123]. However, subsequent resection or toxicity 
to remaining renal tissue may lead to renal insufficiency. Furthermore, both 
irradiation and certain chemotherapeutic agents may cause substantial renal 
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problems. Irradiation, for example, may lead to nephritis with deterioration of 
glomerular function [124]. Certain chemotherapeutic agents likewise can 
cause renal failure with increasing creatinine and the expected consequences 
[125], sometimes leading to chronic renal failure and the need for dialysis or 
transplant. Effects on renal vasculature, usually radiation induced, may cause 
systemic hypertension. Furthermore, several drugs cause tubular damage with 
renal Fanconi-like syndromes. These necessitate chronic mineral replacement 
therapy and may cause growth failure and skeletal changes secondary to renal 
rickets [26]. Additionally, hyperammonemic encephalopathy and hyper
chloremic acidosis may result from ureteral diversions [68,126]. 

5.5. Gastrointestinal and hepatic 

Gastrointestinal effects may occur anywhere from the mouth to the anus. 
Effects on oral function were mentioned above. Esophagitis may result from 
irradiation, chemotherapy, and infection and may result in swallowing difficul
ties and/or stricture with inability to aliment through the oral route [127]. 
Surgery at any level may rarely lead to the necessity for externalization. 
Uncommonly, as a result of combinations of therapy, there may be malabsorp
tion that requires supplementation or even parenteral nutrition. More com
monly, bowel irradiation may cause chronic colitis or proctitis and sometimes 
rectal incontinence [9,128]. 

While irradiation may damage the liver, it is more common to see hepatitis 
as a result of chemotherapy and/or infection that may emerge years later. 
Hepatic fibrosis is a much less common late effect and may be the result of 
mUltiple factors [98,129,130]. 

5.6. Genitourinary 

GU tumors, most commonly rhabdomyosarcomas, necessitate chemotherapy 
and irradiation and sometimes bladder resections. Thus, late hemorrhagic 
cystitis with the possibility of secondary bladder cancers [92] or structural 
abnormalities of the urinary tract requiring diversion and/or externalization 
[131] may occur. These patients subsequently are at risk for urinary 
tract infections that, if not vigorously addressed, may actually lead to renal 
impairment. 

6.7. Endocrine 

Endocrine effects may involve the pituitary axis, thyroid gland, and gonads. In 
significant percentages of patients, neck irradiation may lead to hypothy
roidism, necessitating life-long supplementation. Furthermore, thyroid cancer 
is also a risk in these patients, so careful monitoring is essential. 

Central nervous system effects, most commonly due to cranial irradiation, 
increase in incidence with increasing dosage and may lead to growth hormone 
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deficiency and consequent growth failure [132] or to inhibition of releasing 
factors causing end-organ failure [133], including hypothyroidism and gonadal 
failure. 

Reproductive organs may also be affected by treatment of pelvic disease. In 
the case of cancers involving the female genital tract, surgery may lead to loss 
or alteration of uterine, cervical, or vaginal structures, with resultant potential 
for altered sexual or reproductive capacity. Resection of testicular tumors, 
usually unilateral, may cause cosmetic alterations that may be extremely prob
lematic for pubertal males. 

Pelvic irradiation and certain chemotherapies may also cause gonadal atro
phy with lack of appropriate hormone production, resulting in absent sexual 
maturation, infertility, and sexual dysfunction [132-134]. 

5.B. Genetic implications 

Genetic effects on offspring appear, fortunately, to be uncommon. At present, 
late effects of chemotherapy to men or nonpregnant women do not appear to 
cause an increase in fetal abnormalities [2]. Effects on the rates of miscarriage 
are difficult to determine but likewise do not seem to be excessive. However, 
there are some studies suggesting a slightly increased incidence of fetal malfor
mations, spontaneous abortion, and prematurity in the offspring of patients 
receiving irradiation and chemotherapy [135,136]. Malignancy in the progeny 
of survivors of childhood cancer can occur at slightly increased rates because 
of genetic predispositions, as in the Li-Fraumeni syndrome, but this outcome 
does not appear to be directly treatment related. 

Genetics in long-term survivors of cancer have been and will continue to 
impact research, education, and clinical care of patients. In certain well
studied situations, genes that predispose to childhood cancer may also predis
pose to other malignancies in the patient or offspring [12]. Retinoblastoma has 
provided the model for genetic studies in long-term survivors. 

Patients with bilateral retinoblastoma have been found to transmit the 
disease to their offspring in 50% of cases, regardless of the family history. A 
small number of unilateral retinoblastoma cases are also attributable to a 
germline mutation, though these usually have a family history, and thus there 
may be a risk of the disease in offspring [136]. 

Patients with retinoblastoma have also taught us another lesson with re
spect to genetic predisposition. Long-term survivors of the heritable form of 
retinoblastoma have been found to have a high risk of second tumor, primarily 
osteosarcoma, but also sarcomas, melanomas, and an array of other adult 
carcinomas. In a 12-18-year follow-up of heritable retinoblastoma patients, 
Draper et al. demonstrated a projected cumulative risk of second malignancy 
to be 8%-9% over 18 years. The risk was highest in those treated with 
radiation therapy [56]. 

The best-known description of a familial pattern of diverse neoplasms, not 
necessarily following an overt predictable autosomal-dominant inheritance, is 
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the classic Li-Fraumeni syndrome. Since their initial studies in 1969, Li and 
Fraumeni have reported an unusually high risk of cancer - particularly sarco
mas and carcinomas of the breast, lung, and prostate - in family members of 
patients with childhood soft tissue sarcomas [137,138]. In 1993, Strong studied 
159 survivors and families of patients with childhood soft tissue sarcoma. The 
risk of cancer in relatives of patients who had a second malignancy was 
significantly greater than in those relatives of patients who did not have 
additional cancers [12]. A more detailed description of genetics and childhood 
cancer can be found in the relevant chapter of this book. 

5.9. Neuropsychiatric 

The majority of effects on the nervous system are secondary to cranial radia
tion, or to a lesser extent neurotoxic chemotherapeutic agents, particularly 
methotrexate. There are some drugs (e.g., vina alkaloids, platinum analogues) 
that cause peripheral neuropathies that may persist after discontinuation of 
the drug [100]. These neuropathies are more commonly seen in adults. On the 
other hand, alterations in cognition and intellectual function, including learn
ing disabilities and attentional problems with consquent impact on school 
performance, are fairly common in children receiving treatment that is toxic to 
the neuroaxis. Overt leukoencephalopathy [139,140] and delayed cerebral 
necrosis [141,142] are the most devastating disabilities seen and fortunately 
occur in the minority of patients. With recognition for these syndromes, most 
modern treatment approaches attempt to minimize dosage and/or delay irra
diation of the brain in the very young child. 

5.10. Secondary malignancy 

There is an increased incidence of secondary malignancy in patients treated in 
childhood for a primary cancer, with a cumulative risk of 1.3% to 20% at 20 
years [143,144]. This incidence appears to start approximately five years after 
treatment and continues to increase over time for more than 25 years after 
initial diagnosis (145]. The ultimate incidence of secondary malignancy is not 
yet known because of the relatively short period of follow-up in effectively 
treated patients with childhood cancer. Furthermore, genetic factors that pre
disposed to the first cancer may also predispose to further malignancy, particu
larly in patients with known familial cancer syndromes [3,144]. The nature and 
timing of the secondary tumors is dependent on the genetic predisposition and 
the modalities and drugs included in the initial treatment regimen. Thus, 
irradiation, alkylating agents, and topoisomerase inhibitors will lead to sec
ondary nonlymphocytic leukemias and myelodysplastic syndromes [146,147]. 
Irradiation therapy, on the other hand, may also lead to sarcomas in the 
irradiation field and skin cancers [148,149], mainly in irradiated tissues in the 
period 5 to 10 years following treatment, with carcinomas predominating in 
later years [3,145] (figure 3). 
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Figure 3. Cumulative risk of second malignancy, second solid tumor, or second ANLLINHL 
following therapy for Hodgkin's disease. The second CML was included in the second malignancy 
but not in the second hematologic malignancies (ANLLINHL). 

5.11. Psychosocial 

In dealing with all the consequences of therapy, it is vital to recognize the 
hidden, nonphysical late effects of cancer in the growing organism. Occur
rence of a chronic, life-threatening illness, associated with serious alteration 
in body image as well as accompanying social isolation and school absences, 
may have serious psychological ramifications affecting the patient and family 
that may persist long after the primary problem is resolved [28,150]. Further
more, the secondary effects alluded to above may also have an impact on 
psychological well-being and social adjustment. Reports vary on the impact 
of surviving childhood cancer on psychosocial adjustment. Although 
problems clearly exist, survivors also may benefit psychologically from their 
experience [28,150] In addition, these patients must deal with a degree of 
insecurity about the future [151] in terms of physical problems, possibility 
of secondary malignancy, questions about fertility and future generations, 
and the response of society to their past medical problems. These problems 
are obviously impacted also by the social milieu, which may add further 
stresses related to the ability to obtain employment and insurance [148]. 
Although efforts are being made to combat discrimination, currently survivors 
of cancer encounter problems in obtaining health and life insurance. Similarly, 
problems remain in obtaining equal opportunities for employment and mili
tary service. 
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Obviously, all these points underscore the need for careful surveillance, 
counseling, and intensive support of these patients. Recommendations for 
monitoring these children will vary according to primary disease, treatment 
modalities, initial toxicities, and genetic factors. Furthermore, specific recom
mendations may vary from center to center. Included in this chapter is a 
summary of our current approach to these patients. A disciplined, multiservice 
approach to the survivors of childhood cancer, organized and supervised at 
least initially by the treating center, with recommendations for future health 
care and health practices, will be essential for optimal medical care of this 
group of patients. 

5.12. General follow-up 

Very few survivors of childhood malignancy will be free of long-term problems 
relating to their initial disease and treatment; some problems may be life
threatening [26,152]. Therefore, follow-up of these patients is essential 
throughout their lives. Recognition of the spectrum of delayed consequences 
following cancer treatment is one aspect of the study of late effects. Another 
involves the actual tracking, monitoring, and ongoing medical care of patients. 
Pediatric oncology centers have established late-effects programs to study and 
monitor the late adverse physical and psychosocial sequelae of cancer treat
ment, as well as to provide therapeutic intervention and counseling. Most 
survivors will receive at least part of their care from nononcologic health care 
providers who are not experts in oncology and are frequently unaware of some 
of the potential late complications of childhood cancer treatment. It is impor
tant to educate pediatricians, internists, obstetricians, and family practitioners, 
as well as nurses, social workers, psychologists, and school personnel, about 
late effects and their significance. 

Because many problems first appear many years after treatment or may 
progress over time, reevaluations should be done optimally every year or 
every other year for life. However, more frequent surveillance may be neces
sary during defined high risk periods, e.g., during adolescent growth spurt or 
pregnancy. Adverse consequences of engaging in unhealthy life-style habits 
are magnified in this population. Examples include smoking in a patient who 
received lung irradiation or alcohol abuse within a patient with hepatotoxicity 
[152]. 

The typical visit of a survivor to a long-term follow-up clinic will involve 
significant preplanning by the medical care team. The multidisciplinary team 
usually includes a physician, an advanced practice nurse, and a social worker 
and/or psychologist, with at least peripheral involvement of a radiation 
oncologist, cardiologist, endocrinologist, and orthopedist. Other important 
consultants may include dentists, opthalmologists, and physical therapists. A 
detailed summary of the medical records with a history of the patient's disease 
and therapeutic interventions can anticipate individual patient problems, nec
essary screening tests, and counseling interventions. 
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At each visit, an interim history should focus on intercurrent illnesses, 
problems, review of systems, medication, education, employment, insurance 
status, marital history, menstrual and reproductive history, interpersonal 
relationships, sexual activity, and family history (specifically for cancer diag
noses). It may be important to update records or residence and participating 
health care providers for tracking and communication purposes. A complete 
physical examination, including height and weight, that looks for late effects is 
routine. 

Recommendations for laboratory or other diagnostic tests are individual
ized according to clinical findings and past history. The extent of systematic 
screening of asymptomatic individuals remains controversial and varies signifi
cantly from clinic to clinic. It is clear, however, that health care providers 
should be knowledgeable about surveillance for delayed toxicities of treat
ment and should be sensitive to early, sometimes subtle signs and symptoms 
that may indicate treatment complications. Prompt evaluation and care of 
symptomatic disease is essential. Table 1 shows one schema for minimal 
screening targeted to prior treatment modalities. 

Assessment of overall quality of life should be part of regular follow-up of 
a childhood cancer survivor. Many children seem to cope well despite their 
disabilities. However, in some systematic studies of childhood cancer survi
vors, disabilities that significantly alter quality of life have been detected in up 
to 40% of patients [26]. To maximize patient compliance with follow-up ef
forts, the importance of late effects should be emphasized while the patient is 
still undergoing therapy. This education may include suggestions for individu
alized life-style modifications, as well as consideration of other psychosocial 
issues such as employment, insurance, or interpersonal relationships. 

Patients who received anthracycline therapy with or without mediastinal 
radiation should be cautioned about initiating strenuous physical activity or 
becoming pregnant without adequate evaluation. Individuals deemed to be at 
increased risk for an SMN should be counseled regarding the importance of 
regular surveillance and, where appropriate, the potential role of genetic 
predisposition, so that an early diagnosis can facilitate a second cure. Scrupu
lous oral hygiene, including flossing and fluoride supplementation to minimize 
dental abnormalities, may be necessary for survivors at high risk for oral 
pathology. Counseling and intervention concerning neurologic sequelae 
should begin early in therapy when risk is high in order to maximize patient 
function. Education concerning the quality of patient outcomcs is important 
to help the family facilitate and plan for careful educational and vocational 
interventions. 

The main goal of treatment of childhood cancer has been to cure the 
patient, permitting normal development to occur and resulting in a useful and 
productive adult life. Approximately 80% of children under the age of 15 years 
with cancer can now be expected to be cured of their disease [153]. Cure of 
malignancy is clearly important but may not be a sufficient endpoint for 
determining protocol success. 
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6. Ramifications of the study of late effects 

Obviously, with an estimated one in 900 young adults being a survivor of 
childhood cancer, late effects of treatment are and will continue to be a 
significant public health issue. Furthermore, over time there may be an in
crease in the manifestations of cancer treatment as survivors become mature 
and elderly adults. The superimposition of early treatment of cancer onto the 
normal health problems that accompany aging is likely to result in additional, 
as yet unforeseen problems. These problems, furthermore, will be treated not 
by pediatricians or pediatric oncologists but by internists, obstetricians, gyne
cologists, general practitioners, surgeons, and geriatric specialists. Therefore, 
as previously mentioned, it is imperative that these practitioners be educated 
about the potential for late effects and that communication about later health 
problems be communicated back to the pediatric oncologists. 

Multidisciplinary late effects clinics are increasingly incorporated into the 
comprehensive care of children with cancer. The role of such clinics is multi
factorial and includes health maintenance, counseling, surveillance and moni
toring of late effects, dealing with psychosocial issues, and communication to 
other oncologists and practitioners of adult medicine. Habits that may affect 
health in all young people, such as smoking, alcohol and drug abuse, exercise 
and diet, and medical surveillance, need to be discussed with the patients with 
emphasis on the necessity for good health practices. 

Obviously, anticipatory guidance and education of other practitioners can 
only be as good as the information available. It is therefore essential to learn 
more about late effects, occurring not only during youth but also throughout 
adulthood. All this is essential in order to permit the health care team to find 
means of improving the quality of life of our survivors. 

Knowledge about late effects will assist practitioners to be advocates for 
their patients in areas such as insurance, employment, and military service. 
Furthermore, with time and increased follow-up, we will add to the 
information about genetic effects, which will be vital for counseling. 

Finally, additional data will be essential for pediatric oncologists as front
line and salvage protocols continue to be devised and refined. 
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myc gene, in osteosarcoma, 220 
c-myc gene, in AIDS-related lymphoma, 

54 
N-myc gene 

in embryonic development, 26 
in mice, 26 

MYCN amplification, in neuroblastoma, 
135-139 

Myeloid leukemia 
genomic imprinting in, 21 
neurofibromatosis and, 83 

Myoclonus, in neuroblastoma, 129-130 
MyoD protein, in rhabdomyosarcoma, 310 

N 

Nephritis, radiation therapy-associated, 
352 

Nephrogenic rests 
in Beckwith-Wiedemann syndrome, 117 
in Wilms' tumor, 72, 116-117 



Nerve growth factor receptor, in 
neuroblastoma, 140-141 

Neuroblastoma, 125-151 
anatomic sites of, 127 
angiogenesis in, 143 
bone marrow transplantation in, 147-149 
CD44 in, 143 
cerebellar encephalopathy in, 129-130 
chemotherapy in, 146-149 
chromosome I abnonnalities in, 139-140 
clinical presentation of, 127-130 
clinical prognostic factors in, 134 
diagnosis of, 130-131 
diarrh~ in, 128-129 
differential diagnosis of, 132 
disseminated, 146, 147-149 
embryologyof,126-127 
etiology of, 126 
extension of, 131-132 
familial, 126 
flow cytometry in, 139 
genomic imprinting in, 21 
histology of, 134-135 
HOX gene expression in, 14 
hyperbaric oxygen treatment in, 149 
hypertension in, 128 
imaging evaluation of, 131-132 
immunotherapy of, 150 
incidence of, 125 
localized, 145 
MDRI gene in, 142-143 
111S1ml MIJJ(j !realmI'D! in 149 150 

monoclonal antibody treatment of, 150 
multidrug-resistance-associated protein 

in, 142-143 
MYCN amplification in, 135-139 
nerve growth factor receptor defects in, 

140-141 
pentetreotide treatment in, 150 
P-glycoprotein in, 142 
ploidy in, 139 
prognosis for, 134-143 
regional, 146-147 
regression of, 146 
retinoic acid treatment of, 150-151 
screening for, 144 
sites of, 127 
stage 4, 146, 147-149 
stage 4S, 146 
staging of, 132-134 
surgical treatment of, 145 
treatment of, 144-149 
TrkA gene in, 141 

tumor markers in, 131, 134, 135 
Neurofibromatosis (von Recklinghausen's 

disease) 
genetics of, 82-84 
Wilms' tumor in, 113 

Neuropathy, chemotherapy-associated, 
354 

NFl gene, 83-84 
NF2 gene, 84 
Non-Hodgkin's lymphoma 

in acquired immunodeficiency 
syndrome, 51-54 

in immune deficiency states, 40-41 

o 

Osteoma, familial adenomatous polyposis 
and, 76 

Osteosarcoma, 215-242 
alkaline phosphatase in, 228, 230 
angiogenesis inhibitors in, 238-239 
biological response modifiers in, 

238-239 
biopsy of, 228 
cell cycle dysregulation in, 220 
chemotherapy in, 230, 231, 233-238, 

240-242 
cisplatin toxicity after, 241 
clinical presentation of, 223-225 
complications of, 240-242 
cytogenetics of, 217-218, 232 
diagnosis of, 225-229 
differential diagnosis of, 228-229 
dominant-acting oncogenes in, 220-221 
doxorubicin-related cardiotoxicity 

after, 241 
epidemiology of, 215,216 
etiology of, 215-217 
fluoride and, 217 
[os genes in, 220-221 
growth honnone antagonists in, 238 
histology of, 222-223, 231 
interferon in, 238 
of jaw, 222 
jun genes in, 220-221 
lactate dehydrogenase in, 228, 230 
in Li-Fraumeni syndrome, 219-220 
magnetic resonance imaging of, 225, 

226-227 
metastatic, 225, 227, 239-240 
molecular biology of, 218-221 
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muramyl tripeptide phosphatidyl 
ethanolamine in, 238 

myc genes in, 220, 221 
p53 gene in, 219-220, 232 
Paget's disease-associated, 222 
pathology of, 221-223 
P-glycoprotein in, 231-232, 234, 238 
postradiation, 222 
preoperative chemotherapy for, 234 
prognosis for, 229-232 
radiation exposure and, 216--217 
radiation therapy in, 239 
radiologic evaluation of, 225-227 
Rb gene in, 218-219, 232 
recurrence of, 240 
after retinoblastoma treatment, 69 
sites of, 223-224 
surgery for, 233 
TNP-470 in, 239 
TP53 gene in, 75 
treatment of, 230, 231,232-239,240-242 
tumor suppressor genes in, 218-220 
viruses and, 217 

Ovarian dysgenninoma, 184 
Ovarian embryonal carcinoma, 185 
Ovarian endodennal sinus tumor, 184-185 
Ovarian germ cell tumors, 181-187 

genetic studies of, 186-187 
Ovarian teratoma 

immature, 183-184 
mature, 182-183 

p 

p53 gene 
in embryonic development, 28-29 
in osteosarcoma, 219-220, 232 
in transgenic mice, 29 
in Wilms' tumor, 116 

p53 protein, WTI protein complex with, 
105 

P AX3 gene, 23 
in embryonic development, 22-24 
mutations in, 24 
in rhabdomyosarcoma, 311-312 

Pax3 gene 
in mouse embryonic development, 24 
mutations in, 24 

P AX7 gene, 23 
P AX3-FKHR fusion gene, in 

rhabdomyosarcoma, 312-313 

384 

PAX7-FKHR fusion gene, in 
rhabdomyosarcoma, 313-314 

Pentetreotide, in neuroblastoma, 150 
Peripheral primitive neuroectodenna1 

tumor, 253. See also Ewing's 
sarcoma. 

chemotherapy in, 273-281, 285-287 
clinical presentation of, 265-266 
epidemiology of, 253-254 
histogenesis of, 257-258 
laboratory tests in, 271 
magnetic resonance imaging of, 

267-269,271 
pathology of, 254-257 
sites of, 265 

Perlman syndrome, Wilms' tumor in, 113 
P-glycoprotein 

in neuroblastoma, 142 
in osteosarcoma, 231-232, 234, 238 

Phakomatoses, genetics of, 82-85 
Placental-like alkaline phosphatase 

in genn cell tumors, 179 
in genninoma, 168 

Ploidy 
in neuroblastoma, 139 
in rhabdomyosarcoma, 3 II 

Polyps 
brain tumors and, 78 
in familial adenomatous polyposis, 

75-78 
Prader-Willi syndrome, aberrant genomic 

imprinting in, 19-20 
Purtillo syndrome (X-linked 

lympholiferative disease), in immune 
deficiency states, 41 

R 

Radiation exposure, in osteosarcoma 
causation, 216-217 

Radiation therapy 
in eNS genn cell tumors, 189-190 
in Ewing's sarcoma, 288-294 
late effects of, 350-352, 365-367 
in osteosarcoma, 239 
in rhabdomyosarcoma, 321-324, 328 

RB gene 
in embryonic development, 27-28 
in osteosarcoma, 218-219, 232 

RBI gene 
carrier status for, 67-68 
constitutional mutation of, 66-67 



Renal cell carcinoma 
HOX gene expression in, 14 
Von Hippel-Lindau disease and, 85 

Reproduction, radiation 
therapy-associated disorders of, 351 

RET gene, in multiple endocrine 
neoplasia-2A, 79, 82 

Retinal pigmented epithelium, in familial 
adenomatous polyposis, 77 

Retinoblastoma 
bilateral, 67 
follow-up for, 69 
genetic testing in, 86 
genetics of, 66-69 
second malignancies with, 69 
unilateral, 67 

Retinoic acid, in neuroblastoma, 150-151 
Retroperitoneum, germ cell tumors of, 188 
Rhabdomyoma, in tuberous sclerosis, 84 
Rhabdomyosarcoma, 309-330 

alveolar, 310-311, 312-314 
biology of, 310 
bladder, 325 
chemotherapy in, 321-324, 326-328 
Cooperative Soft Tissue Sarcoma trials 

treatment results in, 327-328 
embryonal, 21, 311, 314-316 
FKHR gene in, 312 
genetics of, 310-316 
genomic imprinting in, 21 
head, 326, 329 
inoperable, 324 
Intergroup Rhabdomyosarcoma Study 

Trials treatment results in, 320-326 
International Society of Pediatric 

Oncology trials treatment results in, 
326-327 

late treatment effects in, 329-330 
loss of heterozygosity in, 315-316 
metastatic, 324-325 
neurofibromatosis and, 83 
orbital, 326, 329 
parameningeal, 325-326 
paratesticular, 326 
PAX3 gene in, 23, 311-312 
P AX7 gene in, 23 
PAX3-FKHR fusion gene in, 312-313 
PAX7-FKHR fusion gene in, 313-314 
ploidy of, 311 
post-treatment second malignancy in, 

329-330 
prognosis for, 316-318 
prostate, 325 

radiation therapy in, 321-324, 328 
staging of, 316-318 
surgery in, 320-323, 328-329 
tetraploidy in, 311 
TP53 gene in, 75 
treatment of, 318-329 
tumor suppressor genes in, 315-316 

Rheumatoid arthritis, methotrexate 
therapy in, 43 

Ring chromosome, in osteosarcoma, 217 

s 

Sacrococcygeal endodermal sinus tumor, 
175 

Sacrococcygeal teratoma, 173-174 
Sarcoma 

Ewing's, 253-298. See also Ewing's 
sarcoma. 

soft tissue, 282 
SARFH (sarcoma-associated 

RNA-binding fly homologue) gene, 
260 

Schiller-Duvall bodies, of endodermal 
sinus tumor, 169, 170 

Schwannoma, neurofibromatosis and, 83 
Scoliosis, radiation therapy-associated, 

351 
Screening 

in familial cancer syndromes, 85-88 
for Wilms' tumor, 72-73 

Segmentation genes, in Drosophila 
development, 6, 8 

Seminoma, 168, 169 
Sialophorin, in Wiskott-Aldrich 

syndrome, 40 
Simpson-Golabi-Behmel syndrome, 

Wilms' tumor in, 71, 112-113 
Small cell lung carcinoma, HOX gene 

expression in, 14 
Soft tissue sarcoma, 282 
Surgery, late effects of, 348-349, 367 

T 

T lymphocytes, Epstein-Barr virus 
response of, 44-45 

T-cell acute lymphoblastic leukemia, 
HOXll gene expression in, 15 

Teeth, radiation therapy-associated 
changes in, 351 
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Teratocarcinoma, 166 
Teratoma 

extragonadal, 175-176 
immature, 166-168, 174-176, 183-184 
malignant transformation of, 166 
mature, 166, 173-174, 182-183 
ovarian, 182-183 
sacrococcygeal, 173-174 
testicular, 176 

Testicular germ cell tumors 
in adolescents, 178-181 
genetic studies of, 177-\78, 181 
in infants, 176-178 

Thyroid cancer, in multiple endocrine 
neoplasia-2, 78-79, 80-81, 82 

TNP-470, in osteosarcoma, 239 
TP53 gene 

in Li-Fraumeni syndrome, 71, 74-75 
testing for, 88 

tra-l gene, 27 
Transcription factors, Ets family of, 

261-262 
Transplantation, Iymphoproliferative 

disease and, 42-51 
TrkA gene, in neuroblastoma, 141 
TSCl gene, 84, 85 
TSC2 gene, 85 
Tuberous sclerosis (Bourneville's disease), 

genetics of, 84-85 
Tumor suppressor genes 

in osteosarcoma, 218-220 
in rhabdomyosarcoma, 315-316 

Turcot's syndrome, 78 

u 

Uniparental isodisomy, 108, 109 

v 

Vasoactive intestinal polypeptide, in 
neuroblastoma, 128-129 

VHLgene,85 
Viral capsid antigen, in lymphoproliferative 

disease, 44-45, 48 
Viruses 

Epstein-Barr (EBV), 43-51 
human immunodeficiency (HIV), 51-56 
osteosarcoma and, 217 

Von Hippel-Lindau disease, genetics of, 85 

386 

w 

Waardenburg syndrome 
P AX3 gene in, 24, 312 

WAGR (Wilms' tumor, aniridia, 
genitourinary anomalies, and 
retardation) syndrome 

genetics of, 70 
nephrogenic rests in, 72 

Wilms' tumor, 101-118 
in Beckwith-Wiedemann syndrome, 70 
bilateral, 71, 72 
chromosome I pin, 115 
chromosome 7p in, 115-116 
chromosome IIp 13 in, 103-107 
chromosome I1p15 in, 107-112 
chromosome 16q in, 114-115 
chromosome \7q12 in, 112 
familial, 70-73, 112-113 
genetics of, 69-73 
genomic imprinting in, 20-21 
Hl9 gene in, 110-111 
HOX gene in, 14 
IGF2 gene in, 109-110 
insulin-like growth factor in, 109-112 
in Li-Fraumeni syndrome, 71,113 
nephrogenic rests in, 72,116-117 
p53 gene in, 116 
prognosis for, 101-102, 114 
screening for, 72-73 
in Simpson-Golabi-Behme1 syndrome, 

71, 112-113 
two-hit hypothesis of, 102-103 
unilateral, 72 
uniparental isodisomy in, \09 

Wiskott-Aldrich syndrome, 40-41 
WTl gene, 64, 69-73,103-107 

chromosome location of, 103-104 
in Denys-Drash syndrome, 70, 106-107 
in embryonic development, 19 
expression patterns of, 105-106 
function of, 104-105 
mutations in, 106 
structure of, 104-105 

WT2 gene, 107-112 
in Beckwith-Wiedemann syndrome, 

107,109 
maternal loss of, 108-109 

WTl protein, p53 protein complex with, 
105 



x 

X chromosome, in eNS germ cell tumors, 
190 

Xl-jli gene, in embryonic development, 25 
X-linked Iympholiferative disease, in 

immune deficiency states, 41 

y 

Yolk sac tumor. See Endodermal sinus 
tumor. 
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