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Preface

vii

Cytogenetics, fluorescence in situ hybridization
(FISH) and molecular tests, especially polymerase
chain reaction (PCR), play an important role in the
management of patients with hematologic malignan-
cies by helping to establish the diagnosis, as well as
predict prognosis, response to treatment and disease
progression.1–48 Chromosomal and molecular abnor-
malities provide the most reliable criteria for classifica-
tion of hematopoietic tumors and often comprise the
basis for targeted therapy. For example, Philadelphia
chromosome (Ph), rising from t(9;22),BCR/ABL con-
firms the diagnosis of chronic myeloid leukemia
(CML) while the presence of t(15;17)PML/RARa confirms
the diagnosis of acute promyelocytic leukemia (APL).
Others include: t(8;21) or inv(16) in a subset of acute
myeloid leukemia (AML), chromosome 14 abnormali-
ties in T-prolymphocytic leukemia (T-PLL), iso(7q) in
hepatosplenic T-cell lymphoma, t(11;14)CCND1/IGH in
mantle cell lymphoma, t(14;18)IGH/BCL2 in follicular
lymphoma, t(2;5)NPM/ALK in anaplastic large cell lym-
phoma (ALCL), t(8;14)c-MYC/IGH in Burkitt 
lymphoma, JAK2V617F mutation in classic non-CML
chronic myeloproliferative disorders, especially
Polycythemia vera, and cryptic deletion on 4q12 asso-
ciated with the FIP1L1/PDGFRA fusion gene in
chronic eosinophilic leukemia (CEL) or systemic mas-
tocytosis with eosinophilia. Lymphomas most often
display balanced translocations, whereas myelodys-
plastic syndromes are often marked by deletions or

additions of genetic material (e.g. monosomies and
trisomies). Nonrandom chromosomal aberrations
detected by G-banding, FISH, and/or PCR identify
patients at different risk and help to determine the
most appropriate management (e.g. aggressive treat-
ment in high-risk groups versus the wait-and-watch
approach or less aggressive treatment for low-grade
neoplasms). Cytogenetic and molecular analysis helps
to identify chromosomal/oncogenic abnormalities
that can be targeted by specific therapies exemplifying
the ever-expanding personalized approach to manage-
ment of cancer patients. Imatinib (Gleevec) and novel
tyrosine kinase inhibitors (Dasatinib, Nilotinib) suc-
cessfully target BCR/ABL fusion in CML. Neoplastic
cells in CEL or systemic mastocytosis with
eosinophilia with FIP1L1/PDGFRA also respond to
imatinib, albeit with higher sensitivity. All-trans-
retinoic acid (ATRA) therapy revolutionized treat-
ment of APL by targeting PML/RARα fusion.
Myelodysplastic plastic (MDS) patients with del(5q)
respond to lenalidomide. A combination of molecular
genetic techniques and G-banding allows for early
detection of recurrence, identification of low levels of
residual disease (minimal residual disease; MRD), and
evaluation of engraftment status after allogeneic stem
cell transplantation.

This book provides a review of chromosomal and
molecular changes in hematologic malignancies and
correlates the karyotypic and genetic abnormalities
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with morphology, immunophenotype, and clinical
data. It is divided into three chapters. The first
describes the karyotype and the basics of cytogenetics,
FISH, and molecular testing. Chapter 2 lists the most
common chromosomal and molecular aberrancies and
their utility in diagnosis, prognosis, and monitoring.

Chapter 3 covers specific hematologic malignancies
and provides a short description of the clinical,
pathologic, and cytogenetic/molecular characteristics.

Wojciech Gorczyca

viii PREFACE
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CHAPTER 1

Introduction

1

Recurring chromosomal abnormalities are involved
in the pathogenesis of hematologic malignancies and
are important indicators for their diagnosis and
prognosis. The methods used to detect the genetic
changes in hematologic malignancies include:

(a) conventional cytogenetics (karyotyping on cells
derived from direct preparations or short-term
cultures using banding analysis; G-banding)

(b) molecular cytogenetics, e.g. fluorescence in situ
hybridization (FISH), multicolor FISH, and
spectral karyotyping (SKY)

(c) molecular techniques to analyze DNA, RNA, or
proteins directly, e.g. the polymerase chain reac-
tion (PCR), reverse transcriptase PCR (RT-PCR),
quantitative real-time RT-PCR (RQ-PCR; qRT-
PCR), Southern blotting, and microarray analysis.

Conventional cytogenetics using classical 
karyotyping of chromosomes remains the most 
comprehensive method for assessing chromosome
abnormalities, especially numeric and structural
chromosome aberrations. Technical issues associated
with cytogenetics (e.g. requirement for fresh sample,
difficulties in identification of masked or cryptic
aberrations due to limited resolution by classic band-
ing techniques) have resulted in an increased use of
molecular cytogenetic techniques, such as FISH, to
identify specific abnormalities that are useful in either

the diagnosis or management of hematologic disor-
ders. Automation and high sensitivity have led to the
recent increase in popularity of PCR technologies in
diagnosis and especially in disease monitoring.

Many chromosomal and molecular changes define
specific hematologic entities and syndromes, and
have important therapeutic and prognostic impact:
t(15;17)PML/RARa is characteristic for acute promyelo-
cytic leukemia (APL), a unique variant of acute
myeloid leukemia (AML) treated with ATRA and
arsenic dioxide; t(8;21) or inv(16) comprises the
favorable risk group of AML, whereas a complex
karyotype in AML predicts a poor prognosis;
t(2;5)NPM/ALK defines a subset of anaplastic large cell
lymphoma associated with a good prognosis and
chemosensitivity; t(8;14)MYC/IGH is important in the
diagnosis of Burkitt’s lymphoma and, when accom-
panied by BCL2 or BCL6 rearrangements, defines
the aggressive subset of diffuse large B-cell lym-
phoma; iso(7) is seen typically in hepatosplenic γδ
T-cell lymphoma and inv(14) in T-prolymphocytic
leukemia (T-PLL). The t(9;22)BCR/ABL is typical for
chronic myeloid leukemia (CML), although it may
be seen in a subset of precursor B-lymphoblastic
leukemia (B–ALL) or AML, where it is associated
with a poor prognosis. Understanding the role of
BCR/ABL fusion in the pathogenesis of CML led to
the development of imatinib (Gleevec), a selective
BCR/ABL kinase inhibitor that replaced interferon
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and/or allogeneic stem cell transplantation as the
frontline therapy for CML.42, 49–54

A significant subset of hematopoietic malignan-
cies shows lack of chromosomal rearrangements in
conventional cytogenetic studies and only molecular
tests are able to visualize the underlying genetic
defect(s). For example, FLT3 mutations belong to
the most frequent mutations in AML (~23%) with
the majority of patients (~70%) displaying a normal
karyotype.55–62 Similarly, MLL mutations occur
mainly in cytogenetically normal AML.63–68 Molecular
technology, especially real-time quantitative RT-PCR
(qRT-PCR), plays an important role in monitoring
patients after treatment, best documented in CML
patients on imatinib.41,42

KARYOTYPE

A karyotype is a set of the chromosomes from 
one cell. There are 46 chromosomes occurring in 

23 pairs (Figure 1.1). Chromosomes are distinct
bodies found in the nucleus of cells, best visible in
the phase of the cell cycle called metaphase.
Chromosomes are composed of protein and DNA
and hold the genetic information in the form of
linear sequences of four bases (A,T,C,G). The DNA
sequence for a single trait is called a gene. Each chro-
mosome contains a few thousand genes, which range
in size from a few thousand bases up to 2 million
bases. The first 22 pairs are labeled longest to short-
est. The last pair are called the sex chromosomes,
which are labeled X or Y. Females have two X chro-
mosomes (XX), and males have an X and a Y chro-
mosome (XY). Each chromosome has a short or 
p (petit) arm and long or q (next letter in the 
alphabet) arm, which are separated by a region
known as the centromere. The centromere is a con-
densed part of the chromosome which binds
together two sister chromatids and constitutes the
attachment site for spindle fibers during cell division.

2 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES

1

6

13

19 20 21 22 X Y

14 15 16 17 18

7 8 9 10 11 12

2 3 4 5

Figure 1.1 Normal karyotype (male)
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Types of chromosomes are presented in Figure 1.2.
Each chromosome arm is defined further by num-
bering the bands (light and dark bands are visible
under the microscope after staining with various
dyes); the higher the number, the further that area is
from the centromere. The band width and the order
of bands are specific for each chromosome and allow
their identification (Figures 1.3–1.25).

NOMENCLATURE

Chromosomal aberrations include numeric and
structural abnormalities (Figure 1.26). A cell with 
46 chromosomes is called diploid, and a cell with an
abnormal number of chromosomes is called aneu-
ploid (<46, hypodiploid; >46, hyperdiploid). An
insertion (ins) is a structural rearrangement in which
part of a chromosome is inserted to a new location
on a chromosome. Monosomy refers to a single
chromosome and trisomy to three chromosomes.
Loss of a chromosome is designated by a minus sign
(−; monosomy) and loss of part of a chromosome by
del. Deletions can be either terminal or interstitial.
The chromosomes that are most commonly lost

include −5, −7, −X, and −Y, and those most commonly
duplicated (+; trisomy) include +4, +6, +8, +9, +10,
+11, +12, +13, +14, +19, +20, and +21. Common
chromosomal deletions include del(5q), del(6q),
del(7q), del(13q), and del(20q). Isochromosome 
(i) is an abnormal chromosome with two chromosome
arms positioned as mirror images of each other
(duplication of one of the arms, resulting in a meta-
centric chromosome with identical genes on both
arms). The most common isochromosomes include
i(1q), i(7q), i(9q), i(11q), i(17q), i(21q), and i(22q).
A chromosomal inversion (inv) is a 180° rotation of
a chromosome segment (part of a chromosome is
reversed in orientation). The common inversions
include inv(3) and inv(16). A chromosomal transloca-
tion (t) is a relocation of material from one chromo-
some to a different chromosome. Translocations can
be either reciprocal (mutual exchange of segments of
chromosomes) or Robertsonian (centric fusion of the
long arms of acrocentric chromosomes and loss of
their short arms). Most of the translocations are recip-
rocal and result in either synthesis of novel fusion pro-
tein or relocation of an oncogene to a locus that is
highly transcribed. The common translocations

INTRODUCTION 3

Group

A

B

C

G

E

F

G

1-3

4-5

6-12 and X

13-15

16-18

19-20

21-22 and Y

Large metacentric chromosomes

Large submetacentric
chromosomes

Medium-sized submetacentric
chromosomes

Large acrocentric chromosomes

Medium-sized acrocentric
chromosomes

Short metacentric chromosomes

Short acrocentric chromosomes

Chromosomes Characteristics Example

Figure 1.2 Types of chromo-
somes
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include t(9;22), t(15;17), t(14;18), t(11;14), t(8;14),
and t(8;21). A Robertsonian translocation product is
considered a derivative chromosome and is described
by der. Marker chromosomes (mar) are abnormal
chromosomal structures which cannot be subclassi-
fied by cytogenetics. The presence of a marker chro-
mosome is depicted as a +mar. Two cells with
identical structural aberrations are defined as a clone.
Most common terms and abbreviations used in cyto-
genetics/FISH studies are presented in Table 1.1.

CONVENTIONAL CYTOGENETICS

Cytogenetics is the study of chromosomes. Somatic
cells in humans have 46 chromosomes (diploid
number) and gametic cells have 23 chromosomes

(haploid number). Women have 22 pairs of autoso-
mal chromosomes and two X chromosomes, while
men have 22 pairs of autosomal chromosomes and
two sex chromosomes, X and Y (Figures 1.3–1.25).
Based on the location of the centromere and 
chromosome size, they can be divided into 
metacentric, submetacentric, and acrocentric 
and subclassified into seven groups (A to G) 
(Figure 1.2). The structures of all chromosomes and
the location of most common genes involved 
in hematopoietic malignancies are presented in
Figures 1.3 through 1.25.

Cytogenetic aberrations, both structural (transloca-
tions and inversions) and numeric (deletion or gain of
whole or portion of chromosome) occur in the major-
ity of hematopoietic tumors.5,8,10,13,15,22,28,69–109

4 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES
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Figure 1.3 Chromosome 1
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Figure 1.9 Chromosome 7

22 t(7;11)

inv(7)

HOXA11

CML

T-ALL

21

15

14

13
12
11.2

11.2

21

22

31

32
33
34
35

36

TCRB

TCRG

HOXA9

7

AML t(7;11)

p

q

Gorczyca-Ch01  11/7/07  3:42 PM  Page 7



Chromosomal translocations result in altered gene
function, either due to deregulated gene expression
or abnormal activity of a novel fusion protein, 
resulting from the juxtaposition of coding sequences
from two different genes, which under normal 
circumstances are separated. Chromosomal deletions
result in the loss of genetic material crucial in main-
taining proper functions of the cells, such as prolifer-
ation, cell cycle control, and programed cell death
(apoptosis).

Methodology

Conventional cytogenetic studies are performed 
on fresh (unfixed) specimens containing viable 
cells (Figure 1.27). The specimen is either prepared
immediately (direct preparation) or, more often, 
cultured for 1 to 3 days, with or without mitogenic
stimulants (in the cases of acute leukemias, cells are
usually cultured without mitogens). For hematologic
malignancies, suitable specimens include: bone
marrow aspirate (preferable source), fresh tissue
(lymph node, extranodal tumorous infiltrate), 
effusion (pleural, abdominal, and pericardial), cere-
brospinal fluid (CSF), and blood. Specimens should

be collected under sterile conditions. Sodium heparin
(green top tube) is the anticoagulant of choice, since
the results with other agents (e.g. EDTA) are less
optimal. Blood and bone marrow are transported at
room temperature or refrigerated, whereas samples
from fresh tissue are best transported on ice, to min-
imize autolysis and bacterial overgrowth, which may
lead to culture failure. Cells from acute leukemias or
high-grade lymphomas tend to proliferate sponta-
neously in culture and do not require mitogenic
stimulus, whereas other cell types, e.g. plasma cells,
CLL cells, or low-grade lymphomas, often require
addition of mitogens. Amphopterin, thymidine,
methotrexate, or 5-fluorodeoxyuridine may be used
to synchronize the dividing cells in order to obtain a
high mitotic index. Synchronization is often com-
bined with mitotic inhibitors such as colchicine,
which blocks proliferation by interfering with
mitotic spindle formation. Use of hypotonic solu-
tions (e.g. 0.075 M KCl) before fixation improves
chromosome morphology. A methanol and acetic acid
mixture (e.g. Carnoy’s solution) is commonly used as a
fixative. The harvested cells can be stained with 
ethidium bromide, Giemsa, or Wright’s methods, 
but the Giemsa banding method or its variant, a

8 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES
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Figure 1.11 Chromosome 9
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Figure 1.12 Chromosome 10

high-resolution banding, is most often applied 
(G-banding). Chromosomal abnormalities are
described according to the International System for
Human Cytogenetic Nomenclature (Table 1.1). The
detection of any abnormality in at least two cells is
required to confirm clonality.

Table 1.2 presents the advantages and disadvan-
tages of cytogenetic analysis.

FLUORESCENCE IN SITU HYBRIDIZATION

FISH uses test probes against target DNA in the
nucleus of interphase cells or metaphase chromo-
somes.2,3,27,110–120 FISH allows the analysis 
of specific DNA changes in tissues (cells) or intact
chromosomes and does not require metaphase 
chromosomes. Many of the clinical applications of
FISH include chromosome enumeration using 
α-satellite probes (e.g. gain or loss of a chromo-
some), marker identification, gene mapping, dele-
tion, amplification, or translocation as well as whole
chromosome ‘painting’. In hematologic malignan-
cies, the most common chromosomal abnormalities
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targeted by FISH include: t(9;22)BCR/ABL in CML
(and subsets of AML and ALL), t(15;17)PML/RARa in
acute promyelocytic leukemia (APL), t(14;18)IGH/BCL2

in follicular lymphoma (FL), t(11;14)CCND1/IGH in
mantle cell lymphoma (MLC), del(13q), del(11q),
and del(17p)TP53 in B-CLL, del(5q) in MDS,

del(13q)RB1, t(11;14)CCND1/IGH, and del(17p)TP53

in multiple myeloma (MM), t(8;14)MYC/IGH in
Burkitt lymphoma (BL), t(11;18)API2/MALT1 and
t(14;18)IGH/MALT1 in marginal zone lymphoma
(MALT lymphoma), t(8;21)ETO/RUNX1 in AML, and
t(12;21)ETV6/RUNX1 in ALL.
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tMDS
AML/tAML

T-ALL

MALT
Iymphoma

p

q

t(11;14) [TCRD-A ]

AML
ALL
Biphenotypic leukemia

Mantle
cell Iymphoma
Multiple myeloma

B-CLL
T-PLL
Mantle cell Iymphoma

AML/tAML
ALL
Biphenotypic leukemia
MDS

mutations

WT1

BCL1 (CCND1)

t(11;18)

t(11;18)

API2 (BIRC3)

API1 (BIRC2)

t(11;20)
t(7;11)
inv(11)

15

14

13
12
11.2

12

t(11;14)

ATM

MLL

13

14

21

22

23

24

t(4; 11) [AFF1]
t(9;11) [EF9]
t(11;19) [ELL]

t(6; 11) [EF6]
t(10;11) [EF10]
partial tandem
duplications

25

NUP98

LMO2

11

Figure 1.13 Chromosome 11
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Methodology

The test can be performed indirectly or directly. The
FISH protocol (Figure 1.28) includes the following
steps: denaturation, in which the probe and target
DNA are denatured by incubation at high temperature;
hybridization, in which the probe is hybridized to
the chromosomal target; washing to remove the
unbound probe; and analysis under the fluorescence
microscope. In contrast to Southern blot hybridization,

in the FISH protocol DNA is analyzed in the cell or
on the chromosome and is not being extracted and
run in a gel. In the indirect FISH method, biotin- or
digoxigenin-labeled nucleotides are visualized in the
second step by fluorescein isothiocyanate (FITC)-
conjugated or CY3-conjugated avidin or rhodamine-
conjugated antidigoxigenin antibodies, whereas in
the direct method the probe(s) are already labeled
with fluorochrome(s). With the application of sev-
eral filters, two or three probes can now be detected

INTRODUCTION 11
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Figure 1.18 Chromosome 16
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simultaneously (Figure 1.29). In the detection of
translocation, two probes are labeled with different
fluorochromes: a normal cell will display four signals
(two of each color), while a cell with translocation
will show two adjacent signals leading to a different
colored fluorescence signal. In the case of a break-
apart probe, the target DNA is labeled with two dif-
ferent probes directed at two opposite areas of the
gene (3´ and 5´). The fusion of the signal seen as a dif-
ferent color (e.g. yellow) would indicate the normal
allele, whereas the two different signals (e.g. red and
green) would indicate the presence of translocation.
The counterstain using either propidium iodide (PI) or
DAPI can be used to identify chromosomes.

FISH can be used in both fresh specimens and in
routinely fixed, paraffin-embedded material. Fresh
cell suspensions fixed with methanol and glacial
acetic acid are commonly used in FISH methodol-
ogy. Formalin-fixed tissue sections from paraffin
blocks offer a big advantage in terms of tissue 
availability (for new testing as well as retrospective
analysis) since this is the most common method of
processing surgical specimens in pathology laborato-
ries. However, FISH is difficult to accomplish using
thin sections of paraffin-embedded tissue because of
the high cellularity and truncated cells that interfere
with accurate scoring of the individual nuclei. The
isolation of individual nuclei from thick tissue cores
of paraffin-embedded material described by
Remstein et al,121 and later modified by Paternoster
et al,122 helped to circumvent some of the problems
associated with thin sections. The paraffin sections
are treated with xylene (deparaffinization) and 
proteinase K (protein digestion), and centrifuged to
isolate nuclei which then are resuspended onto
slides, ready for FISH probes. The major advantage
of FISH performed on nuclei isolated from thick
sections is the lack of truncation artifacts (nuclei are
intact), and the major disadvantage is the lack of cor-
relation with histomorphology. FISH studies per-
formed on whole thin sections allow correlation of
the FISH results with tissue architecture (the sections
are counterstained with DAPI to visualize nuclei,
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Table 1.1 Most common abbreviations used in cytoge-
netics/FISH

Abbreviation Definition

add additional material of unknown origin
cen centromere
del deletion (loss of part of chromosome)
dic dicentric
der derivative chromosome
dup duplication
fra fragile site
i (iso) isochromosome
idic isodicentric chromosome
ins insertion
inv inversion
mar marker chromosome; a structurally

abnormal chromosome that cannot
be identified with standard cytogenetics

mos Mosaic; two or more cell lines present in 
one individual (two or more cell types
are present, which differ in number
of chromosomes or their structure)

p short arm of chromosome
ph Philadelphia chromosome
q long arm of chromosome
r ring chromosome
rcp reciprocal
rea rearrangement
rec recombinant chromosome
t translocation
tel telomere (end of chromosome arm)
ter terminal end of chromosome
+ plus sign in front of chromosome

number; gain of 
chromosome

− minus sign in front of chromosome
number; loss of 

chromosome
[ ] square brackets; number of cells in each clone

and can be compared to corresponding routine
H&E sections). The results of FISH analysis per-
formed on paraffin-embedded tissue are comparable
to those obtained in frozen samples.123

FISH probes

The FISH probes can be generally subclassified into
the following categories:

(a) centromere-specific probes
(b) whole chromosome (‘painting’) probes

(c) single-copy (locus-specific) genomic probes
(d) spectral karyotyping (SKY; multiplex metaphase

FISH; multicolor FISH).

Centromere-specific probes (centromere-
enumerating probes, CEPs) are repetitive sequence
probes that target highly repetitive 171 kb α-satellite
sequences of centromeric DNA. Since the α-satellite
sequences of chromosomes differ, those probes 
can detect specific chromosomes, and therefore are
useful to demonstrate numeric chromosomal aberra-
tions in metaphase or interphase nuclei (monosomy,
trisomy, other aneuploidies). Due to sequence 
similarities between chromosomes 13 and 21 and
between chromosomes 14 and 22, CEPs cannot be
applied to identify those chromosomes.

Whole chromosome probes (WCPs; chromosome
‘painting’ probes) consist of numerous overlapping
probes that recognize and bind to specific nonrepet-
itive DNA sequences along the entire length of 
individual (targeted) chromosomes. WCPs can be
used to identify marker chromosomes (rearranged
chromosomes of unidentified origin) or transloca-
tions that are otherwise not evident or difficult to
interpret with routine banding cytogenetics.

The single-copy genomic probes (syn: locus-
specific; gene-specific, or unique sequence probes)
target distinct chromosomal regions (not repetitive
sequences). They are used to detect the presence of
amplification (increased number of copies of a 
specific locus), or to detect the presence of rearrange-
ment. FISH with unique sequence probes can detect
cryptic rearrangements not visible in standard (band-
ing) cytogenetics analysis. In contrast to centromere-
specific probes which yield a strong fluorescence
signal, a single-copy genomic probe needs to be at
least 20 kb in size to yield a sufficient signal. Assays
for gene amplification (e.g. n-MYC in neuroblas-
toma or HER2 in breast carcinoma) often employ 
a probe specific for the target gene together with 
a probe for the corresponding centromere. This
approach helps to differentiate true amplification
from cases with aneuploidy; in gene amplification
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Figure 1.27 Algorithm for cytogenetic
analysis

Table 1.2 Advantages and disadvantages of cytogenetics

Advantages Disadvantages

Overview of whole karyotype Requires fresh tissue
Can detect complex abnormalities Balanced translocations
Unexpected findings Labor intensive
Provides an overall evaluation of Low mitotic index (lack of dividing cells in low-grade tumors or tumors with 

the whole genome and helps direct low proliferation fraction, e.g. CLL or multiple myeloma, etc.)
further analysis (specific probes for Time consuming; long TAT
FISH and/or PCR) Technically difficult: presence of multiple abnormal cell lines, complexity of 

chromosomal pattern
Requires highly skilled personnel 
Cannot detect minute deletions 
Culture failure (lack of viable cells, bacterial overgrowth, stimulation of 

benign, non-neoplastic elements, sampling error)

Fresh or fixed (paraffin embedded)
specimen
Bone marrow or blood smear

Tissue biopsy (fresh or formalin-fixed
paraffin-embedded)
Effusion/CSF/fine needle aspirate
(smear, touch smear of cytospin
preparations)
Bone marrow trephine core biopsy
(unfixed/not decalcified)
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probe Figure 1.28 Algorithm for FISH
analysis
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the number of signals from the target gene is higher
than the centromere signals. Locus- or rearrange-
ment-specific probes have an advantage over PCR
methodology for the identification of abnormalities
involving multiple partners, such as BCL6 (3q27) 
or when genomic breakpoints are widely scattered
(e.g. MYC/IGH or CCND1/IGH).124–127

FISH probes for chromosomal translocations 
are most widely used in the evaluation of hematopoi-
etic tumors. Two types of probes are used to detect
translocations: (single- or dual-) fusion probes and
break-apart probes (Figure 1.29). A dual-fusion 
probe consists of a pair of probes labeled with two dif-
ferent colors (fluorochromes), green (e.g. FITC) and

red (e.g. rhodamine) directed against translocation
breakpoint regions in the two different genes involved
in a reciprocal translocation. In a normal cell there are
two green and two red signals corresponding 
to two separate loci that are not in close proximity (no
translocation). In cells with translocation between the
targeted loci, there is one green and one red signal
(normal chromosome) and one yellow signal 
indicating the fusion between two loci (yellow 
fluorescence being the result of overlap between the
green and red signals) (Figure 1.29). Variant and com-
plex patterns may also be identified and provide addi-
tional clinical information on the underlying
chromosomal changes. The break-apart(BA) the probe
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one chromosomes (fusion results
in different color due to overlap of
two fluorochromes).

One locus is adjacent to another
locus like in a normal cell, but
second pair is separated. This
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Figure 1.29 Interpretation of FISH results
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consists of two probes that target opposite regions
(translocation breakpoint) of the targeted gene. The
interpretation of results is opposite to that with
fusion probes: the fusion (yellow) signal is normal,
and separate green and red signals indicate transloca-
tion (BA). In a benign cell (without translocation),
there are two fusion yellow signals indicating an
intact gene (the probes are in close proximity, generat-
ing two yellow spots due to the overlap between the
green and red fluorescence). In a cell with transloca-
tion, there will be one fusion yellow signal correspon-
ding to a normal chromosome, but the second set of
probes will be split, yielding one green and one red
signal (indicating two derivative chromosomes).
Commonly used BA probes in hematologic tumors
include: MLL-BA (AML/ALL), CBFB-BA (AML),
RARa-BA (acute promyelocytic leukemia; APL),
MYC-BA (Burkitt lymphoma; BL), MALT1-BA
(MALT lymphoma), ALK-BA (anaplastic large cell
lymphoma; ALCL), and IGH-BA (lymphoma/MM).

Spectral karyotyping

Spectral karyotyping (SKY), multiplex metaphase
FISH (M-FISH), or multicolor FISH, is a novel 
24-color, multichromosomal painting technique,
that allows for the simultaneous visualization of all
chromosomes of a metaphase in a single hybridiza-
tion step.87,113,120,128–131 It allows simultaneous iden-
tification of the 22 autosomes and the 2 sex
chromosomes. Those new methods are especially
useful in evaluation of cases with complex chromoso-
mal abnormalities, which often preclude an accurate
interpretation by conventional cytogenetics. SKY in
combination with the standard banding method and
FISH is useful for exploring undefined or complex
chromosomal abnormalities as well as identifying the
chromosomal origins of marker chromosomes and
other extrachromosomal structures without prior
knowledge of them. It is a sensitive and valuable
method that enables screening for the recurrent chro-
mosomal aberrations in hematologic disorders.

Comparative genomic hybridization

Comparative genomic hybridization (CGH) is a
technique developed by Kallioniemi et al based on
the comparison of two genomic DNA populations,
an analyzed sample (tumor) and a karyotypically
normal reference.132 Differentially labeled test DNA
from a tumor and control (normal) reference DNA
(metaphase chromosomes from blood lymphocytes)
are hybridized simultaneously onto normal human
metaphase chromosomes, competing for the same
targets. The hybridization products are detected with
two different fluorochromes (usually red and green).
The fluorescence signal (ratio of the green and red
fluorescence) of the tumor sample is compared to
that of a control cell. Changes in the ratio of the
intensities of the two fluorochromes as compared to
the expected one-to-one ratio seen in the control
sample indicates regions of gain or loss of DNA
sequences, such as deletions, duplications, or ampli-
fications (areas with a green to red ratio >1 indicate
amplifications, a value <1 indicates deletions and ∼1
(yellow/orange) indicates regions that are normally
present). The presence and localization of chromoso-
mal imbalances can be detected and quantitated by
analyzing the ratio of the test fluorescence to refer-
ence fluorescence along the target chromosome
using the digital image analysis. CGH is comple-
mentary to conventional cytogenetics (CC) and
FISH, and provides additional information for the
correct localization of the aberrations found in CC;
it is most helpful in samples not processed success-
fully in CC.114

Table 1.3 presents the advantages and disadvan-
tages of FISH analysis.

MOLECULAR PATHOLOGY

The polymerase chain reaction (PCR), developed by
Mullis and Faloona, is a core technique for most tests
used in molecular diagnostics.133–135 It targets a seg-
ment of DNA (or RNA in reverse-transcriptase 
PCR) and produces multiple copies (usually between
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107 and 1011) of a DNA region of interest. PCR
enables the detection of malignant cells below the
threshold of karyotyping or morphology, even when
combined with immunophenotyping. Basics steps in
PCR technology are provided in Figure 1.30. Fresh
tissue is the best sample source for PCR analysis, but
fixed tissue (formalin, ethanol) may also be used.
Carnoy’s, Zanker’s, B5, and Bouin’s fixatives are sub-
optimal for PCR. Tissue exposed to decalcifying solu-
tions (e.g. bone marrow trephine core biopsy) is not
suitable for PCR analysis. Three major steps in PCR
include denaturation of double-stranded DNA into
single-stranded DNA (ssDNA), hybridization
(annealing) of oligonucleotide primers to both ends
of a target sequence, and a synthesis achieved by addi-
tion of four nucleotide bases and a Taq polymerase. 
A PCR reaction usually involves 30–40 cycles. The
denaturation is achieved by high temperature (95°C),
which, by breaking the hydrogen bonds between com-
plementary bases, creates single-stranded DNA. In the
next step the two primers join (hybridize) the 

single-stranded template DNA. In the final step (syn-
thesis), Taq polymerase synthesizes new DNA strands,
using the oligonucleotide primers as starting points.

Nested PCR

Nested PCR involves two PCR reactions for a single
locus. It uses two sets of primers, the second of
which lies within the first set of primers (the first
target is longer and the second is shorter), which
increases both specificity and sensitivity. Because of
the high sensitivity of this methodology, it is used for
a target expressed at a very low level (or by a small
subset of the cells in the analyzed sample).

Reverse-transcriptase PCR

RT-PCR methodology amplifies RNA and consists of
two major steps: first it employs an enzyme, reverse
transcriptase, which converts RNA into the single-
stranded complementary DNA (reverse transcription),
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Table 1.3 Advantages and disadvantages of FISH analysis

Advantages Disadvantages

Does not require mitotically active cells; genomic It is not a screening test (it requires a targeted approach for 
aberrations can be measured in dividing and suspected abnormality, based on clinical data, morphologic 
nondividing cells features, or findings in classic cytogenetics)

Does not require culturing Requires specific probes
Allows for disease monitoring Low resolution of some probes
Can be performed on fixed or unfixed tissue and Cannot detect minute aberrations (small intragenic mutations,

on paraffin-embedded material deletions, or insertions); targeted abnormalities need to be 
large (between 20 kb and 200 kb in size)

Fast, short TAT Less sensitive than PCR-based essays
High efficiency and specificity Tumor aneuploidy may result in inappropriate signal counts
More sensitive than cytogenetic Susceptible to artifacts in sections from paraffin-embedded

karyotyping or CGH tissue (e.g. underestimation of copy number due to 
transsection of nuclei)

High detection rate Cross-hybridization artifacts (e.g. centromeric probes for
chromosomes 13 and 21, or 14 and 22)

Large number of cells can be analyzed Truncation artifacts in tissue sections
Allows for correlation with morphology 
Allows choice of a specific area for evaluation
Can detect minute deletions
Multifluorescent SKY (M-FISH) techniques provide an 

overall evaluation of the whole genome 
and help to direct further analysis
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which in the second step serves as a template for 
conventional PCR (second strand reaction). The
original RNA is degraded by RNase. It be performed
on fresh or fixed tissue. It is widely used in the diag-
nosis of genetic diseases, since it makes it easier to
detect the presence of specific aberrations by directly
detecting the product (mRNA), e.g. fusion tran-
scripts encoded by the translocations. Additionally, it
is very useful in monitoring some hematologic
malignancies during treatment, since it allows 
for quantification of the analyzed products 
(see below).

Real-time quantitative PCR

Qualitative PCR (e.g. RT-PCR) fails to detect 
disease-specific changes in certain subsets of patients,
especially in patients monitored for MRD. This 
is often associated with a poor quality of RNA.
Quantitative real-time PCR (RQ-PCR; qRT-PCR)
became a more powerful tool for monitoring
patients, giving the clinicians the best chance of
detecting the earliest stages of molecular relapse. This
technique allows simultaneous amplification and

detection of PCR products in a single reaction tube.
The reaction is monitored in real time after each
cycle of amplification by computer software permit-
ting both detection and quantification of PCR prod-
ucts. After each amplification cycle, a dye is released
and its amount is measured in real time to ensure
that quantitation of DNA occurs in the exponential
phase. The results are presented in the form of a
graph which plots the dye (corresponding to the
amount of the starting template) versus the number
of PCR cycles (Figure 1.31). The quantitation is
based on the number of cycles required to reach a
designated threshold (the lower the number of cycles
to reach the threshold the higher the expression 
of the mRNA or DNA copy number), using the 
fluorescence-based quenching methods (fluorescence
resonance energy transfer; FRET). The most 
commonly used systems for qRT-PCR include the
TaqMan system, Molecular beacons, Scorpions, 
and SYBR green. TaqMan probes depend on the 
5′-nuclease activity of the DNA polymerase used 
for PCR to hydrolyze an oligonucleotide that is
hybridized to the target amplicon. The fluo-
rochromes used in TaqMan (reporters) include FAM,

INTRODUCTION 21

Fresh or fixed (paraffin embedded)
specimens
Bone marrow aspirate

Tissue biopsy (Iymph node; extranodal
tumorous tissue)
Fine needle biopsy

Blood

Effusion

CSF

Bone marrow trephine core biopsy
(unfixed)

Reagents (PCR mixture)

Template DNA

2 oligonucleotide primers

Termostable polymerase (e.g.
Taq polymerase)
Deoxynucleotides (dATP, dCTP,
dGTP, dGTP)

Buffers containing magnesium

RT-PCR/RQ-PCR

mRNA cDNA

Analysis (visualization of product)

Gel electrophoresis with staining
of DNA with ethidium bromide
Color-based assays (primers
labeled with biotin or fluorescein)

Restriction fragment length
polymorphism
Single-stranded conformational
polymorphism analysis

Hybridization

P
ositive and negative controls

(RNA to DNA polymerase)

Report
Correlation with clinical
and morphologic data

Synthesis
(72°C)

Thermal cycler
(30-50 cycles)

D
enaturation

(95°C
)

H
yb

rid
iz

at
io

n
(5

5-
72

°C
)

Figure 1.30 Algorithm for PCR analysis

Gorczyca-Ch01  11/7/07  3:42 PM  Page 21



HEX/JOE/VIC, and TET. The fluorescence signal is
quenched by either TAMRA or DABCYL (quenchers).
Figure 1.32 illustrates the chemistry of TaqMan
methodology. In the unhybridized state, the fluo-
rochrome (reporter) and the quencher are close to
each other, allowing for FRET (there is no fluores-
cent signal from the probe because the fluorescence
of the reporter dye is being quenched). During PCR,
when the Taq polymerase replicates a template and
the 5′-exonuclease activity of the polymerase
degrades the probe, the reporter and the quencher
become unlinked and FRET no longer occurs. Thus,
fluorescence increases in each cycle, proportional to
the amount of probe cleavage.

Table 1.4 presents the advantages and disadvan-
tages of PCR methodology.

Gel electrophoresis

Gel electrophoresis (most often using polyacry-
lamide gels; PAGE) is used to separate DNA 
products based on their size. DNA is then visualized
by chemical stains (unlabeled probes) or fluores-
cence (fluorochrome-labeled probes). Capillary 
electrophoresis employs thin glass tubes (capillaries)
in which DNA products are separated and then 
visualized by either emitted fluorescence or under UV

light absorbance.
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Figure 1.31 PCR (BCR/ABL
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Figure 1.32 The chemistry of TaqMan
methodology in qRT-PCR
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Single nucleotide polymorphism

Single nucleotide polymorphism (SNP) arrays 
offer the ability to define simultaneously the copy
number changes and LOH (loss of heterozygosity)
events.136–138 Two major technologies which allow
simultaneous genotyping of over half a million SNPs 
across the genome include Affymetrix SNP arrays with
oligonucleotide probes spotted on gene chips (adopted
from the microarray hybridization chip technology)
and Illumina arrays, in which allele-specific oligonu-
cleotide probes are adsorbed to microbeads arranged
on a microarray.138

DNA microarrays

DNA (genomic) microarray analysis is a highly
promising new technique with broad applications,
including the prediction of cancer outcomes by simul-
taneous analysis of the expression of thousands of
genes.139–141 A DNA chip or microarray consists of
tens of thousands of fragments of DNA bound to a
silicon chip. The methodology involves the extraction
of RNA from a sample, its conversion to cDNA by
labeled probes, hybridization of these labeled cDNAs,
and laser scanning of the hybridized array. A reference
RNA is labeled with a different fluorochrome. 

Spots appear either yellow (if the subject and refer-
ence cDNA hybridize equally), or red or green, if
either the sample cDNA or control probe predomi-
nate (Figure 1.33). The automated examination 
of a chip delivers the information about thousands 
of probe sites. The genomic microarray technique 
is similar to comparative genomic hybridization
(CGH) except that the labeled test and reference
DNAs are hybridized to a microarray rather than to
a normal metaphase spread.

Microarray technology will most likely lead to
identification of new tumors and change the criteria
by which current hematopoietic cancers are subclas-
sified. In addition, it will provide new targets for
treatment, and identify new prognostic and predic-
tive parameters and markers for monitoring minimal
residual disease (MRD). Microarray analysis has been
used to screen for chromosomal aberrations (genomic
imbalances, mutations, and structural changes) and
large-scale gene expression analysis.

IMMUNOPHENOTYPING 
BY FLOW CYTOMETRY

Flow cytometry (FC) plays an important role in 
a multimethodology approach to the diagnosis of
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Table 1.4 Advantages and disadvantages of PCR analysis

Advantages Disadvantages

High specificity DNA sequence has to be known, to design specific probe
High sensitivity Very high sensitivity leading to possible contamination
Fast TAT Potential for carry over
Allows use of very small amount of nucleic acid Nonspecific PCR products
Allows use of many types of specimens (blood, bone Limited detection of chromosomal breakpoints spread 

marrow, buccal cells, CSF, paraffin-embedded over a large genomic region [e.g. t(11;14) 
tissue sections) involving CCND1 gene]

Highly automated Cost
PCR products can be directly Targeted nature of the test (PCR analyzes only the target 

labeled by fluorochrome(s) region); morphologic (phenotypic)–genotypic correlation can 
be achieved with microdissection, laser capture 
microdissection, or flow cytometry sorting

False positive or false negative results DNA polymorphism
in the primer binding site and some mutations may alter the
structure of the target region, so that it cannot be amplified

Positive results in healthy individuals [e.g. t(14;18) and t(2;5)]
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hematologic tumors, by providing data on the extent
of involvement, prognosis, and post-treatment mon-
itoring.23,38,142–151 FC analysis requires fresh
(unfixed) material. Types of specimens suitable for
FC include blood, bone marrow aspirates (and fresh
core biopsy), fresh tissue samples (excisional or core
biopsies), fine needle aspirates, and body fluids. FC
allows distinction between benign and neoplastic
processes. While no single marker permits accurate
lineage assignment, analysis with panels of antibodies

allows for separation of hematologic tumors into 
various, very precise subtypes, each of which has 
different prognosis and treatment requirements. 
FC can precisely differentiate between B- and 
T-cell malignancies, and between mature (periph-
eral) and precursor tumors, and among the latter, it
can determine the myeloid or lymphoid lineage.
Multiparameter (4- or 6-color) FC analysis enables
simultaneous evaluation of several markers on a
single cell, allowing for an accurate characterization
of analyzed populations. FC can be used to analyze
DNA ploidy, proliferation (S-phase), and pro-
grammed cell death (apoptosis). Determination of the
expression of ZAP70 and/or CD38 by FC can serve as
a prognostic marker in patients with B-chronic 
lymphocytic leukemia (B-CLL). The recognition of
an aberrant pattern of antigen expression can be used
to monitor patients following chemotherapy or bone
marrow transplant and to help distinguish recovering
bone marrow from residual disease. The sensitivity of
flow cytometry in evaluating MRD is approaching
that of molecular tests (PCR). Identification of indi-
vidual malignant cells in patients during and/or after
treatment is a strong parameter in evaluating
patients’ response to treatment and also a prognostic
indicator. FC analysis enables the physicians to mon-
itor treatment and modify it based on FC findings.
In acute lymphoblastic leukemia (ALL), the 
MRD-based evaluation of the initial response to
front-line therapy emerged as a highly relevant diag-
nostic tool, particularly in childhood ALL, where
MRD has been shown to be an independent prog-
nostic factor allowing a precise risk group classifica-
tion. The presence of MRD in patients with CLL in
complete remission after treatment with alem-
tuzumab (Campath) or autologous stem cell trans-
plantation correlates with a shorter duration of the
response and/or survival compared to patients achiev-
ing MRD-negative complete remission. The MRD
status at the end of therapy is more predictive of the
duration of remission than conventional response cri-
teria and identifies the patients at risk of early 
disease progression.
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Figure 1.33 DNA microarray
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Methodology

In the FC protocol, the sample is incubated with
antibodies, followed by red blood cell lysis, washing,
fixation in paraformaldehyde, and FC analysis.
Whole blood lysis represents the most commonly
used technique for sample preparation. Routinely
5–10 000 cells are collected. Monoclonal antibodies
used in FC are conjugated with fluorochromes,
which are excited or stimulated by laser(s) in flow
cytometry. The commonest fluorochromes excited at
488 nm (argon laser) include: fluorescein isothio-
cyanate (FITC), phycoerythrin (PE), propidium
iodide (PI), 7-amino-actinomcyin D (7AAD), peridin-
chlorophyl-A-protein (PerCP), and dimers of thiazole
orange (TOT-1). FC is much faster than immunohis-
tochemistry and can analyze thousands of cells within
seconds. Another advantage of FC immunopheno-
typing is that it allows the correlation of several
markers on a single cell, and detects the intensity 
of staining and aberrant expression of antigens. FC
has a high sensitivity for B-cell lymphoproliferative

disorders and acute leukemia, and a high specificity
for several categories of those neoplasms. All these
properties are used in diagnostic hematopathology for
the subclassification of neoplasms. The major disad-
vantage of FC is a need for liquid cell suspensions
and therefore a lack of correlation with histomor-
phologic features (tissue architecture). FC requires
viable fresh (unfixed) material. In a subset of neo-
plasms, especially high-grade lymphomas, decreased
viability precludes FC analysis. Flow cytometry
analysis requires at least 10–20 000 cells/events
acquired by tube, which often limits its use in speci-
mens from CSF, fine needle aspirates, and paucicel-
lular (or fibrotic) lesions. Dropout of neoplastic cells
due to low viability or sample bias due to focal (par-
tial) tissue involvement may lead to false negative
flow results. Figure 1.34 illustrates the gating strategy
applied in the FC analysis of peripheral blood 
and bone marrow. Based on the intensity of CD45
staining (x-axis) and side scatter (SSC, y-axis) one
can distinguish several major populations in normal
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compared to lymphocytes. Side
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cytoplasmic granularity of monocytes.
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dimmer expression of CD45 (X-axis),
than lymphocytes and monocytes, but
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latter corresponds to cytoplasmic
granularity

Red cells are lysed and do not
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Figure 1.34 Flow cytometry (gating strategy). Part of the sample from the bone marrow aspirate or blood (tube) is
smeared on the microscope glass slide for morphologic correlation, while the rest is incubated with antibodies, lysed,
fixed and submitted for flow cytometry analysis; see text for details
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bone marrow: lymphocytes (bright CD45 and low
SCC; red), monocytes (bright CD45 and increased
SSC; blue), and granulocytes (moderate CD45 and
high SSC; gray). Red blood cells and their precursors
are eliminated from FC analysis by lysis.

IMMUNOHISTOCHEMISTRY

Immunohistochemistry plays an important role in
diagnostic hematopathology. It is helpful in the

determination of (a) cell origin, (b) degree of differ-
entiation (maturation), and (c) prognosis. The avail-
ability of monoclonal or polyclonal antibodies
(Tables 1.5 and 1.6), automation, and protocols for
antigen retrieval designed for formalin-fixed, paraf-
fin-embedded tissues makes immunohistochemical
techniques a common practice in everyday diagnos-
tic surgical pathology. Immunohistochemistry 
permits the differentiation of epithelial tumors
(cytokeratin positive) from hematolymphoid tumors

Table 1.5 Phenotypic markers in major types of hematopoietic cells

Target Marker/antibody

Activated cells CD30, MUM1, CD138
Anaplastic large cell lymphoma ALK-1, CD30, pan-T antigens, CD43, UCHL1, EMA
B-cell markers CD19, CD20, CD79a, CD22, PAX-5, Oct-2, Bob-1
Blastic markers CD34, CD117, CD1a, TdT
Germinal center cells CD10, bcl-6
Granulocytes CD10, CD11b, CD15, CD16, MPO
Hodgkin lymphoma CD30, CD15, PAX5
Immature T-cells/thymocytes CD1a, CD4, CD8, TdT, pan-T antigens, CD10
Mast cells Mast cell tryptase, CD117, CD43, CD2
Megakaryocytes CD41, CD61, (CD79a)
Monocytic markers CD11b, CD11c, CD14, CD64, CD68, CD163, HLA-DR
Myeloid markers CD13, CD15, CD33, CD68, MPO
NK cell markers CD16, CD56, CD57
Plasma cell markers CD38, CD138, cytoplasmic light and heavy chains, CD56, CD117, MUM1
Red cell markers GPHA, hemoglobin A
T-cell markers CD2, CD3, CD5, CD7, CD43, UCHL1

Table 1.6 CD antigens and other commonly used immunophenotypic markers – expression in hematopoietic tumors

Antibody Reactivity

AE1/AE3 epithelial cells, mesothelial cells
ALK1 anaplastic large cell lymphoma
Annexin hairy cell leukemia
Bcl-2 mature B-cells (except benign germinal center cells), T-cells, follicular lymphoma, epithelial tumors
Bcl-6 germinal center B-cells, follicular lymphoma, subset of DLBCL
CD1a thymocytes, immature T-cells
CD2 T-cells, large granular lymphocytes, NK-cells, some acute promyelocytic leukemias, mast cells (neoplastic)
CD3 T-cells, primary effusion lymphoma (PEL; subset)
CD4 T-cells (helper/inducer), monocytes, myeloblasts, blastic NK-cell lymphoma (DC2 leukemia)
CD5 T-cells, B-CLL/SLL, mantle cell lymphoma
CD7 T-cells, some myeloblasts
CD8 T-cells (cytotoxic), large granular lymphocytes
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(CD45 positive), but also allows for specific and
detailed subclassification of tumors (melanoma
versus sarcoma, T- versus B-cell, small lymphocytic
versus mantle cell, myeloid versus lymphoblastic). It is
also used to determine the prognosis and to optimize
treatment strategies (estrogen/progesterone receptors
in breast cancer, ZAP70 in B-CLL/SLL, Ki-67 pro-
liferation fraction). Figure 1.35 presents the princi-
ples of immunohistochemical staining. In the
indirect (two-step) method, antigen is detected by a

primary antibody, which in turn is detected by a sec-
ondary antibody conjugated with an enzymatic com-
plex. A colorimetric reaction of the substrate (e.g.
DAB, alkaline phosphatase) identifies the presence
of any given antigen under the microscope with its
correlative morphologic parameters. In a direct (one-
step) method, the primary antibody is conjugated
with an enzymatic complex. The two-step protocol is
more sensitive. Depending on the location and dis-
tribution of the antigen(s), the color reaction may be
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Table 1.6 CD antigens and other commonly used immunophenotypic markers – expression in hematopoietic 
tumors—cont’d

Antibody Reactivity

CD10 follicle center cells, follicular lymphoma, some diffuse large B-cell lymphomas, precursor B-ALL,
precursor T-ALL, thymocytes, Burkitt’s lymphoma

CD11b granulocytes, monocytes
CD11c monocytes, hairy cell leukemia, large granular lymphocytes, activated T-cells, marginal zone B-cell lymphoma
CD13 myeloid cells, rare precursor B-ALL
CD14 Monocytes
CD15 granulocytes, Hodgkin lymphoma (classical)
CD16 granulocytes, NK-cells, large granular lymphocytes
CD19 B-cells, precursor B-ALL, subset of AML [AML1/ETO with t(8;21)]
CD20 B-cells, rare plasma cell myelomas
CD22 B-cells
CD23 B-SLL/CLL, plasma cells, follicular dendritic cells
CD25 hairy cell leukemia, subset of B- and T-cell lymphomas
CD30 Hodgkin lymphoma, anaplastic large cell lymphoma, subset of diffuse large B-cell lymphoma, subset of

T-cell lymphomas (NOS), primary mediastinal B-cell lymphoma, lymphomatoid papulosis
CD33 myeloid cells, rare precursor B-ALL, rare blastic NK-cell lymphomas
CD34 myeloblasts, lymphoblasts, endothelial cells
CD38 plasma cells, activated B- and T-cells, subset B-CLL/SLL, epithelial cells
CD41 Megakaryocytes
CD43 myeloid cells, T-cell lymphomas, precursor B- and T-cell leukemias, B-cell lymphoma (subset), plasma cells
CD56 NK-cells, large granular lymphocytes, blastic NK-cell lymphoma/leukemia, monoblasts, subset plasma cell 

myelomas, rare B- and T-cell lymphomas
CD57 NK-cells, large granular lymphocytes
CD61 Megakaryocytes
CD79a B-cells, plasma cells, megakaryocytes
CD103 hairy cell leukemia, rare T-cell lymphomas
CD117 AML, mast cells, stromal tumors (GIST), plasma cells
DBA-44 hairy cell leukemia, subset of B-cell lymphomas
Heavy chains B-cells, plasma cells, DLBCL with ALK expression (IgA)
HLA-DR AML (except acute promyelocytic leukemia), B-cells, monocytes
Light B-cells (surface), plasma cells (cytoplasmic) chains
MUM1 activated cells, plasma cells, subset of DLBCL, Hodgkin lymphoma
PAX5 B-cells, Hodgkin lymphoma, subset plasma cell myelomas
TdT precursor B-ALL, precursor T-ALL, some AML, hematogones
ZAP-70 T-cells, subset of B-CLL, NK-cells
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Figure 1.35 Immunohistochemical detection of antigen by indirect method (scheme), see text for details
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Figure 1.36 Major patterns of the immunohistochemical (IHC) staining in formalin-fixed and paraffin-embedded tissue
sections. The pattern of IHC staining depends on the localization of the antigen: nuclear, cytoplasmic, cytoplasmic and
nuclear or membranous

Gorczyca-Ch01  11/7/07  3:42 PM  Page 28



visible in the nucleus, cytoplasm, cytoplasmic mem-
brane, and/or nucleolus (Figure 1.36). Nuclear stain-
ing is characteristic for bcl-1, bcl-6, BOB-1, EBER,
HHV-8, Ki-67 (MIB-1), OCT-2, Pax-5, and TdT;
membrane staining occurs with CD20, CD30, CD45,
CD138, EMA, and pan-T antigens; cytoplasmic 

staining is seen with bcl-2, CD117, cytokeratins,
myeloperoxidase, and vimentin; staining of the
Golgi area as well as the membrane (dot-membrane
pattern) is seen with CD15 and CD30, and cyto-
plasmic and nuclear staining is typical for ALK-1,
ZAP70, and S100.
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CHAPTER 2

Applications of cytogenetics, FISH,
and PCR in diagnosis, prognosis, and
disease monitoring

31

MOST COMMON
CHROMOSOMAL/MOLECULAR
ABNORMALITIES

Tables 2.1 and 2.2 present common chromosomal
abnormalities in hematopoietic tumors.

Deletions and monosomies

Deletions of parts of chromosome(s) or monosomies
belong to frequent abnormalities in hematopoietic
neoplasms. A deletion can occur on any chromo-
some, at any band, and can be any size (large or
small).

del(5q)

● MDS/tMDS
● AML/tAML
● Plasmacytoid dendritic cell leukemia/lymphoma

(blastic NK-cell lymphoma/leukemia; DC2 acute
leukemia)

● ALL (rare cases)

Deletion of 5q (Figure 2.1) occurs in MDS and
AML.21,152–159 The presence of del(5q), either as the

sole karyotypic abnormality or as part of a complex
karyotype, has distinct clinical implications for MDS
and AML. Patients with MDS and del(5q) can be
grouped into those with isolated del(5q) (good prog-
nosis), del(5q) with additional abnormality (progno-
sis worse than for isolated 5q deletion), and 5q
deletion with complex karyotype (poor prognosis).
The 5q− syndrome is a distinct category of MDS
defined by less than 5% blasts, isolated deletion of
the long arm of chromosome 5, and a low probabil-
ity of transformation to AML.1,153,154,156–160 The
molecular mechanisms associated with del(5q) are
still unknown. The 5q– syndrome occurs in elderly
patients (median age 67 years), more often in
women than men, and is associated with macrocytic
anemia with low reticulocyte counts and high ery-
thropoietin levels.156 The projected median survival
of patients with isolated del(5q) is 107 to 146
months.155,156 Recent clinical results with lenalido-
mide, an oral immunomodulatory drug, have shown
durable erythroid responses, including transfusion
independence and complete cytogenetic remissions
in patients with del(5q) MDS with or without addi-
tional chromosomal abnormalities, suggesting that
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lenalidomide can overcome the pathogenic effect of
5q deletion in MDS and restore bone marrow 
balance.153

Deletions of a 5q are not limited to the 5q− syn-
drome. They are present in other types of MDS
(both de novo and therapy-related), usually in high-
grade MDS (such as RAEB) as well as AML.152,161

MDS cases with 5q− plus additional abnormalities,
including del(12p), del(7q), del(14q), i(11q), and
i(17q), show a neoplastic evolution in a short period
of time.162 Monosomy 5/del(5q) may be seen in all

types of AML, but is more common in acute ery-
throid leukemia (AML-M6). Monosomy 5/del(5q)
and monosomy 7/del(7q) represent the most
common cytogenetic abnormalities in therapy-
related MDS and AML (t-MDS/t-AML) and are
strongly associated with prior exposure to alkylating
agents.163 AML with deletion of (5q) or monosomy
5 (−5) is associated with a very poor prognosis, sim-
ilar to AML with complex chromosomal abnormali-
ties, monosomy 7 (−7), and t(9;22).15,17,18,161,164

Mutations of the NRAS and TP53 genes and internal
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Table 2.1 Most common chromosomal and molecular markers in the diagnosis of hematopoietic malignancies

Marker Neoplasm Comments

BCR-ABL [t(9;22)] CML, CML in blast crisis confirms the diagnosis of CML

AML poor prognosis
ALL

PML-RARa [t(15;17)] APL (AML-M3) good response to ATRA

t(8;14) Burkitt lymphoma BCL2−/BCL6−
Subset of DLBCL BCL2+ and/or BCL6+

JAK2 Polycythemia vera
Essential thrombocythemia
Chronic idiopathic myelofibrosis

inv(16)/t(16;16) AML good prognosis, response to AraC
ETO [t(8;21)] AML good prognosis, response to AraC
BCL1 (CCND1) [t(11;14)] Mantle cell lymphoma confirms the diagnosis of MCL

Subset of plasma cell myeloma
Clonal IG heavy chain B-cell lymphomas (confirms clonality) exceptions: see Table 2.4

rearrangements (14q32)
Clonal TCRB or TCRG gene T-cell lymphomas (confirms clonality) exceptions: see Table 2.4

rearrangements
r(7q34 or 7q15)

ALK1/NPM [t(2;5)] ALCL
del(5q) 5(q)− syndrome (MDS) sole abnormality

MDS or AML del(5q) as part of complex aberrations
inv(14) T-PLL
i(7q) Hepatosplenic γδ T-cell lymphoma
BCL2 rearrangement [t(14;18)] Follicular lymphoma does not occur in Burkitt lymphoma

Some DLBCL
DLBCL

BCL6 rearrangements [t(3;n)] Some DLBCL does not occur in Burkitt lymphoma

c-MYC [t(8;14)] Burkitt lymphoma c-MYC may be rearranged to IGK
Some DLBCL (chromosome 2) and IGK

(chromosome 22) loci, as well
PAX5/IGH [t(9;14)] Lymphoplasmacytic lymphoma

API2/MALT1 [t(11;18)] Extranodal marginal zone
B-cell lymphoma (MALT type)
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tandem duplication (ITD) of the FLT3 gene are
among the most frequently observed molecular
abnormalities in MDS and AML, but are uncom-
mon in MDS patients with a 5q deletion (the TP53
mutation is associated with the more advanced MDS
subtypes).165

Del(5q) is observed in other hematolymphoid
malignancies, including plasmacytoid dendritic cell
leukemia/lymphoma (blastic NK-cell lymphoma/
leukemia; DC2 acute leukemia),166–168 adult T-cell
leukemia/lymphoma,169,170 and rare cases of ALL.171-173

del(6q)

● FL
● B-CLL
● Diffuse large B-cell lymphoma (DLBCL)
● Marginal zone B-cell lymphoma (MZL; MALT

lymphoma)
● T-cell lymphomas
● Waldenström’s macroglobulinemia
● T/NK-cell leukemia/lymphoma
● ALL

Aberrations of the long arm of chromosome 6 
(Figure 2.2) are among the most common chromoso-
mal abnormalities in lymphoid neoplasms.174–179 The
del(6q) has been reported in follicular lym-
phoma,174,175,180,181 Waldenström macroglobuline-
mia,182–184 B-CLL,174,185–187 MZL,174 ALL,174,176,188

multiple myeloma,185,189 diffuse large B-cell lym-
phoma (DLBCL),104,174,180,190,191 and T-cell lympho-
proliferations.192,193 In a series reported by Taborelli et
al, conventional cytogenetics revealed a 6q deletion in
46% of lymphomas, including two cases that showed 6q
deletion as the sole chromosome anomaly.174 The 6q
deletion is usually associated with other chromoso-
mal/genetic abnormalities and likely plays an impor-
tant role in disease progression.

In patients with FL deletion 6q has been identi-
fied as the negative prognostic factor.175 In a series by
Viardot et al, the loss of material on chromosomal
bands 6q25q27 was the strongest predictor of a
shorter survival in FL patients, followed by elevated
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Table 2.2 Most common chromosomal and molecular
markers in the diagnosis of hematopoietic malignancies

Chromosomal/
Tumor type genetic alteration(s)

Acute lymphoblastic TEL-AML1
leukemia t(9;22) [BCR-ABL]

MLL-BA
Anaplastic large cell t(2;5) [NPM/ALK];

lymphoma rearrangements of 2p23/ALK-BA
Acute myeloid +8; +12; −5; −7

leukemia t(8;21) [AML1/ETO]
t(16;16)/inv(16)
MLL-BA
t(9;22) [BCR-ABL]

Acute promyelocytic t(15;17) [PML-RARA]
leukemia

B-CLL 13q−; 11q−; 17p−
Burkitt lymphoma t(8;14) [c-MYC/IGH, c-MYC-BA]

t(2;8) [IGK/c-MYC]
t(8;22) [c-MYC/IGL]

Chronic idiopathic JAK2 mutations (~40%)
myelofibrosis

Chronic myeloid leukemia t(9;22) [BCR/ABL]
DLBCL t(3q27) [BCL6]

t(14;18) [IGH/BCL2]
t(8;14) [MYC/IGH] (5–15%)

Essential JAK2 mutations (~50%)
thrombocythemia

Follicular lymphoma t(14;18) [IGH/BCL2]
MDS +8; +12; −5; −7
MALT lymphoma t(11;18) [API2/MALT1]

t(14;18) [IGH/MALT1]
t(11q21) [MALT1-BA]
t(1;14) [BCL10/IGH]
+3/+(3q)

Mantle cell lymphoma t(11;14) [CCND1/IGH]
Multiple myeloma 13q− (RB1)

17p− (TP53)
t(11;14) [IGH/CCND1]
IGH-BA
IGH-FGFR3

Hepatosplenic γδ T-cell isochromosome 7
lymphoma

Lymphoplasmacytic t(9;14) [PAX5/IGH]
lymphoma

P. vera JAK2 mutations (>90%)
T-PLL t(14;14)/inv(14)
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LDH, the presence of more than one extranodal
manifestation, and age greater than 60 years.181

Stilgenbauer et al, did not observe an adverse prog-
nostic impact of 6q deletion in B-CLL.187 In a more
recent report by Cuneo et al, B-CLL with del(6q)
was characterized by a high incidence of atypical
morphology, a classic immunophenotype with CD38
positivity, and intermediate incidence of IGVH
somatic hypermutation.186 Clinicobiologic features

and outcome showed that CLL with del(6q) should
be allocated in an intermediate-risk category.186

Deletion of the long arm of chromosome 6 is
found in about half of patients with Waldenström
macroglobulinemia.182–184 The area of minimal 
deletion falls between 6q23 and 6q24.3, but the
deletion usually encompasses a large fragment of the
6q arm. The presence of del(6q) can help to 
distinguish Waldenström macroglobulinemia from
IgM+ MGUS (monoclonal gammopathy of 
undetermined significance), since the latter is 
negative for del(6q).184 The del(6q) (in conjunction
with other abnormalities, such as +3p and +1p) 
plays a role in MGUS progression to multiple
myeloma.194

In cutaneous T-cell lymphomas, loss of 6q is 
associated with a significantly shorter survival.192

The del(6)(q21q25) is a recurrent chromosomal
abnormality in NK-cell lymphoma/leukemia, a
highly aggressive malignancy.193,195

In pediatric ALL, cytogenetically detectable
del(6q) is not associated with adverse risk.196 In adult
ALL 6% of cases have del(6q).197 A T-cell phenotype
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Figure 2.1 Del(5q): A, cytogenetics (partial
karyotype); B, FISH (EGR1)

1 2 3

9876

Figure 2.2 Del(6q), cytogenetics (partial karyotype)
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is more frequently associated with del(6q) in general,
and particularly with cases with del(6q) as the iso-
lated abnormality. Patients with ALL and del(6q)
have a high complete remission rate (83%); however,
they have a lower 18-month event-free survival 
(31% vs 41%) and a higher relapse rate (70% vs
37%) compared with patients without del(6q).
Overall, del(6q) as an isolated change identifies a
subset of cases with hyperleukocytosis, a T-cell 
phenotype, and seems to be associated with an unfa-
vorable clinical outcome.197

Monosomy 6 has been reported in MDS, AML,
chronic myeloproliferative disorders, and B-cell lym-
phoproliferations (e.g. follicular lymphoma), usually
accompanied by complex abnormalities. Figure 2.3
presents with monosomy 6 in follicular lymphoma.

del(7q)/monosomy 7 (−7)

● AML/tAML
● MDS/tMDS
● ALL
● CML (disease progression)
● Chronic myeloproliferative disorders (P. vera, ET,

and CIMF)
● Splenic marginal zone B-cell lymphoma
● Low grade B-cell lymphomas including lympho-

plasmacytic lymphoma and B-CLL/SLL

Loss of chromosomal material due to deletion of the
long arm of chromosome 7 [del(7q)] (Figure 2.4), or
loss of one homolog (− 7) (Figure 2.5), is a common
finding in all types of myeloid disorders, especially 
in patients with AML and MDS, and is invariably

associated with a worse response to treatment and a
poor prognosis.198–201 Primary MDS occuring in
adults under 50 years often display abnormalities
involving chromosome 7 (31%), and almost half of
these patients progress to AML with an overall
median time to progression of 2 months (range 
3 weeks to 3 years).202 Monosomy 7/del(7q) and
monosomy 5/del(5q) represent the most common
cytogenetic abnormalities in therapy-related MDS
and AML and are strongly associated with exposure
to alkylating agents. Monosomy 7 is also reported in
myeloid proliferations in children,203 monosomy 7
being the most common cytogenetic abnormality in
pediatric MDS.204 Monosomy 7 and deletion 7q are
rare in childhood AML and represents a heteroge-
neous group of disorders with additional cytogenetic
aberrations having a major prognostic impact.205

Pediatric AML, MDS, and other myeloproliferations
associated with monosomy 7 have a poor prognosis.206

Children with AML and monosomy 7 have poor 
disease-free survival when treated by conventional
chemotherapy, immunosuppression, or supportive
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6 7 8 9

Figure 2.3 Monosomy 6; cytogenetics (partial karyo-
type)

A

B

6 7

Figure 2.4 Del(7)(q32): A, cytogenetics (partial karyo-
type); B, FISH (CEP7/D7S522)
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measures.207,208 In a series of pediatric AML reported
by Hasle et al, cytogenetic aberrations considered
favorable in AML [t(8;21)(q22;q22), inv(16)(p13q22),
t(15;17)(q22;q21), t(9;11)(p22;q23)] were strongly
associated with del(7q) and had a higher 5-year sur-
vival rate compared with del(7q) without favorable
cytogenetics (75% vs 46%).205 Patients with −7 and
inv(3), −5/del(5q), or +21 had a 5-year survival rate
of 5%.205

In a series reported by Heerema et al among 1880
children with ALL, 75 (4%) had losses involving chro-
mosome 7, 16 (21%) with monosomy 7, 41 (55%)
with losses of 7p (del(7p)), 16 (21%) with losses of 
7q (del(7q)), and two (3%) with losses involving both
arms.209 Patients with losses involving chromosome 7
were more likely to be ≥10 years old, National Cancer
Institute (NCI) poor risk, and hypodiploid than
patients lacking this abnormality.209 Event-free sur-
vival (EFS) and survival of patients with monosomy 7
or del(7p), but not of patients with del(7q), were sig-
nificantly worse than those of patients lacking these
abnormalities (the poorer EFS was maintained after
adjustment for a Philadelphia chromosome, NCI risk
status, ploidy, or an abnormal 9p).209

Deletion of chromosome 7 or del(7q) occurs 
frequently in both CML and non-CML chronic

myeloproliferative disorders (P. vera, essential throm-
bocythemia, and chronic idiopathic myelofib-
rosis).203,210,211 Tripputi et al, analyzed 150 patients
with chronic myeloproliferative disorders and found
8 patients with monosomy 7 (cytogenetics) and 
4 patients with deletions of the long arm of chromo-
some 7 (molecular methods).210 Monosomy 7 and
trisomy 8 were the most common clonal chromoso-
mal abnormalities in Ph− cells in CML patients
treated with imatinib.212,213 In pediatric chronic
myeloproliferative disorders, monosomy 7 is associ-
ated with a poor prognosis.203,211

Rearrangements of 7q (especially 7q deletion) are
seen in splenic marginal zone lymphomas, where
they are associated with a poor prognosis and risk of
large cell transformation.214–217 Lymphomas with
del(7q) often show plasmacytoid features (plasma-
cytic differentiation).218,219 Splenic MZL patients
with genetic losses [del(7q) or del(17p)] were
reported to have a shorter survival than the remaining
patients, including those with chromosomal gains.220

Imbalances on 7q are associated with a shorter sur-
vival in patients with Burkitt lymphoma.221 Among
12 patients with lymphoma and del(7q) reported 
by Hernandez et al, 11 patients showed small 
cell morphology (low-grade category), including 
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Figure 2.5 Monosomy 7; cytogenetics (partial karyotype)
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B-CLL/SLL, mantle cell lymphoma, and splenic mar-
ginal zone B-cell lymphoma, and one patient had dif-
fuse large cell lymphoma.222 Lymphoplasmacytic
features (differentiation) were observed in six out of
eleven low-grade lymphomas.222

The unbalanced translocation, der(1;7)(q10;p10),
is one of the characteristic cytogenetic abnormalities
found in MDS and other myeloid neoplasms.
In contrast with other −7/7q− cases, where the
abnormality tends to be found in one or more partial
karyotypes, der(1;7)(q10;p10) represents the abnor-
mality common to all the abnormal clones and usu-
ally appears as a sole chromosomal abnormality
during the entire clinical course, or if not, is 
accompanied only by a limited number and variety
of additional abnormalities, mostly trisomy 8 and/or
loss of 20q.223 The der(1;7)(q10;p10)-positive MDS
cases showed lower blast counts and higher hemoglo-
bin concentrations at diagnosis, slower progression
to AML, and significantly better clinical outcome
than other −7/7q− cases.223

del(9p)

● ALL
● CML, myeloid blast crisis
● Mantle cell lymphoma (MCL)
● DLBCL/post-transplant DLBCL
● T-cell lymphoma (rare cases)

In pediatric ALL, del(9p) belongs to the most
common structural rearrangements (17%), followed
by t(12;21) (15%), del(6q) (8%), and MLL
rearrangements (4%).7 Adult ALL patients with
del(9p) have a significantly improved outcome, in
contrast to those with Ph chromosome,
t(4;11)(q21;q23), t(8;14)(q24.1;q32), or complex
karyotype (≥5 chromosomal abnormalities).224

Although 9p deletions in ALL show considerable
variability in both the extent and location, all include
the CDKN2A locus.225

Del(9p) and other structural changes [+3q, +12q,
del(6q), del(1p), del(13q), del(10q), del(11q), and
del(17p)] may be observed in MCL, including 

blastoid variant.226–228 Post-transplant DLBCL
shows frequent losses of 6q, 17p, 1p, and 9p.229 Both 
de novo CD5+ and typical (CD5−) DLBCL may have
del(9p).230,231 Only rare cases of T-cell lymphomas
(including anaplastic large cell lymphoma) with
del(9p) have been reported.232,233

del(9q)

● AML

Del (9q) (Figure 2.6) is a recurrent cytogenetic
abnormality in AML.234 AML with isolated del(9q)
is associated with the presence of a single Auer rod,
erythroid dysplasia, and granulocytic lineage vacuo-
lation.234 In a series reported by Peniket et al, the 
5-year overall survival for patients with del(9q) was
45% (compared with 35% for the control group),
75% for patients with del(9q) in association with
t(8;21), 40% with sole del(9q) (40%), and 26% with
del(9q) with other abnormalities.234 Among AML
cases positive for core binding factor (CBF) translo-
cations, loss of sex chromosome, del(9q), and com-
plex abnormalities were more common among
patients with t(8;21), while +22 and +21 were more
common with inv(16).235 The overall prevalence of
CEBPA loss-of-function mutations in AML cases
with del(9q), in a noncomplex karyotype was 41%,
whereas none of the patients who had a del(9q) in a
complex karyotype or together with a t(8;21)
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Figure 2.6 Del(9)(q13); cytogenetics (partial karyo-
type)
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demonstrated mutant CEBPA.236 CEBPA mutations
were reported exclusively in AML and mutated
patients preferentially belonged to M1, M2, and M4
FAB subtypes.237 In the absence of poor prognostic
factors, patients with CEBPA mutation had a favor-
able outcome, very similar to that of the t(8;21),
inv(16), and t (15; 17) subgroup.237

del(11q)

● B-CLL
● MCL
● DLBCL
● AML
● MDS
● ALL
● CMPDs (P. vera, ET, CIMF)
● T-prolymphocytic leukemia (T-PLL)

Structural aberrations involving 11q are among
the most common aberrations in a number of hema-
tologic malignancies.238,239 The 11q contains three
genes: BCL1 (11q13), ATM (11q22∼23; Figure 2.7),
and MLL (11q23). Translocations or deletions
involving the 11q23 region have been observed in

ALL, AML, MDS, T-PLL, and B-cell lymphoprolife-
rations including B-CLL and MCL.

In B-CLL, deletions have been detected in
20–30% of the cases and 11q deletions identify a
new clinical subset characterized by younger age,
extensive peripheral, abdominal, and mediastinal
lymphadenopathy, more advanced clinical stage, more
rapid disease progression, and a shorter treatment-
free interval.240 The prognostic effect of 11q deletion
on survival strongly depends on the age: in patients
less than 55 years old, the median survival time 
was significantly shorter in the deletion group 
(64 months vs 209 months), whereas in patients 
≥55 years old there was no significant difference 
(94 months vs 111 months).240 The high-risk CLL
patients characterized by unmutated IGVH or high-
risk interphase cytogenetics, including either
del(17p) or del(11q), appear to have a shorter 
progression-free survival and overall survival with
chemoimmunotherapy.241 The cDNA array con-
firmed the prognostic impact of 11q23 deletion in
B-CLL.242

Apart from B-CLL/SLL, del(11q) can be observed
in other non-Hodgkin’s lymphomas, mostly mantle
cell lymphoma,226,243 and DLBCL,239 but also 
occasionally in marginal zone B-cell lymphoma.244

Although there are no specific secondary chromoso-
mal changes in MCL, 11q22–23 anomalies as well as
1p21–31 deletions and 8p translocations are often
observed.245 In the case of DLBCL with del(11q),
the possibility of Richter’s transformation of B-CLL
should be excluded.

Del(11q), +8, −7/del(7q), and del(20q) are seen
often in non-CML chronic myeloproliferative 
disorders (P. vera, ET, CIMF).

Chromosomal abnormalities in MDS are predom-
inantly characterized by partial/total chromosomal
losses or chromosomal gains, including mainly
del(5q)/−5, del(7q)/−7, del(11q), del(12p), del(20q),
−Y, and +8.21,26,246 Del(11q) in MDS is often associ-
ated with sideroblastosis (ringed sideroblasts are also
seen in Xq13 abnormalities). In the series of 968
MDS patients reported by Sole et al, complex 
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Figure 2.7 Del(11q); FISH
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karyotype, −7/del(7q), and i(17q) were associated
with poor prognosis; normal karyotype, loss of 
Y chromosome, del(11q), del(12p), and del(20q) as
single alterations had a good prognosis; and
rearrangements of 3q21q26, trisomy 8, trisomy 9,
translocations of 11q, and del(17p) were associated
with an intermediate prognosis.247

Although gains or rearrangements of 11q are often
seen in multiple myeloma, no losses of 11q are
observed.248 Campbell et al, described two acute
promyelocytic leukemia patients, treated with 
all-trans retinoic acid and combination chemotherapy,
who acquired a deletion of 11q within 12 months of
diagnosis.249 Del(11q) has been reported in T-PLL.238

del(12p)

● CMPDs (P. vera, ET, CIMF)
● ALL
● MDS/tMDS
● AML/tAML
● DLBCL, post-transplant
● Non-Hodgkin lymphomas

Unbalanced translocations as well as interstitial
deletions of the short arm of chromosome 12
[del(12p)] are found as recuring chromosomal
changes in a broad spectrum of hematopoietic malig-
nancies including ALL, MDS, AML, chronic myelo-
proliferative disorders (CMPD), therapy-related
MDS or AML (tMDS/tAML), non-Hodgkin’s lym-
phoma, and occasionally other hematopoietic malig-
nancies.26,115,247,250–253 The cytogenetic abnormalities
of 12p in hematologic malignancies result in different
molecular changes: deletions of KIP1, amplifications
of CCND2, and structural rearrangements or LOH of
ETV6 (TEL).115,225,254,255 Rearrangement and/or dele-
tion of ETV6 may occur in up to 70% of patients with
abnormalities of 12p.251

Heerema et al, showed cytogenetically detectable
12p abnormalities among 1880 children with newly
diagnosed ALL in 174 cases (9%): the majority of
cases had a balanced translocation, a del(12p), or an
add(12p).252 Del(12p) present as a sole abnormality

confers a good prognosis in ALL.256 The 12p aberra-
tions and near tetraploidy are more common in
ETV6/RUNX1+ pediatric ALL.257 Some rearrange-
ments of 12p which have been described previously
as deletions or unbalanced translocations may, in
fact, represent 12p13 translocations accompanied by
an interstitial deletion,258 e.g. translocation to 21q
[t(12;21)(p13;q22)]259 or 17p [t(12;17)(p13;
p12-p13)]260 by FISH analysis.

Abnormalities of the short arm of chromosome 12
(12p) are found in about 5% of AMLs and are often
reported in secondary leukemias, especially after
prior mutagenic exposure. Deletion 12p occurs 
frequently in MDS.21,26,247,261 Del(12p) without
other abnormalities is associated with a favorable
prognosis in MDS.247

Chromosome 12p is the most frequent target of
deletions among posttransplant DLBCL.229

del(13q)/monosomy 13 (−13)

● B-CLL
● MCL
● B-cell lymphomas, high grade
● Plasma cell myeloma/MGUS
● T-cell lymphomas
● CMPDs (P. vera, ET, CIMF)

Deletions of the long arm of chromosome 13
occur in myeloid and lymphoid tumors, with
myeloid breakpoints more often involving the RB1
gene locus, while more lymphoid breakpoints fall
telomeric of RB1. The RB1 locus at 13q14 can be
detected by FISH using an RB probe [other FISH
probes used to identify del(13q) include D13S25
and D13S319]. The 13q deletion occurs in different
types of non-Hodgkin’s lymphomas, e.g. B-CLL 
(Figure 2.8), MCL, a subset of high-grade lym-
phomas, and in plasma cell neoplasms.262 Cuneo 
et al, reported del(13q) in a low-grade lymphoma,
MCL, and high-grade lymphoma and found a statis-
tically significant association between 13q−, the
presence of splenomegaly and blood involvement, a
lower probability of attaining complete remission,
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and shorter survival.262 Loss of 13q in cutaneous 
T-cell lymphomas is associated with a significantly
shorter survival.192

In B-CLL deletion of 13q is the most common
abnormality (FISH studies) followed by deletions of
11q, trisomy 12, and deletions of 17p.263 The 13q
deletions in B-CLL are associated with the longest
(92 months) survival.264 Coexistence of trisomy 
12 and 13q14 deletion is present in 17.5% of
patients.265 In this group, deletion 13q14 was the
prevalent clone, with percentages 25–35% higher
than those observed for trisomy 12, suggesting clonal
evolution.265

Monosomy 13 is one of the most frequent chro-
mosomal abnormalities in multiple myeloma (MM;
Figure 2.9).266,267 Zojer et al analyzed del(13q) in
newly diagnosed MM and reported monoallelic
deletions of the retinoblastoma-1 (RB1) gene and the
D13S319 locus in 48 of 104 patients (46.2%) and in
28 of 72 (38.9%) patients, respectively.268

Monoallelic deletions of RB1 appear to be a frequent
and early event in the pathogenesis of MM, without
an obvious relevance for disease progression.269

Retinoblastoma gene deletion as a sole abnormality
does not lead to a shorter survival of MM patients.270

Plasma cells with a deletion of at least one of the
13q14 loci can also be seen in patients with 

MGUS (∼45%).271 The complete or partial 
deletion of chromosome 13 or translocations 
involving 13q by conventional cytogenetics in MM
is associated with poor outcome even with high-dose
treatment and autologous stem cell transplanta-
tion.267,272–275 The del(13q) is detected more fre-
quently by FISH than by metaphase cytogenetic.
The overall survival of patients with monosomy
13/del(13q) by cytogenetics (median: 35.2 months)
and del(13q) by FISH only (median: 33.2 months)
is not significantly different and is shorter than in
patients with diploid chromosome 13 by either tech-
nique.276 The latter is associated with prolonged sur-
vival (65.6 months).276 Figure 2.10 shows monosomy
13 using a FISH probe.

Rearrangements of 13q occur in non-CML
CMPDs, including P. vera (∼13%), ET, and espe-
cially chronic idiopathic myelofibrosis.277–284

del(17p)/monosomy 17

● B-cell lymphomas
● T-cell lymphomas
● B-CLL
● MDS
● AML
● CML (disease progression/clonal evolution)

Chromosome 17p is the site for p53 (TP53; see
below). Loss of the short arm of chromosome 17 is
associated with a p53 mutation on the remaining
allele in several hematopoietic malignancies.
Deletion of 17p (Figure 2.11) is associated with a
poorer prognosis in many hematopoietic malignancies.
It is usually associated with other chromosomal
rearrangements, most often complex karyo-
types.161,285,286 AML patients > 60 years old with
abnormalities of 17p, 5q−, −7, +8, and complex 
aberrations had a more adverse prognosis when com-
pared with patients with a normal karyotype.161 MDS
with del(17p) may be associated with dysgranu-
lopoiesis (pseudo Pelger–Huet nuclei), small vacuoles
in the cytoplasm of neutrophils, and a poor progno-
sis.287 In patients with MDS and AML, the presence
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Figure 2.8 Del(13q); FISH
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of MLL copy gains/amplifications or losses of the short
arm of chromosome 17, in association with 5/5q, has
been found to be an indicator of an extremely poor
prognosis.288,289 However, in the series of MDS
patients reported by Sole et al, MDS with del(17p)
as well as rearrangements of 3q21q26, trisomy 8, 
trisomy 9, and translocations of 11q had an interme-
diate prognosis and those with complex karyotype, 

−7/7q−, and i(17q) had a poor prognosis.247 The
p53 (TP53) mutations are found in the majority of
MDS patients with 17p deletion.

Aberrations of chromosome 17 are observed in
CML undergoing clonal evolution, accelerated phase
(AP), or blast phase (BP; blast crisis).290–292

The del(17p) is common in follicular lymphoma
(∼23%) and it is associated with an adverse clinical
outcome.293,294 Other lymphomas which may be pos-
itive for del(17p) include MCL marginal zone B-cell
lymphoma, DLBCL, post-transplant lymphoprolifer-
ative disorders, and T-cell lymphomas (including the
NK-cell type).220,226,229,295–299 Del(17p) is often asso-
ciated with a poorer response to chemotherapy in
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Figure 2.9 Multiple myeloma with complex karyotype including monosomy 13 and monosomy 17. A, cytomorphology;
B, cytogenetics
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lymphomas. Loss of 8p and 17p and gain of 3q21,
6p, 7p, and 8q23 are associated with a high 
S-phase fraction in non-Hodgkin’s lymphoma.300

In B-CLL, 17p deletion is associated with a lack of
IGVH mutations and a poor prognosis.301 Abnormal
p53 predicts for shorter survival, is more common in
refractory B-CLL, and correlates with an aggressive
disease and transformation. B-CLL patients with
del(17p) do not respond to rituximab.302

Drach et al, using FISH, reported deletions of
p53 (which were predominantly monoallelic) in
∼33% and ∼55% of MM patients with newly 
diagnosed and relapsed disease, respectively.303 In a
recent study, Avet-Loiseau et al, identified del(17p)
in 11% of MM patients.304 MM patients with dele-
tions of chromosome 17/p53 (Figure 2.9) have a
poor prognosis, but trisomy 17 is associated with
prolonged survival.112,303–305 A multivariate analysis
on 513 patients reported by Avet-Loiseau et al,
showed that genomic aberrations t(4;14) and
del(17p), together with β2-microglobulin level are
important independent predictors of survival.304 Also
Gertz et al, showed that time to progression and over-
all survival are significantly shorter for patients with
t(4;14) and del(17)(p13.1).306 Chromosome 17p13.1
deletions are frequent in multiple myeloma involv-
ing the central nervous system.307

del(20q)

● AML
● MDS
● CMPDs (P. vera, ET, CIMF)
● Angioimmunoblastic T-cell lymphoma (rare cases)
● Waldenström macroglobulinemia (rare cases)
● ALL (rare cases)
● CML (rare cases)

Deletions of the long arm of chromosome 20
[del(20q)] are typical for myeloid disorders, and
occur in AML, MDS, and chronic myeloprolifera-
tive disorders (with or without hypereosinophilia),
but have also been reported occasionally in lym-
phomas (including angioimmunoblastic T-cell 

lymphoma and Waldenström macroglobulinemia)
and Ph chromosome+ ALL.13,21,107,308–318

The del(20q) is known to be a favorable prognos-
tic factor in MDS when it is the sole change. In a
subset of patients, del(20q) is accompanied by other
chromosomal abnormalities. The appearance of
del(20q) as an additional change, even if only as a
minor clone, indicates disease progression and a poor
prognosis.308 Morphologically, myeloid disorders
with del(20q) are characterized by prominent
dyserythropoiesis and dysmegakaryopoiesis.315

Del(20q) is often observed in non-CML CMPDs:
P. vera, essential thrombocythemia (ET), and chronic
idiopathic myelofibrosis (CIMF).319 Najfeld et al,
using conventional cytogenetics reported del(20q) 
in ∼19% of P. vera patients.278 Recurrent abnormal-
ities of chromosome 20 including partial deletion of
its long arm have been reported in chronic neu-
trophilic leukemia (CNL).320,321 Rare cases of CML
may be positive for del(20q), especially during 
disease progression.322

Inversions

Chromosomal inversions are rare and account for
∼0.5% of chromosomal aberrations in hematologic
tumors. An inversion consists of two breaks in one
chromosome with the area between the breaks being
inverted and reinstated. Most common inversions
include paracentric inv(3)(q21q26) in AML, a peri-
centric inv(16p13q22) in acute myelomonocytic
leukemia with eosinophilia (AML-M4Eo), and para-
centric inv(14)(q11q32) in T-PLL. A pericentric
inversion involves part of the short and the long
arms as well as the centromere; a paracentric inver-
sion does not include the centromere.

inv(3)/t(3;3)

● MDS/tMDS
● AML/tAML

Patients with MDS and AML, especially secondary
AML or AML with myelodysplasia and prominent
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dyspoiesis in megakaryocytic lineage (dysmegakary-
opoiesis), often have cytogenetic aberration of 
3q21 and 3q26 involving the paracentric inversion
[inv(3)(q21q26)] or a reciprocal translocation
[t(3;3)(q21;q26)]. These abnormalities frequently
cause inappropriate expression of the EVI1 gene at
3q26. Inversion of chromosome 3 (Figure 2.12) or
t(3;3) is associated with a poor prognosis in AML.323

inv(7)(p15q34)/t(7;7)(p15;q34)

● T-ALL

Inv(7)(p15q34) and t(7;7)(p15;q34) involve the
T-cell receptor β gene (TCRB) on 7q34 and the
HOXA gene locus on 7p15, and are identified in
3.3–5% of patients with precursor T-lymphoblastic
leukemia (T-ALL).324–327 Other molecular and/or
cytogenetic aberrations frequently found in subtypes
of T-ALL (SIL/TAL1, CALM/AF10, HOX11,
HOX11L2) were not detected in the TCRB/HOXA
rearranged cases except for deletion 9p21 and
NOTCH1 activating mutations, which were present
in 64 and 67%, respectively.324 Clinical findings are
not significantly different from T-ALL in gen-
eral.324,328 Most T-ALL cases with TCRB/ HOXA
rearrangement are CD2−, CD4+, and CD8−.

inv(11)(p15q22)

● MDS/tMDS
● AML/tAML
● CML, disease progression/clonal evolution

The inv(11)(p15q22) is observed in de novo or
therapy-related AML (tAML) and MDS (tMDS),
and in patients with imatinib-resistant CML disease

undergoing clonal evolution.329–331 The inv(11)
(p15q22) creates the fusion between the NUP98 and
DDX10 genes.

inv(12)

● MDS
● AML
● ALL
● CMPDs
● Lymphomas (B-CLL, MCL, T-cell lymphomas)
● CML, blast crisis

Aberration of chromosome 12 often involves the
ETV6 gene (previously TEL). In contrast to
rearrangements of the short arm of chromosome 12,
which are commonly seen in various hematologic
malignancies,332 inversions involving chromosome
12 are rare.333

In contrast to 12p aberrations, abnormalities
involving the long arm of chromosome 12 are rare
and are seen most often in MDS.261 Inv(12) can
occur as a sole abnormality, but is usually part of a
complex karyotype. Welborn et al, reported a group
of 46 patients with a variety of myeloid and lym-
phoid malignancies with a pericentric and paracen-
tric inversion of chromosome 12: AML (14 cases),
blast phase (BP; blast crisis) of CML (1 case), MDS
(11 cases), CMML (2 cases), chronic myeloprolifera-
tive disorders (5 cases), ALL (6 cases), B-CLL (2 cases),
MCL (1 case), and T-cell lymphoma (1 case).333 The
majority of AML in that report comprised the 
AML-M2 subtype.

The presence of inv(12) is associated with a poor
prognosis in AML,334–337 and an intermediate prog-
nosis in ALL.338 The majority of patients with
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inv(12) reported by Welborn et al, had complex
karyotypic changes, and many were refractory to
chemotherapy and had a short overall survival.333

inv(14)

● T-PLL

Abnormalities of chromosome 14 occur in T-PLL,
an aggressive lymphoproliferative disorder of mature
T-cells. Figure 2.13 presents the inversion of chro-
mosome 14 in T-PLL. In a series reported by Maljaei
et al, 71% had inv(14) (q11q32)/t(14;14)(q11;q32)
and 4/21 patients had abnormalities involving Xq28
(MTCP-1 locus) resulting from t(X;14)(q28;q11) or
t(X;7)(q28;q35).339

inv(16) or t(16;16)

● AML, especially AML-M4Eo
● CML

Positional cloning revealed the breakpoint of
inv(16) or t(16;16) to lie within the introns of CBFb
and MYH11.340 CBFb at 16q22 encodes the β-sub-
unit of the core binding factor (CBF) and MYH11
at 16q13 encodes the smooth muscle myosin heavy
chain (SMMHC). CBF is a family of transcription
factors containing a common β-subunit and one of
three CBFα subunits, CBFα1, RUNX1 (also known
as AML1 or CBFa2), and CBFa3, all of which 
encode the so-called runt domain. The fusion gene
(CBFb/SMMHC) impairs hematopoietic differentia-
tion typical for AML by disrupting the normal 
transcription factor activity of CBF. In addition, nearly
70% of patients with inv(16)+ AML are known to 

possess mutually exclusive mutations of the receptor
tyrosine kinases, c-KIT and FLT3, as well as RAS genes.

Abnormalities of chromosome 16 in AML have
been associated with high complete remission and
survival rates, and a favorable prognosis.323,341

Inversion (16)(p13.1q22), t(16;16)(p13.1;q22), and
del(16)(q22) are nonrandom abnormalities associ-
ated with acute myelomonocytic leukemia with
eosinophilia (AML-M4Eo), and rarely with other
subsets of AML. The t(16;16) or inv(16) (Figure 2.14)
results in the fusion of MYH11 at 16p13 (SMMHC)
with part of the CBFb gene at 16q22. The prognosis
of AML with del(16q) differs from that in AML with
inv(16)/t(16;16).342 Additional karyotypic abnor-
malities may be present in up to 50% of AML with
t(16;16)/inv(16) and most often include trisomy 8,
21, and 22. These additional karyotypic changes do
not influence the overall outcome compared to
patients with sole chromosome 16 aberrations.323,342

The co-existence of t(9;22) and inv(16) in CML
appears to correlate with a more rapid transforma-
tion into the blast phase (BP).343

The inv(16) may be difficult to detect by classic
cytogenetics studies, partly due to the fact that
changes are subtle and partly due to technically sub-
optimal metaphases. Other methodologies available
for detection of inv(16)(p13q22) include FISH
(dual-fusion probes or the break-apart probe) 
and RT-PCR. Rao et al applied the molecular cyto-
genetic technique of chromosome painting using 
chromosome 16 p-arm paint and showed pericentric
inversion within chromosome 16 even in poor-
quality metaphase spreads.344

Isochromosomes

i(3)

● Persistent polyclonal B-cell lymphocytosis

Persistent polyclonal B-cell lymphocytosis (PPBL)
is diagnosed predominantly in women, usually 
cigarette smokers, characterized by an increase in the
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number of polyclonal B lymphocytes, with IGH-
BCL2 gene rearrangements and 3q+/i(3)(q10), or
trisomy 3 within a significant proportion of B cells.

i(7q)

● Hepatosplenic γδ T-cell lymphoma

The isochromosome 7q is frequently found in
hepatosplenic γδ T-cell lymphoma.345–348 The prog-
nosis of this lymphoma is poor with a median sur-
vival time of 16 months.345

i(17)

● CML/CML in blast crisis
● Other hematologic malignancies

An isochromosome of the long arm of chromo-
some 17 is the most frequent genetic abnormality
observed during the disease progression of CML,
and has been described as the sole anomaly in vari-
ous other hematologic malignancies.349

Translocations

t(1;3)

● tMDS/tAML/AML
● ALL
● MDS

Chromosome bands 1p36 and 3p21 are known to
be recuring breakpoints in therapy-related leukemias
and MDS. Sato et al identified recuring t(1;3)
(p36;p21) translocation in eight patients with vari-
ous hematologic malignancies: three patients with
ALL, one with CML in the accelerated phase, two
with MDS, and two with AML (five patients had a
history of chemotherapy).350

t(1;4)

● Hepatosplenic γδ T-cell lymphoma

The t(1;4), along with isochromosome 7q and 
trisomy 8, is reported in hepatosplenic γδ T-cell 
lymphoma.351

t(1;6)

● B-CLL

Translocation t(1;6) (Figure 2.15) occurs rarely in
B-CLL and is associated with unmutated IGVH and
advanced clinical stage.352

t(1;14)

● Marginal zone B-cell lymphoma (MALT type)

A few recurrent translocations have been associ-
ated with an extranodal marginal zone lymphoma of
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the MALT type, including t(11;18)(q21;q21) and
t(1;14)(p22;q32). The t(1;14)(p22;q32) leads to
overexpression of BCL10.353,354 Through t(1;14)
(p22;q32), the BCL10 gene is entirely transfered to
the IGH gene, resulting in its overexpression. Wild-
type BCL10 is implicated in the activation of 
NF-κB. In normal tissue bcl-10 is localized in the
cytoplasm, but a subset of MALT lymphomas with
or without the t(1;14) translocation shows strong
bcl-10 expression in both the nucleus and cyto-
plasm;355,356 the bcl-10 expression is stronger in
translocation-positive tumors, however. BCL10
mutations are rare in gastric MALT-type lymphomas
and are not related to the aberrant nuclear expression
of bcl-10. Abnormal nuclear expression of bcl-10
and the t(11;18) translocation tend to appear
together, operate in a common mechanism 
involving NF-κB-mediated inhibition of apoptosis, 
and may be associated with advanced MALT 
lymphomas.357,358 API2/MALT1 fusion is associated
with aberrant nuclear bcl-10 expression. The translo-
cation t(1;14) is seen most often in pulmonary 
and gastric MALT. In contrast to t(11;18), 
MALT lymphomas with t(1;14) often show other
chromosomal aberrations, such as trisomies 3, 12,
and 18.359 The t(1;14)-positive cases, similarly to
t(11;18) cases, are resistant to H. pylori eradication
therapy.

t(1;19)

● B-ALL

Approximately 6% of pediatric patients with pre-
cursor B-lymphoblastic leukemia (B-ALL; more
often in the pre-B category) harbor a rearrangement
involving the gene regions of PBX1 on 1q23
(belonging to the category of a homeobox gene;
HOX) and E2A on 19p13.3, which can be visualized
cytogenetically either as a der(19)t(1;19)(q23;p13.3)
or the less common balanced t(1;19)(q23;p13.3). 
A dual-fusion FISH probe is also available.360 The
t(1;19) translocation occurs in B-ALL. The blasts are
often positive for CD10, CD19, TdT, and CD22
and negative for CD20 and CD34. The
t(1;19)(q23;q13) has been associated with an adverse
prognosis in children with B-ALL.95,361 However,
with recent more intensive chemotherapy regimens,
the t(1;19) did not correlate with inferior outcome,
suggesting that effective treatment can offset the neg-
ative impact of chromosomal rearrangements in
cases of childhood B-ALL.97 Cases of adult ALL 
carrying the t(1;19)(q23;p13) are characterized by 
an aggressive clinical course and a short survival.362

t(1;22)

● Acute megakaryoblastic leukemia

The t(1;22)(p13;q13) is present in acute megakary-
oblastic leukemia (AML-M7) in infants and children
(<6 months old) and is associated with extensive
infiltration of abdominal organs, poor response to
therapy, and a dismal prognosis.363 The t(1;22) leads
to the fusion of the MAL (megakaryocytic acute
leukemia) gene on chromosome 22 and the OTT
(One Twenty Two) gene on chromosome 1.

t(2;3)

● AML

The t(2;3) is a recurrent translocation having an
approximate 0.5% incidence in adult AML (either as
the sole abnormality or accompanying additional
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aberrations) and involves the 5′ region of the EVIl
gene at 3q26, and the BCL11A, the THADA gene,
or other regions at 2p16.1-21 (cryptic deletions
distal to the 3q26 breakpoint may occur in some
cases).364 The clinical outcome in these cases is poor.

t(2;5)

● Anaplastic large cell lymphoma

The t(2;5)(p23;q35) is the specific aberration
occurring in anaplastic large cell lymphoma (ALCL)
and is associated with NPM/ALK fusion (see below),
which can be detected on the molecular (FISH, PCR)
and immunohistochemical levels. FISH appears to be
more sensitive, with a higher rate of detection when
compared to RT-PCR.365 While t(2;5)NPM/ALK repre-
sents the majority of ALK rearrangements (75%), a
subset of cases has variant translocations which include
t(1;2) [TPM3 gene on 1q25], t(2;3) [TFG gene on
3q35], t(2;2) [ATIC gene on 2q25], and t(2;17)
[CLTC gene on 17q23].366–369 Positive nuclear and/or
nucleolar immunostaining for ALK-1 (Figure 2.16)
usually indicates t(2;5), whereas cytoplasmic staining
suggests variant translocations. Figure 2.17 shows
ALK translocation by FISH analysis.

The t(2;5)+ ALCL is characterized by a younger
age of onset, lower serum LDH, better performance
status, good response to chemotherapy, and favor-
able prognosis. The prognosis of ALCL without

t(2;5) is unfavorable, similarly to peripheral T-cell
lymphoma, unspecified.

A rare variant of DLBCL may express ALK by
immunophenotyping (cytoplasmic localization)
without the t(2;5) translocation. This protein appears
to be a full-length ALK receptor (and not a chimeric
molecule characteristic for ALCL).370,371 The major-
ity of ALK+ DLBCL display t(2;17)(p23;q23) involv-
ing the clathrin gene (CLTC).371

t(2;8)

● Burkitt lymphoma
● B-ALL

The t(2;8)(p21;q24) occurs in a subset of 
Burkitt lymphoma and sporadically in precursor 
B-ALL.

t(2;17)

● DLBCL

Gascoyne et al described six cases of ALK+ DLBCL
characterized by a simple or complex t(2;17)
(p23;q23) involving the clathrin gene (CLTC) at
chromosome band 17q23 and the ALK gene at 
chromosome 2p23.371 Similar findings were reported
by DePaepe et al372 (three cases) and Stachurski 
et al373 (one case).372,373 DLBCLs with t(2;17) 
display granular cytoplasmic expression of ALK by
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Figure 2.16 Anaplastic large cell lym-
phoma, ALK+. A, histology section shows
highly pleomorphic large cell infiltrate. B,
immunohistochemistry shows strong
nuclear, nucleolar, and cytoplasmic stain-
ing with ALK.This immunophenotypic patt-
ern is typical for t(2;5)
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immunohistochemistry (in contrast to nuclear/
nucleolar staining in ALCL associated with
NPM/ALK fusion). DLBCLs with ALK expression
are aggressive.

t(2;19)

● ALCL

The translocation t(2;19)(p23;q13.1) was identi-
fied as a new variant of t(2;5)(p23;q35) in a case of
Ki-1+ ALCL with a null cell phenotype.12

t(3;3)(q26;q21)/inv(3)

● AML
● MDS

The t(3;3)/inv(3) is seen in AML (except the M3
type) and MDS and is often associated with marked
thrombocytosis, trilineage dysplasia, and poor 
outcome.374–376

t(3;5)

● MDS
● AML

The t(3;5)(q25;q35) is an uncommon karyotypic
aberration in AML and occurs in MDS and AML
following MDS.377,378 With the exception of APL
(AML-M3), t(3;5) has been reported in every other
subtype of AML, being most frequently associated
with AML M6.377

t(3;8)(q26;q24)

● AML/tAML
● MDS/tMDS
● CML, blast crisis

The most common recurrent translocations involv-
ing 3q26 are t(3;12)(q26;p13), t(3;21)(q26;q22),
t(3;3)(q21;q26), t(2;3)(p15∼23;q26), t(3;7)(q26;q21),
and t(3;8)(q26;q24).379–382 The t(3;8)(q26;q24) is a
recurrent translocation associated with therapy-
related MDS/AML or de novo AML, and is fre-
quently associated with monosomy 7, but may occur
as a sole abnormality or with trisomy 13.382

t(3;8)(q27;q24.1)

● DLBCL

The translocation t(3;8)(q27;q24.1) simultane-
ously involving both BCL6 and c-MYC without any
involvement of the IG locus has been described in
DLBCL.383

t(3;14)

● DLBCL

The t(3;14)(q27;q32) occurs in 7–14% of
DLBCL cases.117,384–386. Au et al reported three
patients (one was HIV+) with nonclonal t(3;14) or
t(3;22); their lymphadenopathy resolved sponta-
neously, and none had progressed to lymphoma at
4–6 years of follow-up.387

t(3;21)

● AML
● CML, blast crisis
● ALL

The t(3;21) involves RUNX1 on 21q and EVI1 on
3q26.388 RUNX1 corresponds to CBFA2, and
encodes one of the DNA-binding subunits of the
enhancer core binding factor (CBF).389 The mecha-
nism by which EVI1 operates in the transformation
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of hematopoietic cells is not known, but it upregu-
lates cell proliferation, impairs cell differentiation,
and induces cell transformation.390 Two recuring
chromosomal translocations involving the RUNX1
(also known as AML1) gene associated with myeloid
leukemias are the t(8;21)(q22;q22) and the
t(3;21)(q26;q22) (Figure 2.18). The latter occurs in
chemotherapy-related myeloid leukemias and MDS
(primarily following treatment with topoisomerase II
inhibitors) and occasionally in the blast phase (BP;
blast crisis) of CML.389,391 De novo AMLs with
t(3;21) are rare. Bacher et al described t(8;21)+ AML
which was followed by a secondary therapy
-related AML with t(3;21)(q26;q22).392 Both
t(8;21)RUNX1/ETO and t(3;21), as well as t(16;16)/
inv(16), disrupt core binding factor (CBF), a
hematopoietic transcription factor, and therefore
belong to so-called CBF+ AMLs. AML with either
t(8;21) or t(16;16)/inv(16) are generally associated
with a good prognosis.

t(3;22)

The nonclonal t(3;22) may occur in reactive lymph
nodes.387

t(4;11)

● ALL

The translocations involving the MLL gene (also
known as the ALL1 gene) on 11q23 are common in
leukemia and include several different partners:
1p32, 4q21 and 19p13.3 in ALL and 1q21, 2q21,
6q27, 9p22, 10p11, 17q25, 19p13.3 and 19p13.1 in
AML [t(4;11) being the most common].64,67,393,394

Those leukemias are characterized by higher WBC,
but only those with t(4;11) show a female predomi-
nance. The t(4;11) occurs usually in early
pre-B-ALL (pro-B-ALL), whereas other 11q23
translocations may occur in both B- and T-ALL. The
t(4;11) translocation leads to the fusion of the MLL
and AF4 genes. B-ALL with t(4;11) is associated
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with a poor prognosis.64,224,395,396 Similarly to
patients with Ph chromosome+ ALL, the presence of
t(4;11) is associated with an increased percentage of
MRD and, therefore, an increased risk of relapse.
The absence of the MLL/AF4 fusion gene correlates
with a significantly better clinical outcome after
intensive polychemotherapy treatment without
hematopoietic stem cell transplantation.397 In a series
reported by Moorman et al the majority of patients
with t(4;11) relapsed within a year of diagnosis, with
a median time to relapse of 6.5 months.224 Adult
patients with other MLL/11q23 translocations did
not have a significantly inferior outcome compared
with other Ph chromosome− patients.224

t(4;14)

● Plasma cell myeloma (MM)

The t(4;14)(p16;q32) translocation involves the
subtelomeric regions of chromosome arms 4p and
14q, is karyotypically silent, and causes overexpres-
sion of FGFR3 and MMSET.398 The t(4;14)FGFR3/IGH

is detected most often by interphase FISH, but can
be detected also by metaphase FISH, RT-PCR with
capillary electrophoresis, gene expression profiling
(microarray assay), and immunohistochemistry. The
t(4;14)FGFR3/IGH is found in approximately 15% of
patients with MM,398–400 and is much less common
(∼3%) in MGUS patients.401–404 Patients with t(4;14)
have a poor prognosis with significantly shorter 
progression-free (median 9.9 vs 25.8 months) and
overall survival (median 18.3 vs 48.1 months) than
patients without this translocation despite intensive
chemotherapy and autologous stem cell trans-
plants.270,306,400,405,406 There is no association between
t(4;14) and other biologic parameters, such as age, 
β2-microglobulin, serum creatinine and hemoglobin,
or percentage of bone marrow plasma cells. The
strong correlation between t(4;14) and the chromo-
some 13 deletion makes it difficult to determine
which factor plays a more important role in progno-
sis. Multivariate analysis adjusted for −13 suggests an
independent prognostic significance of t(4;14).406, 407

In the series reported by Gutierrez et al, retinoblastoma

deletion as a sole abnormality did not lead to a short-
ening in the survival of MM patients, whereas
t(4;14) confered the worst prognosis in MM patients
treated with high-dose chemotherapy.270

t(5;10)(q22;q24)

● ALL

The t(5;10)(q22;q24) translocation was described
in adult patients with B-ALL (FISH and Southern
blot hybridization studies have eliminated likely
involvement of the APC and MCC genes on chro-
mosome 5, and the PAX2, TLX1, and NFKB2 genes
on chromosome 10).408

t(5;12)

● Chronic myelomonocytic leukemia (CMML)
● CMPDs (non-CML) with eosinophilia
● Chronic eosinophilic leukemia (CEL)

Chromosome 5 is a site for platelet-derived
growth factor receptor β (PDGFRB). The t(5;12)
(Figure 2.19) leads to the disruption of PDGFRB in
which the 5′ end of ETV6 (earlier known as TEL) is
juxtaposed to the 3′ end of PDGFRB. PDGFRB is
disrupted by other translocations, and to date, four
additional partner genes have been reported (H4,
HIP1, CEV14, and Rab5). CMPDs associated with
t(5;12) are infrequent and represent a minority of
patients within the BCR/ABL-negative group.
Clinically, most patients present with either a 
myeloproliferative disorder with eosinophilia, CEL,
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Figure 2.19 The translocation t(5;12), cytogenetics
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Gorczyca-Ch02  11/12/07  3:15 PM  Page 50



or CMML.409 Most patients are male with a 
2-year survival of 55%.409,410 In a series of PDGFRB
fusion gene-positive and BCR/ABL-negative CMPDs
reported by David et al, out of 12 patients treated
with imatinib 11 had prompt responses with nor-
malization of peripheral blood cell counts and 
disappearance of eosinophilia; 10 had complete 
resolution of cytogenetic abnormalities and a
decrease or disappearance of fusion transcripts by
nested RT-PCR.410

t(5;17)

● Acute promyelocytic leukemia
● MDS (rare cases)
● AML-M4eo (rare cases)

The t(5;17) is a rare translocation, in which the
RARa gene recombines with the NPM (nucleophos-
min) gene on chromosome 5 (NPM/RARa). This
translocation occurs in occasional cases of acute
promyelocytic leukemia (APL). The APLs with the
NPM/RARa fusion transcript have a similar biology
to those associated with t(11;17). They are refractory
to treatment with ATRA. Sakai et al reported de novo
acute myelomonocytic leukemia with eosinophilia
(AML-M4Eo) with t(5; 17)(q13;q11) as a secondary
chromosomal aberration to typical inv(16)
(p13q22).411

t(6;7)(p24;q21)

● CML

Gozzetti et al reported a novel t(6;7)(p21;q23)
that developed in a CML patient in complete cyto-
genetic remission during imatinib therapy.412

t(6;9)

● AML
● MDS

The t(6;9)(p23;q34) translocation leads to the
fusion of the DEK gene located on 6p23 (coding 
for a nuclear DNA-binding protein) and the CAN
(for Cain, also known as NUP214) gene on 9q34 
(encoding for nucleoporin).413 This is a rare translo-
cation occuring in AML (often with basophilia) and
MDS.414 The t(6;9) is associated with a poor prog-
nosis, especially in younger patients.323

t(6;11)

● T-PLL

Wong et al reported a case of T-PLL with
t(6;11)(q21;q23) as the sole chromosomal abnormality
and suggested that the cytogenetically identified
translocation implicates the ATM gene.415

t(7;7)

See inv(7).

t(7;11)

● AML
● CML, disease progression/clonal evolution (blast

crisis)

The t(7;11) is a rare abnormality found in AML
patients. It is usually associated with FAB M2 
morphology (Figure 2.20). The t(7;11)(p15;p15)
leads to the fusion transcript NUP98/HOXA9. It 
can be seen also in blast phase/clonal evolution of
CML.416,417
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Figure 2.20 The translocation
t(7;11), cytogenetics (partial karyo-
type)
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t(7;12)

● AML (pediatric)
● ALL (pediatric)

Slater et al described two rare recurrent transloca-
tions affecting ETV6 (previously TEL), t(7;12)
(q36;p13) and t(7;12)(q32;p13), in pediatric
AML.418 Rare cases of infants with t(7;12)+ ALL
have been reported as well.419

t(8;9)(q24;p13)

● B-ALL

The t(8;9)(q24;p13) occurs in occasional cases of
precursor B-ALL with t(14;18).420–423

t(8;9)(p22;p24)

● CML
● CEL
● AML
● ALL
● MDS

Translocation t(8;9)(p22;p24) leads to the fusion
between PCM1 (human autoantigen pericentriolar
material) and JAK2. Reiter et al identified t(8;9)(p21-
23;p23-24) in seven male patients with atypical
chronic myeloid leukemia/chronic eosinophilic
leukemia (n = 5), secondary AML (n = 1), and pre-B-
ALL (BCR-ABL+; n = 1).424 Murati et al reported the
t(8;9) translocation in erythroid leukemia.425 Apart
from PCM1/JAK2, another two genes that involve
JAK2 are ETV6/JAK2, which arises as a consequence
of a t(9;12) reported in few cases of AML, and
BCR/JAK2, reported in patients with atypical CML.

t(8;14)MYC/IGH

● Burkitt lymphoma
● B-ALL
● DLBCL
● Other B-cell lymphomas (including FL, B-PLL,

and MCL), often undergoing transformation to
aggressive lymphoma

● Plasma cell myeloma (MM; rare cases)

The t(8;14)(q24;q32) translocation involves the 
c-MYC and IGH genes (Figure 2.21). The IGH gene
is the most frequent partner of c-MYC rearrange-
ments (>80%), followed by the IG kappa gene [IGK;
t(2;8)(p12;q24)] and IG lambda gene [IGL;
t(8;22)(q24;q11.2)], light chain genes (10–15%).
Translocations involving 8q24 are most commonly
associated with Burkitt lymphoma and result in 
c-MYC overexpression. Rearrangement of the 
c-MYC gene may be identified by FISH (single- or
double-fusion probes, break-apart probe) or by 
classic cytogenetics. Positive c-MYC translocation
combined with classic histomorphologic features
(monomorphic ‘high-grade’ infiltrate with starry-sky
appearance) and immunophenotype (CD10+, 
bcl-6+, bcl-2−, CD43+) is diagnostic of Burkitt lym-
phoma. In cases with more pleomorphic cytologic
features or atypical phenotype, concurrent testing 
for BCL2 and BCL6 rearrangement should be always
considered to exclude non-Burkitt lymphomas with
c-MYC expression. Those ‘dual-positive’ lymphomas
(MYC+BCL2 or MYC+BCL6) are characterized by a
very aggressive clinical course with a poor response to
chemotherapy and therefore a poor outcome.426–429

Apart from BL, the t(8;14)(q24;q32) may be seen
in a subset of DLBCL, FL, MCL, plasma cell
myeloma (MM), B-PLL, and low-grade non-
Hodgkin lymphomas transformed to high-grade
tumors.430–433 Alterations of c-MYC in non-Burkitt
lymphomas may represent secondary changes associ-
ated with disease progression, similar to p53 abnor-
malities. The t(8;14) occurs in a subset of B-ALL
(FAB L3), often with CNS and abdominal organ
involvement at presentation. The presence of an
8q24 aberration in a variety of NHL is associated
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with an inferior prognosis in all histologic groups,
independent of clinical prognostic factors, when ana-
lyzed both at diagnosis and at relapse.434 The presence
of the t(8;14) translocation in FL is often associated
with an aggressive clinical course and a higher risk
for transformation into ALL. Figure 2.22 shows the
t(8;14) by conventional cytogenetics.

t(8;16)MYST3/CREBBP

● AML/tAML

AML with translocation t(8;16)(p11;p13) is an
infrequent leukemia subtype with characteristic clin-
icobiologic features. This translocation leads to
fusion of the MYST3 (MOZ; monocytic leukemia
zinc finger protein) gene on chromosome 8p11 
and the CREBBP (CBP) gene on chromosome 16.

The t(8;16)(p11;p13) is associated with de novo or
therapy-related AML, often displaying monocytic
differentiation (either the M4 or M5 subtype), ery-
throphagocytosis, extramedullary infiltration, and
disseminated intravascular coagulation.435 The study
by Camos et al showed the distinctive gene expres-
sion profile of MYST3/CREBBP+ AML, with overex-
pression of RET and PRL and a specific pattern of
HOX gene expression.436 AMLs with inv(8)(p11q13)
display similar hematologic features to AMLs with
MYST3/CRBBP fusion.437

t(8;21)ETO/RUNX1

● AML

The t(8;21)(q22;q22.3) translocation (Figure 2.23)
is seen in AML and is characteristically associated
with the FAB M2 subtype and frequent co-expression
of CD34, CD19, and CD56.1,438–441 This transloca-
tion is one of the most frequent structural chromoso-
mal abnormalities seen in AML and is reported in
6–20% of AML cases. The t(8;21) results in fusion
between the RUNX1 gene (runt-related gene family;
formerly termed the AML1 gene) and the ETO gene
(for eight twenty-one), producing a chimeric protein,
RUNX1/ETO.442 AML with t(8;21)RUNX1/ETO belongs
to a group of CBF leukemias. CBF is also rearranged
in AML with t(3;21) and t(16;16)/ inv(16); see below.

The AML with t(8;21) is found more 
frequently in children and young adults and displays
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Figure 2.23 The t(8;21) [RUNX1/ETO]
translocation (A, cytogenetics; B, FISH)
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a predisposition for extramedullary localiza-
tion.443,444 This subtype of AML is associated with a
favorable prognosis.323,443,444 Complete remission
rates and long-term event-free survival are high, par-
ticularly when treatment incorporates high-dose
cytosine arabinoside.445

Despite the favorable prognosis of patients with
AML with t(8;21), relapses occur in about 30% of
cases. Several recent studies suggested that monitor-
ing MRD may identify patients at risk of relapse. In
a series by Leroy et al, levels of RUNX1/ETO tran-
scripts showed large variations with a trend for a
higher relapse rate for patients with high pretreatment
expression levels.446 After induction therapy,
absolute transcript levels (<103 compared to the 
control cell line, or > 3-log decrease of the level at 
diagnosis) were significant predictors of the absence
of relapse.446 MDR levels after consolidation therapy
were also significant indicators of relapse.

Additional cytogenetic abnormalities in AML
with RUNX1/ETO are common (75%) and may
include −X, −Y, del(9)(q22), +8, and +4.447,448

Approximately 28% of patients show more than one
chromosomal abnormality.447 Loss of the Y chromo-
some may be seen as an age-related phenomenon,
but is often present in AML with t(8;21). The influence
of additional chromosome aberrations on the clinical
outcome of patients with t(8;21) is unclear. Byrd 
et al reported that neither complex karyotype nor 
secondary aberrations affected the outcome of
patients with t(8;21).323 However, in the study by
Schoch et al, the median overall survival of patients
with del(9q) was significantly shorter than in
patients with only t(8;21) or with t(8;21) and sex
chromosome loss.449 It appears that loss of a sex
chromosome has no influence on prognosis, but the
prognosis of patients with t(8;21) worsens when
there is extramedullary disease, CD56 expression, or
del(9q).449

t(8;22)MYC/IGL

● Burkitt lymphoma
● B-ALL

The t(8;22)(q24;q11) occurs in a subset of Burkitt
lymphoma and sporadically in pre-B-ALL.

t(9;11)

● AML

The translocations of 11q23 involve the MLL gene
(also known as ALL1 or HRX); they are common in
leukemias and include several different partners:
1p32, 4q21, and 19p13.3 in ALL and 1q21, 2q21,
6q27, 9p21, 10p11, 17q25, 19p13.3, and 19p13.1
in AML. The t(9;11)(p21;q23) is associated with an
intermediate prognosis in AML.1,323 Other translo-
cations involving 11q23 usually have a poor prognosis.
The t(9;11), similarly to t(11;19), is often associated
with monoblastic differentiation, but other variants
of AML (e.g. AML-M2) have been reported as well.
In childhood AML the t(9;11) is a favorable genetic
factor.450

t(9;12)

● AML
● ALL
● CML, disease progression

The t(9;22) involves the ETV6 gene (also known
as TEL) on chromosome 12p12 and occurs in acute
leukemias and during progression of CML.

t(9;14)(p13;q32)

● Lymphoplasmacytic lymphoma/Waldenström
macroglobulinemia

The t(9;14)(p13;q32) is a translocation that
occurs in B-cell lymphomas with plasmacytic differ-
entiation with indolent presentation followed by
gradual clinical progression of disease.451 In a more
recent series reported by Cook et al, the incidence of
this translocation in lymphoplasmacytic lymphoma/
Waldenström macroglobulinemia was less common
than previously reported.452 The t(9;14) results in
the juxtaposition of the PAX5 (paired homeobox-5)
gene with the IGH on chromosome 14. The PAX5
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gene encodes the BSAP (B-cell-specific activator 
protein) transcription factor, which is expressed
throughout the process of B-cell development,
except in terminally differentiated plasma cells.

t(9;22)BCR/ABL

● CML
● AML
● ALL

The t(9;22) translocation occurs in CML, a subset
of ALL, and in rare cases of AML. Ph chromosome,
a shortened chromosome 22 (Figure 2.24 and 2.25),
results from a reciprocal translocation between the
BCR gene on chromosome 22 and the ABL gene on
chromosome 9. The t(9;22) or its molecular equiva-
lent can be detected in virtually all cases of CML by
PCR, FISH, conventional cytogenetics or Southern
blot. The fusion gene, BCR/ABL (Figure 2.26),
encodes a chimeric protein with tyrosine kinase
activity. Depending on the position of the BCR
breakpoint, fusion genes are generated that 
encode 190 kD (minor breakpoint cluster region), 
210 kD (major breakpoint cluster region), or 

230 kD forms of the bcr-abl tyrosine kinase. 
The p230 is seen in patients with chronic 
neutrophilic leukemia. CML expressing p190 is 
relatively rare. Patients with p190 have a worse 
prognosis than those with p210. A quantitative
molecular assay for bcr-abl RNA (qRT-PCR) can 
be used to monitor patients with CML after 
treatment.453

Deletions of the derivative chromosome 9 have
recently been reported in CML. These deletions 
are large, occur at the time of the Philadelphia 
translocation, span the translocation breakpoint, 
and represent a powerful indicator of poor progno-
sis. Patients with deletions lack expression 
of BCR/ABL and do not exhibit an increased 
frequency of secondary cytogenetic changes follow-
ing disease progression.454 Allogeneic stem cell 
transplantation reverses the poor prognosis of 
CML patients with deletions in derivative 
chromosome 9.455

The t(9;22) can be observed in AML or ALL.
Acute leukemia (Figure 2.27) with t(9;22) can be
either de novo or a result of transformation from
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CML (blast phase, myeloid, or lymphoblastic).
Progression of CML, including accelerated phase
(AP) or BP (blast crisis), is often associated with
chromosomal evolution, i.e. the appearance of chro-
mosomal abnormalities in addition to the Ph chro-
mosome. Those may include additional copies of the
Ph chromosome, isochromosome 17 [i(17)(q10)], a
gain of chromosomes 8 or 19, and less often −7, −17,
+17, +21, −Y, and t(3;21)(q26;q22).

The t(9;22) is a frequent and prognostically unfa-
vorable translocation in B-ALL despite intensified
chemotherapy.456,457 BCR/ABL (irrespective of the
breakpoint site, e.g. p190 or p210) is the leading
factor for a poor prognosis in comparison to clinical
risk criteria and is associated with a lower chance of
initial treatment response (68.4% vs 84.6%) and a
lower probability of disease-free survival at 3 years
(0.13 vs 0.47).456 Among ALL patients, the t(9;22)
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ing fusion products of varying 
sizes (p230, p210, and p190,
respectively)

1 2 3 4 5

1211109876

13 14 15 16 17 18

YX22212019

Figure 2.27 Acute lymphoblastic
leukemia (ALL) with complex chromo-
somal abnormalities, including t(9;22);
cytogenetics
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occurs more often in adults than in children. 
The BCR/ABL+ subtype of ALL in children is 
associated with high drug resistance and an increased
percentage of MRD+ patients and increased MRD
levels at the end of induction therapy.458 In adults,
residual disease and hence drug resistance is 
higher than in children, and the presence of the Ph
chromosome has no obvious additional negative effect
on MRD.458

t(10;11)

● T-ALL
● Peripheral T-cell lymphoproliferative disorders
● AML

The t(10;11) is seen in patients with T-ALL and a
subset of T-cell lymphomas. The MLL/MLLT10
fusion gene as a result of t(10;11)(p12;q23) is often
seen in AML.65 In pediatric AML, t(10;11) is 
associated with an unfavorable prognosis.

t(10;14)

● T-ALL
● Peripheral T-cell lymphoproliferative disorders

The t(10;14) is seen in patients with T-ALL and 
T-cell lymphomas.

t(10;17)(p15;q21)

● AML
● B-ALL

The t(10;17)(p15;q21) is a rare abnormality
reported in rare cases of poorly differentiated or
undifferentiated AML (M1 subtype),459 and occa-
sional cases of B-ALL. The breakpoint on chromo-
some 17 is distal to RARa gene.

t(10;22)

● AML-M7

The t(10;22) translocation occurs rarely and was
reported in acute megakaryoblastic leukemia by 

G-banding cytogenetics. FISH analysis revealed that
it is a variant of Philadelphia translocation involving
chromosome 10q.460

t(11;14))(q13;q32)CCND1/IGH

● MCL
● Plasma cell myeloma (MM)

The t(11;14)(q13;q32) is the hallmark of MCL 
(Figure 2.28), where it can be detected in virtually all
cases.121,384,461–463 In this translocation, the gene
encoding cyclin D1 protein at 11q13 (CCND1 or
BCL1 gene) is relocated to an IGH gene on 14q32,
resulting in upregulation of cyclin D1 expression.
Apart from MCL, the t(11;14)(q13;q32) is also
observed in a subset of multiple myeloma
(3–20%).464,465 In multiple myeloma, cyclin D1/bcl-1
upregulation is detected more often that t(11;14)
(q13;q32), suggesting that other chromosome 11
abnormalities, as well as additional mechanisms,
must be responsible for the cyclin D1 overexpres-
sion. Panani et al showed that t(11;14) had a worse
impact on disease outcome as compared to t(14q32)
with an unidentified partner chromosome.466

Cyclin D1 expression is also frequently found in
hairy cell leukemia (HCL) by immunohistochem-
istry, but its expression is unrelated to translocations
or amplification of the CCND1 gene.467

The CCND1 abnormalities can be confirmed by
immunohistochemical staining on routine histologic
section, FISH, RT-PCR, or classic (metaphase) 
cytogenetics, the first two being the most often used.
The results of immunohistochemical staining on
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decalcified specimens, such as trephine bone marrow
biopsy, however, are not always reliable.

t(11;14)(p13;q11) and t(11;14)(p15;q11)

● T-ALL

The t(11;14)(p13;q11) and t(11;14)(p15;q11) are
frequently seen in precursor T-ALL.

t(11;17)

● APL

The t(11;17)(q23;q21) is present on a subset of
patients with APL. This translocation results in
fusion of the RARa gene (17q21) with the PLZF
(promyelocytic leukemia zinc finger) gene (11q23).
The t(11;17)PLZF/RARa APL differs from classic APL
with t(15;17) by poor response to chemotherapy,
ATRA resistance, and poorer prognosis, when
treated with ATRA alone.468,469 Patients treated with 
combination chemotherapy can achieve a complete
remission, however.16 In the t(11;17(q13;q21), the
RARa gene partners with the NuMA (nuclear
mitotic apparatus) gene. Another translocation of
the RARa gene involves the STAT5b gene on chro-
mosome 17(q11). APLs with either t(11;17)
(q13;q21)NuMa/RARa or t(17;17)(q11;q21)STAT5b/RARa

present with morphologic and clinical features 
similar to the classic type with t(15;17)PML/RARa.

t(11;18)(q21;q21)API2/MALT1

● Marginal zone B-cell lymphoma (MALT type)

There are two translocations involving the
MALT1 gene at 18q21: the t(11;18)(q21;q21)
involving the API2 and MALT1 genes, and
t(14;18)(q32;q21) involving IGH and MALT1. The
t(11;18)(q21;q21) resulting in the API2/MALT1
fusion transcript is an exclusive finding in extranodal
marginal zone lymphoma (MZL) of the MALT
type.470 Within the gastrointestinal tract, extranodal
MALT lymphomas occur most often in the stomach
and rarely in the small and large intestine and 

esophagus. Gastric MALT lymphoma is associated
with H. pylori infection. Apart from t(11;18)
(q21;q21), other chromosomal aberrations in MZL
lymphoma include t(1;14)(p22;q32), t(14;18)
(q32;q21), trisomies 3, 12, and 18; p53 LOH/muta-
tion, and fas gene mutation. The cases with t(11;18)
usually do not show other genetic aberrations,471

such as trisomies 3 and 18, frequently seen in
t(11;18)-negative tumors.122,472–474

The t(11;18) has been reported in 40–50% of
MZLs arising in the stomach (MALT lym-
phoma).475,476 Gastric MALT lymphomas positive for
t(11;18) are more often associated with involvement
of the lymph node and distal sites than t(11;18)-neg-
ative cases.358 The presence of the t(11;18) translocation
is a negative predictor for response to H. pylori eradica-
tion therapy.477 The t(11;18) positive MALT lym-
phomas are distinct from other MALT lymphomas,
including those with t(1;14) or t(14;18). The t(11;18)
positive MALT lymphomas rarely undergo high-grade
transformation,122,478 despite more advanced stage
and lack of response to H. pylori eradication therapy.
Gastric MALT with the t(11;18)(q21;q21), however,
does not adversely affect the response of gastric MALT
lymphomas to chemotherapy with cladribine
(2CdA).479 This makes the cladribine an attractive
agent for treatment of gastric MALT lymphomas
unresponsive to H. pylori eradication. (See also
API2/MALT1 fusion gene.)

t(11;19)(q23;p13.1)

● AML
● B-ALL

The 11q23 breakpoint involves the MLL gene 
(Figure 2.29). The t(11;19(q23;p13.1) is one of the
translocations involving 11q23 occuring in B-ALLs
[including also t(4;11)]. Those B-ALLs are often
characterized by a high WBC count, CALLA 
negativity, aberrant pan-myeloid marker expression
(e.g. CD13 or CD33), and aggressive clinical behavior.
The t(11;19) translocation is seen also in AML, most
often in AML with monocytic differentiation.
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Patients with AML and t(11;19)(q23;p13.1) and
associated abnormalities of chromosome 11q23 have
an intermediate survival.1

t(12;12)

● ALL

The t(12;21)(p13;q22) is a cryptic abnormality
observed in 25% of children with B-ALL, and is asso-
ciated with a favorable prognosis. The t(12;21) in
most cases is not associated with hyperdiploidy or
with t(1;19), t(4;11), or t(9;22) ALL.480

t(12;17)

● ALL

The balanced t(12;17)(p13;q12) is a rare but
recurrent aberration in ALL.481

t(12;21)

● ALL

Rearrangements of 12p, resulting from deletions
or translocations, are common findings in hemato-
logic malignancies. In many cases, these rearrange-
ments target the ETV6 gene (previously called TEL)
located at 12p13. Various partner genes have been
implicated in the formation of fusion genes with
ETV6. These include PDGFRB, JAK2, NTRK3,

ABL2, and ABL1, each of which encodes for proteins
with tyrosine kinase activity.

The t(12;21)(p12;q22) is commonly found in
pediatric ALL.7 This translocation generates the
ETV6/RUNX1 chimeric gene. ETV6/RUNX1+ ALLs
often express CD10, occur between age 1 and 
10 years and have a favorable prognosis. The ETV6
gene is also involved in t(5;12), t(9;12), and
t(12;22), which occur in other hematopoietic
tumors. Raimondi et al analyzed 815 children 
with newly diagnosed ALL and found 94 cases
(11.5%) with 12p abnormalities involving ETV6,
which was associated with a favorable treatment 
outcome.338 The t(12;21) can be seen in a healthy
individual.482

t(13;17)

● AML

The t(13;17) (Figure 2.30) is a rare translocation,
which has been reported in AML.483

t(14;16)

● Plasma cell myeloma (MM)

The translocation t(14;16) is associated with
fusion between the IGH gene on chromosome 14q
and the c-MAF gene on chromosome 16q23. The 
c-MAF is translocated in approximately 5–10% 
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of MM. The c-MAF is an oncogene that stimulates
cell cycle progression, and promotes pathologic
interactions between tumor and stroma cells.484,485

t(14;18)(q32;q21)IGH/BCL2

● FL
● DLBCL
● ALL

The t(14;18)(q32;q21) juxtaposes the BCL2 gene
at 18q21 with the immunoglobulin heavy chain
locus (IGH gene) at 14q32. It is characteristic for FL 
(Figure 2.31) in which the breakpoints of t(14;18)
occur in the major breakpoint region (mbr) or in the
minor cluster region (mcr) at the 3′ end of BCL2.
The frequency of t(14;18)(q32;q21) in nodal FL by
metaphase cytogenetics and/or interphase FISH has
been shown to vary between reports, most often

ranging between 80 and 100%.384,431,432,463,486,487

The t(14;18) is also present in a subset of DLBCL,
being detected in 12 to 35% of cases.384,488,489 The
incidence of t(14;18) is higher in lower grade FL
(grade 1 or 2), when compared to grade 3.108,490

Cytogenetic analysis is not always successful due to
the low proliferative activity of lymphomatous cells.
Although FISH methodology is more sensitive when
compared to conventional cytogenetics standard
cytogenetic analysis is helpful in identifying accom-
panying chromosomal abnormalities or unusual
changes, such as three-way translocation involving
two major lymphoma-specific abnormalities, 3q27
and t(14;18)(q32;q21).491

The t(14;18) translocation results in overexpression
of bcl-2 protein, whose function is to inhibit apop-
tosis (programmed cell death). The overexpression 
of bcl-2 is also observed in other lymphomas, includ-
ing B-CLL and MALT lymphoma, and is not always
associated with t(14;18).

Rare cases of de novo B-ALL display
t(14;18).420,492–495 B-ALL with t(14;18) may arise as
a blastic transformation of a preceding lym-
phoma492,495,496 or as de novo ALL.420 D’Achille et al
resented a series of 12 cases of de novo ALL with
translocation t(14;18)(q32;q21) with a median age
of 65.5 years and no past history or any clinical evi-
dence of lymphoma.420 In this series, a t(8;14) was
identified in 4/12 cases by conventional cytogenet-
ics, and in 3 additional cases by FISH [one with a
cryptic t(8;14) involving the der(14)t(14;18), one
showing c-MYC translocation to a marker chromo-
some, and one associated with a t(8;9)(q24;p13)].420

There was a close association between the t(14;18)
and the t(8;9), with the latter translocation present
only in conjunction with t(14;18).420,422,423 The 
B-ALL with t(14;18) are associated with a poor
prognosis.420,492,495

Aamot et al evaluated the pattern and frequency of
secondary chromosome abnormalities in t(14;18)+

lymphomas (112 cases of FL and 37 cases of
DLBCL),180 94% of cases (140/149) showed sec-
ondary aberrations, with the most frequent being 
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−1p, −6q, and +7 (26%). DLBCL showed −1q, +7,
and +12, more frequently whereas −1p, −Xp, and 
−16 were more frequent in FL grade 3 than in FL
grades 1 and 2. Patients with <6.0 secondary cytoge-
netic aberrations had a better prognosis than did
those with a higher number of aberrations. Trisomy
21 was associated with a shorter survival.180

The t(14;18)BCL2/IGH can be detected by cytoge-
netic, FISH, and PCR studies: FISH using either a
single-fusion or dual-fusion strategy and PCR using
a consensus primer targeting the IGH joining region
in combination with one of three primers flanking
the major, minor, and intermediate break-point 
cluster regions on chromosome 18q21. Break-apart
FISH probes to detect BCL2 gene rearrangements
are also available.497 Quantification of t(14;18) can
be achieved by real-time PCR, especially using a multi-
plex real-time PCR protocol that allows amplifica-
tion of control and target genes in the same reaction
and precise size determination of BCL2/JH fusion
sequences by capillary electrophoresis to evaluate
treatment efficacy and minimal residual disease.498

Variant translocations (e.g. involving either kappa or
lambda light chain genes) can be detected by FISH
and cytogenetic studies. Comparisons of FISH and
PCR tests have shown higher detection rates using
FISH methodology, especially in routinely fixed,
paraffin-embedded tissues.116,499,500 Belaud-Rotureau
et al evaluated the applicability and sensitivity of
FISH and PCR in FL using commercially available
reagents and found FISH to be superior to PCR
(using the BIOMED-2 protocol) in detecting
IGH/BCL2 fusion.116 With the use of IGH/BCL2
dual-fusion, dual-color probes, t(14;18) transloca-
tion was detected in 92% of cases with concordant
results between isolated nuclei and frozen cytologic
imprints.116 The BIOMED-2 protocol allowed the
detection of an IGH/BCL2 fusion in 64% of fixed
specimens and 71% of frozen specimens. Out of the
FISH+ cases, PCR results were negative in 31% of
fixed specimens and 20% of frozen specimens.

The analysis of t(14;18) [IGH/BCL2] by FISH is
most useful in distinguishing between FL and 

atypical follicular hyperplasia. Although most cases
can be easily diagnosed by morphology combined
with immunohistochemistry, in a subset of cases the
histomorphologic and immunophenotypic features
are equivocal, and therefore require additional testing
either by FISH (IGH/BCL2 rearrangement) or PCR
(IGH rearrangements for clonality). FISH may also
be useful to differentiate FL from other lymphomas
with a nodular growth pattern, although morpho-
logic and immunophenotypic features are sufficient
in the majority of cases. FISH evaluation of IGH/BCL2
and IGH/MALT1 is also useful to distinguish between
FL and marginal zone lymphoma with t(14;18)
[conventional cytogenetics cannot distinguish the
t(14;18)(q32;q21) involving IGH and BCL2 from
t(14;18)(q32;q21) involving IGH and MALT1].
Demonstration of t(14;18) in DLBCL is less impor-
tant from the diagnostic point of view, but confirms
the germinal center phenotype, and therefore has
prognostic implications (patients with the germinal
center phenotype have a better prognosis than those
with the activated type; see DLBCL, Chapter 3).

Clonal BCL2/IGH rearrangements are frequently
observed in healthy individuals.501–503 In the study
by Schmitt et al, using a classic two-step, nested,
semi-quantitative PCR as well as a sequence-specific
real-time quantitative PCR (qRT-PCR), 24%
(39/204) of healthy individuals carried the t(14;18)
translocation.502 The breakpoint location distribu-
tion pattern appeared to be comparable to the pattern
seen with follicular lymphoma patients. Liu et al
reported that the frequency of t(14;18) (IGH/BCL2
fusion) increases with age (patients >60 years old had
a 13 times greater frequency of BCL2 rearrange-
ments in blood when compared to patients ≤20 years
old) and smoking.501 Schmitt et al, however, using a
classic two-step, nested, semi-quantitative PCR as
well as a hybridization probe-based real-time quanti-
tative PCR, found no correlation between the fre-
quency of IGH/BCL2 rearrangements and age or
gender.502 BCL2 rearrangement are also seen in
patients with hepatitis C infection, who show a 
disappearance of t(14;18) translocation after antiviral
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treatment [the t(14;18) translocation became negative
in 6 of 7 patients treated with interferon and ribavirin
for 6 to 12 months compared with 1 of 6 nontreated
patients).504,505 Persistent polyclonal B-cell lympho-
cytosis (PPBL) is another disorder associated with
IGH/BCL2 rearrangement.506 It is diagnosed pre-
dominantly in women, usually cigarette smokers,
and is characterized by an increase in the number of
polyclonal B lymphocytes, often with binucleated
morphology, the presence of multiple IGH/BCL2
gene rearrangements, chromosomal instability
[del(6q), +der(8), +8] and the finding of an 
additional long arm chromosome 3q+ (i3)(q10) or tri-
somy 3 within a significant proportion of B cells.506–508

Himmelmann et al suggested that chronic antigenic
stimulation plays a role in the pathogenesis of PPBL
with the accumulation of IgD+/CD27+ memory 
B cells which might harbor a certain number of
t(14;18) translocations.509

t(14;18)IGH/MALT1

● Marginal zone B-cell lymphoma (MALT type)

The breakpoint on chromosome 18, involving the
MALT1 gene (Figure 2.32), is seen in MZLs of the
MALT type. The BCL2 and MALT1 genes lie in very
close proximity at the 18q21 locus. FISH studies for

BCL2 and MALT1 can help to differentiate between
MZL and FL, since both may be positive for
t(14;18). In MALT lymphomas with t(14;18), there
appears to be an interaction between the MALT1
and BCL10 genes. Both genes and their products can
be detected by FISH and/or immunohistochemistry.
The t(14;18)IGH/MALT1 cases typically involve ocular
adnexae and lung and are not reported in a gastric
location. Another translocation involving the
MALT1 gene at 18q21 of MZL is associated with
t(11;18) and involves the API2 gene [see above,
t(11;18)].

t(14;19)(q32;q13)

● B-CLL

The t(14;19)(q32;q13) involves the BCL3 locus 
at chromosome 19q13 and the IGH gene locus 
at 14q32. The t(14;19) is a rare chromosomal 
aberration occuring in B-CLL.72,387,510–512 In a series
reported by Michaux et al, B-CLL with t(14;19) was
characterized by a high proportion of patients aged
<50 years, lymphadenopathy, rapidly progressive 
disease, and overall poor prognosis.510,511 The
t(14;19) is rarely the sole cytogenetic aberration: 
trisomy 12 is the most frequent associated abnormality
(50% of cases).510,511 Huh et al reported the aberrant
phenotype in a subset of B-CLL patients with
t(14;19) (lack of CD23 expression in 6/7 and positive
FCM7 in 5/7).511

t(15;17)

● APL

The reciprocal translocation t(15;17)(q22;q21) is
the diagnostic hallmark of APL (AML-M3; 
Figure 2.33).468 The t(15;17) translocation creates
two chimeric genes, the PML/RARa gene is formed
on derivative 15, whereas the reciprocal RARa/PML
fusion is located on derivative 17 (Figure 2.34).
The PML (promyelocytic leukemia) gene possesses
growth suppressor and proapoptotic activity.513,514

RARα (retinoic acid receptor α) is a transcription
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factor that mediates the effect of retinoic acid.
PML/RARa fusion plays an important role in leuke-
mogenesis by impairing the growth suppressor and
proapoptotic activities of PML. It is also important
in mediating the differentiation response to all-trans
retinoic acid (ATRA) treatment.164,468,515 The introduc-
tion of novel targeted therapies in the form of ATRA
and arsenic trioxide changed the clinical course of
APL over the last 25 years from one that was fatal for
the majority of patients to the most curable subtype
of AML. Reciprocal translocation of 17q21 is found
in more than 95% of APL. The remaining APL cases
show complex or variant translocations involving
chromosomes 15 or 17 and other chromosomes as
well as masked (cryptic) insertions.

To date, five different fusion partners of RARa
have been identified. The vast majority of cases 
are characterized by the presence of the
t(15;17)(q22;q12-21), which involves the PML
gene. The other chromosomal aberrations seen in
APL include t(11;17)(q23;q21)PZL/RARa, t(5;17)
(q35;q12-21)NPM/RARa, t(11;17)(q13;q21)NuMa/RARa,
t(17;17)(q11;q21)STAT5b/RARa, and der(17). APL asso-
ciated with t(15;17), t(5;17) and t(11;17)(q13;q21)
appears to be sensitive to ATRA. In contrast, APL
associated with t(11;17)(q23;q21) leading to
PZL/RARa rearrangement is typified by a lack of 

differentiation response to retinoids, and patients
treated with ATRA alone have a poor prognosis.469

In PML/RARa-positive APL about 70% of patients
are expected to be cured with a combination of
ATRA and anthracycline-based chemotherapy.
Additional chemotherapy at the time of molecular
relapse improves survival compared to patients when
treatment is delayed at the point of hematologic
relapse. Quantitative RT-PCR technology is
expected to improve the predictive value of MRD
monitoring and therefore to guide therapy in order
to reduce the rate of relapses and to increase rates of
cure in high-risk patients.515

Additional chromosomal changes have been
reported in 25–40% of APLs, with trisomy 8 
being the most frequent secondary change (46% of
the cases with secondary changes).516 No significant
differences were seen with regard to age, sex, initial
white blood cell count, percent of circulating 
blasts, platelet count, fibrinogen level, or incidence
of microgranular variants between patients with or
without additional rearrangements. Outcome was
also similar between patients with t(15;17) alone 
and patients with t(15;17) and other clonal abnor-
malities for complete remission (92% vs 93%,
respectively), event-free survival at 2 years (76.1% vs
78.1%, respectively), relapse at 2 years (16.7% vs
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11.6%, respectively), and overall survival at 2 years
(79.9% vs 79.5%, respectively).516 Other additional
chromosomal abnormalities involve chromosomes 6,
7, 12, 16, 21.516–518 Owatari et al described t(2;7) 
in APL.517 The prognostic significance of chromoso-
mal abnormalities in addition to t(15;17) in APL is
uncertain. De Botton et al reported a lack of prognos-
tic significance of secondary chromosomal changes in
APL patients treated with ATRA and chemotherapy.516

Standard cytogenetics can be used to identify
t(15;17) and molecular techniques can be used to
identify the fusion product of the translocation
(either FISH or RT-PCR).519,520 Rennert et al
described a rapid and simple RT-PCR assay that iden-
tifies the PML/RARα chimeric messenger RNA
(mRNA).520 A set of primer pairs specific for intron 3
(bcr 3, long [L] form mRNA transcript) and intron 6
(bcr 1, short [S] form)/exon 6 (bcr 2, variant [V]
form) breakpoints in PML, respectively, could readily
identify RNA transcripts (S, L, or V forms) by
agarose gel electrophoresis with the sensitivity of 
1 in 10 000 to 1 in 100 000. The separate amplifica-
tion of a β2-microglobulin transcript control was used
to assess for adequate RNA and cDNA preparation.
The ratio of cases with the L form to those with 
the S form PML/RARa fusion transcript was 2:1,
whereas three cases (10%) had fusion sites in 
exon 6 of the PML gene (V forms). Among 221
PML/RARa-positive cases, there were 82 S form 
cases (37%), 121 L form cases (55%), and 18 V form
cases (8%).519

t(17;20)(q21;q12)

● APL

Rare cases of APL harbor simple or complex
(three-way) translocations involving the RARa
locus on chromosomes 17 and 20, including
t(13;15;17;20) (q22;q22;q12;p13) and t(15;17;20)
(q22;p13;q21). The t(17;20)(q22;q21) may mask
the classic t(15;17), when part of the genetic mate-
rial from chromosome 15 is transferred to chromo-
some 20.521, 522

Trisomies

trisomy 2/duplication 2p

● DLBCL
● Other B- and T-cell lymphomas

In non-Hodgkin’s lymphomas trisomy 2 or dupli-
cations of 2p predict a poor prognosis.22 In DLBCL
duplication of chromosome 2p or BCL2 oncogene
rearrangement is associated with a relatively poor
prognosis.523

trisomy 3/duplication 3p

● Marginal zone B-cell lymphoma/splenic marginal
zone lymphoma

● Other non-Hodgkin’s lymphomas
● Persistent polyclonal B-cell lymphocytosis

Trisomy 3 (Figure 2.35) represents the most
common recuring abnormality in marginal zone B-cell
lymphoma (MZL; MALT lymphoma).217,431,524–526

In non-Hodgkin’s lymphomas trisomy 3 or duplica-
tions of 3p predict a favorable clinical outcome.22

Based on the most frequent recurrent abnormalities
in splenic marginal zone lymphoma, Sole et al
divided it into two groups, one with a gain of 3q and
the other with deletions at 7q.217

trisomy 5

● AML
● ALL

Trisomy 5 (Figure 2.36) is rare abnormality and 
may occur in both AML and ALL, usually as part of
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complex karyotypic changes. In ALL, trisomy 5 is
more common in cases with hyperdiploidy (>50
chromosomes). In AML it may accompany t(8;21)
or trisomy 8.

trisomy 8

● AML
● APL
● MDS
● T-cell lymphoma
● CML (disease progression; blast crisis)
● P. vera
● B-CLL

Trisomy 8 (Figure 2.37) is the most common tri-
somy in de novo AML. The impact of trisomy 8 on
AML patients is best predicted by the presence and
nature of other chromosomal abnormalities.108,323

Patients with sole +8 and +8 with additional
abnormality other than t(8;21), inv(16)/t(16;16),

and t(9;11) have significantly inferior overall sur-
vival, while patients with +8 and a complex karyo-
type with ≥3 abnormalities have a significantly
inferior complete remission rate and overall sur-
vival.323 As a sole abnormality, the frequency of +8
varies among different FAB subtypes, being most fre-
quent in acute monoblastic leukemia (AML-M5),
followed by acute megakaryoblastic leukemia (AML-
M7), AML without maturation (AML-M1), and
AML with maturation (AML-M2) types. Trisomy 8
is the most common additional chromosomal abnor-
mality in APL (46% of APL with secondary
changes).516 Outcome is similar between patients
with t(15;17) alone and patients with t(15;17) and
other clonal abnormalities.516

In MDS, trisomy 8 occurs most frequently in
chronic myelomonocytic leukemia (CMML) and
refractory anemia with ringed sideroblasts (RARS).
Gain of 8q in cutaneous T-cell lymphoma is associ-
ated with a significantly shorter survival.192 Trisomy
8, alone or in combination with a gain of chromo-
some 19 and additional copies of the Ph chromo-
some, is often observed during clonal evolution of
CML (accelerated phase or blast phase). Gain of
chromosome 8 is often observed (15%) in the
chronic phase of P. vera. Lau et al described trisomy
8 as the sole cytogenetic abnormality in a B-CLL
patient.527

trisomy 9

● P. vera

Gain of chromosome 9 (Figure 2.38) is often
observed (20%) in the chronic phase of P. vera.

trisomy 11

● AML
● MDS

Trisomy 11 occurs in AML (∼3%; usually M1 or
M2 types) and MDS (∼1%).528–531 Trisomy 11+

AMLs are associated with prominent trilineage 
dyspoiesis and unfavorable outcome. The majority 
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of leukemias show additional chromosomal changes,
such as trisomy 8, loss of the long arm of chromosome
5, or complex karyotype. AMLs with trisomy 11 often
display duplication of the MLL gene (see MLL).

trisomy 12

● MCL
● B-CLL
● FL
● Marginal zone B-cell lymphoma (MZL; MALT

lymphoma)

In MCL, trisomy 12 is the only single cytogenetic
parameter predictive of a poor prognosis.105 Trisomy
12 is a common abnormality in B-CLL, followed by
14q+, 13q, and 11q. Patients with trisomy 12 have
advanced clinical stage, atypical morphology and
immunophenotype, and shorter survival.19,532 In a
series reported by Geisler et al, however, an addi-
tional copy of chromosome 12 without other chro-
mosomal abnormalities was compatible with classical
CLL, and had no prognostic influence.301 Trisomy
12 is more often observed in patients with Richter
syndrome than in the overall population of patients
with B-CLL.533 FLs with del(17p) and +12 have an
adverse clinical outcome.293 Trisomy 12 occurs fre-
quently in marginal zone B-cell lymphomas.431

Figure 2.39 presents trisomy 12 on conventional
cytogenetic analysis.

trisomy 15

● AML
● MDS
● Non-Hodgkin’s lymphomas

Trisomy 15 as the sole karyotypic aberration is an
uncommon clonal cytogenetic aberration in hemato-
logic malignancies, making its significance unclear.
The analysis of cytogenetic and FISH results by
Batanian et al revealed the presence of two types of
trisomy 15 clones: a minor clone that could be tran-
sitory or indolent (MDS, lymphoma) and a major
clone that could be of a neoplastic nature (AML).534

Trisomies of chromosomes 15, 8, and 11 are seen in
AML developing as a secondary malignancy.535

trisomy 17

● CML, disease progression/clonal evolution

A gain of chromosome 17 (similarly to its loss)
may be seen during progression (karyotypic evolu-
tion) of CML.

trisomy 18

● DLBCL
● Plasma cell myeloma (MM)
● Other B-cell lymphomas, e.g. MZL

DLBCLs with 18q gains are significantly associ-
ated with a high number of chromosomal imbal-
ances, primary nodal presentation, high serum LDH
levels, high IPI, shorter cause-specific survival, and a
high risk of relapse.296 In the gastrointestinal tract, tri-
somy 18q21 appears to be associated with advanced
tumor stage and may be a predictor of poor outcome
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in surgically resected primary gastrointestinal B-cell
lymphomas.536 It is associated with a shorter survival
of patients with lymphomas with a large cell compo-
nent, but not with the low-grade lymphomas of the
MALT type.536 Figure 2.40 presents MM with a com-
plex karyotype including trisomy 18.

trisomy 21

● AML
● ALL
● CML, disease progression/clonal evolution

Trisomy 21 is frequently observed in 
myeloid malignancies, but can also be seen in ALL.
Children with Down’s syndrome have a 150-fold
increased risk of myeloid leukemia in the first 5 years
of life. Leukemias in patients with Down’s syndrome
are associated with +8 or −7. In addition, increased
white blood cell counts and circulating myeloblasts
(almost invariably megakaryoblasts by phenotypic
studies) may be seen in up to 10% of newborns with
Down’s syndrome (transient myeloproliferative dis-
order; TMD). Trisomy 21 in AML is associated with
an intermediate risk factor for induction therapy suc-
cess and overall survival.323

Children in whom ALL is associated with 
Down’s syndrome (trisomy 21) have a significantly
lower rate of remission, a higher mortality rate during
the induction phase, and a poorer long-term survival

rate in contrast to children with Down’s syndrome 
and AML.

trisomy 22

● AML

Trisomy 22 is often identified as a recurring second-
ary abnormality in AML, particularly associated with
inv(16)(p13q22).537 It occurs more often in AML with
monocytic differentiation (e.g. acute myelomonocytic
leukemia and acute monocytic leukemia).

Molecular markers

Hematologic malignancies are frequently associated
with translocations and mutations of genes encoding
tyrosine kinase. Abnormalities involving the ABL,
ARG, PDGFRs, JAK2, SYK, TRKC, FGFRs, FLT3,
KIT, and JAK2 genes, including fusion, gain of func-
tion mutation, or overexpression (e.g. due to internal
tandem duplication) can be detected in both acute
and chronic myeloproliferations. Approximately
50% of newly diagnosed AMLs have a normal 
karyotype and identifying molecular markers could
help to improve the prognostic stratification of those
patients. Mutation of the nucleophosmin (NPM)
gene has been reported as the most frequent muta-
tion in AML, especially in the presence of a normal
karyotype.538 AML with a normal karyotype also
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shows mutation in CEBPA and internal tandem
duplications of FLT3.539 Several genetic and pheno-
typic characteristics of APL provide relevant targets
for tailored treatment, including PML/RARa fusion,
the expression of the CD33 antigen, absence of the
multidrug resistance-related phenotype, and a fre-
quently mutated and constitutively activated FLT3
receptor.540 Molecular analysis of BCR/ABL fusion
by qRT-PCR and JAK2 mutation analysis has
become routine in the management of patients with
chronic myeloproliferative disorders. In B-CLL, in
addition to the mutation status of the immunoglob-
ulin variable heavy-chain region gene (IGVH), a
well-established predictive factor, new molecular
markers associated with the biology of the disease
have been identified, including telomere function,
DNA repair, ATM, and p53.541

ABL (ABL1)

● CML
● AML
● ALL

The t(9;22) involving BCR and ABL genes is seen
in CML and occasional cases of AML and ALL 
(Figure 2.24 and 2.25); see also t(9;22). The break-
point in the ABL gene (ABL1) is variable over a
region of 200 kb, often between the two alternative
exons 1b and 1a, sometimes 5′ of 1b or 3′ of 1a, but
always 5’ of exon 2 (Figure 2.26). The t(9;22) results
in three different fusion protein products which
differ in size: p190, p210, and p230. The BCR/ABL
fusion proteins have been shown to exhibit onco-
genic potential associated with unregulated tyrosine
kinase activity, leading to increased cell proliferation
and decreased programmed cell death (apoptosis).
The p190 results from e1a2 junctions and is most
often associated with ALL. The p210 results from
b2a2 or b3a2 and is most commonly seen in CML.
The p230 results from e19a2 junctions and is associ-
ated with occasional cases of CNL. Methylation of
the proximal promoter of the ABL oncogene is a
common epigenetic alteration associated with clinical

progression of CML. Imatinib mesylate (Gleevec,
STI571, or CP57148B) is a direct inhibitor of ABL
(ABL1), ARG (ABL2), KIT, and PDGFR tyrosine
kinases. A small group of patients in chronic-phase
CML and even more patients with advanced-phase
disease may be either initially refractory to imatinib
or eventually develop imatinib resistance.542–556 In
many cases (40–50%) this is attributed to the devel-
opment of mutations that impair the ability of ima-
tinib to bind to and inhibit the constitutively active
BCR/ABL kinase. To date, more than 40 different
point mutations that code for distinct single amino
acid substitutions in the BCR/ABL kinase domain
have been isolated from imatinib-resistant
patients.44,542–556 These mutations affect amino acids
involved in imatinib binding or in regulatory regions
of the BCR/ABL kinase domain, resulting in
decreased sensitivity to imatinib while retaining
aberrant kinase activity.542–545 New tyrosine kinase
inhibitors (Dasatinib, Nilotinib) inhibit BCR/ABL
more potently than imatinib and maintain activity
against an array of imatinib-resistant BCR/ABL
mutants. Figures 2.41 to 2.43 show the molecular
detection of ABL mutations.

ABL (ABL1) amplification, due to a cryptic episo-
mal translocation NUP214/ABL1, is a novel finding
in T-ALL.557,558 ABL amplification can be identified
by FISH. NUP214/ABL1 expression defines a new
subgroup of T-ALL patients, who could benefit from
treatment with imatinib. De Keersmaecker et al
described another ABL1 fusion, EML1/ABL1, in a 
T-ALL patient with a cryptic t(9;14)(q34;q32) asso-
ciated with deletion of CDKN2A (p16) and expres-
sion of TLX1 (HOX11).559

ALK

● Anaplastic large cell lymphoma (ALCL)
● DLBCL

The t(2;5) (Figure 2.17) disrupts the nucleophos-
min (NPM) gene on 5q35 and the anaplastic lym-
phoma kinase (ALK) gene on 2p23, generating a
novel NPM/ALK gene. NPM/ALK fusion leads to a

68 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES

Gorczyca-Ch02  11/12/07  3:15 PM  Page 68



APPLICATIONS OF CYTOGENETICS, FISH, AND PCR IN DIAGNOSIS, PROGNOSIS, AND DISEASE MONITORING 69

CGRGGGCSAGTACGGGGWGGTGTACGAGGGCGTGTGGAAGAAATACAGCCTG

CGGGGGCGAGTACGGGGAGGTGTACGAGGGCGTGTGGAAGAAATACAGCCTG

CGGGGGCGAGTACGGGGAGGTGTACGAGGGCGTGTGGAAGAAATACAGCCTG

c g g g g g c c a g t a c g g g g a g g t g t a c g a g g g c g t g t g g a a g a a a t a c a g c c t g

1114 1124 1134 1144 1154 1

G

Figure 2.41 Molecular analysis of ABL
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ABL mutation: mutation is identified
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Figure 2.43 Molecular analysis of
ABL mutation: mutation is identified
(1309C>T change)
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chimeric mRNA molecule and a unique 80 kDa
NPM/ALK fusion protein referred to as p80.560 The
NPM/ALK fusion induces constitutive, ligand-
independent activation of the ALK tyrosine kinase
leading to aberrant activation of cellular signaling path-
ways. c-MYC may be a downstream target of ALK sig-
naling and its expression a defining characteristic of
ALK+ ALCLs.561

The NPM/ALK fusion is present in ALCL, a T-cell
malignancy characterized by CD30 expression. A
subset of T-cell lymphomas with anaplastic features
may be negative for ALK expression; those patients
have a worse prognosis and a poor response to
chemotherapy when compared to patients with
ALK+ tumors. Microarray gene expression profiling
showed that ALK+ ALCL and ALK− ALCL have dif-
ferent gene expression profiles, further confirming
that they are different entities.562 The t(2;5)NPM/ALK

can be identified by FISH or PCR. qRT-PCR of
NPM/ALK is a promising and rapid approach for
monitoring MRD in patients with ALCL.563 Several
cytogenetic and molecular studies have demonstrated
that chromosomal aberrations other than the
t(2;5)(p23;q35) may give rise to ALK fusion genes in
ALCL. These alternative partners to the NPM gene
include TPM3 (nonmuscle tropomyosin) associated
with t(1;2)(q21;p23), TFG (TRK-fused gene) associ-
ated with t(2;3)(p23;q21), CLTC (clathrin heavy chain
gene) associated with t(2;17)(p23;q23), and MSN
(moesin).564–566 The moesin (MSN) gene at Xq11-12
acts as an alternative fusion partner for activation of
ALK in ALCL and these lymphomas exhibit a distinc-
tive membrane-restricted pattern of ALK labeling.567

ALK+ DLBCLs are characterized by aggressive
clinical behavior, granular cytoplasmic expression of
ALK by immunostaining, and the presence of
ALK/CLTC fusion as a result of t(2;17) or, rarely, cryp-
tic ALK insertions to chromosome 4q22–24.371–373

A few cases of ALK+ DLBCL with t(2;5) have also
been reported.568,569

AML1

See RUNX1 (below).

API2

● Marginal zone B-cell lymphoma (MALT type)

The t(11;18) translocation results in fusion between
API2 (also known as the c-IAP2 or BIRC2 gene) on
11q21 (a member of the IAP family with caspase-
inhibitory functions) and MALT gene 1 (MALT1)
on 18q21, encoding the paracaspase. The t(11;18)
(q21;q21) is a characteristic chromosomal transloca-
tion in extranodal marginal zone B-cell lymphoma
(mucosa-associated lymphoid tissue lymphoma;
MALT). The API2/MALT1 fusion protein has been
shown to enforce activation of NF-κB signaling and
increase inhibition of apoptosis,570 partially by neu-
tralizing apoptosis promoted by Smac.571 There also
appears to be interaction of some of the product of
API2/MALT1 fusion and BCL10, involving NF-
κB-mediated inhibition of apoptosis, and hence 
promotion of MALT lymphomas.355,356

ATM

● B-CLL
● T-PLL
● MCL

The ATM gene (ataxia teleangiectasia mutated)
located on chromosome 11q22∼23 (Figure 2.7) 
participates in activation of p53/TP53 after DNA
damage and initiates cell cycle checkpoints in
response to double-stranded DNA breaks by phos-
phorylating p53, BRCA1, H2AX, cAbl, IkB-alpha,
and chk1, as well as other targets. The ATM gene
encodes a large protein that belongs to a family of
kinases which function in DNA repair and cell cycle
checkpoint control (mainly intra S phase) following
DNA damage. The ATM/p53-dependent DNA
damage response pathway plays an important role in
the progression of lymphoid tumors. Frequent inac-
tivating mutations of the ATM gene have been
reported in patients with rare sporadic T-PLL, B-CLL,
and MCL. Inactivation of the ATM or TP53 gene in
B-CLL leads to aggressive disease.572 The p53 dys-
function in B-CLL can occur in the absence of TP53
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mutation and such dysfunction is associated with
mutation of the gene encoding ATM.573,574

B-CLL patients with ATM deficiency have signif-
icantly shorter survival times (35 vs 97 months) and
more aggressive disease, suggesting that ATM is
involved in the leukemogenesis of B-CLL.572,575,576

In occasional patients, the deletions of ATM can
extend to the MLL gene locus. ATM gene mutations
do not play a pivotal role either in the pathogenesis
of FL or in its transformation to DLBCL.577

BCL1 (CCND1; PRAD1)

● MCL
● Plasma cell myeloma (MM)

The BCL1 gene (major genomic breakpoint clus-
ter region designated as BCL1 for B-cell lymphoma/
leukemia 1; syn: CCND1 and PRAD1) is located on
chromosome 11q13 and codes for cyclin D1. It is
activated by its juxtaposition near the enhancer
region of the IG heavy chain locus on chromosome
14. This phenomenon is caused by the t(11;14)
(q13;q32) translocation, and defines MCL. The
CCND1 transcript or its encoded protein (cyclin
D1/bcl-1) can be detected by PCR, cytogenetics/
FISH (Figure 2.28), or immunohistochemical 
staining. Cyclin D1 forms a complex with cell 
cycle-dependent kinase (CDK)4 (and CDK6),
which inactivates the retinoblastoma protein (pRb)
via phosphorylation.

All cases of MCL (both typical and blastoid) 
contain t(11;14)(q13;q32). Hairy cell leukemia may
express cyclin D1/bcl-1 at the mRNA or protein
level in occasional cases, but the levels of expression
are lower than in MCL and the expression is not
associated with t(11;14), CCND1 rearrangements,
or CCND1 gene amplification. Cyclin D1 expres-
sion is also found in MM patients and is associated
either with t(11;14)(q13;q32) or extra copies of
chromosome 11. Myeloma patients with the
t(11;14) or trisomy 11 significantly overexpress
cyclin D1 in comparison with patients without 11q
abnormalities, who have cyclin D1 mRNA levels

similar to healthy donors. Cyclin D1 overexpres-
sion/11q abnormalities identifies a subset of MM
patients who are more likely to have a prolonged
duration of remission and event-free survival follow-
ing autologous transplantation.578 Most authors
reported no significant difference regarding overall
survival between cyclin D1+ and cyclin D1− MM
patients.579,580 In the series by Hoechtlen-Vollmar et
al, however, the amplification of the cyclin D1 gene
in MM was a significantly unfavorable parameter
with regard to overall survival and progression-free
survival by univariate analysis.581 In multivariate
analysis, cyclin D1 amplification and serum 
β2-microglobulin were independent and well-suited
parameters for predicting survival.581 The relatively
high frequency of cyclin D1 expression, compared
with the chromosome 11 abnormalities, suggests that
upregulation of cyclin D1 protein might be the result
of other mechanisms as well.582,583 De novo CD5+ dif-
fuse large B-cell lymphomas do not express cyclin
D1/bcl-1 and are negative for t(11;14)CCND1/IGH.

BCL2

● FL
● DLBCL

The BCL2 family of proto-oncogenes is a critical
regulator of apoptosis whose expression frequently
becomes altered in human cancers, including some
of the most common types of lymphomas and
leukemias.584 The BCL2 gene (B-cell lymphoma/
leukemia 2) on chromosome 18q21 encodes a 
26 kDa protein that inhibits apoptosis through the
mitochondrial pathway. Apart from bcl-2, anti-apoptotic
proteins include Bcl-XL and mcl-1, and pro-
apoptotic proteins include BAX, Bak, Bcl-XS, Bid,
and Bik. The BCL2 gene was originally discovered in
FLs (Figure 2.31) with the t(14;18)(q32;q21)
translocation.585 The t(14;18) places BCL2 under
the control of the immunoglobulin heavy chain
(IGH) Eµ enhancer which induces production of
high levels of bcl-2 protein. Apart from t(14;18),
variant translocations leading to juxtaposition of the
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BCL2 with either IGK on 2p11 or IGL on 22q11
have been recognized in B-cell lymphomas. Clonal
BCL2/IGH rearrangements are a very frequent 
observation in healthy individuals.501,502

Bcl-2 protein can easily be detected by routine
immunohistochemistry. It is located in the mito-
chondrial inner membrane where it functions as a
major negative regulator of apoptosis. Bcl-2 is widely
expressed in normal lymphoid tissues, but is absent in
germinal center B-cells. Overexpression of bcl-2 due
to the t(14;18) represents the example of oncogenesis
mediated by decreased cell death. Bcl-2 expression
has been detected frequently in aggressive non-
Hodgkin’s lymphomas, regardless of t(14;18), and is
associated with an unfavorable prognosis.586–589 The
BCL2 gene amplification is another important
mechanism for Bcl-2 protein overexpression in
DLBCL.590–592

High bcl-2 protein expression is more frequent in
B-cell lymphomas (51%) than in T-cell NHL (17%)
and is heterogeneously distributed among the differ-
ent histological subtypes.587 DLBCLs display bcl-2
expression in 30–60% of cases, more frequently in
nodal than in extranodal tumors.590,593–595 Bcl-2+

DLBCLs with t(14;18) probably represent a progres-
sion from FL. In DLBCL, bcl-2 protein-positive
cases significantly outnumbered cases with t(14;18),
suggesting that mechanisms other than translocation
are operative in DLBCL.588 Alternative mechanisms
for bcl-2 protein expression include, among others,
increased BCL2 copy number (e.g. 18q+), or transcrip-
tional deregulation by NF-κB.596 The presence of a
BCL2 translocation at diagnosis has no impact on
prognosis in patients with DLBCL,588,597,598 but the
bcl-2 protein expression (>50% positive tumor cells)
is associated with decreased disease-free or overall
survival.23,588,589,598–600 Cases with t(14;18) and 
additional chromosomal aberrations have a worse
prognosis than DLBCLs with t(14;18) only.
Hermine et al reported the independent effect of bcl-
2 protein expression to be predictive of poor diease-
free survival, in agreement with the role of bcl-2 in
chemotherapy-induced apoptosis.587 Multivariate

analysis confirmed the significant benefit for survival
and event-free survival when rituximab is added to
the standard chemotherapy regimen in bcl-2+

DLBCL, suggesting that rituximab is able to prevent
chemotherapy failure in patients with bcl-2 protein
overexpression.601 Maartense et al, reported a 
difference in the impact of bcl-2 overexpression on
prognosis between elderly patients (>65 years) and
younger patients (<65 years) with DLBCL; a 
negative prognostic value of overexpression of 
bcl-2 and p53 is not of concern for patients older
than 65 years of age.602 Some FLs do not express 
bcl-2, suggesting inhibition of apoptosis due to 
other factors (e.g. Bcl-XL) rather than bcl-2 
overexpression.603

Bcl-2 family proteins are expressed in a subset of
peripheral T-cell lymphomas and the level of expres-
sion correlates with some histologic types, apoptotic
rate, and proliferation.604 In ALCL, bcl-2 and ALK
expression are mutually exclusive.605 ALK+ ALCLs
are sensitive to chemotherapy, therefore it is sug-
gested that bcl-2 expression may be associated with
chemoresistance. In systemic ALCL the expression of
apoptosis regulating proteins, bcl-2 and P19, and the
activation of caspase 3 are strongly related to 
ALK status.606 Ten Berge et al suggested that the 
difference in clinical outcome between ALK+ and
ALK− cases may be due to differences in levels of
apoptosis inhibition.606 A high number of bcl-2+

tumor cells in ALCL predicts an unfavorable prognosis.
Bcl-2 is expressed in ∼60% of cases of classic

Hodgkin lymphoma, more often in the nodular 
sclerosis type than in the mixed cellularity type.607

Although simultaneous expression of bcl-2, mcl-1,
and LMP-1 in classic Hodgkin lymphoma was
reported to correlate with an excellent survival,608 the
expression of bcl-2 in patients with HL treated with
adriamycin, bleomycin, vinblastine, and dacarbazine
is associated with inferior failure-free survival and
overall survival.607

Among AMLs, the percentage of bcl-2+ cells is
higher in M4 and M5 types, according to the FAB
classification, and in cases with high white blood cell
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counts.609 High expression of bcl-2 is associated with
a low complete remission rate after intensive
chemotherapy (29% in cases with ≥20% positive
cells vs 85% in cases with <20% positive cells) and
with a significantly shorter survival. In multivariate
analysis, the percentage of bcl-2+ cells, age, and the
percentage of CD34+ cells are independently associ-
ated with poor survival in AML patients.609

Increased bcl-2 expression in childhood ALL is
inversely related to the presence of chromosomal
translocations. However, it does not reflect
increased disease aggressiveness or resistance to
chemotherapy.610

BCL6

● DLBCL
● FL
● Other types of lymphoma (rare cases)

The proto-oncogene B-cell lymphoma 6 (BCL6;
LAZ3) on chromosome 3q27 (Figure 2.44) encodes
a transcription protein, with a POZ/zinc finger
motif that is a involved in cell cycle control, prolifer-
ation, lymphocyte differentiation, immunologic
response, and repression of genes involved in lym-
phocyte activation and differentiation, and inflam-
mation.611–613 The BCL6 gene was initially identified
through its involvement in the DLBCL translocation
between 3q27 and the immunoglobulin gene 
at 14q32.614,615 It is implicated in differentiation

blockade of B-cells during the germinal-center 
(GC) reaction and in the pathogenesis of B-cell 
lymphomas.

The BCL6 rearrangements are diverse and include
translocations, microdeletions, point mutations, and
hypermutation. It can be translocated to a number of
translocation partners, most commonly immun-
oglobulin heavy (IGH/14q32) and light chain
(IGK/2p12; IGL/22q11) genes. The other partners
include 1q21, 2q21, 4p11, 5q31, 6p21, 7p12, 8q24,
9p13, 11q13, 11q23, 12q11, 13q14–21, 14q11, 15q21,
and 16p11. Because of the large number of translocation
partners, FISH analysis of BCL6 is best achieved by
using a break-apart probe. BCL6 translocations are
found in approximately 40% of DLBCLs and
5–15% of FLs.432,616–618 Rearrangement of BCL6 can
be identified in other types of lymphoma, including
marginal zone lymphoma and MCL.244,619,620

The BCL6 gene rearrangement is more common
than the occurrence of 3q27 translocations, suggest-
ing alternative ways of gene rearrangement. A block
in the normal downregulation of BCL6 might favor
differentiation arrest, continuous cell proliferation,
survival, and genetic instability, all of which could
lead ultimately to neoplastic transformation. This
includes the requirement for BCL6 gene expression for
GC formation, and an immune reaction characterized
by a high proliferation rate, oligoclonal expansion of
B-cells, and the presence of active somatic mutations,
and downregulation of BCL6 expression in cells exit-
ing the GC microenvironment. Downregulation of
BCL6 is necessary for lymphocytes within the GC to
differentiate into memory B-cells or plasma cells, or to
undergo selective apoptosis upon antigen stimulation.
BCL6 has been shown to directly suppress p53 gene
expression in GC B-cells.621 Microarray analysis
identified BCL6 as a primary target of p53. The
BCL6 intron 1 contains a region in which three types
of genetic alterations are frequent: translocation,
point mutations, and internal deletions (TMDR;
translocations, mutations, deletion regions) with a
p53 response element (p53RE) residing within the
TMDR.622
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Bcl-6 protein is selectively expressed by germinal
center B-cells in normal lymphoid tissues. In lym-
phomas, bcl-6 is expressed in tumors arising from
follicle center cells, including FL (∼100%), Burkitt
lymphoma (100%), the majority of DLBCLs
(>80%), and nodular lymphocyte-predominant
Hodgkin lymphoma (>80%).623–626 Structural 
alterations of BCL6, including chromosomal translo-
cations and somatic hypermutation, have been identi-
fied in several non-Hodgkin lymphoma with various
frequencies. Biologic consequences of bcl-6 expres-
sion in DLBCL might vary according to the presence
or absence and the nature of the underlying alter-
ation of the BCL6 gene (the partner involved in the
translocation).627 Mutations within the 5′ noncoding
domain of the BCL6 gene occur frequently in germi-
nal center and post-germinal center lymphomas,
including DLBCL, FL, and Burkitt lymphoma, and
can contribute to the deregulation of BCL6
expression.613,627

Most studies show a favorable prognostic impact
of a high level of a BCL6 expression (either by 
RT-PCR or immunohistochemistry). BCL6 rearrange-
ment has been described as an independent factor of
favorable clinical outcome in DLBCL.628 Also high
BCL6 mRNA expression appears to be a favorable
prognostic factor in DLBCL.629 As mentioned above,
the predictive value of BCL6 translocation on survival
depends on the partner in BCL6 translocation. Non-
IG/BCL6 translocations are an indicator of poor prog-
nosis in DLBCL when compared with translocations
involving immunoglobulin genes.630 Through the
use of gene expression profiling DLBCLs have been
subdivided into three distinct categories: germinal
center B-cell-like (GCB), activated B-cell-like
(ABC), and type 3 DLBCL.39,631,632 DLBCLs with a
GCB profile express genes restricted to the germinal
center such as BCL6, whereas DLBCLs with an ABC
profile express plasma cell genes such as XBP1, IL4,
IRF, and caspase 8.632 GCB-type lymphomas are
positive for CD10 and/or bcl-6, and are negative for
post-germinal center cell markers typical for plasma
cells, such as MUM1 or CD138. Patients with GCB

type DLBCL had a significantly better overall sur-
vival than those with ABC type DLBCL.631 Based on
a central role of BCL6 in the pathogenesis of
DLBCL, Melnick et al predicted that targeting
BCL6 transcriptional repression complexes in malig-
nant B-cells may constitute a novel form of tran-
scription therapy for lymphomas and possibly other
tumors.633,634

Although BCL6 translocation is not necessary for
large cell transformation of FL, BCL6 rearrangement
may constitute a subgroup with a higher risk 
of transforming into aggressive lymphoma.635

Mutations of the BCL6 gene are also observed in a
subset of B-CLL, typically in cases harboring
mutated IGVH.636 In B-CLL, BCL6 mutations did
not appear to correlate with prognosis in the series by
Sahota et al.637 However, in a study reported by
Sarsotti et al, the coexistence of IGVH and BCL6
mutations was correlated with a shorter treatment-free
interval compared to cases harboring only the IGVH
mutation (median 55 months vs not reached),
resembling the clinical course of unmutated IGVH
cases (median treatment-free interval 44 months),
indicating that BCL6 mutations identify a subgroup of
Binet stage A B-CLL patients with a high risk of pro-
gression despite the presence of the mutated IGVH
gene.636 As expected, in the same series, deletions of
17p13 (TP53 locus) and 11q22 (ATM locus) were
observed in cases with unmutated IGVH.636

BCL10

● Marginal zone B-cell lymphoma (MALT type)

At least three distinct chromosomal transloca-
tions, t(11;18)(q21;q21), t(1;14)(p22;q32), and
t(14;18) (q32;q21), involving the API2 (also known as
c-IAP2), BCL10, and MALT1 genes have been impli-
cated in the molecular pathogenesis of MALT lym-
phoma. The t(11;18)(q21;q21) fuses the N-terminus
of the API2 gene to the C-terminus of the MALT1
gene and generates a functional API2/MALT1 product.
The t(1;14)(p22;q32) and t(14;18)(q32;q21) bring
the BCL10 and MALT1 genes, respectively, to the
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IGH locus, deregulating their expression. In normal
B-cell follicles, both MALT1 and BCL10 are
expressed predominantly in the cytoplasm of cen-
troblasts (high expression), centrocytes (moderate),
and B-cells of the mantle zone (weak). In MALT
lymphoma, MALT1 and BCL10 expression varied
among cases with different chromosomal transloca-
tions. In MALT lymphomas with t(14;18)(q32;q21),
tumor cells showed strong homogeneous cytoplas-
mic expression of both MALT1 and BCL10. In cases
with evidence of t(1;14)(p22;q32) or variants, tumor
cells expressed MALT1 weakly in the cytoplasm but
BCL10 strongly in the nuclei. In all MALT lym-
phomas with t(11;18)(q21;q21), tumor cells expressed
weak cytoplasmic MALT1 and moderate nuclear
BCL10.638 The BCL10 gene encodes an amino-
terminal caspase recruitment domain (CARD), an
NF-κB-activating protein. The BCL10 mutation may
play a pathogenic role in B-cell MALT lymphoma
development, particularly in aggressive and antibiotic
unresponsive tumors. Pulmonary MALT lymphoma is
commonly associated with t(11;18)(q21;q21)API2/MALT1

and rarely with t(14;18)(q32;q21)IGH/MALT1 and
t(1;14)(p22;q32)BCL10/IGH.639

BCR

● CML
● AML
● ALL

The t(9;22) (Figures 2.24 and 2.25) leading to
the fusion of the BCR and ABL genes is seen in
CML and occasional cases of AML and ALL. The
breakpoint in BCR (Figure 2.26) occurs in the 
M-bcr (for major breakpoint cluster region), m-bcr
(minor breakpoint cluster region), or µ-bcr
(micro-bcr) region. M-bcr is a cluster of 5.8 kb,
between exons 12 and 16, also called b1 to b5
(most breakpoints being either between b2 and b3,
or between b3 and b4) resulting in a 210 kDa
chimeric protein (p210). In m-bcr breakpoints
occur between exons 1 and 2, resulting in a 190
kDa protein (p190), and µ-bcr is associated with

the presence of a larger protein (p230). (See also
t(9;22) and ABL above.)

Core binding factor

● AML

Core binding factor (CBF), a heterodimer with
subunits b (CBFb) and a (CBFa), is a hematopoietic
transcription factor which binds to a core motif of
the DNA (CBFb by itself does not contain any
known DNA-binding motif or any transcriptional
activation domain, but increases CBFa’s affinity to
DNA by 5- to 10-fold). CBF regulates the expression
of myeloid and T-cell-specific genes such as GM-
CSF, M-CSFR, IL-3, and T-cell receptors TCRA-D,
TCRB, and TCRG. The most common type of AML
with rearranged CBF is AML with t(8;21)RUNX1/ETO.
Other types of CBF+ acute myeloid leukemias (CBF-
AMLs) include AML with CBFB/MYH11 and
t(16;16)/inv(16). CBF leukemias (CBF+ AML),
characterized by either inv(16)/t(16;16) or t(8;21),
constitute AML subgroups with a favorable 
prognosis, but there is substantial biologic and 
clinical heterogeneity within these cytogenetic
groups. Approximately one-third of patients with
CBF+ AML relapse. Bullinger et al, using gene
expression profiling, identified a subgroup of 
CBF+ AML cases (35/93) characterized by shorter
overall survival times, and while there was no 
obvious correlation with fusion gene transcript
levels, FLT3 tyrosine kinase domain, KIT, and
NRAS mutations, the newly defined inv(16)/t(8;21)
subgroup was associated with elevated white blood
cell counts and FLT3 internal tandem duplica-
tions.640 Illmer et al found a slightly higher incidence
of JAK2V617F mutations in patients with a CBF
leukemia (3.6%) when compared to all AML samples
(1%).641 The presence of JAK2V617F mutations in CBF
leukemias was associated with an aggressive clinical
course, with 80% of the patients relapsing.641 qRT-
PCR (RQ-PCR) for RUNX1/ETO or CBFB/MYH11
fusion transcripts can be used for monitoring patients
during therapy.642
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CCND1

See BCL1, above

CEBP

● AML
● B-ALL

CCAAT-enhancer-binding-protein (CEBP) tran-
scription factors play pivotal roles in proliferation
and differentiation, including suppression of
myeloid leukemogenesis. CEBPA is a single exon
gene located on chromosome 19q. Mutations 
in CEBPA have been implicated in AML, most 
often in association with FAB types M1 and 
M2, although they have also been found in M4 
and M5 types. Mutations in CEBPA occur in
approximately 10% of all AMLs and are associated
with a normal karyotype. In a series reported 
by Bienz et al, ∼18% of normal karyotype AMLs 
had mutations in the CEBPA gene, and ∼28% had
FLT3-ITD.643 Mutations in CEBPA tend to confer 
a favorable prognosis; the median disease-free sur-
vival and overall survival for patients with CEBPA
mutations were 33.5 and 45.5 months, respectively,
compared with 10 and 12 months for patients 
without the mutations.643 Low levels of RNA 
expression of CEBPA have been noted in AML,
where it may reflect adverse prognosis. CEBPA
expression is downregulated in the presence of fusion
protein RUNX1/ETO via inhibition of the CEBPA
promoter.

Chapiro et al reported that CEBPA is activated by
juxtaposition to the immunoglobulin gene enhancer
upon its rearrangement with the immunoglobulin
heavy-chain locus in precursor B-cell acute lym-
phoblastic leukemia harboring t(14;19)(q32;q13).644

Akasaka et al showed that five CEBP gene family
members are targeted by recurrent IGH chromoso-
mal translocations in B-ALL: 10 cases with
t(8;14)(q11;q32) involved CEBPD on chromosome 8,
9 cases with t(14;19)(q32;q13) involved CEBPA, 1 case
involved CEBPG, located 71 kb telomeric of CEBPA
on chromosome band 19q13, 4 cases with inv(14)

(q11q32)/t(14;14)(q11;q32) involved CEBPE, and 
3 cases with t(14;20)(q32;q13) involved CEBPB.645

ETO (CBFA2T1)

● AML

The ETO gene (for eight twenty-one; syn:
RUNX1T1, CBFA2T1, AML1T1) is a transcription
factor at chromosome 8q22 and RUNX1/ETO
fusion acts as an inhibitor of transcription involving
CBF DNA-binding sites. The ETO is a co-repressor
that links the transcriptional pathogenesis of acute
leukemias and B-cell lymphomas and offers a target
for transcriptional therapy of hematologic malignan-
cies.646 RUNX1/ETO collaborates with other 
genetic alterations, such as mutations of receptor 
tyrosine kinases, to induce AML. Kuchenbauer et al
analyzed 99 patients with a RUNX1/ETO rearrangement
for additional aberrations: frequent chromosomal
abnormalities included loss of a sex chromosome
(56/99, 56.5%) and del(9q) (24/99, 24.2%), and the
most frequent molecular aberrations included muta-
tions of KITD816 (3/23, 13%), NRAS (8/89, 8.9%),
FLT3 (3/87, 3.4%), AML1 (1/26, 3.8%), and PU1
(1/14, 7.1%) (MLL-PTD, KRAS, and CEBPA
mutations were not found).447 The RUNX1/ETO is
generated by the t(8;21) translocation found in
approximately 10–15% of acute myelogenous
leukemias. Those AMLs usually represent FAB M2
morphology, often express CD19 and CD56 by flow
cytometry analysis, and are characterized by a good
response to chemotherapy and high remission rate.
AML with t(8;21) belongs to a good prognostic
group, similarly to those associated with t(15;17) and
inv(16).1 The KIT-D816 mutations confer a poor
prognosis to RUNX1/ETO-positive AMLs and should
therefore be included in the diagnostic workup.440

RUNX1/ETO transcript levels can be quantitatively
assessed at diagnosis and during follow-up by 
RT-PCR.647,648 Quantification of RUNX1/ETO
transcript levels was shown to be a powerful tool for
prediction of prognosis that is independent of 
pretreatment risk factors, and may be helpful for
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directing therapeutic decisions. The median reduction
of the initial RUNX1/ETO expression level was 4 log
(range 0-5) after both induction and consolidation
therapies.647 The quality of molecular response after
induction as well as consolidation therapies in patients
with RUNX1/ETO-positive AML had a significant
impact on the cumulative incidence of relapse, event-
free survival, and overall survival (patient- or disease-
related factors had no impact on the molecular
response to induction or consolidation therapy).647

ETV6 (TEL)

● ALL
● MDS
● AML
● Non-Hodgkin’s lymphomas

Rearrangements of the short arm of chromosome
12 are found frequently in hematologic malignancies,
including MDS, AML, ALL, and lymphomas.332,649

Aberration of chromosome 12 often involves the
ETV6 gene (previously TEL). The ETV6 gene
translocation partners involve more than 20 genes
including MDS2 (1p36), ARNT (1q21), ARG
(1q25), MDS/EVI1 (3q26), FGFR3 (4p16), BTL
(4q11∼q12), ACS2 (5q31), PDGFRB (5q33), STL
(6q23), MNX1 (7q36), PAX5 (9p13), JAK2 (9p24),
SYK (9q22), ABL (9q34), CDX2 (13q12), TTL
(13q14), TRKC (15q25), PER1 (17p12∼p13),
CBFA2 (21q22), and MN1 (22q11).260,338,650–654

Abnormalities of the short arm of chromosome 12
(12p) are found in about 5% of AMLs and MDS.29

Additional, cryptic rearrangements of chromosome 12
can be identified by FISH studies (cryptic deletions of
ETV6 are rare in cytogenetically abnormal myeloid
malignancies without 12p aberrations and tend to be
more frequent in karyotypically normal AML, compris-
ing 10% of the latter).655 Raimondi et al analyzed 815
children with newly diagnosed ALL and found 94 cases
(11.5%) with 12p abnormalities involving ETV6, which
was associated with a favorable treatment outcome.338

The t(12;21)(p13;q22)ETV6/RUNX1 is one of the
most frequent genetic aberrations in childhood 

B-ALL, where it occurs in 25% of all cases. In con-
trast, the translocation is seen in only 3% of adult
ALL cases. ALLs with ETV6/RUNX1 fusion have a
very good outcome with standard chemotherapy.
This in part may be due to ETV6/RUNX1 protein
activity as a transcriptional repressor of the multi-
drug resistance gene (MDR1) expression.656 ETV6
deletions, trisomy 21, and an additional der(21)
t(12;21) are seen in 55%, 14%, and 15% of
ETV6/RUNX1+ ALLs, respectively.257 The 12p aber-
rations and near tetraploidy are more common in
ETV6/RUNX1+ patients, whereas the incidence of
diploidy, pseudodiploidy, hypodiploidy, low 
hyperdiploidy, near triploidy, del(6q), chromosome
9, and 11q23 abnormalities is similar among
ETV6/RUNX1+ and ETV6/RUNX1– patients.257

None of the ETV6/RUNX1+ patients had a high
hyperdiploid karyotype. Univariate analysis indicated
that among ETV6/RUNX1+ patients those with 
a deletion of the nontranslocated TEL allele had a
worse prognosis than those without this abnor-
mality.257 The presence of ETV6/RUNX1 gene
fusion in childhood B-ALL does not seem to be asso-
ciated with high in vitro drug sensitivity, except for 
L- as paraginase.657

The t(7;12)(q36;p13) a recurrent translocation
involving the ETV6 gene (12p13) and a heteroge-
neous breakpoint at 7q36, is almost exclusively pres-
ent in infant AML (covers 30% of infant AMLs),
while it is extremely rare in infant ALL and acute
leukemia in  older children.418,659 The t(7;12) is asso-
ciated with a poor outcome and an ectopic expres-
sion of HLXB9 is commonly involved in this genetic 
subtype of leukemia.658

FLT3

● AML
● B-ALL
● MDS

FMS-like tyrosine kinase 3 (FLT3) is a member of
the class 3 receptor tyrosine kinase family that is
preferentially expressed on hematopoietic progenitor
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cells and mediates stem cell differentiation and 
proliferation. FLT3 is located at 13q12. FLT3 is
expressed at high levels in 70–100% of AMLs and in
a high percentage of ALL, and is almost universally
expressed in childhood B-ALL.61,659–663 Mutations of
FLT3 have been detected in about 30% of patients
with AML and a small number of patients with ALL
or MDS.58

Cases of B-ALL with MLL gene rearrangements
and those with high hyperdiploidy (>50 chromo-
somes) express the highest level of FLT3, with activat-
ing mutations of FLT3 in 18% of MLL-rearranged
and 28% of hyperdiploid cases.663 The inhibitor,
CEP-701, electively induces apoptosis in vitro in
leukemic cells expressing high levels of FLT3.663

Two types of activating FLT-3 mutations have
been described in AML: small internal tandem
duplications (ITD; 20% of AMLs) and mutations in
the critical Asp835 residue in the activation loop of
FLT3. FLT3-ITD can range in size from three to hun-
dreds of nucleotides. There is a statistically significant
coincidence of invaginated nuclear morphology, loss
of HLA-DR, and presence of the FLT3-ITD, 
suggesting that AMLs with these three features may
represent a distinct AML subset.664 FLT3 mutations
are indicative of a poor prognosis, independent of
other risk parameters. Patients with FLT3 mutations
(especially ITD) have significantly shorter overall
survival when compared to patients without mutations
of FLT3.57 The 5-year event-free survival rate for
patients with an FLT3-ITD was 14%, significantly
lower than that for patients without mutations
(69%).59 Chillon et al confirmed a high frequency 
of FLT3 mutations in APL and in adult AML with-
out recurrent cytogenetic translocations.56 In the
same series, the FLT3 mutations were associated with
some negative prognostic features at diagnosis
(leukocytosis, high blast cell percentage, and elevated
LDH values), but were not found to be an independ-
ent prognostic factor.56 In the study by Schnittger 
et al, patients with FLT3 length mutations had a 
significantly shorter event-free survival (7.4 vs 12.6
months) because of a higher relapse rate, but overall

survival for patients with or without FLT3 length
mutations was similar.55 Overexpression of FLT3
(>2 × 105 copies/µg RNA) is an unfavorable prog-
nostic factor for overall survival in AML without 
FLT3-ITD.665 A high mutant/wild-type FLT3 ratio
enhances the predictive value of FLT3 for survival.62

Patients with a high mutant/wild-type ratio 
(i.e., greater than 0.78) had significantly shorter
overall and disease-free survivals, whereas survival in
patients with a ratio below 0.78 did not differ from
those without FLT3 aberrations.62 Whitman et al
identified three genotypic groups of AML: normal
FLT3wild-type/wild-type, heterozygous FLT3ITD/wild-type,
and hemizygous FLT3ITD/−. Disease-free survival and
overall survival were significantly inferior for patients
with hemizygous FLT3ITD/− .666 Although disease-free
survival and overall survival for normal FLT3wild-type/wild-type

and heterozygous FLT3ITD/wild-type groups did not
differ, the overall survival of the hemizygous FLT3ITD/−

group was worse than for the other groups.666 Stirewalt
et al showed that complete response rates were 35%,
67%, and 52% for patients with large (≥40), small
(<40), and no ITDs, respectively.667 Increasing ITD
size was associated with decreasing overall survival
(large, 13%; small, 26%, and no ITD, 21%).667

Alterations of the FLT3 gene, in the form of ITDs
and D835 point mutations, occur frequently in APL,
but FLT3 overexpression can be documented in
patients without FLT3 mutations.540,668–670 In child-
hood APL, FLT3-ITD incidence was higher than in
non-APL, although not statistically significant.671 In a
series reported by Au et al, 43% of the APL patients
had an FLT3 mutation (65 ITDs, 19 D835/I836, 4
ITD+D835/I836).670 Patients with mutant FLT3 had
a higher rate of induction death (19% vs 9%), but no
significant difference in relapse risk (28% vs 23%) or
overall survival (59% vs 67%) at 5 years. FLT3 length
mutations were detected more frequently together
with bcr3 compared with bcr1 (56.5% vs 19.4%) and
in variant (hypogranular) APL (M3v) compared with
classical (hypergranular) APL (64.5% vs 24.1%).670

In pediatric AML the presence of the FLT3 mutations
(ITD) is the single most significant, independent
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prognostic factor for poor outcome.61,672 FLT3-ITD
predicts a poor outcome in MDS.673,674 Shih et al
showed that one-third of MDS patients acquire acti-
vating mutations of the FLT3 or NRAS gene during
AML evolution.673 Also Georgiou et al showed that
FLT3 mutations (ITD and Asp835) are a critical
additional event that transforms a subset of MDS
patients to AML.675

FOXP1

● DLBCL
● Marginal zone B-cell lymphoma, extranodal

(MALT type)

The human Forkhead-box (FOX) gene family
consists of at least 43 members.676 FOXO3 and
FOXO4 genes are fused to the MLL gene in hemato-
logic malignancies.676 FOXP1 (Forkhead box-P1) is a 
transcription factor that is differentially expressed in
resting and activated B cells. The FOXP1 gene has
been mapped to chromosome 3p14.1 FOXP1
expression has been demonstrated in a subset of
DLBCLs, especially those of activated B-cell-like
types (ABC). Streubel et al identified 9 cases (10%)
of extranodal marginal zone B-cell lymphoma
(MALT type) harboring t(3;14)(p14.1;q32), com-
prising tumors of the thyroid (3/6), ocular adnexae
(4/20), and skin (2/20) (MALT lymphomas of the
stomach, salivary gland, spleen, and lung and nodal
MZLs were negative).677 Most t(3;14)(p14.1;q32)+

MALT lymphomas harbored additional genetic
abnormalities, such as trisomy 3. Analysis by 
qRT-PCR showed upregulation of FOXP1 in cases
with t(3;14) (p14.1;q32) or trisomy 3.677

The genomic rearrangement of FOXP1 can be
identified by FISH in B-cell lymphomas with a
t(3;14)(p13;q32) and t(2;3), and these aberrations are
associated with a strong expression of FOXP1 protein
in tumor cells, as demonstrated by immunohisto-
chemistry.678 Immunohistochemistry and FISH stud-
ies reported by Wlodarska et al of DLBCLs (n = 98)
and extranodal MZLs (n = 93) showed a high expres-
sion of FOXP1 protein in ~13 and ~12% of cases,

respectively (none of these cases showed FOXP1
rearrangements by FISH).678 Nakamura et al, using
FISH, identified only one case of gastric MALT lym-
phoma with IGH/FOXP1 rearrangement and extra
copies of FOXP1 in 10 of 59 cases (17%).679 Barrans
et al showed that high FOXP1 expression was 
almost exclusively confined to patients who lacked
the germinal center phenotype, expressed MUM1
and bcl-2 in the absence of t(14;18), and had a partic-
ularly poor outcome in a group with an already poor
prognosis.680 The series reported by Banham et al
showed that FOXP1 protein expression has prognos-
tic significance in patients with de novo DLBCL.681

The overall survival curves showed that patients
grouped as FOXP1+ (40%) had a significantly
decreased overall survival (a median overall survival of
1.6 and 12.2 years in FOXP1+ and FOXP1− cases,
respectively). In addition, FOXP1+ patients showed a
clear trend to earlier progression in comparison to the
FOXP1− patients. The analysis of FOXP1 expression
with low, intermediate, and high IPI showed that
FOXP1− patients had a better overall survival within
each group, indicating that FOXP1 expression has a
predictive value independent of the IPI.681 Among
primary cutaneous B-cell lymphomas, localization
on the leg and expression of FOXP1 are independent
parameters associated with a poor prognosis.682

IGH

● B-cell lymphomas
● Plasma cell myeloma (MM)

The immunoglobulin heavy chain (IGH) gene locus
is located on chromosome 14 at band 14q32.33, at
the telomeric extremity of the long arm. It consists of
123 to 129 IGHV genes, depending on the haplo-
types, 27 IGHD segments belonging to 7 subgroups,
9 IGHJ segments, and 11 IGHC genes. IGH is fre-
quently involved in translocations occuring in B-cell
malignancies (Table 2.3). See also immunoglobulin
heavy chain genes rearrangements, below.

In patients with MM, 14q32 translocations and
del(13) are the most frequent chromosomal 
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abnormalities, observed in 75% and 45% of cases,
respectively.403 Based on the presence of IGH
rearrangements and del(13q), Avet-Loiseau et al
defined four major genetic categories: (a) patients
lacking any 14q32 abnormality (25%) and generally
also lacking del(13); (b) patients presenting either
t(4;14) or t(14;16), almost always associated with a
del(13) (15% of patients); (c) patients with other
14q32 abnormalities and presenting del(13) (25%);
and (d) patients with other 14q32 abnormalities but
not presenting del(13) (35%).403 The t(4;14)
(p16;q32) is rarely observed in MGUS, whereas
t(14;16)(q32;q24) is often associated with plasma
cell leukemia.403 In ∼30% of the translocations
involving IGH, the partner chromosomal gene is
CCND1 (11q13; BCL1).430 The t(11;14) (q13;q32)
(Figure 2.28) results in upregulation of the CCND1
gene (cyclin D1/BCL1) and is the most common
translocation detected in MM.683

IGVH gene mutations

● B-cell lymphomas
● B-CLL

Based on the IGVH mutations, B-cell lymphopro-
liferative disorders can be classified into 3 categories:
(a) those with unmutated VH genes, in which it was
postulated that the cell of origin had not entered the
germinal center; (b) tumors with ongoing VH gene

mutations, such as follicle center lymphomas, in
which malignant cells remain under the influence of
the germinal center reaction; and (c) B-cell tumors
with mutated stable VH genes, such as MM, which
were postulated to have irreversibly traversed
through the germinal center.684

Somatic hypermutations in rearranged immu-
noglobulin heavy chain variable region (IGVH) genes
allow a division of CLL patients into two categories
with significantly different outcomes: mutated IGVH
and unmutated IGVH genes. The unmutated IGVH
gene is a poor prognostic factor.685,686 Other molecu-
lar markers associated with CLL biology and progno-
sis include ATM, p53/TP53, and genes involved in
telomere function.541 Most of those molecular markers,
as well as morphologic and immunophenotypic
parameters, correlate with the status of IGVH muta-
tion. Positive ZAP-70 and CD38 expression is associ-
ated with poor prognosis and is more often identified
in patients with unmutated IGVH.686–701 Although
present in both IGVH mutation subgroups, ATM
mutations are more common in cases with unmutated
IGVH genes and are associated with a poor progno-
sis.702 Buhl et al identified a novel gene, CLL upregu-
lated gene 1 (CLLU1) mapped to chromosome
12q22, that is highly upregulated in B-CLL cells with-
out IGVH mutations.703

In MCL mutated IGVH was associated with a
higher rate of complete remission, but there was no
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Table 2.3 Translocations involving the IGH gene on chromosome 14q32

Translocation Gene Entity

t(1;14)(p21;q32) BCL10 (1p21) marginal zone B-cell lymphoma
t(3;14)(q27;q32) BCL6 (3q27) diffuse large B-cell lymphoma
t(4;14)(p16;q32) FGFR3 (4p16) multiple myeloma/plasma cell leukemia
t(5;14)(q31;q32) IL3 (5q31) B-ALL
t(8;14)(q24;q32) MYC (8q24) Burkitt lymphoma, DLBCL (subset), B-ALL, multiple 

myeloma (rare), other B-cell lymphomas (rare)
t(9;14)(p13;q32) PAX5 (9p13) lymphoplasmacytic lymphoma
t(11;14)(q13;q32) BCL1 (CCND1) mantle cell lymphoma, multiple myeloma

(11q13)
t(14;18)(q32;q21) BCL2 (18q21) follicular lymphoma, DLBCL (subset)
t(14;18)(q32;q21) MALT1 (18q21) marginal zone B-cell lymphoma
t(14;19)(q32;q13.1) BCL3 (19q13.1) B-CLL
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correlation between IGVH mutation status and
other clinical characteristics or overall survival.704

JAK2

● P. vera
● Essential thrombocythemia (ET)
● Chronic idiopathic myelofibrosis (CIMF)

The Janus family of cytosolic tyrosine kinases
(JAK) plays an essential role in development and
normal hematopoiesis.705 JAK2, encoded on chro-
mosome 9p24, plays a central role in nonprotein
tyrosine kinase receptor signaling pathways, which
could explain its involvement in malignancies of dif-
ferent hematologic lineages.654,705 The fusion of TEL
to JAK2 has been reported in acute leukemia and
blast phase of CML. Novel JAK2 somatic mutations
(e.g. a G–C to T–A transversion, at nucleotide 1849
of exon 14, resulting in the substitution of valine to
phenylalanine at codon 617; JAK2V617F) have been
reported in subsets of classic non-CML (BCR/
ABL-negative) chronic myeloproliferative disorders
(CMPDs) such as P. vera, chronic idiopathic
myelofibrosis (CIMF), and ET.706–710

Bidirectional sequencing of all JAK2 exons
revealed a nonsynonymous coding region mutation
in the DNA template derived from peripheral blood
granulocytes of P. vera patients: a guanosine to
thymidine alteration in exon 14 of the gene. This
results in valine to phenylanine substitution at a con-
served residue (Val617Phe or p.V617F). Nearly 50%
of all BCR/ABL-negative CMPD patients exhibit
c2343 G>T by sequencing or ARMS (amplification-
refractory mutation system). These include 97% of
P. vera, 57% of ET, and 50% of CIMF.710 Levine 
et al found the JAK2V617F mutation in granulocytes
from 74% of P. vera (25% homozygous), 32% of ET
(3% homozygous), and 35% of CIMF (9% homozy-
gous) patients.707 With the PCR single nucleotide
polymorphism genotyping assay performed in rou-
tine bone marrow biopsy specimens, Bousquet et al
showed an incidence of JAK2V617F mutation in 
87% of P. vera cases, 67% of ET cases, and 66% of

CIMF cases.711 Buccal cell analysis showed wild-type
JAK2 in these patients. Molecular and cytogenetic
analyses demonstrated that homozygous JAK2V617F is
the result of duplication of the mutant allele. An
acquired, somatic JAK2 mutation is strongly associ-
ated with BCR/ABL1-negative CMPD, most strik-
ingly P. vera, and a specific mutation is probably a
functionally important contributor to the clinical
phenotype. Figure 2.45 shows JAK2 mutation detec-
tion by PCR analysis.

The JAK family of nonreceptor tyrosine kinases
(TKs) is known to include four members: JAK1,
JAK2, JAK3, and TYK2. Each JAK member responds
to an external signal in co-operation with a select
subset of cell-surface receptors. These JAK-dependent
receptors respond to particular cytokines and growth
factors, including interferons, interleukins (e.g. IL-3
and IL-5), EPO, granulocyte-colony stimulating
factor, granulocyte-macrophage colony stimulating
factor, and thrombopoietin. Receptors that use JAKs
are known as ‘type I’ cytokine receptors because they
lack an intracellular TK domain of their own, and are
strictly dependent on signaling through the JAKs to
phosphorylate downstream targets upon ligand bind-
ing. JAKs have two kinase-like domains, in contrast
to other TKs (and hence the name Janus after the
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Figure 2.45 JAK2 mutation (both wild type and mutated
forms of JAK2 are identified); PCR
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two-headed Roman god of beginnings and door-
ways). JAK proteins also contain 7 JAK homology
(JH) domains. JAK2V617F alters a highly conserved
residue within the ‘pseudokinase’ domain (JH2) of
the JAK2 TK protein, resulting in constitutive activa-
tion of the adjacent true kinase domain (JH1). JH2
looks similar to classical protein kinase domains, but
lacks actual kinase activity, despite containing func-
tionally important tyrosine residues. The JH1
domain, in contrast, has tyrosine residues which are
phosphorylated when the protein becomes active,
and also possesses kinase activity. These JH1 tyrosines
are phosphorylated by another JH1 domain on a 
different JAK protein whenever JAK is activated by a
receptor–ligand binding. Additionally, three
inhibitory regions (IR1, IR2, and IR3) within JH2
have been identified; IR3 directly inhibits the 
JH1 domain. The V617F residue does not reside
immediately within one of these directly inhibitory
segments, but is near IR1 in a small control loop.
Conformational change brings two JAK molecules
into closer proximity than they were in the inactive
state, leading to phosphorylation of each one. Next,
the activated JAKs phosphorylate their associated
receptors, which provide recruitment and docking
sites for cytoplasmic transcription factors such as the
STAT (signal transducers and activators of transcrip-
tion) proteins. Activated STATs separate from the
receptor complex and translocate to the nucleus to
initiate transcription of diverse target genes.

Most studies have shown no differences in the
clinical phenotype of patients with or without the
JAK2 mutation. However, a longer disease duration
was associated with the ‘homozygous’ status.707 In a
study of patients with P. vera by Tefferi et al, a 
statistical comparison between JAK2V617F heterozygotes
and homozygotes did not reveal any significant 
association with regard to age, gender, leukocyte, or
platelet count at the time of diagnosis, duration of
disease, or the incidence of thrombosis or bleeding.712

However, compared with their heterozygote counter-
parts, JAK2V617F homozygote patients displayed a
significantly higher hemoglobin level at the time of

diagnosis, a higher rate of fibrotic transformation, an
increased incidence of pruritus, and higher PRV-1
transcript levels in their blood granulocytes.712

When correlating the detection rate of the mutant
JAK2 with morphologic data, Bousquet et al found
that the most robust marker for the diagnosis of
CMPD was the presence of a prominent megakary-
ocytic proliferation with cluster formation and
abnormally lobulated or naked nuclei.711 Patients
with the JAK2V617F show abnormal nuclear
megakaryocytic phospho-STAT5 (nMEG pSTAT5)
expression by immunohistochemistry.713

c-KIT

● AML
● Systemic mastocytosis
● Chronic myeloproliferative disorders
● High grade MDS

Mutations in codon D816 of the KIT gene repre-
sent a recurrent genetic alteration in AML and are
associated with a CBF+ AML. In a series reported by
Boissel et al, c-KIT mutations were present in 17%
of AML patients.539 Among the pediatric AML
patients, 40% had a mutation in KIT (11.3%), RAS
(18%) or FLT-ITD (11.1%), while 70% of CBF+

leukemias were associated with a mutation of KIT or
RAS.714 c-KIT exon 8 mutations were more frequent in
the inv(16) than in the t(8;21) subset (20 vs. 6%).539 In
AML c-KIT mutations have an independent 
negative impact on overall survival (median 304 vs
1836 days) and event-free survival (median 244 vs
744 days) in patients with t(8;21), but not in
patients with a normal karyotype.440 KIT mutations
are associated with a shorter survival in t(8;21), but
not inv(16) patients (in contrast, RAS mutations did
not affect the prognosis).539 The high frequency of
the c-KIT gene exon 8 deletion plus insertion muta-
tions in AML suggests an essential role for this
region of the receptor’s extracellular domain, and the
association with inv(16) and t(8;21) suggests a link
between these changes in the pathogenesis of
AML.715 Activating c-KIT mutations have been
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identified also in patients with mastocytosis and
other chronic myeloproliferative disorders, including
P. vera.716,717 Mutations of c-KIT have been reported
in high-grade MDS, but not in refractory anemia
(RA) and other low-grade myelodysplasias.718

c-MAF

See t(14;16), above.

MALT1

● Marginal zone B-cell lymphoma (MALT type)
● DLBCL (rare cases)

At least three distinct chromosomal translocations,
t(11;18)(q21;q21), t(1;14)(p22;q32), and t(14;18)
(q32;q21) involving API2, BCL10, and MALT1,
respectively, have been implicated in the molecular
pathogenesis of extranodal MZL of the MALT type.
Two of those translocations involve the MALT1 gene
at 18q21: t(11;18) and t(14;18). The t(11;18)
(q21;q21) fuses the N-terminus of the API2 gene to
the C-terminus of the MALT1 gene and generates a
functional API2/MALT1 product. The API2/MALT1
translocation occurs in up to 50% of gastric MALT
lymphomas and in some cases of MZL of the lung,
salivary gland, and orbit.475,476 Nodal MZLs do not
display t(11;18). The t(14;18)(q32;q21) involves the
IGH and MALT1 genes [a t(14;18) translocation in
MZL cannot be distinguished from t(14;18) of 
FL based on classic cytogenetic studies alone]. 
The IGH/MALT1 fusion has been reported in MZL
occuring in liver, skin, orbit, lung, salivary gland,
spleen, and stomach.

Approximately 10 to 20% of primary cutaneous
MZLs have recurrent chromosomal translocations,
including the t(14;18)(q32;q21)IGH/MALT1, t(11;18)
(q21;q21), and t(3;14)(p14;q32).719 The IGH/MALT1
translocation has been described in primary 
cutaneous DLBCL720 and the API2/MALT1 translo-
cation in DLBCL of the orbit.721

The t(1;14)(p22;q32) and t(14;18)(q32;q21)
bring the BCL10 and MALT1 genes, respectively, to
the IGH locus on chromosome 14, resulting in 

aberrant expression of BCL10 and MALT1 proteins.
In normal B-cell follicles, both MALT1 and BCL10
are expressed predominantly in the cytoplasm of cen-
troblasts (high expression), centrocytes (moderate),
and B-cells of the mantle zone (weak). In MALT
lymphoma, MALT1 and BCL10 expression varies
among cases with different chromosomal transloca-
tions. In MALT lymphomas with t(14;18)(q32;q21),
tumor cells show strong homogeneous cytoplasmic
expression of both MALT1 and BCL10. In cases
with evidence of t(1;14)(p22;q32) or variants, tumor
cells expressed MALT1 weakly in the cytoplasm, but
BCL10 strongly in the nuclei. In all MALT lym-
phomas with t(11;18)(q21;q21), tumor cells
expressed weak cytoplasmic MALT1 and moderate
nuclear BCL10.638

The MALT1 gene translocations can be detected
by FISH using a break-apart probe (which confirms
the presence of translocation but does not specify the
partner gene) or fusion probes for API2/MALT1 and
IGH/MALT1.

MDR

● Various hematopoietic tumors

Resistance to chemotherapy is a poor prognostic
factor. The failure of treatment may be due to rapid
efflux of the chemotherapeutic agents from the intra-
cellular environment or the inability of cancer cells
to undergo apoptosis. The expression of multidrug
resistance (MDR)-related proteins and/or MDR
genes has been correlated with tumor sensitivity to
treatment and clinical outcome in many hematologic
malignancies, including AML, ALL, B-CLL, and
non-Hodgkin’s lymphomas. The best known MDR
gene, MDR1, encodes P-glycoprotein, a 170 kD
membrane protein acting as a multispecific drug
efflux pump. P-glycoprotein belongs to the adeno-
sine triphosphate (ATP)-binding transporter family.
P-glycoprotein confers long-term resistance to cas-
pase-dependent (but not to caspase-independent)
apoptotic stimuli.722 The methods for identifying the
MDR include molecular tests (e.g. PCR) for gene
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expression and immunophenotyping. P-glycoprotein
can be detected by flow cytometry and/or immuno-
histochemistry using monoclonal antibodies 
(e.g. MRK16, C219, and JSB-1). The MDR-phenotype
is often associated with an increased expression of 
P-glycoprotein at the plasma membrane.723 MDR-
related proteins, including P-glycoprotein, may be
activated in association with overexpression of
mutant or inactivated p53/TP53. Other proteins
that may confer drug resistance include multidrug
resistance-associated protein 1 (MRP1), lung resist-
ance protein (LRP), and breast cancer resistance pro-
tein (BCRP). Although the status of P-glycoprotein
expression correlates with relapse rate and overall sur-
vival, some patients relapse in spite of low levels of
MDR1 or MRP1. Phosphorylation of P-glycoprotein,
mutations of the MDR, and cell cycle stage can
influence the functional status of the efflux pump.

MDR is frequently expressed in AML and is asso-
ciated with a lower complete remission rate and, in
some studies, with lower overall survival for patients
on standard chemotherapy.724–729 The three major
candidates accounting for the development of MDR
in AML are MDR1, MRP1, and the lung resistance
protein gene (LRP). AML in the elderly is associated
with an increased frequency of unfavorable cytoge-
netics and MDR1 expression, both of which inde-
pendently contribute to poor outcome.724,728

Approximately 70% of AMLs in elderly patients
express MDR1.728 Complete remission in elderly
AML patients ranges from 81% in de novo MDR1−

AML with favorable to intermediate cytogenetics, to
13% in MDR+ secondary AML with unfavorable
cytogenetics. MDR1/P-glycoprotein expression is
less common in younger patients with AML (35%)
and is also associated with resistance disease and
lower complete remission rates,724 but in childhood
AML expression of MDR1 is not associated with a
poor prognosis.730 MDR1 expression in AML proved
to be an independent prognostic factor for the 
outcome of induction therapy and overall survival.
MRP1 expression was an independent predictor for
disease-free survival in the multivariate analysis,

whereas LRP expression had no impact on treatment
outcome.731 Schaich et al showed that the proportion
of MDR1 expression correlated with the presence 
of aberrant phenotype: significantly more MDR1+

AML patients were found within t(8;21), +8, +21,
del(7q), del(5q), and −7 abnormalities of (3q), and
multiple aberrations.732 In contrast, no patient 
with inv(16) was positive for MDR1. Only 26% 
of MDR1+ patients with aberrant karyotypes achieved
complete remission (54% in MDR1− counterparts).732

Furthermore, within abnormalities of 11q, +21,
+22, −5, or 3q no MDR1+ patient reached complete
remission, whereas the MDR1− counterparts had
complete remission rates comparable to the rate of
patients with a normal karyotype.732 List et al 
showed that addition of cyclosporine A to an induc-
tion and consolidation regimen containing infusional
cytarabine and daunorubicin significantly reduces
resistance to these drugs, prolongs the duration of
remission, and improves overall survival in patients
with high-risk AML,733 implicating P-glycoprotein
as an important cellular mechanism of resistance in
AML patients.

P-glycoprotein expression adversely impacted the
rate of complete remission or restored chronic phase
in the blast phase of CML.734 In MDS, P-glycoprotein
expression increases as the disease progresses. MDR
genes have been associated with prognosis in ALL.735

Overexpression of MDR1 and MDR3 genes and 
P-glycoprotein has been correlated with resistance 
to therapy and poor prognosis in B-CLL.736

Patients with MM refractory to alkylating agents 
frequently express P-glycoprotein (MDR phenotype).
Also high-grade lymphomas frequently express 
P-glycoprotein (before treatment), which at least partially
may be responsible for chemoresistance and poor
prognosis.737,738 Among HIV-associated lymphomas,
response to treatment and overall survival were 
significantly lower in patients with positive 
P-glycoprotein expression.737 Aggressive behavior of
T/NK-cell lymphomas (nasal type) despite chemo-
therapy treatment may be explained in part by 
P-glycoprotein expression.739
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MLL

● AML
● B-ALL
● T-ALL
● Biphenotypic (mixed lineage) acute leukemia
● MDS

The MLL gene (for Mixed Lineage Leukemia or
Myeloid/Lymphoid Leukemia) on chromosome
11q23 is the human homolog of Drosophilia trithorax
(trx), a master regulator of HOX genes, essential for
patterning during embryogenesis.740 Fusion tran-
scripts involving the MLL (ALL1) gene are found in
both AML and B-ALL (Figure 2.46 and 2.47), and
other hematologic malignancies. Approximately 50
different chromosomal translocations of the MLL
gene are currently known and are associated with
high-risk acute leukemia. The MLL rearrangements
are most often seen in AML with monocytic differen-
tiation (AML-M4 and AML-M5), acute leukemias in
infants, and leukemias related to treatment with DNA
topoisomerase II inhibitors. In AML, the most fre-
quent translocation partners include t(9;11)AF9/MLL,
t(10;11)AF10/MLL, t(6;11)AF6/MLL, and t(11;19)MLL/ELL.

In the majority of cases, abnormalities involving
the MLL gene are associated with a very poor prog-
nostic outcome. The incidence of AML with MLL
rearrangement was significantly higher in therapy-
related AML (t-AML) than in de novo AML (9.4%
vs 2.6%) and in patients younger than 60 years
(5.3% vs 0.8%).741 Compared with AMLs with

intermediate karyotype, AMLs with 11q23/MLL
rearrangement have a worse outcome (comparable
with AML with an unfavorable karyotype).741 In
childhood ALL t(4;11)(q21;q23) was associated with
a poor prognosis,394,396,742,743 which was independent
of other poor prognostic features, including the
BCR/ABL fusion gene and persistence of MRD
(0.01% or more at the end of the 6-week remission
induction phase).743 T-ALL with HOX11 expression
of MLL/ENL fusion has a highly favorable out-
come.744 MLL amplification (Figure 2.46) is recog-
nized as a recurrent aberration in AML and MDS,
associated with adverse prognosis, poor response to
chemotherapy, and karyotype complexity.

Partial tandem duplications of the MLL gene
(MLL-PTD) have also been reported in karyotypi-
cally normal AML and in AML with +11.68,745 In the
past, MLL-PTD identified a subgroup of AML
patients with an unfavorable prognosis.68,745

Intensive consolidation therapy that includes autolo-
gous peripheral stem-cell transplantation, however,
may change the prognostic significance of MLL-
PTD. In a recent study by Whitman et al (238 
adults aged 18–59 years with cytogenetically normal
de novo AML), 24 (~10%) patients harbored a MLL-
PTD, and 92% of these patients achieved complete
remission compared with 83% of patients without
MLL-PTD, and neither overall survival nor disease-
free survival significantly differed between the two
groups.746 Thirteen MLL-PTD+ patients relapsed
within 1.4 years of achieving complete remission.746

APPLICATIONS OF CYTOGENETICS, FISH, AND PCR IN DIAGNOSIS, PROGNOSIS, AND DISEASE MONITORING 85

A B

9 10 11

171615

X2221

MLL

Figure 2.46 MLL gene amplification
(chromosome 9 amplification); A, FISH; B,
cytogenetics (partial karyotype)

Gorczyca-Ch02  11/12/07  3:15 PM  Page 85



c-MPL

● ET
● Chronic idiopathic myelofibrosis (CIMF)

Thrombopoietin, the key growth factor in
megakaryopoiesis, acts through its receptor, MPL,
and the JAK-STAT signal transduction pathway.
Recently, two mutations in the thrombopoietin
receptor gene (c-MPL) have been found: W515L
and W515K.747,748 These mutations have been 
evident in patients with ET and CIMF, but not in 
P. vera.748,749 MPLW515L/K and JAK2V617F can co-exist
in CIMF.750 Multiple molecular abnormalities are
involved in the pathogenesis of the CMPDs and

aberrant MPL expression may be a common 
denominator of aberrant signaling in both the
JAK2V617F-positive and JAK2V617F-negative CMPDs.751

MUM1 (IRF4)

● Plasma cell myeloma (MM)
● DLBCL
● Other B-cell lymphoproliferations

The MUM1 (multiple myeloma 1, or interferon 
regulatory factor 4) is a protooncogene that is 
deregulated as a result of the (6;14)(p25;q32) 
chromosomal translocation in MM, and is also
expressed in a variety of malignant lymphomas
(melanoma-associated antigen, mutated 1, also
named MUM1, is located on chromosome 19p).
MUM1, which can be identified by immunohisto-
chemistry, may provide a marker for the identification
of transition from bcl-6 positivity (germinal center
B-cells) to CD138 expression (immunoblasts and
plasma cells). In normal B-cells, MUM1 expression
is thought to denote the final step of intragerminal
center B-cell differentiation and subsequent maturation
towards the plasma cells. In DLBCL (Figure 2.48),
MUM1 is detected in 50–75% of cases, and is seen
both with and without bcl-6 expression.752–754 The
majority of DLBCLs expressing CD10 and bcl-6 are
MUM1−. In a study by Colomo et al, no association
was found between MUM1 expression and out-
come.23 Among primary cutaneous DLBCLs, staining
for BCL2, OCT2, and/or MUM1 is associated with a
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poor, and BCL6 with a favorable prognosis.755,756

In the microarray study, the expression of MUM1 in
at least 30% of tumor cells was associated with a 
significantly worse outcome.757 The MUM1 gene
has been identified as an oncogene transcriptionally
activated by t(6;14)(p25;q32) chromosomal translo-
cation in MM. The published results about the 
prognostic significance of MUM1 expression in 
B-CLL are not conclusive.

c-MYC

● BL
● DLBCL
● B-ALL
● Follicular lymphoma (transformation)
● MCL, blastoid variant
● Plasma cell myeloma (MM)
● B-CLL/PLL (transformation)
● ALCL, ALK+

The MYC is a leucine zipper transcription factor
involved in regulation of the cell cycle, proliferation,
differentiation, and cellular immortalization. 
The MYC/immunoglobulin rearrangements play a
major role in the pathogenesis of B-lineage 
lymphomas by deregulation of c-MYC oncogene
expression via juxtaposition to one of the
immunoglobulin enhancers. The c-MYC gene is
translocated to the IG loci in all BLs (Figures 2.21 and
2.22).758,759 The t(8;14)(q24;q32) translocation which
involves c-MYC (on chromosome 8q24) and IGH (on
chromosome 14q32) is the most frequent transloca-
tion (80% of BL). The remaining (variant) transloca-
tions include t(2;8)(p11.2;q24) involving IGK (on
chromosome 2p11.2) and t(8;22)(q24;q11) involving
IGL (on chromosome 22q11). This results in overex-
pression of c-MYC, driving cell proliferation and
expression of other genes involved in cell growth.758

The c-MYC translocations are characteristic of
BL, but they have been reported also in a subset of
DLBCL (6%)760 and other hematolymphoid tumors
including atypical Burkitt lymphoma/Burkitt-like
lymphoma, FL, a blastoid variant of MCL, MM,

prolymphocytoid transformation of B-CLL/SLL,
Burkitt-type precursor B-lymphoblastic leukemia,
and ALK+ ALCL.427,434,561,761–769 The 8q24MYC

abnormalities are usually associated with an aggressive
clinical course, high IPI (International Prognostic
Index), advanced stage, shorter overall survival, and
generally poor prognosis.770,771 The 8q24 (c-MYC)
aberrations carry a negative prognostic significance,
either at diagnosis or at disease progression, in a 
variety of nonHodgkin’s lymphomas.434 The over-
expression of c-MYC is associated with a shorter 
overall survival in MCL.772 and clinically aggressive
forms of MM.766

Subsets of lymphomas may display dual transloca-
tions of t(14;18) and chromosome 8q24MYC gene
rearrangement. They are of high grade with morpho-
logic features of BL/Burkitt-like lymphoma or
DLBCL. Patients with concurrent t(14;18)IGH/BCL2

fusion and 8q24MYC translocations have an extremely
poor outcome.426,773 Overexpression of c-MYC has
been shown to be a consistent finding in ALK+

ALCL, but not ALK− ALCL, and the MYC gene is
considered a downstream target of deregulated ALK
signaling.561,769,774 In addition to the characteristic
t(2;5)(p23;q35) translocation, Monaco et al reported
a t(3;8)(q26.2;q24) translocation and MYC gene
rearrangement (confirmed by FISH analysis) in
pediatric ALCL.769 C-MYC may be a downstream
target of ALK signaling and its expression a defining
characteristic of ALK+ ALCLs.561 The MYC
rearrangement may be responsible for the aggressive
clinical behavior in a subset of ALK+ ALCL.769

Detection of c-MYC translocations can be achieved
by classic cytogenetics and FISH. Cytogenetics is lim-
ited by the need for fresh tissue and the difficulty in
obtaining suitable metaphases from the neoplastic
cells. Detection of c-MYC by FISH using the com-
mercially available dual-fusion FISH (D-FISH)
IGH/MYC probe might not always be possible, as
some 8q24 break-points occur outside the region
spanned by the relatively small (750 kb) locus-specific
MYC probe.766,775 Because there are only a few assays
available for detecting light-chain translocations, most
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of them are identified by conventional cytogenetics.
Einerson et al developed and validated four FISH
probes: two break-apart probes to detect IGK and 
IGL translocations, and two dual-color, dual-fusion
FISH (D-FISH) probes to detect IGK/MYC and
IGL/MYC.776 Seven specimens, all of which lacked
MYC rearrangements using a commercial IGH/MYC
D–FISH probe, were found to have 8q24 breakpoints
within a cluster region >350–645 kb 3′ from MYC,
provisionally designated as the Burkitt variant
rearrangement region 2 (BVR2).776

NPM1 (nucleophosmin)

● AML
● APL
● ALCL
● MDS
● CMML

The NPM1 gene (5q35) encodes a multifunctional
phosphoprotein (NPM) with oncogenic and tumor
suppressor functions. NPM plays multiple roles in
ribosome assembly and transport, cytoplasmic-nuclear
trafficking, centrosome duplication, and regulation
of the ARF-p53 tumor-suppressor pathway.777–779

Translocations involving the NPM gene cause cyto-
plasmic dislocation of the NPM protein. In hemato-
logic malignancies, the NPM1 gene is frequently
involved in chromosomal translocation, mutation,
and deletion. The NPM1 gene on 5q35 is translo-
cated with the anaplastic lymphoma kinase (ALK)
gene in ALCL with t(2;5). The MLF1 and RARa
genes are fused with NPM1 in myelodysplastic syn-
drome/AML with t(3;5) and APL with t(5;17),
respectively.25,778–783 The region of chromosome 5 to
which NPM1 maps is deleted in a proportion of de
novo MDS, and loss of chromosome 5 is extremely
frequent in therapy-related MDS.777 Rare cases of
CMML may display NPM1 mutation.784 Recently,
mutations of exon 12 have been found in a signifi-
cant proportion of de novo AML, especially in those
with a normal karyotype.25,778,782,783 Mutations in
NPM1 disrupt the nucleolar-localization signal and

cause an aberrant cytoplasmic localization of the pro-
tein, which can be detected by immunohistochem-
istry.782 It is suggested that loss of NPM 
function might impair the p53 pathway. AML with
NPM1 mutation may display peculiar cytomorpho-
logic features, such as nuclear invaginations.785

Cytoplasmic NPM (NPMc) is a characteristic fea-
ture of a large subgroup of patients with AML who
have a normal karyotype, NPM1 gene mutations,
and responsiveness to induction chemotherapy.782

Exon-12 NPM1 gene mutations are reported in
approximately 60% of AMLs with normal karyotype
(about one-third of all adult AMLs).782 The molecular
signature of NPMc+ AML includes upregulation of
several genes putatively involved in the maintenance
of a stem-cell phenotype, suggesting that NPMc+

AML may derive from a multipotent hematopoietic
progenitor.786 NPM1 mutations in AML predict a
good response to induction therapy and a favorable
prognosis,781,787–789 and could serve to monitor
MRD.790 In a large series of AML patients, Falini 
et al showed that all 200 AML cases expressing cyto-
plasmic NPM (NPMc+ AML) carried NPM1
mutations, and none of the 250 cases with nucleus-
restricted NPM (NPMc− AML) was mutated.791

Pasqualucci et al showed NPMc+ AML falling into
different FAB categories and suggested that, for clin-
ical use, NPMc+ AML be provisionally regarded as a
separate AML with prognostic significance.783

NPM1 gene mutations causing aberrant cytoplasmic
localization of nucleophosmin have been demon-
strated to be the most frequent submicroscopic 
alterations in cytogenetically normal AML and to
confer improved prognosis, especially in patients
without a concomitant FLT3 gene internal tandem
duplication (FLT3-ITD).778,781–783,787,789 Based on
NPM1 and FLT3 status, four groups of AML can be
identified: NPM1+/FLT3-, NPM1+/FLT3+, 
NPM1−/FLT3−, and NPM1−/FLT3+. The first group
identifies patients with an improved prognosis. In
childhood AML, NPMc+ did not abrogate the 
negative prognostic influence of FLT3-ITD mutations,
but in children who lack FLT3-ITD NPMc+
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phenotype identified a group with a superior prog-
nosis.792 Sensitive qRT-PCR assays for NPM1 muta-
tions can now monitor and quantify MRD in AML 
patients with normal karyotype and NPM1 gene
mutations.790

PAX5

● B-ALL
● B-cell lymphomas
● Hodgkin lymphoma
● Plasma cell myeloma (MM)
● Marginal zone B-cell lymphoma

The PAX5 (paired-homeobox-5) gene on chromo-
some 9 is a member of the paired homeobox gene
family that encodes a B-cell specific transcription
factor that regulates B-cell genes (CD19, Ig genes)
and plays a role in B-cell differentiation.793,794 PAX5
protein is expressed in precursor and mature B-cell
lymphoproliferations, Hodgkin lymphoma, and a
small subset of plasma cell neoplasms (Figure 2.49).
The t(9;14) results in the juxtaposition of the PAX5
gene with the IG heavy chain locus of chromosome 
14 (IGH). The t(9;14)(p13;q32) translocation is asso-
ciated with approximately 50% of lymphoplasmacytic
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lymphomas.795,796 A number of other reciprocal
translocations involving 9p13 have been identified
(1p25, 3q27, 7q11, 10p13, 12q13). Deregulation of
PAX5 expression has been reported in splenic mar-
ginal zone B-cell lymphoma.797

PDGFRA

● ET
● CIMF
● PV
● Systemic mast cell disease with eosinophilia
● Hypereosinophilic syndrome/chronic eosinophilic

leukemia (HES/CEL)

Platelet-derived growth factor receptor α (PDGFRA;
chromosome 4q12) and β (PDGFRB; chromosome
5q31-q32) are involved in mutations occurring 
in CMPDs. Activation of PDGFRA due to
FIP1L1/PDGFRA fusion has been described in a
subset of patients with systemic mastocytosis associ-
ated with eosinophilia and HES/CEL.46,798–800

FIP1L1/PDGFRA fusion results from karyotypically
occult interstitial deletion of part of chromosome 4,
del(4)(q12). PDGFRA mutation can be identified by
FISH or RT-PCR (CHIC2 deletion can serve as a
surrogate marker for FIP1L1/PDGFRA fusion).46

Patients with this mutation are sensitive to imatinib
treatment (although not all patients with systemic
mastocytosis with eosinophilia respond to imatinib
and, on the other hand, a subset of patients 
responding to imatinib lack FIP1L1/PDGFRA
fusion).46,801,802 Other rearrangements involving
PDGFRA described in CMPD include t(4;22)
(q12;q11) [BCR/PDGFRA], t(4;10)(q12;p11) [KIF5B/
PDGFRA], and ins(9;4)(q33;q12q25) [CDK5RA
P2/PDGFRA].803–805

PML

● APL

The translocation t(15;17)(q22;q11) results in the
fusion of the retinoic acid receptor-α (RARa) gene on
chromosome 17q and the PML gene on chromosome

15q22.468 The t(15;17) generates two chimeric
genes: PML/RARa is formed on derivative 15,
whereas the reciprocal RARa/PML fusion is located
on derivative 17 (Figure 2.34). Inactivation or loss of
PML leads to a proliferative advantage for cells,
impairs cellular senescence in response to oncogenic
stimuli, and impairs cellular differentiation after
exposure to differentiating agents such as vitamin D
and retinoic acid. Depending on the PML gene break-
point in chromosome 15, the transcript subtypes
bcr1, bcr2, and bcr3 may be formed. The t(15;17) can
be detected by classic cytogenetics in 70–90% of APL
cases. A small proportion of patients with APL have
complex or simple variants of this translocation.
Masked (cryptic) t(15;17) can be generated by submi-
croscopic insertions of PML or RARa, or more 
complex chromosomal rearrangements.16,806,807

Variant translocations reported in APL patients
include: t(11;17)(q23;q21), t(5;17)(q35;q12-21),
t(11;17)(q13;q21), and der(17) with RARa being
fused to the PLZF, NPM, NuMA, and STAT5b
genes, respectively.808–812 APL patients with fusion
genes involving NPM and NuMA are sensitive to
ATRA,811,812 whereas patients with a PLZF/RARa
rearrangement do not response to retinoids and
treatment with ATRA alone in these patients is 
associated with a poor prognosis.469 Correlation with
FISH and molecular studies is important in patients
with clinical, morphologic, and/or immunopheno-
typic features of APL and lack of t(15;17) by classic
cytogenetics.16

The balanced translocation t(17;20)(q21;q12)
may mask a t(15;17)(q22;q21), and requires FISH
and molecular studies for APL diagnosis.521 The dual-
fusion (dual-color) FISH probe set and RT-PCR can
detect t(15;17)(q22;q21) and all variant forms of
translocations associated with PML and RARa, and
can be used for the diagnosis of APL and to monitor
low levels of disease in treated patients.16,807,813 In
addition, FISH and molecular methods (RT-PCR
and cDNA sequencing) can detect all alternate
translocations involving RARa, but not PML.
Mutations of the PML gene in APL are associated
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with resistance to retinoid acid and a very poor prog-
nosis.814 Interestingly, mutations of the PML gene
can be also found in nonAPL, AML, MDS, MM,
and occasional lymphomas.814

PRV-1

● ET
● P. vera
● CIMF

The PRV-1 gene is localized to chromosome
19q13.12-2 and is overexpressed in granulocytes from
patients with P. vera and other nonCML CMPDs.
Recent studies suggest that PRV-1 and NB1 are alleles
of the same gene now referred to as CD177.815 Changes
in CD177 expression may be a marker of increased or
decreased myelopoiesis. Among patients with ET, PRV-
1 positivity predicts a significantly higher number of
thromboembolic or microcirculatory events.816

RARa

● APL

The RARa gene is located on chromosome 17q12.
The breakpoint in the RARa gene is located in the
intron between the A and B domains (Figure 2.35).
Three breakpoint clusters in the PML gene have been
identified: bcr-1 (∼70% of patients), bcr-2 (∼10%),
and bcr-3 (∼20%), giving rise respectively to the long
(L), intermediate (V), and short (S) length hybrid
PML/RARa transcripts (the V form is linked to ATRA
decreased sensitivity and the S form to an association
with an excess of secondary chromosome changes).
Chromosomal abnormalities with the RARa gene
include t(15;17)(q22;q12), t(11;17) (q23;q12),
t(5;17)(q35;q12), and t(11;17)(q13;q12) involving the
PML, PLZF, NPM, and NuMa genes, respectively.

See also PML/RARα and t(15;17), above.

RAS

● AML
● MDS
● Plasma cell myeloma (MM)

Four alleles of RAS have been identified: H-RAS
(Harvey), Ki-RAS (Kirsten; A and B), and N-RAS
(neuroblastoma). Activation of Ras protein partici-
pates in the control of the cell proliferation, survival,
and differentiation. Point mutations of RAS (codons
12, 13, and 61) are present in AML and in MDS,
especially chronic myelomonocytic leukemia
(CMML), and usually involve N-RAS, and, less
commonly, Ki-RAS. Point mutations of RAS occur
in ∼20% of de novo AML patients.61,817–819 Published
data have not revealed an association of activating RAS
mutations with an adverse prognosis.61,817–819 In contrast
to TP53, RAS mutations are less common in therapy-
related MDS or AML than in de novo disease.163

In a study reported by Stirewalt et al, AML patients
with RAS mutations had higher WBC counts, a lower
percentage of CD34+ blasts, and less resistant dis-
ease.61 In the report by Shih et al, N-RAS mutations
had no prognostic impact either in MDS or AML,
but N-RAS mutations were more frequent in MDS
progressing to AML than in MDS at the time of diag-
nosis.673 RAS mutations are a recurrent genetic lesion
in MM and may play a role in the progression of
MGUS to MM.820 In a study reported by Intini et al,
RAS mutations, mostly involving the N-RAS gene,
were detected in 20% of patients, and did not corre-
late with the presence of chromosome 13q deletion,
trisomy of chromosome 11, 1q amplification, or
hyperdiploidy.821 Specific RAS mutations in patients
with juvenile myelomonocytic leukemia may be asso-
ciated with spontaneously improving disease.822

RB1 (retinoblastoma gene)

● ALL
● DLBCL
● Hodgkin’s lymphoma
● ALCL
● AML
● MDS

Deletions of 13q14 are well known in several
malignancies. The retinoblastoma gene (RB1) is
located on 13q14, but other loci including D13S319
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and D13S25 telomeric to this within 13q14.3 can
deleted in hematologic malignancies, including 
B-CLL, MM, and non-Hodgkin’s lymphoma, with
varying clinical significance. The pRb regulates the
G1/S transition of the cell cycle.599,823 Abnormalities
in RB1, a tumor-suppressor gene, are responsible for
retinoblastoma.824 The pRb inactivation is a frequent
phenomenon in tumors of different cell lineages
including hematologic malignancies.825–828 Loss of
pRb is seen in adult precursor lymphoblastic
leukemia (ALL), but pRb alterations alone are not
strong independent predictors of outcome.829

Concurrent expression of pRb and p53 may predict
a poor response to therapy in ALL.829

In reactive lymphoid tissues, pRb is expressed by
proliferating cells such as germinal center B-cells. In
DLBCL, loss of pRb expression is an adverse 
prognostic factor, whereas high pRb expression
(>80%) is associated with extended survival.599

Figure 2.50 presents Rb expression in DLBCL. In
Hodgkin lymphoma, high expression of pRb corre-
lates with better survival and loss of pRb expression
is associated with adverse outcome.827,830

Retinoblastoma protein is frequently absent or
phosphorylated in ALCL, and the absence of Rb
expression is associated with better clinical outcome

in patients with ALCL.831 In a study by Rassidakis 
et al, 5-year progression-free survival for patients
with Rb-negative ALCL was 89.4% compared with
47.7% for patients with total Rb-positive ALCL.831

In AML the prognostic value of low RB1 expres-
sion is controversial but the majority of published
studies have found low RB1 expression to be a 
negative prognostic predictor.832 Jamal et al reported
no significant differences in the frequency of 
complete remission or length of survival between
AML patients with normal and abnormal pRb.826

No mutations of RB1 have been reported in AML or
MDS, however RB1 mutations occur in the acceler-
ated phase and blast crisis of CML.

Deletions of the retinoblastoma gene are seen in
~50% of patients with MM.833 Zojer et al observed
monoallelic deletions of the RB1 gene and the
D13S319 locus in 48/104 patients (46.2%) and in
28/72 (38.9%) patients, respectively, with newly
diagnosed MM.268 FISH studies found that 13q14
was deleted in all 17 patients with karyotypic evi-
dence of monosomy 13 or deletion of 13q, but also in
9 out of 19 patients with apparently normal karyo-
types. Patients with a 13q14 deletion were more
likely to have stage III disease, higher serum levels of
β2-microglobulin, and a higher percentage of bone
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marrow plasma cells than patients with a normal
13q14 status on FISH analysis.268 The presence of a
13q14 deletion on FISH analysis was associated with
a significantly lower rate of response to conventional-
dose chemotherapy (40.8% compared with 78.6%)
and a shorter overall survival (24.2 months compared
with >60 months) than in patients without the dele-
tion.268 Multivariate analysis of prognostic factors
confirmed the independent predictive value of 13q14
deletions for shortened survival. Zojer et al concluded
that deletions of 13q14 are frequently detected by
interphase FISH in patients with newly diagnosed
MM, correlate with increased proliferative activity,
and represent an independent adverse prognostic fea-
ture in MM.268 Wu et al found a strong association
between chromosome 1p and/or 1q abnormalities and
deletion of chromosome 13 or 13q in MM, which,
similarly to complex abnormalities and hypodiploidy,
were associated with inferior overall survival.834 As
shown by Carlebach et al, monoallelic deletions of
RB1 appear to be a frequent and early event in the
pathogenesis of MM, without obvious relevance for
disease progression.269 This was confirmed recently
by Gutierrez et al, who reported that patients with
RB1 deletions without other abnormalities in FISH
analysis displayed a similar outcome to those patients
without genetic changes by FISH (46 vs 54
months).270 RB1 deletion as a sole abnormality did not
lead to a shortening in the survival of MM patients,
whereas t(4;14) conferred the worst prognosis in MM
patients treated with high-dose chemotherapy.270

Deletions of 13q14 are rare in monoclonal 
gammopathy of undetermined significance (MGUS).

RUNX1(AML1)

● AML/tAML
● MDS/tMDS
● CML, disease progression/clonal evolution (blast

crisis/accelerated phase)
● B-ALL

The RUNX1 gene (also known as AML1) located on
chromosome 21q22 is one of the most important

hematopoietic transcription factors. It is involved in a
number of different chromosomal translocations
including t(8;21)(q22;q22), t(X;21)(p22;q22), and
t(19;21)(q13;q22) in AML,835–837 t(3;21)(q26;q22) in
MDS/AML (therapy-related) and blast crisis of
CML,839 and t(12;21)(p13;q22) in B-ALL.840 The
t(8;21)(q22;q22) translocation, present in 10–15% of
AMLs, results in the production of the RUNX1/ETO
fusion protein. This translocation is most often associ-
ated with FAB-M2 morphology and co-expression of
CD19 and CD56 by CD13+/CD33+ myeloblasts.
Figure 2.51 presents three signals for RUNX1.
Gattenloehner et al showed that CD56 expression on
AML cells correlated with an abnormal expression pat-
tern of RUNX1 isoforms: whereas full-length p48
RUNX1 (p48) upregulated CD56 in AML cells, three
newly identified shorter RUNX1 isoforms, p38a, p30,
and p24, suppressed CD56 expression.840

The two most frequent translocations involving
the RUNX1 gene on 21q22 in AML are
t(8;21)(q22;q22) and t(12;21)(p13;q22), leading a
fusion of RUNX1 gene to ETO and ETV6 (TEL),
respectively. Jeandidier et al described 11 novel
translocations rearranging band 21q22 with bands
1q25, 2p21, 2q37, 3p21, 3p23, 4q31, 6p24, 6p12,
7p15, 16p11, and 18q21.841 In the same series,
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rearrangements of band 21q11 and 21q21 were
detected in six novel translocations with 5p15, 6p21,
15q21, 16p13, and 20q11 and with 1p33, 3q27,
5p14, 11q11, and 14q11, respectively.

RUNX1 point mutations are common in high-risk
MDS (RAEB) and in AML following MDS, but they
are rare in chronic idiopathic myelofibrosis and in de
novo AML.842 RUNX1 mutations in pediatric hemato-
logic malignancies are infrequent, but are possibly
related to AML-M0, acquired trisomy 21, and
leukemic transformation. These patients may have a
poor clinical outcome.843 The frequency of RUNX1
mutations in de novo AML is low and they have been
detected with a substantially higher frequency in
poorly differentiated AML-M0, some MDS cases, and
in radiation-associated and therapy-related AML.
Patients with RUNX1 mutations are significantly asso-
ciated with +13 and −7/7q−, whereas MDS/AML
patients without RUNX1 mutations showed a high fre-
quency of −5/5q− and a complex karyotype.844,845

Patients with RUNX1 mutations showed more muta-
tions of their FLT3, N-RAS, PTPN11, and NF1 genes,
resulting in a significantly higher mutation frequency
for receptor tyrosine kinase (RTK)-RAS signaling path-
ways when compared to RUNX1-wild-type
AML/MDS patients (38% vs 6.3%).844 Conversely,
p53 mutations were detected only in patients without
RUNX1 mutations. Among AML M0 (n = 90), Dicker
et al detected RUNX1 mutations in 46% at diagnosis
(this group included all trisomy 13+ cases; n = 18).845

A high incidence of RUNX1 mutations (80%) was
detected in cases with trisomy 13 from other FAB sub-
groups (n = 20).845 Quantitation of FLT3 transcript
levels revealed a highly significant 5-fold increase in
AML with RUNX1 mutations and trisomy 13 com-
pared to samples without trisomy 13 (FLT3 mutations
were equally distributed between RUNX1 mutated and
unmutated samples).845

TCR

● T-cell lymphoproliferations

See T-cell receptor gene rearrangements, below.

TEL

See ETV6, above.

TP53 (p53)

● Various hematopoietic tumors

The p53 (TP53) gene is a tumor suppressor that
codes for a multifunctional DNA-binding protein
(transcription factor) involved in cell cycle arrest,
DNA repair, differentiation, and apoptosis. The p53
gene accumulates in response to DNA damage and
co-ordinates the cellular response to such damage by
inducing apoptosis or cell cycle arrest.846 Inactivation of
p53 by mutation or deletion occurs in approximately
50% of cancers and is associated with genomic 
instability,846 and resistance to chemotherapy.847

The negative regulation of cell cycle progression by
p53 is in part regulated by induction of p21CIP1. The
p53 gene is one of the most frequently mutated genes
in human cancer, mainly in solid tumors.848 Based
on the published data, Imamura et al reported p53
abnormalities in hematopoietic malignancies with
the following frequencies: B-CLL, 15%; Richter 
syndrome, 40%; low grade B-cell lymphoma, rare;
high grade B-cell lymphoma, 30%; Burkitt 
lymphoma, 40%; Hodgkin lymphoma, 70%; MM,
5%; HCL, 10%; CML (chronic phase), rare; CML
(blast crisis), 20–30%; MDS, 5%; AML, 15%;
common ALL, 3%; mature B-ALL, 50%; and adult
T-cell lymphoma/leukemia, 40%.849 Deletions of
one allele and mutations of p53/TP53 are reported in
5% of AML and MDS. The wild-type p53 protein
has a short half-life (6 to 20 minutes) and therefore
does not accumulate in tissue in amounts allowing
for immunohistochemical detection.849 Missense
mutations of p53/TP53 result in the stabilization of
the p53 protein and therefore increased levels of p53
usually reflect p53/TP53 mutations.850 However,
since only a fraction of lymphomas with p53 overex-
pression have p53 mutations, other mechanisms may
also play a role in stabilization of the p53 protein.

The p53 gene mutations in lymphoid neoplasms
have been detected mainly in high grade lymphomas
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and have been associated with tumor progression in
follicular and small lymphocytic lymphomas. B-cell
lymphomas with p53 mutations often have MYC
activation. Deletions of p53 in B-CLL are associated
with disease progression and atypical morphologic
and immunophenotypic features.851 In B-CLL the
presence of p53 mutation or deletion is strongly 
associated with adverse clinical outcome and 
predicts a poor response to conventional therapy
(drug resistance).573,852–855 The p53 mutations 
occur in only 10–15% of B-CLL patients.852,854

However, p53 dysfunction in B-CLL can occur in
the absence of mutation and may be associated with
mutation of the gene encoding ATM (ataxia-teleang-
iectasia mutated), a kinase implicated in p53 activa-
tion.573,575,576 Deletions affecting chromosome bands
11q22–q23 and 17p13 led to a reduced expression
of the corresponding genes, such as ATM and
p53/TP53. Inactivation of the ATM or p53/TP53
gene is frequent in B-CLL and leads to aggressive
disease. Patients with ATM deficiency had signifi-
cantly shorter survival times (35.66 vs. 97.3 months)
and more aggressive disease, suggesting that ATM is
involved in the leukemogenesis of B-CLL. The ATM
gene may also play a role in the reported 11q23
abnormality in B-CLL, which also characterizes an
aggressive disease.575 Approximately 14% of B-CLLs
carry deletions of the long arm of chromosome 11 at
11q22–23. Loss of heterozygosity at 11q22–23 and,
more recently, absence of ATM protein have been
associated with a poor prognosis in B-CLL.576

Functional impairment of the p53 pathway because
of the inactivation of p53 or ATM can be detected by
exposing leukemic cells to ionizing radiation, cultur-
ing them overnight, and examining then by Western
blotting for levels of p53 and p21 (a transcriptional
target of p53).573 In type A defect (associated with
p53 mutation) baseline p53 levels are increased,
reflecting the prolonged half-life of mutant p53 as
compared to the wild-type protein. In contrast, in the
type B defect (associated with ATM mutation) base-
line p53 levels are not increased, but there is impaired
accumulation of p53 in response to radiation.573

Carter et all proposed a flow cytometry assay to analyze
p53 dysfunction in B-CLL.856

The p53 mutations are associated with an 
aggressive clinical course of splenic marginal zone 
B-cell lymphoma.857 A subset of patients with MCL
has p53/TP53 mutations/overexpression, which 
confers poorer prognosis.858 The p53 mutations
occur more often in MCL with atypical/blastic 
cytology and p53 mutations precede the develop-
ment of variant cytology in some patients.
Overexpression of p53 protein was observed in 75%
of patients with p53 mutations and in none of the
wild-type cases. The median survival of the cases
with mutant p53 was only 1.3 years, whereas the
median survival of cases with germline (wild) p53
was 5.1 years.858

Mutations of p53 are detected in up to 
30% of DLBCL and Burkitt lymphoma.859–862

Overexpression of p53 has been shown to have a
prognostic significance in DLBCL and is associated
with chemotherapy refractoriness. The presence of
p53 gene mutations has a negative impact on 
overall survival in DLBCL. Cox’s Regression Model
identified that the high-risk International Prognostic
Index (IPI) and p53 gene mutations have an 
independent negative impact on overall survival in
DLBCL.863 Figure 2.52 presents immunohistochem-
ical detection of p53 in Burkitt lymphoma.

In patients with MM, p53 deletions are associated
with higher serum calcium and creatinine levels, but
there is no association with patient age, gender, β2-
microglobulin, C-reactive protein, hemoglobin level,
albumin level, or lytic bone lesions. There is no asso-
ciation of p53 deletions with 13q deletions or
translocations t(11;14) or t(4;14). Patients with p53
deletions had significantly shorter progression-free
(median 7.9 vs 25.7 months) and overall survival
(median 14.7 vs 48.1 months) than patients without
a p53 deletion. A multivariate analysis confirmed p53
deletion as an independent prognostic factor predict-
ing shortened progression-free or overall survival in
patients with MM after high-dose chemotherapy and
autologous stem cell transplantation.305
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Neoplastic cells in classic Hodgkin lymphoma
(but not NLPHL) frequently express p53. In periph-
eral T-cell lymphoma, p53 positive cases (by
immunohistochemistry) show significantly higher
proliferative activity, more frequent expression of
bcl-2, and less frequent expression of p21/WAF1
than p53 negative cases.864 Analysis of the survival
curves showed that p53 expression is an independent
prognostic variable associated with a significantly
poorer clinical outcome, in terms of both overall 
survival and event-free survival.864

The p53 mutations are present in 15% of AML
and 11% of MDS cases.854 In AML, 33% of
mutated cases and 81% of nonmutated cases treated
with intensive chemotherapy achieve complete
remission. Median survival is shorter in patients with
mutated p53 when compared to unmutated AML
(2.5 months vs 15 months). In the MDS patients
who received chemotherapy, 8% of mutated cases
and 60% of nonmutated cases achieved complete
remission or partial remission, and median survival
was 2.5 and 13.5 months, respectively.854 In all MDS
cases (treated and untreated), the survival difference
between mutated cases and nonmutated cases is also
highly significant. The p53 mutation is a strong
prognostic indicator of response to chemotherapy
and survival in AML and MDS.854

WT1 (Wilms’ tumor gene)

● AML
● ALL
● CML

Wilms’ tumor gene (WT1) is a tumor-suppressor
gene located on chromosome 11p13 that encodes a
zinc-finger transcription factor that regulates the
transcription of a variety of target genes and is
involved in post-transcriptional mRNA processing
in cell growth and development.865–868 Apart from
the hematopoietic system, WT1 expression in adult
tissues is found in the urogenital tract and CNS. The
overexpression of WT1 in progenitor cells in the
bone marrow leads to growth arrest and reduced
colony formation.869,870 WT1 was initially discovered
in a pediatric kidney tumor (Wilms’ tumor), but can
be overexpressed in several types of solid tumors and
in acute leukemias. In the latter, it has been evaluated
as a novel prognostic factor, MRD marker, and 
therapeutic target.

The majority of acute leukemias express the
normal, wild type WT1 gene and only approximately
10–20% of acute leukemias show point mutations
and small insertions or deletions, predominantly in
biphenotypic leukemia and AML, and rarely in ALL.
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In a study by King-Underwood et al, five different
point mutations in WT1 were found.871 Those 
alterations were shown to be associated with an 
unfavorable prognosis in AML.865–867

WT1 overexpression has been found in 80–90%
of AML and 70–90% of ALL patients.865,867,872–878

A high expression of WT1 in acute leukemia at 
diagnosis correlated in several studies with a 
poor outcome, especially in AML following 
standard chemotherapy,875,877,878 but other studies
did not support this observation.876,879 In CML,
WT1 levels are usually low in the chronic phase and
increase as the disease progresses into the blast
crisis.880,881 The WT1 gene has been shown to inter-
act with the promoter of the multidrug resistance
gene (MDR1). Galimberti et al found that high
levels of WT1 were significantly correlated with high
levels of the MDR1 gene.882 Several studies have
indicated the prognostic and predictive value of
WT1 as a marker for MRD monitor-
ing.873,875,877,883,884 Increased levels can be predictive
of an impending relapse in AML.

APPLICATION OF CHROMOSOMAL AND
MOLECULAR MARKERS IN DIAGNOSIS

Conventional cytogenetic (G-banding), FISH, and
molecular methods are commonly applied in the
diagnosis of hematologic malignancies and in 
addition are of increasing practical importance for
accurate prognosis and to evaluate for MRD (see
below).1,4,5,10,13,15,18,22,33,104,106,107,115,263,309,325,368,632,885–903

Cytogenetic analysis has become routine in the eval-
uation of patients with myeloid and many lymphoid
diseases and, in conjunction with morphology and
immunophenotyping, helps to establish definite
diagnosis, recognize disease subsets, and is essential
in evaluating disease progression. FISH probes are
now available for many common chromosomal
abnormalities and often provide advantages 
over classic cytogenetics by detecting chromosomal
abnormalities which can be masked or cryptic in
conventional G-banding technologies. PCR methods

for the determination of clonality by analysis of 
IGH and TCRg gene rearrangements belong to 
the most widely used group, and involve different
IGH V framework regions for B-cell analysis and
TCRg V and J genes for T-cell analysis. Other com-
monly used FISH or PCR targets include t(11;14)
[CCND1/IGH], t(8;14) [MYC/IGH], t(14;18)
[IGH/BCL2], t(15;17) [PML/RARa], t(9;22)
[BCR/ABL], inv(16)/t(16;16), FLT3-ITD/muta-
tions, t(2;5) [NPM/ALK1], t(11;18) [API2/MALT1],
t(8;21) [RUNX1/ETO], JAK2 mutations, IGVH
mutations, and p53/TP53. Multiplex PCR assays for
the detection of gene rearrangements have been 
successfully used.904,905 In a report by Fodinger et al,
the combination of the four IGH gene primer sys-
tems with the multiplex TCRg gene PCR allowed
detection of clonality in ∼84% of B-cell neoplasms
and ∼92% of T-cell lymphomas.905 Meier et al 
developed a multiplex PCR assay for the simultane-
ous determination of B- and T-cell clonality and 
the detection of the chromosomal translocations
t(14;18) and t(11;14) in a single reaction with 
26 primers [corresponding to the sequences 
of > 90% of the 69 variables and 6 joining IGH
genes and 100% of the TCRg V and J genes, 
the major and the minor breakpoint regions of 
the t(14;18) and the major breakpoint region of 
the t(11;14) and the β-globin gene as an internal
control] using four color fluorescence and 
automated high resolution fragment analysis.906

The European consensus analysis showed that
BIOMED-2 multiplex PCR assays [including
IG/TCR rearrangements, t(14;18) and t(11;14)]
were highly reliable in assessment of clonality in B-
and T-cell malignancies, particularly when IGH-
IGK or TCRg-TCRb strategies (respectively) were
combined.907,908 The fluorescence-based multiplex
PCR assay can also be used for the simultaneous
detection of gene mutations or fusion transcripts in
patients with AMLs.

Molecular or chromosomal aberrations may be
detected by PCR in healthy individuals, including
the translocations t(9;22) [BCR/ABL], t(14;18)
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Figure 2.53 Algorithmic approach to the diagnosis of acute leukemia

[IgH/BCL2], t(2;5) [NPM/ALK], and MLL duplica-
tions, which characterize CML, FL, ALCL, and
AML, respectively.909

Most common chromosomal aberrations
used in diagnosis

Chromosomal and molecular aberrations are fre-
quently found in hematologic malignancies, and
their detection is helpful and often necessary for
rendering the final diagnosis (Tables 2.1 and 2.2,
and Figure 2.53 and 2.54). Nonrandom chromoso-
mal abnormalities such as t(15;17)(q22;q12),
inv(16)/ t(16;16), t(8;21) or t(1;19)(q23;p13) have
been so closely associated with distinct types of
acute leukemias that their recognition can allow

diagnosis independent of the other criteria.
Identification of t(9;22)BCR/ABL helps to confirm the
diagnosis of CML, and allows for targeted therapy
with imatinib (Gleevec). APL characterized by
t(15;17)PML/RARa is another malignancy for which
cytogenetic/molecular testing is crucial in establish-
ing the definite diagnosis prompting immediate
application of targeted therapy (e.g. ATRA). The
presence of t(11;18)API2/MALT1 by FISH/PCR analysis
in gastric MALT lymphoma identifies a subgroup of
patients who will not respond to standard H. pylori
eradication therapy and may need alternative treat-
ment. Demonstration of t(1;22)(p13;q13) seen
exclusively in acute megakaryoblastic leukemia in
children helps to differentiate this leukemia from
nonhematopoietic tumors, such as sarcomas, which
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may display similar morphologic features. In the
group of hematolymphoid tumors, the application
of genetic testing not only helps to diagnose and
often subclassify lymphomas, e.g. MCL with
t(11;14)CCND1/IGH, FL with t(14;18)IGH/BCL2, Burkitt
lymphoma with t(8;14)MYC/IGH, hepatosplenic 
T-cell lymphoma with isochromosome 7, T-PLL
with inversion 14, and ALCL with t(2;5)NPM/ALK1,
but is also indispensable in differentiating lym-
phomas from atypical lymphoid hyperplasias 
(B- and T-cell clonality by PCR, specific transloca-
tions/rearrangements). Molecular testing might also
help to establish a definite diagnosis in atypical 
as well as early (emerging) myeloproliferations, 
e.g. CML versus leukemoid reaction (BCR/ABL
by FISH and/or PCR) or P. vera versus reactive 
erythrocytosis (JAK2 mutation by PCR). The appli-
cation of cytogenetics and FISH helps to identify
therapy-related malignancies, and differentiate them
from originally diagnosed tumors. Aberrations 
frequently seen in therapy-related hematopoietic
tumors include 11q23 rearrangements, e.g. t(10;11);
t(11;19)] and t(3;8)(q26;q24). Figure 2.55 lists
chromosomal changes typical for myeloid versus
lymphoid proliferations.

The advantages and disadvantages of each
methodology (conventional cytogenetics, FISH, 
and PCR) are described in Chapter 1. Depending on
the type of chromosomal abnormality, one technol-
ogy may have advantages over the other. Lee et al
compared the results of cytogenetic studies and
FISH patients with hematologic malignancies and
found an overall discrepancy rate of 6.0% at diagno-
sis and 11.9% at follow-up (with FISH showing an
advantage over G-banding), indicating generally
greater discrepancy rates at follow-up.119 The 
genetic changes with especially large discrepancy
rates at diagnosis were del(7q) (20.0%), PML/RARa
(17.6%), and trisomy 21 (12.5%) and, at follow-up,
BCR/ABL (28.2%) and RUNX1/ETO (24.4).119

Due to technical problems or cryptic variants, 
conventional cytogenetics detects t(15;17) in 
70–90% of patients with APL. These masked
PML/RARa fusions can be identified by PCR 
and/or FISH.

Immunoglobulin gene rearrangement

The majority of lymphomas are of B-cell lineage and
consequently analysis of immunoglobulin gene
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Positive TCR rearrangements

Clonal IGH rearrangements

Positive FISH, e.g. t(14;18)
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Cytogenetics/FISH/Molecular

B-cell lymphoma

CD19+/CD20+/CD22+/CD79a+/PAX5+
CD10+CD23+CD11c+CD103+

Classical HL: CD30+/CD15+PAX5+CD15-
NLPHL: CD20+/CD79a+/PAX5+/EMA±

Hodgkin lymphoma

Lymphoma Adenopathy/extranodal mass/lymphocytosis

Morphology

(histology/touch smear/frozen section/blood smear etc)

Non-hematoopietic tumor

Carcinoma: CD45-/CD20-CD3-/keratin+/TTF1+
Melanoma: CD45-/CD20-/CD3-/S100+HMB45+

CD20-/CD22-/Cd79a-
CD2+/CD3+/CD5+/CD7+/CD43+/CD4+ or Cd8+

T-cell lymphoma

Cytogenetics/FISH/Molecular

Atypical limphoid infiltrate

Flow cytometry

Immunohistochemistry

Figure 2.54 Algorithmic approach to the diagnosis of lymphoma
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rearrangements belongs to most frequently used
molecular tests. The distinction between a benign
process and a lymphoma is important for diagnosis,
prognosis, treatment options, and in evaluation of
the response to therapy. The diagnosis of B-cell lym-
phomas is based most often on histomorphology and
immunophenotyping (flow cytometry and/or
immunohistochemistry), although many cases
require the addition of conventional cytogenetics,
FISH, and PCR. Assessment of clonality by
immunoglobulin gene rearrangement is crucial in
establishing the definite diagnosis in cases with atyp-
ical (ambiguous) histology and phenotype, very early
(incipient) lymphoproliferations, pleomorphic infil-
trate with a paucity of neoplastic cells, low-grade 
B-cell lymphoproliferations which may be difficult
to diagnose based on morphology, or cases with an
insufficient amount of tissue for morphologic/phe-
notypic analysis.900 Molecular detection of clonality
plays an important role in the diagnosis of post-
transplant lymphoproliferative disorders.1,910,911

Among three genes that rearrange (heavy chain gene,
kappa and lambda light chain genes), the IGH gene
rearranges before the light chain genes and is most
frequently analyzed.

The immunoglobulin molecule (Figure 2.56) is
made up of two heavy chains and two light chains,
joined by disulfide bonds. Both heavy and light chains
have variable and constant regions corresponding to
the V and Cm genes. The genes that encode heavy
chains are located on chromosome 14 and genes
encoding light chains are located on chromosomes 2
(κ;kappa) and 22 (λ;lambda). During lymphocyte
maturation, B-cells rearrange their genes producing a
fusion gene comprising V (variable), D (diversity), J
(joining), and C (constant) segments, which encodes
an antigen receptor that is expressed on the surface of
B-cells and becomes secreted when B-cells differenti-
ate into plasma cells. The maturing B-cells rearrange
their genes differently by splicing out and deleting of
a portion of the IG gene, in which 1 of 30 D regions
is juxtaposed first with 1 of 6 J regions, followed by
joining of 1 of ∼200 V regions (Figure 2.57). The
antibody type (IgA, IgM, IgD, IgE, or IgG) depends
on which C region (Cα, Cµ, Cδ, Cε, or Cγ) joins the
rearranged VDJ genes. The heavy chain protein
(IGH) joins either κ or λ light chain proteins (which
are encoded by genes rearranged in a similar manner)
to produce antibody. The unique coding sequence for
both heavy and light chain genes ensures the diversity
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del(5q) t(5;17)
inv(3) t(6;9)
inv(11) t(7;11)
inv(16) t(8;9)
t(1;22) t(8;21)
t(2;3) t(9;11)
t(3;3) t(9;12)
t(3;5) t(9;22)
t(5;12) trisomy 11

del(7q)
del(12p)
del(17p)
del(20q)
inv(12)
del(11q)
del(13q)
trisomy 8

Myeloid Lymphoid

del(6q)
t(2;5)
t(2;17)
t(2;19)
t(3;14)
t(8;14)
t(9;14)
t(11;14)
t(11;18)
t(14;18)
trisomy 3
trisomy 18

Figure 2.55 Chromosomal changes seen in
myeloid versus lymphoid proliferations
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of antibody production by the plasma cells. The
normal B-cell population, therefore, consists of poly-
clonal IG gene rearrangements.

In B-cell neoplasms, the coding sequence charac-
teristic for the B-cell that gave rise to a malignant
clone becomes inherited by all malignant cells. 
This clonal immunoglobulin gene rearrangement
can be visualized by Southern blot analysis or by
PCR amplification (Figure 2.58).886,907,910–919

Consensus primers targeting three families of IGH
variable segments (frameworks 1, 2, and 3) are 
commonly used for PCR identification of B-cell
clonality (FR1-PCR, FR2-PCR, FR3-PCR).914

About 70% of lymphomas have clonal rearrangements
detectable with framework 3 primers, 20% with

framework 2, and an additional few cases with frame-
work 1.920,921 The combined use of primers yields the
best results, with the detection of clonality approach-
ing 90%.913,914,918,922–924 In a multicenter comparison
of PCR sensitivity in detecting clonality, a significant
difference was observed between FR3 alone as com-
pared with FR3 + FR2 (∼57% vs ∼74%).912 Analysis
of only a single FR region has several limitations,
mostly associated with somatic hypermutations.
Somatic hypermutations increase the diversity of the
VH segments encoded in the germline genome and
may lead to primer mismatching and consequently
false negative results, limiting the use of single FR
region-PCR protocols.925,926

The main limitation of IGH-PCR is false negative
results, which vary depending on the methodology
used, subtype of lymphoma, and degree of somatic
hypermutation of IGH.927 The false negative results
due to somatic hypermutation may be seen in B-CLL,
but are more typical for lymphomas of germinal
center and post-germinal center origin (i.e. FL, a
subset of DLBCL, and plasma cell myeloma) since
they display a higher rate of somatic mutation. Using
Southern blot analysis or PCR targeting, incomplete
DJH rearrangements and BCL2/IGH fusion may
overcome problems associated with somatic hyper-
mutations, and therefore may be more sensitive in
confirming clonality.687,915,921,923,928,929 The detection
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Figure 2.57 The immunoglobulin heavy chain gene rearrangements
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rate can be further improved when multiplex IGH
(DH-JH) and IGK PCR-based strategies are com-
bined,907,916,930 [IGL rearrangements are invariably
associated with IGK VJ or the κ deleting element
(KDE)]. The BIOMED-2 Concerted Action
European study group described a very sensitive
method with primers targeting different FRs and
incomplete DH-JH rearrangements (VH-JH and DH-
JH sets of primers), which can detect virtually all
monoclonal B-cell proliferations, regardless of high
levels of somatic hypermutation.687,916 In a series
reported by Catherwood et al, the addition of
BIOMED-2 DH-JH rearrangements increased the
detection of clonality by 22% in DLBCL.687 PCR-
based techniques have a sensitivity of 1–5%, i.e.
PCR can confirm clonality if at least 1% (usually 
≥5%) of clonal cells are present in a polyclonal B-cell
background.687,915

The products of PCR analysis using fluorochrome-
labeled primers can be separated by capillary elec-
trophoresis.919 Polyclonal (random) rearrangement
shows a Gaussian distribution with multiple, hetero-
geneous fragments (peaks) (Figure 2.58 A and B). A
monoclonal B-cell population is distinguished form

polyclonal cells based on the presence of one domi-
nant peak (the amplified fragment of one size)
(Figure 2.58). When the ratio of the major peak to
the second largest peak is low (e.g. between 2 and 3),
the results are indeterminate (Figure 2.58E). 
Figure 2.59 shows monoclonal peaks with FR1 and
FR3 (FR2-PCR is negative) and Figure 2.60 shows
positive results with FR2-PCR, while both FR1 and
FR3 display polytypic patterns. Figure 2.61 shows a
biclonal B-cell lymphoma (flow cytometry and PCR
analysis).

A number of benign (reactive) conditions may
yield ‘clonal’ PCR results, and therefore molecular
results should be correlated with clinical and labora-
tory data, especially morphology and phenotype,
before treatment. Table 2.4 lists nonmalignant 
disorders which may show ‘clonal’ rearrangements 
by PCR.

T-cell receptor gene rearrangement

Similarly to B-cells, T-cells also rearrange the genes,
but instead of producing different antibodies, the
(protein) products of T-cell receptor genes are fixed
to the surface of lymphocytes, creating complex
receptor molecules and allowing proper interaction
with other components of the immune system. The
T-cell receptors contain four major protein chains,
α, β, γ, and δ, encoded by corresponding TCR genes
(TCRA, TCRB, TCRG, and TCRD). Gene loci
encoding α- and δ-chains (TCRA and TCRD) are
clustered on chromosome 14q11, those encoding the
β-chain (TCRB) and the γ-chain (TCRG) are located on
7q34 and 7p15, respectively (Figures 1.9 and 1.16).
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A B

C D

E

Figure 2.58 PCR analysis for IGH rearrangement. A,
B, polyclonal sample; C, monoclonal peak in the poly-
typic background; D, monoclonal peak; E, peak in poly-
clonal sample (indeterminate results)

FR1 FR2 FR3

Figure 2.59 PCR analysis of IGH rearrangements: the
same sample from lymphoma revealed monoclonal
peaks with FR1 and FR3, while FR2-PCR showed a
polytypic pattern
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Similarly to IG genes, TCR genes are composed of V
and C genes. The V region has three segments (V, J,
and D) in the b and d genes, and only V and J seg-
ments in the a and g genes.

The earliest thymocytes express HLA-DR, CD34,
and CD7, have a germ-line configuration of the
TCR genes, and are pluripotent (Figure 2.62). The
TCRd gene rearranges as soon as the progenitor cell
commits to the T-lineage. The earliest definite T-cells
(early prothymocytes; pro-T-cells) evolve in the 

subcapsular region of the thymic cortex and are
referred as triple-negative (TN) cells, due to lack of
expression of CD4, CD8, and surface CD3 (sCD3−

/CD4−/CD8−). They are positive for CD2, CD7
(strong expression), CD34, CD44, TdT (nucleus),
and cytoplasmic CD3 (cCD3), and are characterized
by a germline configuration of the TCR b chain. In
the process of differentiation, TN cells start to express
CD1 and CD5, and progressively lose the expression
of CD34 and intensity of CD7 expression. Further
differentiation occurs in the thymic cortex, through
several stages. In the thymic cortex, double negative
(DN) T-cells (CD4−/CD8−) start to differentiate
into double positive (DP) T-cells (CD4+/CD8+)
through several stages. The DN stage is characterized
by a continuous rearrangement of TCRB, TCRD,
then TCRG, while the TCRA rearrangement begins
during the DP stage. During the transition from pro-
T-cells to DN T-cells, cells rearrange the TCRB gene,
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Figure 2.60 PCR analysis of IGH rearrangements: the
same sample from lymphoma revealed a monoclonal
peak with FR2, while both FR1-PCR and FR2-PCR
showed a polytypic pattern
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Figure 2.61 Biclonal B-cell lymphoma (PCR and flow cytometry analysis). PCR analysis showed two clonal peaks 
(A–C), and flow cytometry showed co-expression of CD10 and bcl-2 (D, E)
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Figure 2.62 T-cell development

Table 2.4 Limitations of molecular testing (false positive clonal population)

Disorder Lineage Reference

Large granular lymphocytosis B
Castleman’s disease B
Immunodeficiency-associated disorders B, T
Lymphomatoid papulosis T
Celiac disease B
Pagetoid reticulosis T
Viremia B, T
Sjögren’s syndrome B Bahler and Swerdlow1831

H. pylori gastritis/healthy tissue adjacent to MALT lymphoma B Sa-xena et al1832

Hepatitis C B Zuckerman et al505

T-cells in B-ALL T Brumpt et al1833

B-cells in AILD lymphoma B Lorenzen et al;1834 Hedges et al1835

Small sample with paucity of lymphocytes or B Elenitoba-Johnson et al1836

presence of one germinal center
T-cells adjacent to tumor T Lim et al1837

a process which is similar to IGH gene rearrange-
ment (the Db segment joins a Jb segment, and then
the Vb segment joins the DbJb complex). At this
point cells start the commitment to either TCRγδ or
TCRαβ lineages. If the TCRgd rearrangement is suc-
cessful, cells become Tγδ+. In the subset of cells
which undergo the rearrangements of the β, α, and
γ genes, the β-chain forms a heterodimer with the

pre-T-α-chain (surrogate a chain), termed the 
pre-TCR complex, and starts to differentiate into
the αβ lineage, entering the DP phenotypic stage
(Figure 2.63). The pre-TCR forms a complex with
CD3 at the thymocyte surface; these cells are charac-
terized by surface expression of pre-TCR and 
low CD3. The pre-TCR complex blocks further γδ
differentiation (TCRG gene rearrangements are 
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dysfunctional) and plays a major role in T-cell commit-
ment to the αβ lineage (with subsequent production of
CD4+/CD8+ cells). T-cells committed to the TCRαβ
lineage mature into CD4+/CD8+ cells, which express
sCD3 and become negative for TdT. In the thymic
medulla, DP cells finish the differentiation process,
becoming either CD4+ or CD8+, and then enter the
blood as mature T-helper (CD4+) or T-suppressor/cyto-
toxic (CD8+) cells. Mature T-cells, either ab or gd,
demonstrate nongermline patterns of TCRG or TCRD
genes. Mature T-cells are characterized by the mem-
brane expression of the TCR/CD3 complex.

T-cell lymphoproliferative disorders may display
rearrangements of one, two, three, or four TCR
genes. PCR analysis of TCRB and TCRG genes is
most often used to confirm clonality (Figure 2.63),
whereas TCRD is rarely used. The TCRA gene is usu-
ally not targeted. Most of the T-cells rearrange one of
the 11 variable segments of TCRG, 8 of which are
homologous to one another and can be targeted by a
single consensus primer. Using several consensus
primers targeting variable segments and the joining
region of TCRG, e.g. Vγ1–8, Vγ9, Vγ10, Vγ11, and
Jγ1/Jγ2, allows for detection of T-cell monoclonality in
up to 95% of cases with sensitivity between 1 and
5%.931 Multiplex PCR with four TCR loci (TCRG,
TCRD, and TCRB including complete [Vβ-Jβ] and
incomplete [Dβ-Jβ] rearrangements) offers a sensitive

approach to determining clonality early in the diag-
nostic work-up of T-cell disorders, with TCRG being
the single most informative locus (clonal rearrange-
ment in 89%), followed by TCRB (79%) and TCRD
(39%).906,916,932 Multiple primer set PCR methods
should obviate a need for the more expensive and
time-consuming Southern blot technique and are 
the preferred diagnostic molecular test for assessing 
T cell clonality.932,933 The results can be visualized using 
capillary or sequencing gel electrophoresis.934,935

Although capillary gel electrophoresis is superior in
assessing T-cell clonality, caution must be exercised
when interpreting results, because pseudo-spikes
appear to be common in benign tissues with 
lymphoid populations and are not necessarily 
indicative of a clonal malignant T-cell population.936

Using capillary electrophoresis, Luo et al proposed the
threshold for identification of a predominant mono-
clonal population within a polyclonal background –
the peak height ratio (Rn) of the peak of interest and
the average of the two immediate flanking peaks.935

After evaluation of monoclonal, reactive, and normal
T-cell populations, an Rn of 3.0 or greater was 
determined to be consistent with a monoclonal 
population, whereas an Rn between 1.9 and 3.0 was
considered an intermediate range. Lee et al defined
relative peak height as h1/h2, where h1 represents
the peak height of the largest peak above the 
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Figure 2.63 T-prolymphocytic leukemia. A-D; flow cytometry (arrows indicate leukemic population expressing pan-T anti-
gens CD2, CD3, CD5 and CD7). E; molecular analysis for TCR gene rearrangements (arrow indicates monoclonal peak)
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normally distributed population, and h2 represents
the peak height of the normally distributed curve.936

Pseudo-spikes were found in almost 20% of 
histologically benign lymph nodes with a relative
peak heights that were more than 0.5 and up to 1.5. 
The peaks with a relative height of at least 3 represent
a true clonal population in diagnostic samples, peaks
with relative heights of less than 1.5 may be insignif-
icant, while peaks with relative heights between 1.5
and 3 may require additional testing and close
follow-up.936

T-cell clonality analysis is an important adjunct in
differentiating benign dermatopathic lymphadenitis
from early lymph node involvement by cutaneous 
T-cell lymphoma.917 Using TCRβ-PCR and TCRγ-
PCR, Assaf et al confirmed clonality in 22 of 22
lymph nodes with histologically detectable lym-
phomatous cells, as well as in 7 of 14 histologically
benign lymph nodes with dermatopathic changes 
(T-cell clonality was not found in any patients with
inflammatory skin diseases).917 In the European study
of 188 T-cell disorders (BIOMED-2 Concerted
action BHM4 CT98-3936) TCR clonality was
detected in 99% (143/145) of all definite cases of 
T-PLL, T-cell large granular lymphocytic leukemia,
peripheral T-cell lymphoma (unspecified), and
angioimmunoblastic T-cell lymphoma (AILT),
whereas 9 of 43 ALCLs did not show clonal TCR
rearrangements.909 Combined use of TCRB and
TCRG genes revealed two or more clonal signals in
95% of all TCR clonal cases.

The results of molecular tests for T-cell clonality
have to be correlated with relevant clinical and 
laboratory information, including morphology and
phenotype. Detection of clonality is not an equiva-
lent of malignancy, since clonal T-cell population can
be identified in non-malignant conditions, including
large granular lymphocytosis, immunodeficiency-
associated disorders, lymphomatoid papulosis, page-
toid reticulosis, autoimmune disorders, and viral
infections, and in healthy (elderly) individuals 
(Table 2.4).937–946 With advancing age, healthy 
individuals frequently demonstrate large clonal

expansions of CD8+ T-cells in the blood, which 
persist for long periods of time and appear to be
maintained as a population of memory cells.944–946

Clonal expansion of CD4+ T-cells is less common.943

Rheumatoid arthritis patients exhibited a significantly
increased frequency of T-cell expansion in both the
CD8+ and CD8− subsets.941 The clonal activation of
peripheral T-cells was found to correlate with 
disease activity in patients with systemic lupus 
erythematosus.940 A monoclonal T-cell population is
frequently detected in patients with celiac disease-
associated ulcerative jejunitis (both in the ulcer and
in the intervening mucosa), with the same clone
being detected in subsequent enteropathy-associated
T-cell lymphoma.938 Benign cutaneous infiltrates,
including pseudolymphomas, lichen planus, and
pityriasis lichenoides et varioliformis acuta, were
reported with clonal T-cell populations. For example,
Ponti et al reported clonality in 2.3% of cases of
benign inflammatory disease in the skin.947 Clonal
expansion of T-LGL cells is often seen in solid organ
transplant recipients.948

APPLICATION OF CHROMOSOMAL 
AND MOLECULAR MARKERS IN
PROGNOSTIFICATION

Cytogenetics and molecular testing play an impor-
tant and ever-increasing role in the personalized
approach to management of patients with hemato-
logic malignancies. Acquired genomic aberrations
have been shown to significantly impact survival in
several hematologic malignancies.6 Chromosomal
and molecular aberrations used in the prognostic
stratification of the most common hematopoietic
tumors are presented in Table 2.5. Chromosomal
aberrations as revealed by conventional cytogenetics
(G-banding) and/or FISH are widely recognized as
the most important prognostic determinants in
AML. Although the prognosis for patients with
AML is generally poor, the presence of certain chro-
mosomal abnormalities is associated with a better
response to therapy and improved survival. 
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AML patients with t(15;17), t(8;21), or inv(16)
comprise the favorable risk group, whereas a com-
plex karyotype predicts an extremely poor 
prognosis (a normal karyotype and other noncom-
plex abnormalities comprise the intermediate 
AML group).

MDS encompass the heterogeneous group of 
disorders with variable prognosis and risk of progression
into acute leukemia. There is no single clinical or
biologic parameter that can accurately predict prog-
nosis and often it can be challenging for clinicians 
to choose the most appropriate treatment for an individ-
ual patient. The treatment options depend on
whether the patient has a low, intermediate, or high
risk and include supportive care measures, including
blood transfusions (red cells or platelets), recombi-
nant growth factors (erythropoietin, darbepoetin, 
filgrastim, pegfilgrastim, sargramostim), allogeneic
stem cell transplantation, DNA methyltransferase
inhibitors (azacitidine and decitabine), cyclosporin,

TLK199/ valproic acid, and immunomodulatory
agents (lenalidomide, thalidomide). The presence of
specific cytogenetic abnormalities can predict disease
manifestations, provide a basis for prognosis, and
direct treatment.103,949 Three risk-based cytogenetic
groups (good, intermediate, and poor) can be distin-
guished. The cytogenetic subgroup with a good 
outcome includes normal karyotype, −Y alone,
del(5q) alone, del(20q) alone; a poor outcome includes
complex karyotype (≥3 abnormalities) or chromosome
7 abnormalities; and an intermediate outcome
includes all other abnormalities.13,21,288,950–958 The
presence of del(5q), either as the sole karyotypic 
abnormality or as part of a more complex karyotype,
has distinct clinical implications for MDS. Patients
with 5q− abnormality display marked erythroid 
and cytogenetic responses when treated with 
thalidomide derivative, lenalidomide, often resulting
in transfusion independence and cytogenetic remis-
sion. Similarly, del(20q) is known to be a favorable 
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Table 2.5 Most common chromosomal and molecular markers in the prognosis of hematopoietic malignancies.

Marker Neoplasm Prognosis Comments

t(8;21) AML good
inv(16)/t(16;16) AML good
+8 AML poor
−7 AML poor
+11 AML poor
t(1;22) AML-M7 poor
FLT3 AML good

del(5q) MDS good good prognosis only if sole abnormality 5q− is 
associated with response to lenalidomide

t(8;14) [MYC] DLBCL poor c-MYC occurs typically in Burkitt lymphoma 
subset of DLBCL with MYC has poor prognosis

del(11q) B-CLL poor
del(17p) B-CLL poor
del(13q) B-CLL good
t(11;18) MALT lymphoma resistance to H. pylori

eradication therapy
t(1;14) MALT lymphoma resistance to H. pylori

eradication therapy
−13/del(13q) Multiple myeloma poor
t(2;5) ALCL good good response to chemotherapy, in contrast to

ALCL negative for ALK/t(2;5)
p53 Various neoplasms poor
Complex karyotypic Various neoplasms poor complex karyotypic changes are usually associated

abnormalities with poor prognosis and disease progression
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prognostic factor in MDS when it is the sole change.
The late appearance of del(20q) at any phase, how-
ever, is linked to a significantly unfavorable progno-
sis, thus indicating the clinical and biologic
heterogeneity of del(20q) in MDS.308 Independent
adverse prognostic factors in MDS include complex
karyotype, chromosome abnormalities, older age,
and prior MDS therapy.

The use of DNA microarrays has defined two
molecular subgroups of DLBCL, germinal center 
B-cell-like (GCB) and activated-B-cell like (ABC),
with significantly different mortality rates and
responses to conventional therapy. The presence of
t(2;5) in ALCL is associated with a good prognosis
and chemosensitivity. The molecular or cytogenetic 
factors associated with prognosis for B-CLL include
mutational status of the variable region of the
immunoglobulin heavy chain gene (IGVH gene),
abnormalities of chromosomes 11, 12, 13, and 17,
and the status of the p53/TP53 gene. Deletion of
chromosomes 11q and 17p, unmutated IGVH, and
mutation of p53/TP53 are associated with aggressive
disease and a poor prognosis, whereas the presence of
13q deletion or mutated IGVH predicts an indolent
form of B-CLL.240,264,573,576,685,686,700,702,853,896,959–969

In myeloma, the genomic aberrations t(4;14) and
del(17p) are important independent predictors of
survival.304 (See Chapter 3 for details.)

APPLICATION OF CHROMOSOMAL 
AND MOLECULAR MARKERS IN DISEASE
MONITORING

Cytogenetics/FISH and molecular pathology play an
important role in disease monitoring to determine
the response to treatment, persistent disease, and
early (subclinical) relapse. MRD is defined as a sub-
microscopic disease detectable in bone marrow
and/or blood in patients in complete clinical remis-
sion (CR). Detection of MRD has prognostic value
in ALL and AML. Cytogenetic/FISH, molecular,
and immunologic techniques that are more sensitive
than morphology are increasingly being used to

assess and quantify MRD.970–977 Immunologic
marker analysis allows the detection of aberrant 
or unusual immunophenotypes (e.g. CD45−, CD33+

B-cells), while qRT-PCR techniques target fusion
regions of chromosome aberrations [e.g. BCR/ABL,
IGH/MYC, RUNX1/ETV6, NPM/ALK], chimerism
(e.g. short tandem repeats) and clone-specific
immunoglobulin and T-cell receptor gene rearrange-
ments.974,978–981 Analysis of the patient-
specific fusion sequences may be more useful for
MRD monitoring in certain acute leukemias associ-
ated with numerous chromosomal translocations of
one gene (e.g. MLL).982 Immunophenotyping by
multiparameter 4- or 6-color flow cytometry or
allele-specific PCR for the immunoglobulin gene
rearrangement allows detection of one leukemic cell
in 100 000 normal cells.983,984 Immunophenotypes
that allow detection of one leukemic cell in 10 000
normal cells can be identified in at least 90% of
patients with ALL; immunophenotypes that allow
detection of one leukemic cell in 1000–10 000
normal cells can be identified in at least 85% of
patients with AML.985 The combination of cell sort-
ing based on leukemia-specific immunophenotype
and PCR analysis of short tandem repeats (STRs)
has been also successfully used for MRD detection.978

The rationale underlying MRD studies is to improve
the measurement of treatment response (especially
early after induction therapy), to provide independent
prognostic information, and to optimize therapeutic
strategies adapted to the molecular response by 
identification of low-risk and high-risk patients, who
may benefit from treatment reduction or treatment
intensification, respectively.

MRD in B-CLL

Although current treatment protocols, especially
stem cell transplantation, lead to a CR in most
patients with non-Hodgkin lymphoma and some
patients with B-CLL, many of the patients relapse.
This implies that CR is compatible with the presence
of residual malignant cells (MRD). About 25% of
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patients with CR (NCI criteria) have detectable
MRD by flow cytometry.977 In patients with B-CLL
and NHL, the prognostic significance of MRD is
still a matter of debate, as the majority of patients
remain MRD+ after conventional treatment.986 This
is changing, however, with the implementation of
new treatment modalities, such as the application of
monoclonal antibodies (e.g. Rituxan, Campath),
where a significant proportion of patients convert to
MRD negativity and experience prolonged remission
and longer survival. The identification of new 
prognostic markers, which have divided CLL into
indolent (favorable) and aggressive (unfavorable)
subtypes, and the occurrence of CLL in younger
patients changed the traditional approach to CLL
management, since patients with unfavorable 
prognostic markers and those of younger age (<55)
are at a greater risk of death from progressive CLL.987

Thanks to the combined use of purine analogs, 
monoclonal antibodies, and stem cell 
transplantation, CRs are being obtained in a large
proportion of patients with B-CLL.988–991

In B-CLL, MRD has been estimated mainly by
flow cytometry977,992–994 or PCR-based techniques,
using either consensus PCR or allele-specific PCR
(CRD3).995–998 The allele-specific oligonucleotide
(ASO)-PCR assay is one of the most sensitive PCR
technologies available (sensitivity up to 1 cell in 10−6

normal cells), but it requires the generation of
patient-specific primers and is costly and labor in
tensive. Consensus PCR is a qualitative method 
with variable sensitivity (1 cell in 102–104 normal
cells), is less labor intensive, but may be not 
applicable to CLL patients with the mutations in the
IGVH gene. Flow cytometry (FC) has a sensitivity 
of 1 in 104 cells. Both FC and PCR yield 
clinically relevant information in monitoring 
B-CLL patients, with clonotypic PCR detecting
MRD more often than FC.976,998,999 MRD detection
by flow and qRT-PCR were equally suitable to 
monitor MRD kinetics after allogeneic stem cell
transplantation, but the PCR method detected
impending relapses after autologous SCT earlier.998

Moreno et al compared flow cytometry, PCR
(consensus assay), and quantitative PCR (qPCR) in
the assessment of MRD in CLL patients.1000 All
MRD+ samples by consensus PCR (84 of 248 
samples) were also found to be MRD+ by qPCR and
FC; among MRD− samples by consensus PCR, CLL
cells were detected by qPCR and FC in 77 (47%)
and 39 (23%) of the 164 samples, respectively.1000

Among samples analyzed simultaneously by FC and
qPCR (254 samples from 30 patients), in 49 samples
MRD could be detected by qPCR but not by FC (33
of these samples had MRD levels higher than 10−4 by
qPCR) and only 8 samples (3 patients) were positive
by FC and negative by qPCR, demonstrating 
concordant results between FC and qPCR in the
majority of cases. Moreno et al also reported a very
good correlation between blood and bone marrow
samples.1000 The persistence of PCR+/MRD after
stem cell transplantation was associated with an
increased probability of relapse.995 Esteve et al
reported that the persistence of MRD in B-CLL
appeared to have different implications depending
on the type of marrow transplantation, autologous
or allogeneic.975 MRD+ status correlates with clinical
relapse.975,977,994,996,1000 The persistence of MRD
after autologous transplantation is highly predictive
of clinical progression, but the detection of MRD
after allogeneic transplantation does not necessarily
predict clinical relapse.975 The study by Moreno et al
and others confirmed a different outcome in patients
after autologous versus allogeneic transplantation:
allogeneic transplantation results in long-term 
disease control in some patients, suggesting that they
can be clinically cured.983,1000–1002 It has been 
suggested that the graft-versus-leukemia effect makes
possible the co-existence of some residual leukemic
cells with a prolonged CR.994,1003,1004 It appears that
MRD status at the end of therapy is more predictive
of duration of remission than conventional response
criteria and identifies the patients at risk of early 
disease progression.1005 MRD− remission in CLL is
achievable with alemtuzumab, leading to an
improved overall and treatment-free survival.992
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In the series reported by Moreton et al, complete
remission, partial remission, and no response to
alemtuzumab were observed in 36%, 19%, and 46%
of CLL patients, respectively.992 Among purine
analog refractory patients, 50% responded to 
alemtuzumab.992 MRD detection within 6 months
after autologous transplantation identifies patients
with a high relapse risk.1000 In contrast to patients
with a nonprogressive or indolent disease, or elderly
patients with a poor performance status and many
co-morbid conditions, MRD negativity should be a
desired goal of treatment for younger patients with
progressive disease or for patients with poor prognostic
factors, such as fludarabine-refractory disease,
unmutated IGVH, ZAP-70 positivity, and/or adverse
chromosomal abnormalities such as del(17p) or
del(11q).

MRD in B-cell lymphomas

FL is associated with frequent bone marrow involve-
ment at diagnosis, typically with a paratrabecular
pattern. Most patients with FL achieve a CR after
treatment, but eventually most of them, particularly
those with stage IV, relapse due to MRD. The
impact of measuring MRD in the bone marrow or
blood by real-time quantitative PCR of t(14;18)
(BCL2/IGH qRT-PCR) on survival is not clear, i.e.
some patients have molecular remission without
complete clinical remission (most likely due to 
preferential elimination of tumor cells from blood or
bone marrow over nodal sites with new therapy).
Molecular negativity in peripheral blood is not 
associated with a better survival.1006 Lambrechts 
et al reported that the presence or absence of
t(14;18)+ cells in the circulation in stage III and IV
FL treated with conventional remission induction
therapy showed no obvious correlation with the clin-
ical remission status and the remission duration.1007

Also, Mandigers et al did not show any correlation
between clinical response and quantitation of circu-
lating t(14;18)+ cells in patients with stage II–IV 
FL treated with standard chemotherapy and 

interferon-α; however, the progression-free survival
was significantly prolonged in patients with >1 log
decrease in circulating t(14;18)+ cells.1006 Patients
who achieve molecular remission after autologous
transplant and/or chemotherapy do not necessary
have a better disease-free survival.1008,1009 Serial PCR
analysis to determine the molecular response in 
FL correlates well with outcome, especially when
combined with pretreatment β2-microglobulin
level.1008

MCL appears to be largely resistant to complete
eradication by conventional chemotherapy.1010

The majority of patients have positive MRD
(BCL1/IGH-PCR) in bone marrow irrespective of
histologic involvement.1011 A new treatment regimen
with rituximab and combination chemotherapy may
transiently clear blood or bone marrow of detectable
tumor cells, but molecular remission does not trans-
late into prolonged progression-free survival (16.5
months in MRD+ vs 18.8 months in MRD−).1012

Brugger et al showed that one single course of 
rituximab consolidation given after autologous stem
cell transplantation may help to eliminate MRD and
may translate into improved event-free survival in
both FL and MCL patients.1013

MRD in multiple myeloma

FC and patient-specific RT-PCR can be applied to
monitor MRD in MM patients. FC immunopheno-
typing of plasma cells might be useful for detecting
MRD in cases with aberrant antigen expression and
for selection of therapeutic agents that have specific
membrane targets.1014 Patients with MM in CR after
chemotherapy or autologous stem cell transplanta-
tion frequently have positive MRD results,1015,1016

and only 5–15% of patients attain durable PCR neg-
ativity.1016–1018 The subset of MM patients in long
term CR after high-dose chemotherapy and allo-
geneic stem cell transplantation who are PCR/MRD−

is higher and approaches 70%.1017,1019,1020 The
cumulative risk of relapse at 5 years was 0% for
PCR/MRD− patients and 100% for PCR/MRD+
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patients.1019 MRD/PCR negativity is associated with
a very low rate of clinical relapse.1020,1021 Patient-
specific real-time IGH-PCR detects molecular 
disease prior to the clinical diagnosis of progression
or relapse and provides the opportunity for earlier
treatment intervention.1022

MRD in acute myeloid leukemia

MRD in AML can be analyzed by PCR (e.g. PML/
RARa, RUNX1/ETO, FLT3-ITD/mutations, NPM1/
mutations) or by flow cytometry (leukemia-associated
aberrant immunophenotype).970,1023–1028 In multivariate
analysis, the MRD level is the most powerful inde-
pendent prognostic factor in AML patients, followed
by cytogenetics and the number of chemotherapy
cycles to achieve CR. Based on the level of MRD
(number of residual tumor cells determined by FC),
San Miguel et al suggested four risk categories for
disease-free and overall survival in AML: very low
risk (<10−4), low risk (10−3–10−4), intermediate risk
(10−2–10−3), and high risk (>10−2).1025 The relapse-
free survival rates at 3 years for these risk groups were
100%, 85%, 55%, and 25%, respectively. In the
series by Venditti et al, an MRD level ≥3.5×10−4 cells
at the end of consolidation therapy strongly 
predicted relapse and was significantly associated
with an MDR1 phenotype and intermediate or 
unfavorable cytogenetics.1028

The association of long-term clinical remission
with molecular disease eradication is well established
in AML patients with t(15;17) and inv(16).1029–1033

MRD positivity by qRT-PCR after consolidation
therapy in APL patients or the reappearance of
PML/RARa transcripts after negative results is highly
predictive of relapse.1034–1037 Serial monitoring of
marrow by nested RT-PCR following completion of
therapy can be used to reliably predict outcome in
APL.1032,1036 Patients with recurrent PCR positivity
(two positive consecutive PCR tests) were found to
invariably relapse, whereas relapse was very rare in
those with serial negative tests. Liu et al demon-
strated that qRT-PCR is potentially superior to 

regular RT-PCR in the evaluation of the molecular
response in APL.1038 After induction therapy and
completion of consolidation, a minor molecular
response (3.0–4.9 log-reduction by qRT-PCR) was
documented in 35.5 and 96.8% of patients, respec-
tively, which was equivalent to the regular RT-PCR
(22.6 and 96.8%), whereas the major molecular
response (≥5.0 log-reduction by qRT-PCR) rate was 
significantly lower (12.9 and 90.3%, respec-
tively).1038 Loss of the major molecular response was
associated with a subsequent loss of the minor
molecular response, positive RT-PCR, and then 
documentation of CNS leukemia or a clinical relapse
in 3–6 months.1038

Most AML patients with t(8;21) or inv(16) have a
good prognosis with current anthracycline- and
cytarabine-based protocols. In patients with t(8;21)+

AML molecular remission is a prerequisite, but not a
guarantee, for long-term disease-free survival. Long-
term complete remission in these patients is associ-
ated with persistent molecular disease eradication.1039

Due to the slow kinetics of RUNX1/ETO after con-
solidation chemotherapy the value of qRT-PCR
(nested RT-PCR) to predict early relapse is limited.
Additionally, in patients with t(8;21)+ AML, the
RUNX1/ETO fusion may be present in nonleukemic
stem cells, monocytes, and lymphocytes.1040 In this
situation qRT-PCR might help to define the individual
relapse risk and improve clinical decision-making.1039

The large majority of patients with AML associated
with t(16;16)/inv(16) in long-term CR were found
to be MRD− by RT-PCR. However, similarly to
AML with t(8;21), some long-term survivors
remained PCR/MRD+. In a series reported by Perea
et al, the mean amount of MRD detected by flow
cytometry in relapsed and nonrelapsed patients was
markedly different: 0.3 vs 0.08% at the end of treat-
ment.1041 The mean number of fusion transcript
copies/ABL × 104 also differed between relapsed and
nonrelapsed patients: 2385 vs 122 after induction,
56 vs 7.6 after intensification, and 75 vs 3.3 at the
end of chemotherapy.1041 Using qRT-PCR, a cutoff
level of >10 copies at the end of treatment correlated
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with a high risk of relapse: the cumulative incidence
of relapse was 75% for patients with qRT-PCR 
>10 compared to 21% for patients with qRT-PCR
levels ≤10.1041

Monitoring by qRT-PCR may also have a prog-
nostic impact in AML patients with NPM1 muta-
tions.1042 After achieving CR, the mutant copy
number was significantly higher in patients with
subsequent relapse than in those remaining in con-
tinuous CR, and the presence of detectable mutants
after treatment predicted relapse if no further
chemotherapy was administered.1042 Furthermore,
the patients with any rise of mutant signals during
serial follow-up had a 3.2-fold increase of relapse risk
compared to those with persistently low or unde-
tectable signals.1042

MRD in acute lymphoblastic leukemia

MRD plays a significant role in the measurement of
response to treatment in childhood B- and T-cell
ALL and in adult B-ALL (the ability to predict
relapse based on MRD is weaker in adult 
T-ALL).1043–1046 Although MRD levels measured by
flow cytometry and PCR correlate well,1045 these
techniques differ in their applicability and sensitivity,
and MRD results obtained by one method cannot
yet easily be compared with MRD results obtained
by another method.981,1047 The discordant results
between FC and qRT-PCR are due to the limited sen-
sitivity of FC analysis within the range 0.01–0.001%,
and less often due to the instable or subclonal
IG/TCR gene rearrangements or a limited quantita-
tive range of the applied qRT-PCR targets.1047 The
complete disappearance of leukemic cells (or their
reduction to <1/100 000 cells) may be necessary to
achieve a cure of ALL.1048 Low levels or negative
MRD after completion of induction therapy predicts
a good outcome in ALL and the risk of relapse is
associated with the MRD level.1049–1053 Combined
information on MRD from the first 3 months of
treatment (especially at the end of the induction
treatment and before the consolidation treatment)

distinguishes patients with a good from those with a
poor prognosis.1050 The quantification of residual
leukemic cells in serial marrow aspirates during ther-
apy may allow the early detection of relapse.
Negative MRD at the end of induction therapy and
before consolidation is associated with a 2% relapse
rate at 5 years (low risk), whereas patients with inter-
mediate (10−3) or high (≥10−2) levels of positive
MRD at both measurements have a 5-year relapse
rate of 80% (high risk).1050 MRD is highly predictive
of relapse in B-ALL patients undergoing stem cell
transplantation.1054 Using multiparameter FC to
quantify MRD before transplant, the estimated 
disease-free survival for MRD+ and MRD− patients
was 33.3% and 73.5%, respectively.1055 Also, in
patients after bone marrow transplant MRD is 
predictive of the relapse. Patients who subsequently
relapsed were MRD+ in 88%, and those in long-term
complete remission were MRD+ only in 22% in 
post-transplant analysis.1056 MRD in childhood ALL
appears to be an independent prognostic factor that
allows a precise risk group classification.986 The find-
ing of TdT+ cells or cells with an aberrant phenotype
in an RBC-free CSF sample with a negative cyto-
morphology was highly predictive for impending
CNS relapse.1057,1058 Despite clinical and morpho-
logic remission being achieved by over 80% of adult
patients with ALL, 5-year survival was limited to
40% of patients, clearly indicating that morphology
is insufficient in predicting the outcome. Analysis of
disease-free survival rates for MRD+ and MRD−

patients shows that MRD positivity is associated
with increased relapses (being most significant at 
3–5 months post-induction and beyond). The asso-
ciation of MRD test results and disease-free survival
better predicts the outcome than other standard
parameters and is therefore important in determin-
ing the management of individual patients.1049,1059

MRD in chronic myeloid leukemia

The t(9;22) reciprocal translocation leads to the 
formation of BCR/ABL fusion, with subsequent 
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activation of tyrosine kinase, responsible for 
development of CML. (see CML, Chapter 3).
Imatinib mesylate (Gleevec), which blocks the kinase
and became a standard therapy for patients with
CML, induces a complete hematologic response in
the majority of patients, and complete or nearly com-
plete remission in up to 80% of patients.50,51,1060,1061

Ninety percent of patients with early stage (chronic
phase) CML and 60% of patients with advanced
stage CML (blast phase) achieve a hematologic
response to imatinib.1060,1062 The response to treat-
ment is based on hematologic, cytogenetic, and
molecular parameters (Table 2.6).42,50,51,1061,1063,1064 A
hematologic response (HR) indicates a return of
peripheral blood cell counts and bone marrow mor-
phology to normal. Cytogenetic response (CyR) can
be divided into complete, major, minor, and mini-
mal. A complete CyR (CCyR) indicates the disap-
pearance of the Ph, and a major CyR (MCyR)
indicates less than 35% Ph+ cells in the bone marrow
(Table 2.6). A major molecular response is defined as
a 3-log reduction in the BCR/ABL transcript (≤ 0.10
BCR/ABL ratio according to the International Scale)

and a complete molecular response is synonymous
with an undetectable transcript. In patients with a
newly diagnosed chronic phase of CML treated 
with imatinib, the CCyR is greater than 70% 
and approaches 89% after prolonged treat-
ment.51,1065,1066 For comparison, patients treated with
interferon-α had the CCyR rates of 14–28%.51,1065

Because the relapse occurs in a small percentage of
patients treated with imatinib, the MRD status by
cytogenetics, FISH, and/or PCR is included in the
treatment strategies. Patients who had a complete
cytogenetic response or in whom levels of BCR/ABL
transcripts had fallen by at least 3-log had a signifi-
cantly lower risk of disease progression than did
patients without a CCyR.1066 The percentage of Ph-
positive cells identified by conventional cytogenetics
inversely correlates with progression-free sur-
vival.1061,1067 FISH results are more sensitive than
standard cytogenetics and correlate well with those 
by PCR,1068 allowing for the identification of the
BCR/ABL fusion gene (both p210 and p190) 
and enabling the response to treatment to be 
monitored.1069 qRT-PCR is the most sensitive

APPLICATIONS OF CYTOGENETICS, FISH, AND PCR IN DIAGNOSIS, PROGNOSIS, AND DISEASE MONITORING 113

Table 2.6 Definitions of response in CML patients42,50,51,1062,1063,1072,1073

Molecular response (ratio of
BCR/ABL to control gene according 

Hematologic response Cytogenetic response to the International Scale)

Complete Platelets < 450 × 109/l Ph+ cells 0% Transcripts
WBC < 10 x 109/l nondetectable
Differential count without immature

granulocytes and <5% basophils
Nonpalpable spleen

Major — Ph+ cells 1–35% ≤0.10 (3-log reduction of
transcript level)*

Minor — Ph+ cells 36–65% —
Minimal — Ph+ cells 66–95% —
None — Ph+ cells >95% —

Monitoring Check every 2 weeks until Check at least every 6 Check every 3 months;
complete response, then months until complete mutational analysis in case 
every 3 months response, then of failure or transcript

every 12 months level increase

* 3-log reduction (or more) in transcript level was considered a major molecular response, but it is recommended to replace the terminology 
‘log reduction’ with a standardized numeric International Scale (IS) expressing the amount of BCR/ABL as a percentage of a control gene 
and anchored to 2 ‘absolute’ values based on validated reference materials of known value.41,42,1072,1073 The first value will be designated 100% on
the proposed IS and the second value will represent a 3 log reduction, i.e. 0.1%
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methodology (10−5–10−6) and therefore allows for
MRD evaluation in patients in CR after chemotherapy
as well as in those undergoing allogeneic or autologous
stem cell transplantation.1070–1073 Failure to achieve a
2-log response at the time of CCyR is an independent
predictive marker of subsequent progression-free sur-
vival.1074 In a series reported by Hughes et al, for
patients who had a CCyR and a reduction in PCR
transcript levels of at least 3 log at 12 months, the
probability of remaining progression-free was 100%
at 24 months, as compared with 95% for such
patients with a reduction of less than 3-log and 
85% for patients who were not in CCyR at 
12 months.1075 The achievement of either a 2-log
molecular response at the time of CCyR or a 3-log
response anytime thereafter is a significant and 
independent prognostic marker of subsequent 
progression-free survival.1074

Olavarria et al showed that qRT-PCR performed
early after stem cell transplantation is useful for pre-
dicting outcome, and that the risk of relapse corre-
lates with the number of BCR/ABL transcripts.1076

They classified the results as (a) negative (no
BCR/ABL transcripts), (b) positive at low level
(<100/µg RNA and/or the BCR-ABL/ABL ratio
<0.02%), or (c) positive at high level (transcript
levels exceeded the thresholds defined above).1076

Three years after stem cell transplantation, the
cumulative incidence of relapse was 16.7%, 42.9%,

and 86.4%, for negative, positive at low-level and,
positive at high-level PCR results, respectively. Using
qRT-PCR, Radich et al, showed that the median
BCR/ABL level of patients who relapsed was signifi-
cantly greater (40 443 copies/µg RNA) than for
those who remained in remission (24 copies/µg
RNA).453 Treatment failure and small increases in the
BCR/ABL level can identify patients with kinase
domain mutations that lead to imatinib resistance,
requiring mutational analysis for BCR/ABL muta-
tion. Patients with positive PCR results after stan-
dard treatment (including an increased dose of
imatinib) and/or allogeneic transplantation may
benefit from new treatment strategies (dasatinib,
nilotinib).

At a consensus conference held in Bethesda, it was
proposed to move away from the term ‘log reduction’
and to introduce a standardized numeric International
Scale (IS) expressing the amount of BCR/ABL as a
percentage of a control gene and anchored to two
‘absolute’ values based on validated reference mate-
rial of known value.42,1072,1073 The first value will be
designated 100% on the proposed IS and the second
value will represent a 3-log reduction, i.e. 0.1%, and
by comparing the value of the 3-log reduction with
the value on the internationally agreed scale, each
laboratory can derive a conversion factor which can
then be used to express the results in any given
patient on the IS.42,1073
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CHAPTER 3

Hematologic malignancies: correlation
between morphology, phenotype,
and chromosomal/genetic markers

115

The WHO classification of hematopoietic tumors is
presented in Table 3.1. Figures 3.1 and 3.2 present algo-
rithms for the diagnostic approach for hematopoietic
tumors.

B-CELL LYMPHOPROLIFERATIONS

Non-Hodgkin’s lymphomas are classified into
numerous histologic and phenotypic subtypes and
generally can be divided into indolent (low grade)
and aggressive (high grade). In the B-cell category,
low-grade lymphomas include SLL/CLL, FL, mar-
ginal zone B-cell lymphoma (MALT lymphoma),
and lymphoplasmacytic lymphoma/Waldenström
macroglobulinemia.The aggressive group comprises
DLBCL and its variants, Burkitt lymphoma, 
mediastinal (thymic) large B-cell lymphoma, and
plasmablastic lymphoma. However, even within a
specific category, patients vary considerably with
regard to outcome (e.g. BL is more aggressive clini-
cally than DLBCL), and therefore chromosomal and
molecular testing is often needed to better character-
ize the lymphoma in individual patients. Some lym-
phomas, despite the lack of cytomorphologic features

suggesting high grade, have a particularly poor prog-
nosis when treated with multiagent chemotherapy
alone (e.g. B-prolymphocytic leukemia and MCL).
Figure 3.3 presents an algorithm for the diagnosis of
mature B-cell lymphoproliferations. Common chro-
mosomal translocations in B-cell lymphomas are
presented in Table 3.2.

B-chronic lymphocytic leukemia

B-CLL is a low-grade lymphoproliferative disorder 
of mature (peripheral) lymphoid cells (Figure 3.4). 
B-small lymphocytic lymphoma (B-SLL) is 
considered a lymphomatous counterpart of B-CLL
involving lymph nodes (as well as extranodal 
sites). Phenotypically, B-CLL is characterized by 
co-expression of B-cell markers (CD19, CD20,
CD22, CD79a, CD79b) with CD5, CD23, CD43,
and CD52. B-CLL shows considerable variations in
cytomorphologic, immunophenotypic, and prog-
nostic features. Typical B-CLL, which constitutes
approximately 80% of cases, can be defined as
having more than 90% small lymphocytes with weak
expression of surface immunoglobulin and CD20, and
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Table 3.1 WHO classification of hematopoietic tumors

Mature B-cell neoplasms

Chronic lymphocytic leukemia/small lymphocytic lymphoma (B-CLL/SLL)
B-cell prolymphocytic leukemia (B-PLL)
Lymphoplasmacytic lymphoma
Marginal zone B-cell lymphoma (MZL)

splenic marginal zone lymphoma
nodal marginal zone lymphoma
extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue

Hairy cell leukemia
Plasma cell myeloma/plasmacytoma
Follicular lymphoma (FL)
Mantle cell lymphoma (MCL)
Diffuse large B-cell lymphoma (DLBCL)
Mediastinal (thymic) large B-cell lymphoma
Intravascular large B-cell lymphoma
Primary effusion lymphoma
Burkitt lymphoma/leukemia
B-cell proliferations of uncertain malignant potential

lymphomatoid granulomatosis
post-transplant lymphoproliferative disorder, polymorphic

Mature T-cell neoplasms

T-cell prolymphocytic leukemia (T-PLL)
T-cell large granular lymphocytic leukemia (T-LGL leukemia)
Aggressive NK-cell leukemia
Adult T-cell leukemia/lymphoma
Extranodal NK/T-cell lymphoma, nasal type
Enteropathy-type T-cell lymphoma
Hepatosplenic T-cell lymphoma
Subcutaneous panniculitis-like T-cell lymphoma
Mycosis fungoides/Sézary’s syndrome (MF/SS)
Primary cutaneous anaplastic large cell lymphoma
Peripheral T-cell lymphoma, unspecified
Angioimmunoblastic T-cell lymphoma (AILD lymphoma)
Anaplastic large cell lymphoma (ALCL)
T-cell proliferation of uncertain malignant potential

lymphomatoid papulosis

Hodgkin lymphoma

Nodular lymphocyte predominant Hodgkin’s lymphoma (NLPHL)
Classic Hodgkin’s lymphoma (HL)

nodular sclerosis Hodgkin’s lymphoma
lymphocyte-rich classical Hodgkin’s lymphoma
mixed cellularity Hodgkin’s lymphoma
lymphocyte-depleted Hodgkin’s lymphoma

Chronic myeloproliferative disorders (CMPD)

Chronic myelogenous leukemia (CML)
Chronic neutrophilic leukemia
Chronic eosinophilic leukemia/hypereosinophilic syndrome
Polycythemia vera (PV)
Chronic idiopathic myelofibrosis (CIMF)
Essential thrombocythemia (ET)
Chronic myeloproliferative disease, unclassifiable
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Table 3.1 WHO classification of hematopoietic tumors––cont’d

Myelodysplastic/myeloproliferative diseases

Chronic myelomonocytic leukemia (CMML)
Atypical chronic myeloid leukemia
Juvenile myelomonocytic leukemia
Myelodysplastic/myeloproliferative diseases, unclassifiable

Myelodysplastic syndromes

Refractory anemia (RA)
Refractory anemia with ringed sideroblasts (RARS)
Refractory cytopenia with multilineage dysplasia (RCMD)
Refractory anemia with excess blasts (RAEB)
Myelodysplastic syndrome associated with isolated del (5q)
Myelodysplastic syndrome, unclassifiable

Acute myeloid leukemias (AML)

AML with t(8;21), (AML1/ETO)
AML with inv(16)(p13q22) or t(16;16)(p13;q22) (acute myelomonocytic

leukemia with eosinophilia; AML-M4Eo)
Acute promyelocytic leukemia [AML with t(15;17)(q22;q12)], APL (AML-M3)
Acute myeloid leukemia with multilineage dysplasia

with prior myelodysplastic syndrome
without prior myelodysplastic syndrome

Acute myeloid leukemia and myelodysplastic syndrome, therapy-related
Acute myeloid leukemia, minimally differentiated (AML-M0)
Acute myeloid leukemia without maturation (AML-M1)
Acute myeloid leukemia with maturation (AML-M2)
Acute myelomonocytic leukemia (AML-M4)
Acute monoblastic leukemia (AML-M5)
Acute erythroid leukemia (AML-M6)
Acute megakaryoblastic leukemia (AML-M7)
Acute basophilic leukemia
Acute panmyelosis with myelofibrosis
Myeloid sarcoma

Precursor neoplasms

Precursor B-cell neoplasms
precursor B lymphoblastic leukemia/lymphoma (B-ALL/LBL)

Precursor T-neoplasms
precursor T-lymphoblastic leukemia/lymphoma (T-ALL/LBL)
blastic NK-cell leukemia/lymphoma (DC2 leukemia)

Histiocytic and dendritic cell tumors

Histiocytic sarcoma
Langerhans cell histiocytosis/Langerhans cell sarcoma
Interdigitating dendritic cell sarcoma
Follicular dendritic cell sarcoma

Mastocytosis

Cutaneous mastocytosis
Indolent systemic mastocytosis
Systemic mastocytosis with associated clonal hematologic disease
Aggressive systemic mastocytosis
Mast cell leukemia
Mast cell sarcoma
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co-expression of CD5 and CD23. Atypical B-CLL
shows larger lymphocytes with abundant cytoplasm,
prolymphocyte-like or cleaved cells, and aberrant phe-
notype. The clinical course of B-CLL is variable (Table
3.3) and depends on a number of factors including age,
gender, Binet/Rai stage, performance status, laboratory
parameters (lymphocyte count, thymidine kinase, 
soluble CD23, β2-microglobulin, LDH), atypical
cytologic features, pattern and extent of bone marrow
infiltration, 17p deletion, p53/TP53 mutation/loss,
deletion of chromosome 11q23, ATM status, IGVH
mutational status, and CD38 and ZAP-70 expres-
sion.264,696,698,1077–1080 Some patients have aggressive
disease and require therapy within a relatively short
time after diagnosis, whereas others have indolent,
asymptomatic disease and are not likely to benefit from
palliative chemotherapy. The median survival of
patients with B-CLL is 10 years. Patients with poor
prognostic factors have a median survival of approxi-
mately 3 years. Algorithms for the diagnosis and treat-
ment of B-CLL are presented in Figures 3.5 and 3.6.

Chromosomal aberrations

Genomic aberrations in CLL are important inde-
pendent predictors of disease progression and sur-
vival. Chromosomal abnormalities are detected in
the majority of B-CLL patients using molecular

cytogenetic technologies, including FISH. Genetic
aberrations are found more often by FISH studies
when compared to conventional cytogenetics
(68.4% vs 36.7%).968 Mayr et al, used stimulation of
CLL cells either with CD40 ligand or with a combi-
nation of CpG-oligodeoxynucleotides and IL-2 to
increase the frequency of metaphase spreads and
revealed translocations in 33 of 96 patients (34%).967

Although there were no CLL-specific translocations,
patients with translocations had significantly shorter
median treatment-free survival (24 months vs 106
months) and significantly inferior overall survival
(median 94 months vs 346 months).967

The most frequent chromosomal abnormalities 
in B-CLL (Table 3.4) include del(13q), trisomy 12,
del(11q)/ATM, del(14q), del(6q), and del(17p)/
TP53.99,532,685,1081 Patients with a normal karyotype
or deletion of 13q14 as the sole genetic abnormality
have a better prognosis than those with a complex
karyotype or deletion of 11q23 or 17p13. The
response rate to chemotherapy is significantly higher
in patients with normal karyotypes than in those
with abnormal karyotypes, especially with complex
changes (Figure 3.7). In series by Dohner et al, 
the median survival times for patients with 17p dele-
tion, 11q deletion, 12q trisomy, normal karyotype,
and 13q deletion as the sole abnormality were 
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Figure 3.1 Algorithm for lymphoma/leukemia diagnosis
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32, 79, 114, 111, and 133 months, respectively.264

Patients with 17p deletions had the shortest median
treatment-free interval (9 months), and those with
13q deletions had the longest (92 months).264 The
response to rituximab was noted to vary by cytoge-
netic group: del(17)(p13.1), 0%; del(11)(q22.3), 66%;
del(13)(q14.3), 86%; and +12, 25%.302

Deletion 13q14

The deletion 13q14 is the most frequent genetic
change in B-CLL, occurring in 40–65% of cases.
The presence of either a cryptic deletion of the single
locus (q14) or deletion of a larger portion of the
chromosome is associated with a favorable prognosis.
Acquisition of additional chromosomal changes,
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Table 3.2 Common chromosomal translocations in B-cell lymphomas

Diagnosis Translocation Gene(s)

Burkitt lymphoma t(14;18)(q24;q32) c-MYC and IGH 
t(2;8)(p12;q24) c-MYC and IGK
t(8;22)(q24;q11.2) c-MYC and IGL

Diffuse large B-cell lymphoma t(14;18)(q32;q21) IGH and BCL2
t(3;v)(q27;v) BCL6 and various partners

Follicular lymphoma t(14;18)(q32;q21) IGH and BCL2
t(3;v)(q27;v) BCL6 and various partners

Marginal zone B-cell lymphoma (MALT) t(11;18)(q21;q21) API2 and MALT1 
t(14;18)(q32;q21) IGH and MALT1

Mantle cell lymphoma t(11;14)(q13;q32) CCND1 and IGH

Figure 3.4 B-chronic lymphocytic leukemia (B-CLL). Neoplastic B-cells are small with scanty cytoplasm and con-
densed chromatin (A); they show moderate expression of CD19 (B and C), dim expression of surface immunoglobulins
(kappa in depicted example; B and E), dim CD20 (E and F) and co-expression of CD5 with CD23 (D)
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Table 3.3 Chromosomal/genetic changes in B-CLL and their prognostic implication

Factor Prognosis

Normal karyotype favorable
13q deletion favorable
Mutated IGVH favorable
Long telomere (Tel-PCR T/S value > 0.3) favorable
MRD− status after alemtuzumab or alemtuzumab + fludarabine or SCT favorable
Trisomy 12 intermediate
Discordant ZAP-70 and CD38 results (ZAP-70+/CD38− or vice versa) intermediate
CD38 expression (>30%) poor
ZAP-70 expression poor
Unmutated IGVH poor
11q deletion poor
17p deletion or loss or mutation of the p53/TP53 very poor

Figure 3.5 Algorithm for the diagnosis of B-CLL
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especially del(11q), eliminates the favorable outcome
of del(13q). Patients with deletion 13q14 (Figure 3.8)
as a single aberration have the longest estimated
median treatment-free interval and survival time.240,

264,965 The estimated median survival time of this
group was longer as compared to the groups without
detectable aberrations and the group with trisomy 12.

Deletions of 13q are associated with typical 
morphologic and phenotypic features.1082-1085

Deletions 11q and 17p

Deletions 11q22–23 and 17p13, involving the ATM
and p53/TP53 genes, respectively, are independent
prognostic markers in multivariate analysis identifying
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Figure 3.6 Algorithm for the management of B-CLL

Table 3.4 Most frequent aberrations in CLL

Reference Total (%) del(13q) (%) del(11q) (%) del(17p) (%)

Dohner et al896 82.0 55.0 18.0 7.0
Bacher et al1831 74.5 66.2 12.6 10.7
Dewald et al118 77.0 64.0 15.0 8.0
Glassman and Hayes1832 65.3 40.8 23.4 12.2
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subgroups of patients with rapid disease progression
and short survival times.240,685,969,1086 11q aberrations
which affect the ATM gene (ataxia teleangiectasia
mutated) identify a subset of B-CLL with extensive
adenopathy, rapid disease progression, and inferior
survival. The change has been reported in 12–23%
of B-CLL patients.118,896,1087,1088

The pathogenic role of 17p13 deletions is associ-
ated with the tumor suppressor gene TP53/p53.

TP53/p53 abnormalities predict poor survival and
resistance to treatment.736,852 Deletions of p53 have
been reported in B-CLL showing disease progression
and atypical morphologic and immunophenotypic
features,851 although in one series, 17p deletions
showed an equal distribution between typical and
atypical cases.1083 The presence of the p53 mutation
or del(17q)(p13.1) predicts a poor response to con-
ventional therapy in CLL.855 Alemtuzumab
(Campath) may be an effective initial therapy for
patients with p53 mutations, or del(17q)(p13.1), or
both, as opposed to fludarabine, chlorambucil, or
rituximab.855

Trisomy 12

FISH studies show a similar pattern of chromosomal
gains and losses detected in typical and atypical 
B-CLL,1083 although trisomy 12 is often associated
with atypical variants of B-CLL.1087,1089–1091 In 
most studies, patients with trisomy 12q13 have atyp-
ical morphology and immunophenotype, a diffuse
bone marrow infiltration pattern and/or lymphocyte 
doubling time below 12 months, elevated serum 
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Figure 3.7 B-CLL with clonal evolution. Complex chromosomal abnormalities: 48, XX, +12, +12, -18, +22; cytogenetics

Figure 3.8 B-CLL with deletion 13q; FISH
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β2-microglobulin levels, and shorter survival 
times than patients with a normal karyotype or 
13q deletions.264,965,1092 Geisler et al, however, did
not show a prognostic significance for an additional
copy of chromosome 12 alone or its relationship to
atypical morphology.301 Also, evaluation of the prog-
nostic impact of trisomy 12 by FISH did not reveal a
significant difference in survival between patients with
or without trisomy 12.264,301,969,1093,1094 Figure 3.9
shows trisomy 12.

Del(6q)

The 6q27 deletion can be detected in ∼20% of
patients with CLL.185 In a study by Cuneo et al,
patients with del(6q) showed a higher WBC 
count, frequent splenomegaly, atypical morphology,
CD38 positivity, short time from diagnosis to first
treatment, and shorter survival when compared 
with patients with the favorable cytogenetics.186

Glassman et al showed more frequent prolympho-
cytic acceleration in patients with del(6q)+ CLL.1095
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B

Figure 3.9 B-CLL with trisomy 12; A, FISH; B, cytogenetics
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In a series reported by Ripolles et al, all patients with
6q− had other chromosomal abnormalities, which
suggests that 6q− occurs as a secondary change.968

Trisomy 18

Trisomy 18 is uncommon in B-CLL, occuring more
often as a sole abnormality, or in conjunction with
trisomies 12 and 19.

Molecular features

IGVH mutation status

During an immune response, a series of point muta-
tions occurs in the immunoglobulin genes of a B-cell.
These somatic mutations occur in the germinal 

centers of the peripheral lymphoid tissue. By
sequencing the immunoglobulin heavy-chain vari-
able region (IGVH) genes (Figure 3.10), B-CLL can
be divided into two types, mutated and unmu-
tated.694,963 Approximately 60% of B-CLLs can be
considered post-germinal center memory B-cells with
somatically mutated immunoglobulin variable region
genes (mutated IGVH), and the remaining cases have
VH genes in the germline configuration (unmutated
IGVH). In addition, it has been demonstrated that 
B-CLLs with mutated IGVH genes show a relatively
high frequency of BCL6 mutations, further evidence
supporting their origin from germinal center related
B-cells.1096 In pivotal studies, Damle et al694 and
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Figure 3.10 IGVH mutation; PCR
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Hamblin et al963 have shown that the presence of
unmutated VH genes predicts for an inferior survival
in B-CLL. Patients with mutated IGVH genes have a
relatively benign condition that is stable or only slowly
progressive, with an average survival of 25 years. By
contrast, patients with unmutated leukemic cells
have aggressive disease and an average survival of 
8 years. Currently, the unmutated IGVH gene is one
of the strongest predictor of aggressive disease.631, 685,

694,700,963,1097,1098 The median survival of patients
with mutated IGVH genes, unmutated IGVH genes,
and loss or mutation of the p53 gene regardless of
IGVH gene status is 310, 119, and 47 months,
respectively.685

The unmutated IGVH locus is associated with the
presence of unfavorable genomic aberrations: the
11q deletion (involving the ATM gene) shows a
strong correlation.685,700 whereas the association for
the 17p deletion (involving the p53 gene) varies in
different publications from strong700 to borderline.685

Abnormalities in 11q and 17p seem to be mutually
exclusive in B-CLL cells,573 and they markedly 
deteriorate an already bad prognosis for IGVH-
unmutated patients. High-risk genomic aberrations
such as 17p− and 11q− occur almost exclusively in
the unmutated subgroup, whereas favorable aberra-
tions such as 13q− are overrepresented in the
mutated subgroup.700

Comparison between an FC assay for ZAP-70 and
the mutational status of IGVH genes showed a
strong association between the expression of ZAP-70
in B-CLL cells (ZAP-70 level above a defined thresh-
old of 20%) and unmutated IGVH genes. However,
23% of B-CLL cases show discordant results (IGVH-
mutated/ZAP-70+ or IGVH-unmutated/ZAP-70−).692

p53/TP53

Abnormalities of TP53 (p53) in B-CLL (Figure 3.11)
correlate with aggressive disease, poor response to
standard chemotherapy (e.g. fludarabine), higher
rate of transformation, and reduced median sur-
vival.264 Fludarabine may facilitate p53-mutant and
multidrug resistant CLL clones associated with more

aggressive disease, and, therefore, patients with p53
deletions/mutations should be treated preemptively
with a targeted therapy earlier in the course of the
disease. Osuji et al showed efficacy of alemtuzumab
(Campath) in refractory B-CLL irrespective of the
p53 status.1099 In their series, the overall response
rate was 53.6% (complete response, 18%; partial
response, 36%) with no significant difference
between patients with (overall response rate 50%)
and without (complete, 25%; partial, 30%) p53
deletions. Patients lacking the p53 deletion, but
showing 11q23 deletions had a 20% partial response
whereas among those with neither, 61.5% achieved a
response (complete, 38.5%; partial, 23%).1099 The
incidence of p53 abnormalities in the series pub-
lished by Thornton et al, was 15%, with a significant
difference between untreated patients (7%) and the
pretreated/refractory group (50%).1100 The p53
abnormalities occur more frequently in previously
treated than in untreated patients (18.4% vs 9.2%),
with a similar trend observed for the ATM dele-
tion.961 Abnormal p53 predicted for shorter survival,
regardless of the method used (FISH or protein
expression by FC). The p53 abnormalities are more
common in refractory B-CLL with mutations occuring
at the known hot spots. Testing for p53 (TP53) aberra-
tions by FISH and flow cytometry is an effective and
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Figure 3.11 B-CLL with deletion of p53/ATM; FISH
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simple way of screening patients who are likely to
have aggressive disease.1100

Gene expression profile

Gene expression profiling studies show a unique
gene expression signature, which differentiates B-CLL
cells from benign B-cells as well as other B-cell 
lymphomas.1101-1103 Using genomic-scale gene expres-
sion profiling, Rosenwald et al showed that B-CLL is
characterized by a common gene expression profile
irrespective of IGVH mutational status, confirming
that B-CLL is a single disease with a common mech-
anism of transformation and/or cell of origin, but
with two distinct variants (mutated and unmu-
tated).1102 DNA microarray of B-CLL showed signif-
icant expression differences in 78 genes compared to
the reference tonsillar B lymphocytes. A cluster of
genes (LCP1, PARP, BLR1, DEK, NPM, MCL1,
SLP76, STAM, HIVEP1, EVI2B, CD25, HTLF,
HIVEP2, BCL2, MNDA, PBX3, EB12, TCF1,
CGRP, CD14, ILB, GZMK, GPR17, and CD79B)
was associated with the unfavorable 11q deletion and
also with the unfavorable Binet stages B and C.1104

The expression of hundreds of other genes correlated
with the IGVH mutational status, including many
genes that are modulated in expression during mito-
genic B-cell receptor signaling.1102 Analysis of 5600
genes in CD38+ vs CD38− B-CLL showed a
common gene expression profile that is largely inde-
pendent of CD38 expression and only the expression
of 14 genes (including genes that are involved in the
regulation of cell survival) differed significantly
between the two groups.1105 DNA microarray tech-
nology comparing ZAP-70+/CD38+ with ZAP-70−/
CD38− B-CLL cases showed that the expression of
358 genes differed significantly between the two sub-
groups, including genes involved in B-cell receptor
signaling, angiogenesis, and lymphomagenesis.690

The ATM p53-dependent DNA damage 
response pathway plays an important role in the pro-
gression of lymphoid tumors, including B-CLL.
Deletions affecting chromosome bands 11q22–23
and 17p13 are associated with a reduced expression

of the corresponding genes, suh as ATM and
p53/TP53, while trisomy 12 results in the upregula-
tion of genes mapping to chromosome arm 12q.1106

Using microarray analysis of ATM-mutant/
TP53-mutant, and ATM/TP53 wild-type B-CLLs,
Stankovic et al showed that after exposure to DNA
damage the responses are entirely dependent on
ATM function.572 Because the p53 proapoptotic
responses comprise only a part of ATM-regulated
transcription and ATM regulates prosurvival
responses independently of p53, the greater severity
of the TP53-mutant B-CLLs compared with ATM-
mutant B-CLLs is consistent with the additive effect
of defective apoptotic and elevated survival responses
after DNA damage in these tumors.572 In summary,
B-CLL can be split into two variants, one with
unmutated immunoglobulin genes which is charac-
terized by aggressive disease with a median survival
of ∼8 years from diagnosis (affecting mostly men),
and the second with mutated immunoglobulin 
genes which is characterized by an indolent clinical
course with a median survival ∼290 months (equally 
distributed between the sexes).

B-prolymphocytic leukemia

B-prolymphocytic leukemia (B-PLL) is an infre-
quent aggressive disorder of mature B-cells with dis-
tinct clinical and pathologic features most often
associated with a poor prognosis. B-PLL (Figure 3.12)
is characterized by medium sized lymphocytes with
nucleoli (prolymphocytes) comprising >55% of lym-
phocytes in the blood, a very high WBC count, and
prominent splenomegaly without significant lym-
phadenopathy. Immunophenotypically, the leukemic
cells express B-cell markers (CD19, CD20, CD22,
CD79a, PAX5) but, in contrast to B-CLL, they are
usually negative for CD23 and CD5 is expressed
only by a subset of cases. The median overall survival
time is 5 years and the event-free survival time is 
37 months.1107,1108 The probability of overall survival
for 3, 5, and 10 years is 63%, 56%, and 35%, 
respectively.1108 As detected by univariate and 
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multivariate analysis, the advanced age, lymphocytosis
(>100 × 109/l) and anemia (<11 g/dl) are associated
with a poor prognosis and shorter survival.
Differential diagnosis includes leukemic phase of
MCL [t(11;14)/CCND1], other B-cell lymphopro-
liferations (e.g. splenic marginal zone B-cell lym-
phoma or DLBCL in the leukemic phase), and T-PLL.

Patients with p53 mutations have a worse clinical
outcome.1107 The frequency of p53 mutation (∼50%)
in B-PLL is the highest reported in B-cell malignan-
cies and may be responsible for the frequent resist-
ance to therapy.1109 Apart from p53/TP53
mutations, deletions of 13q14 and 11q23 occur fre-
quently in B-PLL. In a series reported by Lens et al,
chromosome 11q23 deletions were found in 39% of
cases.1110 Monoallelic loss of RB1, D13S25, and
BRCA2 was present in 10/18 (55%), 6/18 (33%),
and 3/18 (16%) of the cases, respectively, and, in
contrast to CLL, there is a preferential loss of RB1
with respect to the D13S25 locus.1110 Other chro-
mosomal abnormalities seen in B-PLL include
t(8;14), t(2;8), +(20q), −X, and +8.1110-1113

Hairy cell leukemia

HCL is an indolent chronic B-cell lymphoproliferative
disorder characterized by bone marrow involvement,

splenomegaly, pancytopenia, and monocytopenia. It
affects predominantly elderly men and comprises
~2–3% of all adult leukemias in the United
States.1114 The characteristic ‘hairy cells’ in the
peripheral blood and bone marrow are the hallmark
of this leukemia (Figure 3.13). It has a characteristic
immunophenotypic profile with bright expression of
CD11c, CD19, CD20, CD22, CD25, and CD103.

Cytogenetic studies in HCL are rare. HCLs usu-
ally have mutated IGVH genes and have no consis-
tent or specific chromosome abnormalities. Clonal
chromosomal aberrations are reported in 25–44% of
patients and include +1p, +5q13–q31 (∼20%),
del(7q22–q35) (∼6%), +12, chromosome 14 abnor-
malities, complex abnormalities (including chromo-
somes 1, 6, 7, 8, and 17), del(17)(q25), and
t(11;20)(q13;q11).1115–1122 Deletions of p53/TP53
have also been reported.1116

Follicular lymphoma

FL is the most frequent subtype of low-grade malig-
nant lymphoma in Western countries. Most typical
cases show a nodular growth pattern on histologic
evaluation (Figure 3.14), t(14;18)(q32;q21) by cyto-
genetics/FISH (Figure 3.15), and co-expression of
CD10, bcl-2, and bcl-6 by FC and/or immunohisto-
chemistry. FL frequently involves the bone marrow
with a characteristic paratrabecular distribution
(Figure 3.16). FLs are a heterogeneous group of
tumors with a variable course, but the majority of
cases have an indolent and slowly progressive clinical
course with relatively long median survival, good
response to initial treatment, and a continuous pat-
tern of relapses, sometimes followed by histologic
transformation into high-grade lymphoma.1123 Based
on the absolute number of centroblasts in 
10 neoplastic follicles evaluated under a ×40 high power
microscopic field (hpf), FL is divided into grade 1 (0–5
centroblasts/hpf), grade 2 (6–15 centroblasts/hpf), and
grade 3 (>15 centroblasts/hpf). Based on the presence
of centrocytes, grade 3 FL is further subdivided into 3a
(centrocytes present) and 3b (no centrocytes).
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Figure 3.12 B-cell prolymphocytic leukemia (cytomor-
phology; W-G staining)
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Transformation and development of resistance to
chemotherapy in the course of the disease are the
main causes of death in patients with FL.

Chromosomal aberrations

The t(14;18)(q32;q21) is the cytogenetic hallmark
of FL (Figure 3.15), which occurs in 80–90% of
cases.100,175 The translocation results in the juxtapo-
sition of the BCL2 oncogene into the IGH heavy
chain locus on chromosome 14, leading to its over-
expression. Chromosomal breakpoints mainly occur
at two different sites on chromosome 18: the major
breakpoint region (mbr) and the minor cluster
region (mcr), which account for 80 and 10% of
translocations, respectively.1124 Approximately 10%
of FL cases lack t(14;18), but show other chromoso-
mal abnormalities.1125 Follicular lymphomas without
t(14;18)(q32;q21) and with BCL6 rearrangement are

usually characterized by prominent nodular architec-
ture, a monocytoid component, and lack of CD10
and bcl-2 expression, but there are no significant dif-
ferences regarding age, performance status, bone
marrow involvement, or overall survival when com-
pared to FL with t(14;18).1126 There is a general con-
sensus that the t(14;18) translocation status does not
bear any prognostic significance.

The presence of an isolated t(14;18) is actually
uncommon in FL. The majority of cases display evi-
dence of additional chromosomal changes at initial
diagnosis.1127 Recurrent alterations seen in ≥10% of
cases include: +X, +1q21-q44, +7, +12q, +18q,
del(1)(p36), del(6q) (Figure 3.17), del(10)(q22-q24),
and polyploidy. Changes that correlate with mor-
phologic progression include del(1)(p36), del(6q),
del(10)(q22–q24), +7, and polyploidy.1127 Patients
with abnormalities of chromosome region 1p21–22,
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Figure 3.13 Hairy cell leukemia. A, cytology with typical cytoplasmic projections; B, histology (bone marrow core
biopsy); C, D, immunohistochemistry; E–G, flow cytometry (FC). Leukemic cells are positive for CD20 and DBA44 (C, D)
and by FC analysis show bright expression of CD20 (E, F), surface immunoglobulin (lambda, E), bright expression of
CD11c (F), and co-expression of CD25 and CD103 (G)
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6q23–26, or short arm of chromosome 17 had a sig-
nificantly shorter survival in univariate analysis.175

Multivariate analysis identified breaks at 6q23–26
and 17p as independent prognostic factors which
increased the risk of transformation into a DLBCL.
Unfavorable overall survival is associated also with
+12, del(1)(p36), and dup(18q).293,1128 There is no
correlation between numbers of circulating t(14;18)-
positive cells and response to first-line treatment 
in FL.1006 The cellular proliferation index does 
not appear to influence the survival rate of patients
with FL.1129

Gene expression profile

Based on microarray studies, FL is characterized by a
typical genetic signature with upregulation of genes
involved in cell cycle regulation (CDK10, p120,
p21CIPI, and p16INK4A), transcription (Pax-5, Id-2),
cell-to-cell interactions, TNF, IL-2R, and IL-4R, and
downregulation of MRP8 and MRP14, involved in
cell adhesion. Based on supervised classification
analysis of 81 genes in patients with either an indo-
lent or aggressive clinical course, Glas et al defined a
gene expression profile that could predict clinical
behavior at the time of diagnosis, with patients from
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Figure 3.14 Follicular lymphoma, lymph node. A, histology; B–D, immunohistochemistry. Lymph node section shows
distinct nodular architecture (A). Lymphomatous cells are positive for CD20 (B), CD10 (C), and bcl-2 (D)
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the aggressive group characterized by upregulation of
genes involved in cell cycle control, DNA synthesis,
and metabolism control.1130 Dave et al demonstrated
a correlation between survival and the molecular fea-
tures of nonmalignant immune cells present in the
tumor at diagnosis.1131 FL with the immune response
1 signature, associated with favorable survival,
included genes encoding for T-cell markers (e.g. CD7,
CD8B1, ITK, LEF1, and STAT4). The immune
response 2 signature, associated with an unfavorable
prognosis, included genes known to be preferentially
expressed by macrophages, dendritic cells, or both (e.g.
TLR5, FCGR1A, SEPT10, LGMN, and C3AR1).1131

Transformation to diffuse large 
B-cell lymphoma

FL often undergoes transformation to more aggressive
or high-grade lymphomas. Table 3.5 presents chromoso-
mal and genetic aberrations in FL and their prognostic
implications, including risk of transformation into
DLBCL. Morphologically, progression of FL is charac-
terized by an increased number of centroblasts (progres-
sion from FL grade 1 into FL grade 2 and/ or 3),
DLBCL,1132–1137 or less often blastic transformation 
in the form of Burkitt lymphoma or precursor 
B-lymphoblastic lymphoma/leukemia (Figure 3.18) with
or without TdT expression.1138–1141 The transformation
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A
14 18

IGH/BCL2

B

Figure 3.15 Follicular lymphoma with t(14;18)
[IGH/BCL2]; A, cytogenetics (partial karyotype), B, FISH

Figure 3.16 Follicular lymphoma involving the bone
marrow – typical paratrabecular distribution of neoplastic
lymphoid aggregates

Figure 3.17 Follicular lymphoma with deletion of 
chromosome 6; cytogenetics (partial karyotype)
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is commonly associated with accumulation of second-
ary genetic alterations, which include wide genetic
instability,1142 nonrandom chromosomal anges,490,1128,

1143,1144 c-MYC gene rearrangement,1138,1145-1147 p53
tumor suppressor gene mutations,1148,1149 somatic
mutations of the translocated BCL2 gene,1150,1151 and
somatic mutations of the BCL6 gene.1142, 1146, 1152

Abnormalities of chromosome 8q24 may be associated
with blastic variants of FL.1153,1154 BCL6 mutations
accumulate during the transformation process and
may deregulate BCL6 mRNA, but an increase in
BCL6 mRNA expression is not uniformly required for
transformation from FL to DLBCL.1152 Multiple chro-
mosomal aberrations, including (but not limited 
to) inv(1)(p36.3q12), t(3;14;18) (p23;q32;q21),
t(1;11)(q25;q13), and t(8;22), were observed by Li 
et al in FL transforming into Burkitt lymphoma,
which led to an extremely aggressive clinical course.1155

A subset of patients with histologic transformation
from low-grade FL to intermediate- or high-grade lym-
phoma enjoyed relatively long-term survival; patients
with limited disease and no previous exposure to
chemotherapy had a favorable prognosis.1156 In the
majority of patients, however, progression of FL to a
higher-grade malignancy is often associated with treat-
ment failure and frequently signals a poor progno-
sis.489, 1134,1156,1157 The growth fraction, as assessed by
Ki-67 staining, and Trump expression (transferrin-
receptor related protein) correlate with histologic
grade, but not with recurrence or progression of FL.1158

Davies et al, analyzed gene expression profiles of
FL transforming into DLBCL.1159 Based on the

expression of CD10, bcl-6, and MUM1/IRF4 by
immunohistochemistry, 89% (31/35) of transformed
lymphomas had the GCB-like phenotype and the
remaining cases were classified as non-GCB-like phe-
notype (CD10−/bcl-6+/MUM1+); none of the trans-
formed FLs were of the activated (ABC-like)
phenotype.1159 The majority of genes that were sig-
nificantly increased upon transformation (14 genes
of the 29; 48%) belonged to a set of genes whose
expression is associated with cell division (prolifera-
tion signature). The transformed DLBCLs character-
ized by the proliferation signature had recurrent
oncogenic abnormalities including mutations of
p53/TP53 (four cases), the c-REL oncogene amplifi-
cation (two patients), and CDKN2A (one case). 
A marked increase in c-MYC expression between FL
and transformed DLBCL was observed in 70% of
pairs, whereas T-cell and follicular dendritic-associated
genes predominated among the genes which showed
decreased expression upon transformation.1159

Mantle cell lymphoma

MCL (Figure 3.19) is an aggressive lymphoma char-
acterized by monomorphic-appearing cells with
irregular, indented nuclei, a distinct immunopheno-
typic profile (CD5+/CD20+/CD23-/CD43+), and
overexpression of cyclin D1 (bcl-1) due to juxtaposi-
tion of the BCL1 locus (CCND1 gene coding for the
cyclin D1) to the IGH gene as a result of
t(11;14)(q13;q32). Figure 3.20 shows typical
CCND1/IGH fusion revealed by FISH analysis.
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Table 3.5 Chromosomal and genetic aberrations in follicular lymphoma and their prognostic implications including risk
of transformation into DLBCL

Chromosome Gene Abnormality Reference

17p13.1 P53/TP53 mutations; deletions Akasaka et al,635 Sander et al1149

9p21 CDKN2A; deletions Villuendas et al,599 Pinyol et al,1178

Elenitoba-Johnson et al1833

CDKN2B mutations Akasaka et al,635 Lossos and Levy1146

3q27 BCL6 mutations Matolcsy et al,1151

18q21 BCL2 rearrangement; Martinez-Climent et al,1154 

mutations Raghoetier et al1834

8q24 MYC rearrangement; mutations; amplifications Lossos et al1147
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Figure 3.18 Blastic transformation of follicular lymphoma. A–C, FISH analysis showing c-Myc translocation (A), BCL2
translocation (B) and break-apart dual color with split signals (C; red and green split signals; yellow/orange, normal
signal). D–G, Flow cytometry analysis shows leukemic cells in blastic region (D) co-expressing CD10 and TdT (E) with
clonal lambda expression (F, G), dim CD19 (F), and negative CD20 (G)
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Patients usually present with generalized lym-
phadenopathy. Bone marrow involvement is
observed in 50–80%, hepatosplenomegaly in
30–60%, B-symptoms in 50% and extranodal
involvement in 20% of patients.1137,1160–1162

Chromosomal aberrations

Many cases of MCL have additional cytogenetic
abnormalities and often complex karyotype.1163–1167

Genome-wide array-based comparative genomic
hybridization revealed additional chromosomal
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Figure 3.19 Mantle cell lymphoma. Lymphomatous cells have irregular nuclei (A). Lymph node biopsy shows diffuse
lymphoid infiltrate (B) composed of small lymphocytes with irregular nuclear contours and scattered histiocytes.
Immunohistochemistry shows positive nuclear expression of bcl-1/cyclin D1 (C)
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imbalances in MCL (−1p, −5p13p15.3, −6q, −8p 
−11q, −13q, −20p12.1–12.3, −22q12.1–12.3, 
+3q, +4p12, +6p, +7q, +8q, +12p, +12q,
+17q11q21).1166,1168 The most common cytogenetic
aberrations in MCL include 13q14 deletion, fol-
lowed by 17p deletion and +12. In a series reported
by Parry-Jones et al, 81% of cases had at least one
abnormality in addition to t(11;14).1167 Trisomy 12
and deletions at 6q21 and 13q14 are associated with
poorer prognosis.105,1167 Cases with TP53 deletion
are more likely to have splenomegaly and marked
leukocytosis (>30 ×109/l) and less likely to have

adenopathy than those without deletion, and cases with
deletions at 11q23 and 6q21 are associated with extra-
nodal disease.1167 Complex karyotype (Figure 3.21) is
associated with a poor prognosis.105 Although both
leukemic and nodal MCLs show similar genomic 
patterns of losses (involving 6q, 11q22-q23, 13q14,
and 17p13) and gains (affecting 3q and 8q),
genomic loss of chromosome 8p occurs more fre-
quently in patients with leukemic disease (79% vs
11%).1169 This may indicate the presence of a novel
tumor suppressor gene locus on 8p, whose deletion
may be associated with leukemic dissemination. In a

136 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES

IgH/CCND1

Normal 14

der 11

der 14

Normal 11

CCND1/IGH

A

B

Figure 3.20 Mantle cell lymphoma
showing CCND1/IGH fusion; FISH
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series reported by Au et al, common aneuploidies in
MCL included −Y, −13, −9, −18, +3, and +12, and
common structural changes included +3q, +12q,
del(6q), del(1p), del(13q), del(10q), del(11q),
del(9p), and del(17p).226 The commonest break-
points clusters were 1p21–22, 1p31–32, 1q21,
6q11–q15, 6q23–25, 8q24, 9p21–24, 11q13–23,
13q12–14, and 17p12–13. When analyzed sepa-
rately as lymph node-based versus blood-based dis-
ease, deletions and chromosomal losses were more
common in the lymph node group, while gains of 
chromosome segments 3q and 12q were similar.226

Among 60 patients with MCL in the leukemic phase
reported by Parry-Jones et al, the most common chro-
mosomal abnormalities included −17p13 (46%), 
−13q14 (43%), −11q23 (25%), −6q21 (12%), and
+12 (8%).1167

Disease progression

Morphologic progression of MCL is associated with
an increase in large blastoid cells, resulting in the so-
called blastoid variant.1170,1171 The blastoid variant of
MCL is a very aggressive subtype of lymphoma 
with a median overall survival of 14.5 months, as

compared to 53 months for the patients with a
common form of MCL.1170,1172 A subset of blastoid
variants of MCL may have p53 gene mutations.1173

Additionally, blastoid MCL subtypes are character-
ized by distinctly elevated mitotic counts, prolifera-
tion indices (53% vs 27% in common MCL),
frequent BCL1 rearrangements at the major translo-
cation cluster locus (59% vs 40%), and overexpres-
sion of p53 (21% vs 6%).1174 Blastoid MCL subtypes
display a tendency for a tetraploid chromosome
number chromosome (36% of lymphoblastoid and
80% of pleomorphic types vs 8% of common
MCL), a feature clearly separating these neoplasms
from other types of B-cell non-Hodgkin lymphoma
and possibly being related to cyclin D1 (Bcl-1) over-
expression.1174 Comparative genomic hybridization
(CGH) analysis showed an increased number of
chromosome imbalances being associated with blas-
toid variants of MCL (e.g. gains of 3q, 7p, and 12q,
and losses of 17p), which may have a prognostic sig-
nificance.1175 CGH losses of 17p correlated with p53
gene deletions and mutations. Leukocytosis, an ele-
vated LDH level, and a high proliferative activity at
diagnosis as assessed by the mitotic count and Ki-67
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Figure 3.21 Mantle cell lymphoma with complex chromosomal abnormalities (near tetraploid cells with t(11;14), +21, XXY);
cytogenetics
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index are associated with an increased risk of blastoid
transformation, and elevated serum LDH and blood
leukocytosis with a shorter time interval to transfor-
mation.1176 Loss of expression and/or deletions of the
p21Waf1 and p16INK4a genes (cyclin-dependent
kinase inhibitors suggested as candidates for tumor-
suppressor genes) are detected in aggressive MCL,
but not in the typical variants. The p21Waf1 and
p16INK4a alterations occur in a subset of tumors with
a wild-type p53 gene.1177 Deletions of the
INK4a/ARF gene locus are found in up to 30% of
MCLs and are associated with a poor prognosis.1177,1178

Lymphoplasmacytic
lymphoma/Waldenström
macroglobulinemia

Lymphoplasmacytic lymphoma is a low-grade lym-
phoma characterized by a mixture of small lympho-
cytes, lymphocytes with plasmacytoid features, and
plasma cells (Figure 3.22). Occasional cells display
intranuclear inclusions (Dutcher bodies). In most
patients, adenopathy develops slowly over many
years. Extranodal sites may be involved as well,
although most of these cases represent marginal zone
B-cell lymphoma with plasmacytic differentiation.
Waldenström macroglobulinemia (WM) is a B-cell

lymphoproliferative disorder characterized by high
serum immunoglobulin M paraprotein and the accu-
mulation of clonal B-cells with variable plasmacytoid
differentiation (lymphoplasmacytic cells) in the bone
marrow. Histologically, WM corresponds to BM
involvement by lymphoplasmacytic lymphoma. In
advanced disease, patients may acquire organomegaly,
anemia, and the hyperviscosity syndrome.

Lymphoplasmacytic lymphoma is characterized
by t(9;14)(p13;q32) in 50% of patients. This
translocation involves the PAX5 gene on chromo-
some 9, which encodes a B-cell specific transcription
factor involved in the control of B-cell proliferation
and differentiation. Figure 3.23 shows lymphoplas-
macytic lymphoma with complex chromosomal
aberrations including t(9;14). The presence of
abnormal cytogenetic findings [e.g. −8; del(6q)] 
correlates with a poor prognosis.1179 Translocations
involving the IGH locus on chromosome 14q32 are
rare in WM.182,1180 Lack of IGH translocations dif-
ferentiates WM from MM, and many lymphomas
including FL, MCL, and DLBCL. WM does not
have the t(9;14)(p13;q32) translocation but often
has deletions of 6q21.182 On the other hand, no 6q
deletions can be found in IgM MGUS samples and
therefore the presence of 6q− helps to distinguish
WM from IgM+ MGUS.184
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Figure 3.22 Lymphoplasmacytic lymphoma. A, aspirate smear shows lymphocytes, plasmacytoid lymphocytes, and
plasma cells (inset: flame cell); B, core biopsy shows atypical paratrabecular lymphoid aggregate
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Gene-expression profiling of WM revealed a
homogenous transcription profile, clustered with CLL
and normal B-cells on unsupervised clustering, and
clearly had a phenotype more similar to CLL cells
than MM.1181 Both WM and B-CLL are low-grade
lymphoproliferations derived from memory B-cell
populations which usually lack chromosomal translo-
cations involving the IGH locus. The IGH transloca-
tions occur most likely during immunoglobulin VDJ
recombination in maturing B-cells or during
immunoglobulin hypermutation and isotype switch-
ing in mature B cells within the germinal center.1182

Despite these similarities, different phenotype (CD5
and CD43 expression in B-CLL) and IGVH mutation
status (almost all WM cases are IGVH mutated, com-
pared to ~60% of CLLs) suggest that they may be
derived from different memory B-cell populations.

Marginal zone B-cell lymphoma

Marginal zone B-cell lymphoma (MZL) is a low
grade B-cell lymphoma, which can involve spleen
(splenic MZL), lymph nodes (nodal MZL), and
extranodal sites (MALT lymphoma) (Figure 3.24).
Extranodal MZLs often arise as a consequence of
chronic inflammation and/or infection, e.g. Sjögren’s
syndrome (salivary gland MALT), H. pylori (gastric
MALT), Campylobacter jejuni (intestinal MALT),
Chlamydia pisttaci (ocular MALT), and Hashimoto’s
thyroiditis (thyroid MALT).1183–1189 MZLs with
both bone marrow and nodal involvement are asso-
ciated with shorter overall survival.1190

The chromosomal changes seen in MZL include:
+3, +7, +12, +18, t(1;14)(p22;q32), t(3;14) 
(p14.1; q32), t(11;18)(q21;q21), and t(14;18)
(q32;q21).353, 354,470,472,526,677,1191–1196 The chromosomal
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Figure 3.23 Lymphoplasmacytic lymphoma with complex chromosomal aberrations [+3, del(7)(q22q34), del (14)(q32),
t(9;14)]; cytogenetics
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translocations t(1;14)(p22;q32), t(14;18)(q32;q21),
t(11;18)(q21;q21) and t(3;14)(p13;q32) result in
rearrangements between IGH/BCL10, IGH/MALT1,
API2/MALT1, and IGH/FOXP1, respectively.353,470,

678,1196,1197 Translocations in MZL occur with vary-
ing frequencies, are mutually exclusive, and can be
detected in ∼25% of cases (most often API2/MALT1,
followed by IGH/MALT1, IGH/unknown transloca-
tion partner, and IGH/BCL10).1198 Cytogenetic
abnormalities occur with different frequencies at dif-
ferent locations. Trisomy 3 is the most frequent
numeric abnormality in gastric, thyroid, and parotid,
but not in breast MZL.1199 The t(11;18) transloca-
tion frequently involves MALT lymphomas of the

lung and gastrointestinal tract.23,1198,1200–1203 The
translocations t(14;18) involving IGH/MALT1 and
t(1;14) involving IGH/BCL10 occur in the lung and
ocular adnexae, but not in the stomach.1198 In a
series reported by Remstein et al, 23% of transloca-
tion-negative primary MALT lymphomas from
diverse sites showed complete/partial trisomy 18.1198

Splenic marginal zone lymphoma

Splenic marginal zone lymphoma (SMZL) is a dis-
ease of the elderly with a median age at presentation
of 65 years.1204 The presence of circulating villous
lymphocytes defines splenic lymphoma with villous
lymphocytes, which is considered the leukemic
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Figure 3.24 Marginal zone B-cell lymphoma: spleen (A), skin (B), lung (C), salivary gland (D), stomach (E, F: high 
magnification shows lymphoepithelial lesion), lymph node (G, H: high magnification shows cytologic features of 
monocytoid B-cells)
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counterpart of SMZL. SMZL is an indolent extra-
nodal B-cell lymphoma with a the reported median
survival of 78% at 5 years and a median overall sur-
vival time exceeding 10 years.1205–1207 In a subset of
patients, however, the disease follows an aggressive
course.1208 These patients are more likely to have the
7q31 deletion, lack of IGVH somatic mutation, or
both.214 The parameters predictive of shorter cause-
specific survival (univariate analysis) include hemo-
globin levels <12 g/dl, albumin levels <3.5 g/dl, IPI
scores of 2 to 3, LDH levels above normal, age >60
years, platelet counts <100 × 109/l, and no splenec-
tomy at diagnosis.1209 In the same study, values that
maintained a negative influence on cause-specific 

survival in multivariate analysis were hemoglobin
levels <12 g/dl, LDH level greater than normal, and
albumin levels <3.5 g/dl.1209

SMZLs may display del(10)(q22q24), del(7q),
del(17p), add(8)(q24), add(3q), add(5q), add(12p),
add (9q), t(2;22), t(8;22), or trisomy 3.214,216,217,1210

In the series reported by Hernandez et al, the most
frequent gains involved 3q (31%), 5q (28%), 12q
and 20q (24% each), 9q (21%), and 4q (17%), while
losses were observed in 7q (14%) and 17p (10%).220

The loss of 7q loss may play an alternative role in the
inactivation of the p53 pathway, thereby favoring
tumoral progression.1211 Loss of an extra copy of 3q
and the acquisition of genetic aberrations involving
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Figure 3.24, cont’d
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19p13 and 7p–q22 may play a role in the blastic
transformation of SMZL.1212 A more aggressive clini-
cal course has been related to a high proliferation frac-
tion,1213 an increased number of large lymphocytes,
p53 mutations (857), and 7q rearrangements.214–216

Extranodal marginal zone B-cell 
lymphoma, MALT type

The gastrointestinal tract is most often involved by
MZLs of the MALT type, followed by the lung, sali-
vary gland, thyroid, ocular adnexae, skin, breast, and
other locations. Extranodal MZL of MALT is a dis-
tinct low-grade lymphoma involving the organs
which acquire lymphoid tissue after chronic inflam-
matory events, such H. pylori-associated chronic 
gastritis, Chlamydia pisttaci-induced inflammation
(ocular area), or autoimmune disorders like
Hashimoto’s thyroiditis and myoepithelial sialadenitis/
Sjören’s syndrome.1214–1216

Genetic alterations in MALT lymphomas include:
+3, +7, +12, +18, t(11;18)(q21;q21), t(1;14)
(p22;q32), t(14;18)(q32;q21), t(3;14)(p14.1;q32),
p53/TP53 mutations, and p16 deletions with tri-
somy 3 and t(11;18)(q21;q21) being the most 
frequent.109,353,354,472,524–526,677,861,1191,1193,1201,1210,

1217–1222 Both chromosomal gains and losses are far
more frequent in t(11;18) negative than t(11;18)
positive cases.1223 Recurrent chromosomal gains
involving whole or major parts of a chromosome are
seen for chromosomes 3, 12, 18, and 22 (23%, 19%,
19%, and 27%, respectively).1223 Among the recur-
rent changes, gains at chromosomes 18q and 9q34
may be linked to pathogenesis of lymphoma. MALT
lymphomas without translocations, but carrying 
trisomies of chromosomes 3, 7, 12, or 18, respond to
H. pylori eradication, but they have a higher risk of
large cell transformation. The chromosome translo-
cations occur at markedly variable incidences in
MALT lymphoma of different sites, but are always
mutually exclusive.1198,1224 For chromosomal gain at
9q34, Zhou et al suggested that TRAF2 and CARD9
may be the target genes.1223 Both genes have been
shown to interact with BCL10 and activate 

NF-κB. Partial inactivation of the p53 gene may play
a role in the development of low-grade MALT 
lymphoma,1225 whereas complete inactivation may
be associated with high-grade transformation (similar
to other hematologic malignancies).1218 Homozygous
deletions of p16 also play a role in large cell transfor-
mation.1218 Transformation of MALT lymphoma to
DLBCL occurs in approximately 8% of cases (more
frequently in extranodal lymphomas of the MALT
type than in nodal and splenic MZL) and is preceded
by the emergence of increased numbers of transformed
blasts that form sheets or clusters on histologic exami-
nation.1226–1229 Gastric MALT lymphoma usually
remains localized for long periods within the tissue of
origin. Bone marrow involvement at presentation is
uncommon.1183,1230 Disseminated disease appears 
to be more common in nongastrointestinal MALT
lymphomas.1229,1231

t(11;18)

The t(11;18) leads to fusion of the API2 gene at
11q21 and the MALT1 gene at 18q21 (Figure
3.25).1232–1234 The functional API2/MALT1 fusion
product activates NFκB. API2 is a member of the
IAP (inhibitor of apoptosis) gene family and is
essential for suppression of caspase-dependent
apoptosis.1235 In contrast to trisomy 3, which is
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Figure 3.25 Gastric marginal zone B-cell lymphoma
(MALT type) with MALT1 rearrangement; FISH
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nearly always accompanied by other numeric and
structural chromosomal alterations, t(11;18)
(q21;q21) usually occurs as a single abnormal-
ity.472,1236 Although amplifications of MALT1 are
rare, gain of an extra copy of MALT1 gene is a fre-
quent event in MALT lymphoma.1222,1223,1237 The
t(11;18) occurs most often in lymphomas from
lung (∼40%) and stomach (24 – 40%), followed by
ocular adnexae (∼15%), and orbit (∼20%), and is
rarely reported in the salivary gland, thyroid, or
skin.23,638,1237 The API2/MALT1 fusion gene is
characteristic for MALT lymphomas and is very
rare in splenic MZL or DLBCL. In gastric MALT,
t(11;18)(q21;q21) is strongly associated with fail-
ure to respond to treatment targeted at eradication
of H. pylori.477,1238,1239 This translocation, however,
seems to be associated with a low risk of both the
onset of additional genetic changes and transforma-
tion into DLBCL,1194,1219,1228,1236,1240 but excep-
tions may occur.1241 Based on the response to 
H. pylori eradication therapy and the presence of
the API2/MALT1 fusion gene, Inagaki et al divided
gastric MALT lymphomas into three groups: eradi-
cation-responsive and fusion-negative (group A),
eradication-nonresponsive and fusion-negative
(group B), and eradication-nonresponsive and
fusion-positive (group C).1239 The most common
group A tumors are characterized by low clinical
stage and superficial gastric involvement, and group
C tumors by low H. pylori infection rate, low-grade
histology, advanced clinical stage, and nuclear bcl-
10 expression. Group B tumors have frequent nodal
involvement, deep gastric wall involvement,
advanced clinical stage, and sometimes an increased
large cell component.

t(1;14)

The t(1;14) juxtaposes the BCL10 gene located on
1p22 to the immunoglobulin gene locus on 14q32,
leading to deregulated expression of the oncogene
and activation of NF-κB.353,354,470 The t(1;14)
(p22;q32) and its variant t(1;2)(p22;p12) occur in
∼3% of MALT lymphomas. MALT lymphomas with

t(1;14)(p22;q14) and t(11;18) (q21;q21) show strong
nuclear (as well as cytoplasmic) expression of bcl-10
protein, although the value of aberrant nuclear bcl-10
immunohistochemical staining as a surrogate marker
for the API2/MALT1 gene fusion is uncer-
tain.23,355,357,358 Tumors without both translocations
do not display nuclear staining for bcl-10 protein. No
association could be demonstrated between the latter
and the presence of BCL10 mutations.357 The fre-
quency of both t(11;18)(q21;q21) and bcl-10 expres-
sion is significantly higher in tumors that have
disseminated beyond the stomach than those confined
to the stomach.358 MALT lymphomas with t(1;14)
tend to be at a more advanced stage.

t(14;18)

The t(14;18)(q32;q21) which involves the IGH gene
on 14q32 and the MALT1 gene on 18q21 (not the
BCL2 gene located on the same chromosome seen in
the majority of FLs) can be identified by IGH/MALT1
D-FISH probe. It occurs in 5–18% of MALT lym-
phomas, most often involving the lung, liver, skin,
ocular adnexae, and salivary gland, but not the
spleen, stomach, or GI tract.470,1198 All of the MALT
lymphomas featuring the t(14;18)(q32;q21) are neg-
ative for t(11;18)(q21;q21) by RT-PCR, but tri-
somies 3 and/or 18 are identified in one third of
cases.470

t(3;14)

The t(3;14)(p14;q32) fuses the FOXP1 gene at 
3p14 with the IGH gene.677 In a series reported by
Streubel et al, 10% of MALT lymphomas harbored
t(3;14)(p14.1;q32) comprising tumors of the thyroid
(3/6), ocular adnexae (4/20), and skin (2/20), whereas
tumors of the stomach, spleen, and lung were nega-
tive.677 Most t(3;14)(p14.1;q32)+ MALT lymphomas
harbored additional genetic abnormalities, such as 
trisomy 3.677

Nodal marginal zone B-cell lymphoma

Nodal MZL occurs most commonly in the cervical
lymph nodes, is more aggressive than extranodal
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MZL (MALT lymphoma), and presents with 
an advanced stage III/IV disease.593,1190,1242–1244

Patients with nodal MZL have a lower 5-year overall
survival and failure-free survival than patients with
MALT lymphoma. Traverse-Glehen et al found
peripheral blood involvement in 23%, anemia in
24%, thrombocytopenia in 10%, and the presence
of serum M component in 33% of cases.1243 MZL
frequently shows plasmacytoid or plasmacytic differ-
entiation (61%) and an increased number of large
cells with a high mitotic rate (57%).1243 In a series of
47 patients with primary nodal MZL reported by
Arcaini et al, 45% had stage IV disease and 24% had
positive hepatitis C virus serology.1242 Based on the
Follicular Lymphoma International Prognostic Index
(FLIPI), 33% were classified as low risk, 34% as
intermediate risk, and 33% as high risk with a 5-year
overall survival of 69%. In univariate analysis, a
worse overall survival was associated with high risk
FLIPI, age >60 years, and raised LDH (lactate dehy-
drogenase), but in a multivariate analysis, only FLIPI
predicted a worse overall survival.1242

Abnormalities identified in more than 15% of
patients with non-MALT MZLs included +3/+3q
(37%), 7q deletions (31%), +18/+18q (28%), 6q
deletions (19%), +12/+12q (15%), and 8p deletions
(15%).1245 Trisomy 3/3q, 7q deletions, +18, and +12
were seen in different combinations in more than
30% of patients in comparison to 2% in small 
lymphocytic lymphomas/chronic lymphocytic
leukemias, 1% in MCLs, and 7% in follicular 
lymphomas.1245

Cutaneous marginal zone B-cell lymphoma

Primary cutaneous MZL is an indolent lymphoma
composed of small B-cells, including marginal zone
(centrocyte-like) cells, lymphoplasmacytoid cells,
and plasma cells. It occurs most commonly on the
trunk or extremities, especially the arms. In contrast
to primary follicle center lymphoma, presentation
with multifocal skin lesions is frequent. Cutaneous
MZLs have a tendency to recur in the skin, but dis-
semination to extracutaneous sites is uncommon.

The prognosis of cutaneous MZL is excellent with a
5-year survival close to 100%. In spite of its indolent
course, some patients develop extracutaneous spread
and eventually die of lymphoma.1188,1246,1247

Chromosomal studies may reveal t(14;18)(q32;q21)
involving the IGH gene on chromosome 14 and the
MALT1 gene on chromosome 18, and t(3;14)
(p14;q32) involving the IGH and FOXP1 genes.
Other translocations observed in gastric MALT lym-
phomas, such as t(11;18)(q21;q21) and t(1;14)
(p22;q32), have not been found in cutaneous MZL.
Gallardo et al observed the presence of aberrant
nuclear Bcl-10 expression in a significant number of
primary cutaneous MZL cases (36%, 15/42).1248 This
aberrant expression was significantly related to the
development of extracutaneous disease. In contrast,
neither the t(11;18)(q21;q21) translocation nor other
MALT1 gene translocations could be demonstrated
and therefore t(11;18)(q21;q21), strongly linked to
extracutaneous MALT lymphomas, does not seem to
play a role in primary cutaneous MZL.

Diffuse large B-cell lymphoma

DLBCL is the most common type of lymphoma,
with an annual US incidence of >25 000 cases 
(it accounts for approximately one-third of the total
number of adult non-Hodgkin lymphoma patients).
DLBCL may occur in nodal and extranodal sites and
is characterized by a marked degree of morphologic,
genetic, and clinical heterogeneity. It was initially
grouped into an intermediate prognostic grade by
the International Working Formulation. The WHO
classification divides DLBCL into several morpho-
logic and clinical variants (Figure 3.26): 
centroblastic, immunoblastic, anaplastic, T-cell-rich/
histiocyte-rich, thymic (primary mediastinal),
intravascular, ALK+, and plasmablastic,1,438 with the
centroblastic variant being the most frequent type
(>80%).The majority of DLBCL are positive for
CD45 and B-cell markers (CD19, CD20, CD22,
CD79a, and Pax-5). Rare cases may be CD20 nega-
tive. Patients with DLBCL have a highly variable
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course, response to treatment, and prognosis, which
depends on many clinical, morphologic, phenotypic,
and genetic parameters. A significant proportion of
DLBCL seems to occur from a transformation of an
unknown indolent lymphoma.1249,1250 Current treat-
ment of DLBCL is based on the combination of
chemotherapy including cyclophosphamide, adri-
amycin, vincristine, prednisone (CHOP) or a dose-
intense CHOP-like regimen, and rituximab
(R-CHOP). Approximately 60% of patients with
DLBCL relapse after conventional anthracycline-
based combination therapy.1249,1250

Based on the immunophenotype, DLBCL can be
classified into three expression patterns: a germinal

center pattern (pattern A), expressing CD10 and/or
bcl-6 but not activation markers (Figure 3.27); an
activated germinal center pattern (pattern B)
expressing at least one germinal center marker and
one activation marker; and an activated non-germinal
center B-cell pattern (pattern C) expressing
MUM1/IRF4 and/or CD138, but not germinal
center B-cell markers.1251 Patients with pattern 
A have a much better overall survival than those with
the other two patterns. Frequent chromosomal/
genetic abnormalities in DLBCL include t(14;18),
t(8;14), and BCL6 rearrangements. The 18q gains or
amplifications and 17p losses are associated with
aggressive clinical behavior.296
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Figure 3.26 Diffuse large B-cell lymphoma: centroblastic (A), immunoblastic (B), anaplastic (C), and T-cell rich 
(D; inset: CD20 immunostaining showing scattered large B-cells)
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Chromosomal/molecular aberrations

Chromosomal aberrations in DLBCL are common
and often complex. The most frequent chromosomal
change involves the BCL6 gene at 3q27; other
translocations involve c-MYC and BCL2 genes.

BCL6

In DLBCL, the chromosomal translocations of 3q27
involving the locus of the BCL6 gene are the most
characteristic and common genetic abnormalities
occuring in 30 to 40%. The partners of the BCL6
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Figure 3.27 Diffuse large B-cell lymphoma; A–C, germinal center B-cell-like phenotype with positive BCL-6 (B) and
CD10 (C); D–F, activated type with positive MUM1 (E) and negative CD10 (F)
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chromosomal translocations most often include the
IG genes on chromosomes 14q32 (IGH), 2p12 (IGK),
and 22q11 (IGL), but more than 20 other partners
have been reported. In addition to BCL6 transloca-
tions, small deletions and somatic point mutations
occuring in the BCL6 regulatory region are reported
in 70% of DLBCLs. The presence of mutations is
independent of translocation-generated rearrange-
ments, with some mutations significantly deregulating
BCL6 expression. Patients with BCL6 rearrangement
have a less favorable outcome. Rearrangement of
BCL6 is found more often in patients with extranodal
(36%) and advanced (39%) presentation versus 
primary nodal disease (28%).762,1252

t(14;18)

The t(14;18)IGH/BCL2 translocation typical for FL is
seen in 15% of nodal DLBCL. The expression of
bcl-2 protein by immunohistochemistry, which does
not correlate with t(14;18), is associated with a worse
prognosis.

t(8;14)

The t(8;14) translocation occurs in 5–10% of
DLBCL. It involves c-MYC at 8q24. The prolifera-
tion index of nearly 100% (Ki-67), monotonous
proliferation of medium-sized cells, CD10+, Bcl-2−,
and low frequency of mutation of the IGVH gene are
helpful for the histologic distinction of BL from
MYC + DLBCL.

TP53 (p53)

TP53 is a tumor-suppressor gene that acts as a multi-
functional transcription factor involved in cell cycle
arrest, apoptosis, cell differentiation, replication,
DNA repair, and the maintenance of genomic stabil-
ity. Mutations in the p53 gene leading to a function-
ally defective protein have been detected in about
20% of DLBCLs and are associated with drug resist-
ance, shorter disease-free survival, shorter survival,
and generally a more aggressive clinical course and
poor outcome.597,861,862,1253,1254 TP53 mutations
occur almost exclusively in DLBCL tumors lacking

BCL6 translocations and, vice versa, TP53 muta-
tions are rarely confirmed in cases with constitutive
expression of BCL6 due to chromosomal transloca-
tion. This suggests that BCL6 inactivates TP53
during DLBCL lymphagenesis, thus bypassing the
need for TP53 mutations. Immunohistochemically,
p53 is detected in DLBCL in 30–40% of cases.597

The clinical significance of p53 expression is contro-
versial, with some studies showing an adverse effect
on outcome,593,1255 whereas others have shown no
effect.589,599,600 The p53 mutations accompanied by
bcl-2 expression were shown to be associated with a
very poor outcome;600 however, the negative prog-
nostic impact of overexpressed bcl-2 and p53 protein
appears to be of no concern for patients older than
65 years of age.602

Genetic profiling

Recent studies using gene expression profiling have
identified patterns of gene expression, as well as indi-
vidual genes that appear to have important prognos-
tic significance, related to underlying tumor biology.
The presence of somatic mutations in the V region
of IG genes is commonly used as a marker of germi-
nal center (GC) transit since normal pregerminal
center lymphocytes harbor unmutated IG genes.

Gene expression profiling using microarray tech-
nologies provides new insights into the biology and
genetics of DLBCL, which can be used to predict out-
come and risk stratification.631,1256 Evaluation of
DLBCL gene expression profiles by cDNA microarray
techniques and oligonucleotide microarrays has identi-
fied molecularly distinct forms of DLBCL: GC 
B-cell-like DLBCL (GCB), characterized by the expres-
sion of genes normally expressed by GC B-cells, and
non-GC like DLBCL. Non-GC-like DLBCL consists
of activated B-cells (ABC)-like DLBCL, and ‘type 3’
subtypes.632 The ABC-like DLBCL is characterized by
the expression of genes involved in activation of B-cells
as well as some genes normally expressed by plasma
cells, thus suggesting their post-GC origin.39,631 Type 3
is a heterogeneous DLBCL subtype that does not
express high levels of either the GC or ABC set of genes.
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The GCB group is characterized by a better prog-
nosis in comparison with ABC or type 3 groups. The
GCB group shows t(14;18) translocation, CD10
expression, c-REL amplification, and evidence of
ongoing somatic hypermutation in the IGVH genes,
and is characterized by a better overall survival.632,

1257,1258 The t(14;18)(q32;q21) translocation involv-
ing the BCL2 gene and the amplification of the c-REL
locus on chromosome 2p have been detected almost
exclusively in GC-like DLBCL. The t(14;18) is pres-
ent in 45% of GCB-DLBCLs and only in 8% of
ABC-DLBCL.1259 Other reports confirmed that
t(14;18) translocations are prevalent, but not exclu-
sive to GCB lesions.1258,1260 Similarly, immunohisto-
chemical markers such as CD10 and bcl-6 that have
been reported to be expressed predominantly in the
GCB type were also seen among non-GCB samples
in the study reported by Poulsen et al.1259 However,
in that study, three samples that were classified as
ABC using microarrays were GCB by immunophe-
notyping, indicating that phenotyping and expres-
sion profiling produce similar, but not identical
classifications of the DLBCL. High expression of
NF-κB target genes has been observed in ABC-like
DLBCL, but not in GC-like DLBCL.

Patients with high BCL6 gene expression (mRNA
analysis by RT-PCR) had a better prognosis, with a
median overall survival of 171 months, whereas
patients with low BCL6 gene expression had an over-
all survival of 24 months.629 High bcl-6 mRNA
expression appears to be a favorable prognostic factor

in DLBCL.629 Colomo et al, however, did not find a
relationship between bcl-6 expression and progno-
sis.23 The biologic consequences of bcl-6 expression
in DLBCL might vary according to the presence or
absence and the nature of the underlying alteration
of the BCL6 gene.627 Genes which correlate most
with outcome in DLBCL include nor1, pde4b, pkc-
b2,631 and LMO2, BCL6, FN1, CCND2, SCYA3,
and BCL2.1261 The expression of LMO2, FN1, and
BCL6 correlated with prolonged survival, and the
expression of CCND2, SCYA3, and BCL2 correlated
with short survival.1261

FOXP1 expression has been demonstrated in a
subset of DLBCL and is more common in the non-
GC activated B-cell type. Uniform high FOXP1
expression was demonstrated in ∼18% of patients
with DLBCL. The high level of expression was almost
exclusively confined to patients who lacked the GC
phenotype, expressed MUM1 and BCL2 in the absence
of t(14; 18), and were identified as a subgroup of
patients with particularly poor outcomes in a group
with already poor prognoses. Positive FOXP1 expres-
sion is an independent poor prognostic factor in
DLBCL.680,681 FOXP1 and MUM1 are the best 
predictor genes defining the ABC type of DLBCL.632

T-cell leukemia/lymphoma-1A (TCL1A) mRNA
overexpression in DNA microarray and tissue microar-
ray analysis was shown to correlate with relapse rate in
DLBCL patients.1262 Table 3.6 shows molecular,
pathogenetic, and clinical features distinguishing
GC-like and ABC-like DLBCL.
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Table 3.6 Molecular, pathogenetic, and clinical features distinguishing GC-like and ABC-like DLBCL

Germinal center B-cell-like (GCB) Activated B-cell-like (ABC)

Cell of origin Germinal center B-cell Postgerminal center B-cell (?)
Ongoing Ig mutation Yes No
Phenotype CD10+/− MUM1+

Bcl-6+ CD138+/−
Oncogenic mechanisms BCL2 translocation Constitutive activation of

Chromosome 2p amplification of c-REL locus NF-κB
Karyotypic changes t(14;18) Trisomy 3

Gain 12q12 Gain 3q, Gain 18q21–q22 
Del(6q21–q22)

Clinical outcome Favorable Poor
(60% 5-year survival) (35% 5-year survival)

Gorczyca-Ch03  11/12/07  3:21 PM  Page 148



Specific clinical variants of diffuse 
large B-cell lymphoma

Nodal and extranodal DLBCLs differ in clinical
presentation, behavior, and prognosis.1263

Extranodal DLBCL is associated with older age and
poorer performance status, but also lower tumor
burden. In extranodal DLBCL, ∼50% of the cases
are stage I and ∼35% are stage IV, whereas in nodal
DLBCL the patients are relatively equally distributed
between the four stages. For stage I patients, extran-
odal DLBCL was independently associated with
poor survival. In contrast, among stage IV patients
those with extranodal DLBCL survived longer.1263

Intravascular large B-cell lymphoma

Intravascular large B-cell lymphoma (IVLBCL;
angiotropic lymphoma; Figure 3.28) is a specific sub-
type of DLBCL characterized by proliferation of large
lymphomatous cells within the lumina of small to
medium sized vessels.1,1264 The IVLBCL is an aggres-
sive and usually disseminated disease (Ann Arbor stage
IV in 68% of cases) that predominantly affects elderly
patients (median age 67–70 years, range: 34–90 years)
with B symptoms (55–76%), anemia/thrombocy-
topenia (63–84%), hepatosplenomegaly (77%), bone
marrow involvement (75%), high serum lactate

dehydrogenase level (86%), and hemophagocytosis
(61%).1264,1265 The involved sites include: bone
marrow (32–66%), brain (40%), skin (40%), liver
(17–26%), spleen (16–26%), kidney (21%),
endocrine glands (16%), lung (16%), prostate
(16%), heart (11%), lymph nodes (11%), GI tract
(8%), uterus (8%), gallbladder (3%), and sporadi-
cally other organs.1264–1266 Patients with disease lim-
ited to the skin (‘cutaneous variant’; 26% of cases)
were invariably females with a normal platelet count,
and they exhibited a significantly better outcome than
the remaining patients.1265 Most patients present with
systemic symptoms (fever, weight loss), cutaneous
lesions, neurologic symptoms, and/or pain. Laboratory
abnormalities include anemia (63%), thrombocytope-
nia (29%), leukopenia (24%), high LDH (86%), high
β2-microglobulin, and hypoalbuminemia (18%).1266

The tumor cells express CD20 and may display a
GC B-cell-like phenotype (20%) with CD10/bcl-6
immunoreactivity. There is aberrant CD5 expression
in a significant proportion of cases. Murase et al
reported CD5 expression in 38% and showed a
higher prevalence of marrow/blood involvement for
this group.1264

Cutaneous diffuse large B-cell lymphoma

The term primary cutaneous B-cell lymphoma was
introduced in the early 1990s to identify a hetero-
geneous group of lymphoproliferative disorders with
distinctive clinical features characterized by clonal
proliferation of B-lymphocytes primarily involving
the skin.1267–1270 The WHO-EORTC (European
Organization for Research and Treatment of Cancer)
recognizes four main types of B-cell lymphomas in
the skin: (a) primary cutaneous MZL, (b) primary
cutaneous follicle center cell lymphoma (PCFCCL),
(c) primary cutaneous DLBCL, leg type, and (d) pri-
mary cutaneous DLBCL, other. Primary cutaneous
B-cell lymphomas are generally associated with a
favorable prognosis, with good response rates to
radiotherapy and chemotherapy. However, the
relapse rate varies between 25% and 68% according
to different studies.1271–1275 A large series of primary
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Figure 3.28 Intravascular large B-cell lymphoma

Gorczyca-Ch03  11/12/07  3:21 PM  Page 149



cutaneous B-cell lymphoma published by Zinzani 
et al, confirmed the good overall prognosis of these
tumors, with a 10-year overall survival rate of 85%,
a 92% complete response rate after the first treat-
ment, and a low tendency to extracutaneous spread.1276

However, nearly half of the patients experienced
relapse after the first treatment (46.7%) and 23.8%
experienced two or more relapses during the follow-
up.1276 Both cutaneous MZL and PCFCCL differ
significantly in prognosis from DLBCL localized in
the lower limb. Willemze et al reported a uniquely
poor prognosis associated with DLBCL, leg type.1269

In the case of primary cutaneous DLBCL, location
on the leg seems to be the main independent prog-
nostic factor for determining poorer outcome;1277

the presence of multiple lesions, involvement of more
than one body site, and phenotype had no effect on
survival.1277

Testicular diffuse large B-cell lymphoma

Primary testicular DLBCL has a poor prognosis
despite localized presentation and doxorubicin-based
chemotherapy. Touroutoglou et al reported that the
failure-free survival rate at 153 months was 16% for
all patients or 32% and 0% for those with IPI scores
≤1 and >1, respectively.1278 The CNS or contralat-
eral testis were involved in all patients who failed to
respond to primary therapy, and in 50% of those
who relapsed from complete remission.1278 In a series
reported by Darby et al, 40% of patients with testic-
ular lymphoma relapsed following a complete
response and the median time to relapse was 
9 months.1279 Only one of these relapses was in the
CNS, one was in bone, one was in skin, and two
were in the contralateral testis. The majority of
relapses (58%) occurred in the lymph nodes.1279 The
study by Bosga-Bouwer et al indicates that 6q dele-
tions play a major pathogenetic role in DLBCL of
the testis and that many of these deletions are part 
of unbalanced translocations.190 Cytogenetic and
FISH (chromosome 6 painting probe) analysis show
structural abnormality of the long arm of chromo-
some 6, with deletion or addition of material of

unknown origin in the majority of testicular
DLBCLs (72%).190

Diffuse large B-cell lymphoma of bone

Primary non-Hodgkin’s lymphoma of bone is rare,
comprising ∼5% of extranodal lymphomas.1280–1285

Most primary bone lymphomas are classified as
DLBCL (followed in frequency by ALCL, T-cell
type). DLBCL of bone can occur in children and
adults.1280–1285 All cases reported by Huebner-
Chan et al were negative for IGH/BCL2 rearrange-
ment.1284 The majority of DLBCLs of bone 
express p53.1284

Central nervous system lymphoma

Primary CNS lymphoma (PCNSL) comprise 5–7%
of primary brain tumors. PCNSL occurs in
immunosuppressed patients, especially those with
AIDS or those who have received solid organ 
transplants. It is uncommon in immunocompetent
patients. Most primary CNS lymphomas in immuno-
competent patients are DLBCLs characterized by
poor prognosis, compared with systemic forms.
Unlike HIV-associated primary CNS lymphomas,
these lymphomas developing in immunocompetent
patients are not associated with EBV and occur usu-
ally over the age of 50 years. Concerning this histo-
genesis, primary CNS DLBCLs are thought to be of
GC cell origin, based on their bcl-6 expression1286

and ongoing mutational activity.1287,1288 The prog-
nosis of primary CNS DLBCL is poor, with a 5-year
overall survival rate of approximately 30%.1289,1290

In patients with primary DLBCL of the CNS,
expression of p53 or c-MYC is associated with a
poorer overall survival than in those without.
Expression of bcl-6 is significantly associated with a
longer overall survival (median survival 101 months
vs 14.7 months for bcl-6− tumors),1291 although the
study by Camilleri-Broet et al did not confirm the
prognostic significance of bcl-6 expression.1292 Since
traditional prognostic markers in non-CNS DLBCL,
such as staging and IPI scores, are not applicable to
primary CNS DLBCL, evaluation of p53, c-MYC,
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and bcl-6 by immunohistochemistry may be war-
ranted as part of the prognostic evaluation in
immunocompetent patients with primary CNS
DLBCL.1293 While DLBCL can arise at any time –
from early GC to late post-GC, primary CNS
DLBCL antigens correspond to those mainly
expressed from late GC to early post-GC (low CD10
expression, the predominant bcl-6+/MUM1+ pheno-
type, and the CD138 negativity).

Mediastinal diffuse large B-cell lymphoma

Mediastinal (thymic) DLBCL encompasses cases of
otherwise typical nodal DLBCL and primary media-
stinal (thymic) large B-cell lymphoma (Figure 3.29).
Primary mediastinal (thymic) DLBCL accounts for
approximately 5% of aggressive lymphomas and has
a predilection for young women, bulky disease, high
LDH levels, and frequent intrathoracic extension to
adjacent organs such as pleura, pericardium, and
lung.1294 Extrathoracic dissemination and bone
marrow involvement are uncommon. Clinically, pri-
mary mediastinal large B-cell lymphoma resembles
classic Hodgkin lymphoma, but on histology it
shows diffuse large cell infiltrate with characteristic
clear cytoplasm and prominent fibrosis. Studies with

gene expression profiling showed that mediastinal
DLBCLs have a distinct biology and should be con-
sidered separate from nodal DLBCL.1295,1296 More
than one-third of the genes that were more highly
expressed in primary mediastinal lymphoma were
also characteristically expressed in Hodgkin lym-
phoma cells.1295,1296 Malpeli et al, showed that 54%
of primary mediastinal B-cell lymphomas possessed
mutations in the intronic region of BCL6 prone to
hypermutations and the mutational spectrum dif-
fered from that in FL or nodal DLBCL.1297 Primary
mediastinal large B-cell lymphoma exhibits charac-
teristic genetic abnormalities including frequent
gains of 9p and distinct high-level amplifications
with a defined consensus region on 9p24, where
JAK2 genes are located. In contrast, BCL2 and BCL6
rearrangements, frequently observed in DLBCL,
appear to be rare. Primary mediastinal large B-cell
lymphoma has a relatively favorable clinical out-
come, with a 5-year survival rate of 64% 
compared with 46% for other DLBCL patients.1296

De novo CD5+ diffuse large B-cell lymphoma

De novo CD5+ DLBCL is known to have pheno-
typically and genotypically different characteristics 
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Figure 3.29 Primary mediastinal (thymic) large B-cell lymphoma. A, radiology; B, histology
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from CD5− DLBCL. CD5+ DLBCL is characterized
by a survival curve that is significantly inferior to
that for patients without CD5 expression.231,1298–1300

CD5+ DLBCL shows a higher incidence of bone
marrow and spleen involvement.1299–1301 Based on
comparative genomic hybridization (CGH) analysis
regions of genomic aberrations observed in >20% of
cases of both the CD5+ and CD5− groups of DLBCL
were gains of 1q21–q31, 1q32, 3p25–q29, 5p13,
6p21–p25, 7p22–q31, 8q24, 11q23–q24,
12q13–q21, 16p13, 18, and X and losses of 1p36,
3p14, 6q14-q25, 6q27, 9p21, and 17p11–p13.1302

Although both groups showed similar genomic pat-
terns of gains and losses, gains of 10p14-p15 and
19q13 and losses of 1q43-q44 and 8p23 were found
to be characteristic of CD5+ DLBCL.231,1302 A com-
parison with results reported for MCL, B-CLL, and
Richter’s syndrome demonstrated that the CGH pat-
tern of CD5+ DLBCL was markedly different.231

Characteristic cytogenetic abnormalities in de novo
CD5+ DLBCL were also reported by Yoshioka et al,
with a high incidence of chromosomal aberrations
affecting 8p21 and 11q13.1303 Major chromosomal
breakpoints were concentrated at 8p21, 11q13, and
3q27. Patients with 8p21 aberrations showed aggres-
sive clinical features, including advanced stage of dis-
ease, elevated serum LDH level, poor performance
status, and an inferior survival curve compared with
patients who had 11q13 changes. The conflicting
results of previous studies on prognosis in de novo
CD5+ DLBCL may be explained in part by the differ-
ences in chromosomal changes.1303

Large B-cell lymphoma expressing 
the ALK kinase

Large B-cell lymphoma expressing the ALK kinase is
a rare variant of large B-cell lymphoma with
immunoblastic or plasmablastic morphology and
cytoplasmic expression of ALK-1.370–372 In most
cases it lacks the t(2;5)ALK/NPM translocation charac-
teristic for (T-cell) ALCLs. Apart from granular cyto-
plasmic ALK positivity, tumor cells may express
CD45, CD56, CD138, CD43, CD10, IgA, and

lambda. They lack CD20 and CD79a. Most patients
present with advanced disease. The clinical course is
aggressive despite polychemotherapy.370 The major-
ity of cases are associated with t(2;17)(p23;q23),
which results in fusion between CLTC (clathrin
gene) on 17q23 and ALK on 2p23.372 Only rare cases
of ALK+ DLBCL with ALK/NPM fusion due to
t(2;5) have been reported.568,569 Stachurski et al,
described ALK+ DLBCL with complex karyotype
and cryptic ALK gene insertion to chromosome
4q22–24.373

Diffuse large B-cell lymphoma with Burkitt-like
features (Burkitt lymphoma vs DLBCL)

Translocations between the c-MYC and immunoglob-
ulin genes, t(8;14)(q24;q32), t(2;8)(p13;q24), and
t(8;22)(q24;q11), are observed in almost all BLs.
The c-MYC can be occasionally seen in other B-cell
neoplasms, like DLBCL, lymphoblastic lymphoma,
FL and plasma cell myeloma.178,266,760,1304 A distinc-
tion between Burkitt lymphoma and DLBCL has
important clinical implications; however, this dis-
tinction can be difficult and is not reliable based on
morphology and immunophenotype alone. BL and
DLBCL are both aggressive lymphomas and may
have overlapping histologic, phenotypic, and molec-
ular features (gray zone Burkitt lymphoma/DLBCL
or Burkitt-like lymphoma). Currently, based on
WHO classification, Burkitt-like lymphoma is con-
sidered synonymous with ‘atypical Burkitt lym-
phoma’ and comprises cases which demonstrate a
high growth fraction (Ki-67 index exceeding 99%),
phenotype of Burkitt lymphoma, and cytogenetic
evidence of a c-MYC rearrangement with atypical
cytomorphologic features. When compared to
Burkitt lymphoma, DLBCL is the more heteroge-
neous disease at the molecular and cytogenetic 
level, with translocations, including BCL6 break-
points (20–35%), BCL2 breakpoints (15–20%), 
and c-MYC breakpoints (5–15%), and often 
complex karyotype. In c-MYC+ DLBCL the Ki-67
index varies from 48 to 89.7%.1305 DLBCLs are
often bcl-2+ and CD43− and only a subset of DLBCL
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expresses CD10 (Burkitt lymphomas are bcl-2−,
CD43+, and CD10+).

In a series reported by Haralambieva et al, 35% of
Burkitt lymphomas were diagnosed as DLBCL 
based on histologic criteria alone.1306 Their exclusion
from Burkitt lymphoma was mainly based on the
nuclear pleomorphism with the presence of centro-
blasts and/or immunoblasts among smaller, more
classic Burkitt lymphoma. Vice versa, 29% of lym-
phomas categorized as Burkitt lymphoma by histol-
ogy belonged to the DLBCL category based on
phenotypic and cytogenetic (FISH) parameters
(double c-MYC and BCL2 or BCL6 breakpoint, 
lack of detectable c-MYC breakpoint, and/or
immunophenotype incompatible with Burkitt lym-
phoma).1306 The reported frequencies of the c-MYC
breakpoint in DLBCL vary between 4 and 15%
depending on the method used (cytogenetics, FISH,
Southern blot, or long distance PCR), and therefore
this marker should not be used alone but only in
combination with other meaningful markers.
Lymphomas with a combination of c-MYC and
BCL2 should be distinguished from true Burkitt
lymphoma with a sole break in c-MYC as they often
represent a very aggressive disease with a poor clini-
cal outcome. Dual translocation of c-MYC and
BCL2 is characterized by a rapid clinical course and
extremely poor outcome, and some cases with dual
translocation of c-MYC and BCL2 are regarded as
instances of transformation of FL. Tumors with a
concomitant c-MYC and BCL6 are less common.
Hummel et al analyzed genomic profiling in 220
mature aggressive B-cell lymphomas using
Affymetrix U133A GeneChips.887 The distinctive
molecular signature for Burkitt lymphoma consisted
of 58 genes, including several target genes of the 
NF-κB pathway (e.g. BCL2A1, FLIP, CD44,
NFKB1A, BCL3, and STAT3) that distinguishes acti-
vated B-cell-like or germinal-center B-cell-like lym-
phomas.887 By correlating the gene expression profile
with chromosomal aberrations, these authors distin-
guished three main cytogenetic groups within aggres-
sive B-cell lymphomas: c-MYC-simple (lymphomas

with IG/MYC fusion and a low chromosomal com-
plexity without IGH/BCL2 fusions and BCL6 break-
points), c-MYC-complex (lymphomas with
nonIG/MYC fusions or lymphomas with IG/MYC, a
high chromosomal complexity score, and
IGH/BCL2 or BCL6 breakpoints) and c-MYC-nega-
tive (MYC-negative lymphomas).887 Of the 176 lym-
phomas without the molecular signature for Burkitt
lymphoma, 155 were DLBCL. Of these 155 cases,
21% had a chromosomal breakpoint at the c-MYC
locus associated with complex chromosomal changes
and an unfavorable clinical course.887 Also in the
study reported by Dave et al, BL and DLBCL dif-
fered with respect to the signature of the c-MYC
target genes as well as other gene expression signa-
tures including a subgroup of germinal-center B-cell
genes.888 NF-κB target genes are expressed at lower
levels in Burkitt lymphoma than in DLBCL.887,888

Bcl-2 expression by IHC may be a surrogate
marker for BCL2 and BCL6 breakpoints.
Immunohistochemistry for Ki-67, CD10, and 
bcl-2 in combination with FISH analysis for 
c-MYC breakpoints could be a minimum panel to 
be used for the diagnosis of BL in adult patients.
Additional FISH analysis for BCL2 and BCL6
breakpoints might be advisable as well, especially
when cytomorphologic and immunophenotypic fea-
tures are equivocal. An algorithm for diagnosing
Burkitt lymphoma versus DLBCL is presented in 
Figure 3.30.

Diffuse large B-cell lymphoma in children

Lymphomas account for approximately 6% of pedi-
atric malignancies, and represent primarily high-
grade lymphomas, the most prevalent entities being
Burkitt lymphoma (43%), precursor B-lymphoblastic
lymphoma (7%), and DLBCL (13%). Childhood
DLBCL responds well to therapy and has an event-
free survival of about 90%.1307–1309 A large series by
Oschlies et al showed a predominance of pediatric
DLBCLs with germinal center B-cell-phenotype and
lack of t(14;18) by standard cytogenetics and
FISH.1310
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Plasmablastic lymphoma

Plasmablastic lymphomas are a heterogeneous group
of tumors.296 The most common type, plasmablastic
lymphoma of the oral mucosa (Figure 3.31), is char-
acterized by immunoblastic morphology, plasma cell
phenotype, a high rate of association with HIV
infection, and an unfavorable outcome.296 The
second subtype, plasmablastic lymphoma with plas-
macytic differentiation, presents in both nodal and
extranodal sites, HIV infection in a subset of
patients, EBV positivity, and a very aggressive clini-
cal course.296 Plasmablastic lymphomas display mor-
phologic features of DLBCLs, but differ by their
phenotype, which resembles a plasma cell tumor
rather than DLBCL. Monoallelic TP53 deletions are
common.1311 Plasmablastic lymphomas are resistant
to standard chemotherapy and autologous stem cell
transplantation and have a median overall survival of
14 months.1311

Burkitt lymphoma

Burkitt lymphoma (Figure 3.32) is an aggressive 
B-cell lymphoma of mature B-cell phenotype charac-
terized by a bulky disease, common extranodal loca-
tion, a high degree of proliferation (Ki-67 index
approaching 100%), and the deregulation of the 
c-MYC gene, most often due to t(8;14)(q24.1;q32).
It can present as lymphoma or leukemia. Three 
variants of Burkitt lymphoma are recognized:
endemic, sporadic (spontaneous), and associated 
with immunodeficiency (HIV). Adult patients with 
sporadic or immunodeficiency-associated Burkitt
lymphoma typically present with extranodal disease.
The endemic variant is most commonly observed in
children aged 4 to 7 with frequent involvement of
the mandible and maxilla, and abdominal organs,
especially the kidneys. The sporadic forms occur
mainly in young adults, and present as abdominal
disease. A significant subset of BL is associated with
EBV infection (endemic and HIV-associated forms).
With the current chemotherapy regimens, the overall 

survival rate is approximately 90% in children and
50–70% in adults.1307,1312–1314

The diagnosis of Burkitt lymphoma is based on
morphology, immunophenotyping, and cytogenet-
ics/FISH studies. Morphologically, Burkitt lym-
phoma is composed of a monotonous infiltrate of
medium-sized cells with numerous mitoses, apop-
totic cells, and scattered macrophages with engulfed
apoptotic bodies, creating a ‘starry-sky’ appearance
(Figure 3.32).

Chromosomal/molecular markers

The majority of Burkitt lymphoma cases have
t(8;14)(q24;q32), resulting in the juxtaposition of
the c-MYC oncogene (on chromosome 8q24) with
the IGH heavy chain locus (on chromosome 14)
(Figure 3.33). Remaining cases have either t(2;8)
(p11;q24) or t(8;22)(q24;q11.2), that juxtapose
MYC to the immunoglobulin light chain genes,
kappa (IGK) on 2p11 and lambda (IGL) on 22q11,
respectively.758

Approximately 60–70% of sporadic Burkitt 
lymphomas in adults have additional chromosomal
abnormalities.81,1315,1316 Barth et al compared endemic
Burkitt lymphoma with sporadic Burkitt lymphoma
and concluded that the former has a homogeneous
immunohistology and few secondary genomic 
aberrations, whereas the c-MYC-rearranged 
sporadic form is more heterogeneous with regard to
immunophenotype and often displays complex chro-
mosomal abnormalities.1317 In a series of Burkitt
lymphoma in 33 children and 37 adults reported by
Onciu et al, all patients had either the t(8;14)
translocation or one of the variants, t(8;22) (3 chil-
dren and 6 adults) or t(2;8) (2 adult patients).1318 In the
same series, additional abnormalities were present in 54
of 70 (77%) patients, including 27 children (81%) and
27 adults (73%). Approximately half of the tumors had
a complex karyotype, with a similar incidence in 
children (17/33 patients; 51%) and adults (19/37
patients; 51%).1318 The most frequent additional
abnormalities in Burkitt lymphoma affect chromo-
somes 1 [30–44%; addition or duplication of 1q, 
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Figure 3.31 Plasmablastic lymphoma, oral mucosa. A–B, histology (A, low power; B, high power); C–F, immunohisto-
chemistry: lymphomatous cells are positive for EBER (C) and CD138 (D), and negative for CD45 (E) and CD20 (F)
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Figure 3.32 Burkitt lymphoma. Burkitt cells are medium-sized with increased nuclear–cytoplasmic ratio and vacuo-
lated cytoplasm (A). Tissue section shows diffuse lymphoid infiltrate with ‘starry-sky’ pattern (B). Lymphomatous cells are
positive for CD20 (C), CD10 (D), CD43 (E) and are negative for bcl-2 (F). FISH shows c-MYC (G)
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balanced translocations], 6 [17%; terminal or intersti-
tial deletions or additions, i(6), trisomy 6, and t(1;6)],
13 [11–25%; 13q rearrangement], 17 [17%], and 22
[21%].221,429,1315, 1318–1320 Chromosome 13q abnormal-
ities are found more frequently in the pediatric popula-
tion and are associated with a worse prognosis in
children. Chromosome 17 abnormalities are present
with similar frequency in pediatric and adult Burkitt
lymphoma, and are associated with poor prognosis in
adults. Valnet-Rabier et al reported that the expression
of c-FLIP in Burkitt lymphyoma was associated with a
poor prognosis, with a high death rate within the first
year of diagnosis, adult onset, and chemoresistance.1321

The 2-year overall survival with c-FLIP expression was
24% compared with 93% in the absence of this marker.
The presence of abnormalities on 1q and imbalances on
7q were associated with a short survival.221

The c-MYC deregulation [t(8;14)] is not specific
for Burkitt lymphoma, and can also be detected in
approximately 15% of DLBCLs as well as in second-
ary precursor B-lymphoblastic leukemia/lymphoma,
aggressive lymphoma transforming from FL, and in
some cases of MM.760,762,11401304–1306,1317,1322,1323 The
differential diagnosis between Burkitt lymphoma
and DLBCL is very important from the clinical
point of view, since the treatment and prognosis of
two disease differs (see above: DLBCL, specific clinical
variants).

Multiple myeloma (plasma cell myeloma)

MM also termed plasma cell myeloma (Figure 3.34),
is a clonal disorder of B-cells at the last stage of differ-
entiation characterized by bone marrow infiltration
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by plasma cells, production of a monoclonal
immunoglobulin with serum monoclonal protein
(M-protein), and lytic bone lesions. WHO criteria
require >10% plasma cells in the marrow for the
diagnosis of MM. The diagnosis and subclassifica-
tion of the various plasma cell dyscrasias depend on
the correlation of radiologic imaging data (bone
lesions) and laboratory data (M-protein type and
amount) with morphologic, cytogenetic, and pheno-
typic findings. On immunophenotyping, MMs are
usually positive for CD138, MUM1, light and heavy
chain immunoglobulins, OCT-2 and BOB-1; more
than 50% of tumors express CD43, CD117, and/or
CD56, and approximately one-third of cases are pos-
itive for bcl-1, Pax-5, CD20, and/or EMA. Patients
with <10% plasma cells in the bone marrow usually
represent MGUS, which is believed to be a precursor
of MM.

Clinical outcomes for MM are highly hetero-
geneous. The genomic aberrations t(4;14), t(14;16),
t(14;20), and del(17p), together with the 
β2-microglobulin level, are important independent
predictors of survival.304 In univariate statistical
analyses del(13), t(4;14), nonhyperdiploidy, and
del(17p) negatively impact both the event-free survival

and the overall survival, whereas t(11;14) and 
c-MYC translocations do not influence the progno-
sis.304 High-risk disease is associated with t(4;14),
t(14;16), t(14;20), deletion 17q13, aneuploidy or
deletion chromosome 13 by conventional cytogenet-
ics, or a plasma cell labeling index >3.0.1324

Chromosomal aberrations

Chromosomal abnormalities occur in up to 90% of
patients with MM; they are most often complex and
can be identified either by conventional cytogenetics
or more frequently by FISH.112,266,267,304,1325–1329

Among numeric changes, gains predominantly
involve chromosomes 3, 5, 7, 9, 11, 15, 19, and 21,
and losses, chromosomes 8, 13, 14, 17, Y, and X.
The frequencies of monosomies and trisomies for
chromosomes 15 and 18 are similar.267 MM can be
subdivided into hyperdiploid and nonhyperdiploid
variants.189,1330–1332 Hyperdiploidy is present in
~60% of cases, and is often associated with trisomies
of chromosomes 3, 5, 9, 11, 19 and 21.14 In a series
of 513 patients reported by Avet-Loiseau et al, with
a median follow-up of 41 months, univariate statis-
tical analyses revealed that del(13), t(4;14), nonhy-
perdiploidy, and del(17p) negatively impacted both
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Figure 3.33 Burkitt lymphoma. A, FISH analysis for MYC (break-apart probe); B, FISH analysis showing MYC/IGH fusion
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Figure 3.34 Multiple myeloma. Bone marrow is
replaced by atypical plasma cells with nucleoli (A, histol-
ogy; B, aspirate smear). Neoplastic plasma cells are pos-
itive for CD138 (C) and Mum-1 (D). Radiologic imaging
shows typical bone lesions (E)
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the event-free survival and the overall survival,
whereas t(11;14) and c-MYC translocations did not
influence the prognosis.304 Multivariate analyses on
513 patients annotated for all the parameters showed
that only t(4;14) and del(17p) retained a prognostic
value for both the event-free and overall survivals.304

MGUS patients display a high incidence of
numeric alterations. The most common single chro-
mosome abnormalities detected in MGUS were
gains of chromosomes 9 (23%) and/or 6 (21%), and
loss of chromosomes 13 (21%) and/or 17 (17%).1333

Compared with MM, MGUS patients were found to
have both a lower incidence of gains of chromosome
9 (23% vs 54%) and monosomy 13/del(13q) (21%
vs 38%). One of the few differential genetic lesions
between myeloma and MGUS is the presence of Ras
mutations in the latter.

Chromosome 1

Rearrangements involving the long arm of chromo-
some 1 are common in MM and have been associated
with tumor progression.1334,1335 Amplification of chro-
mosome band 1q21 (Amp1q21; FISH analysis) was
reported as 0% in MGUS, 45% in smoldering MM,
43% in newly diagnosed MM, and 72% in relapsed
MM.1336 Patients with newly diagnosed MM with
Amp1q21 had an inferior 5-year event-free and overall
survival compared with those lacking Amp1q21, and
in a multivariate analysis Amp1q21 was an independ-
ent poor prognostic factor.1336 In a microarray analysis
of 532 newly diagnosed patients with MM reported by
Shaughnessy et al, 70 genes were linked to early dis-
ease-related death, many of them located on chromo-
some 1: nearly 50% of 19 underexpressed genes and
30% of 51 overexpressed genes were derived from
chromosome 1p and 1q, respectively.1337 The molecu-
lar data suggest that alterations in chromosome 1 may
play a role in disease evolution by providing a growth
and/or survival advantage.1337,1338

Monosomy 13

Monosomy 13 is one of the most frequent aberra-
tions in MM.266,267,304 The complete or partial 

deletion of chromosome 13 or translocations involv-
ing 13q by conventional cytogenetics is associated
with poor outcome, a higher relapse rate (77% vs
44%), and a shorter event-free and overall survival
even with high-dose treatment and autologous stem
cell transplantation.14,20,112,267,272,276 Using metaphase
analysis, deletion 13 (predominantly monosomy, but
sometimes interstitial deletion) is present in ∼50% of
patients with abnormal karyotypes, but since this
method frequently fails to detect the abnormal
clone, deletion 13 is seen in only 10–20% of patients
overall, compared to the 40–50% usually seen by
interphase FISH.14 Kroger et al, in a multivariate
analysis, showed that 13q− remained a significant
risk factor for a higher relapse rate and a shorter
event-free survival after dose-reduced allogeneic stem
cell transplantation; two or more cycles of prior
high-dose chemotherapy were associated with a sig-
nificantly higher probability of death, while patients
with deletion 13q had a nearly 2 times higher risk of
death.1339 In patients with MGUS monosomy 13
correlates with the risk of transformation to overt
MM.1340 In the series of Shaughnessy et al, among all
MM patients with cytogenetic abnormalities and
standard prognostic factors examined prior to ther-
apy, only hypodiploidy and chromosome 13 aberra-
tions (−13), alone or in combination, were associated
with the shortest event-free survival and overall sur-
vival.1341 The shortest postrelapse overall survival was
observed with hypodiploidy and monosomy 13.1341

A superior prognosis was associated with the absence 
of any chromosomal abnormalities at both diag-
nosis and relapse (10-year overall survival, 40%).1341

New treatment modalities (e.g. bortezomib), however,
may change the prognostic significance of mono-
somy 13.1342

Rearrangements of 14q32 (IGH gene)

The IGH gene (14q32 locus) is frequently involved
in MM, including t(4;14), t(14;16), t(11;14), t(9;14)
t(6;14), t(8;14), and t(14;2).304,406,1343–1345 In 30% of
the translocations involving IGH, the partner 
chromosomal gene is CCND1 (11q13; BCL1).430
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The other most common chromosomal partners
include 6p21 (cyclin D3), 4p16 (FGFR3 and
MMSET), 16q23 (c-MAF), and 20q11 (MAFB).1344,

1346–1349 The oncogene c-MAF is translocated in
approximately 5–10% of MMs and t(8;14)MYC/IGH is
very rare. The incidence of IGH translocations
increases with the stage of disease: 50% in MGUS,
60–65% in intramedullary MM, and 70–80% in
extramedullary MM. Some of the 14q32 abnormal-
ities may influence the natural history of MM;
t(4;14)(p16;q32) is rarely observed in MGUS,
whereas t(14;16)(q32;q24) is often associated with
plasma cell leukemia.403 In the series reported by
Moreau et al, patients with t(4;14) displayed a poor
outcome (short event-free survival and short overall
survival); those with t(11;14) displayed long survival;
and patients with neither t(4;14) nor t(11;14) pre-
sented an intermediate outcome.406 Patients lacking
any 14q32 abnormality are essentially in a good prog-
nostic group, whereas patients with t(4;14) or t(14;16)
are mostly in a poor prognostic group.403,1350

t(4;14)

The t(4;14) occurs in 12–14% of MM patients,304,400

and is frequently associated with del(13). In contrast to
the frequent association between t(4;14) and del(13),
t(4;14) and t(11;14) are never seen concurrently.304 In
a report by Garand et al, 17 out of 28 cases (61%) with
t(4;14) exhibited plasma cells with a diffuse (imma-
ture) chromatin pattern; both t(4;14) translocation
and immature morphology correlated with a higher
incidence of high tumor mass and chromosome 13
abnormality.1343 Patients with t(4;14) have signifi-
cantly shorter progression-free survival and overall 
survival.400 The t(4;14) is associated with a poor prog-
nosis in MM patients despite intensive chemotherapy
and autologous stem cell transplant. In a large series of
patients, Chiecchio et al showed that the poor progno-
sis of t(4;14), like that of deletion 13, depends on the
ability to obtain abnormal metaphase: there was no sig-
nificant difference in survival between patients with a
t(4;14) detectable only by interphase FISH and
patients with no t(4;14) by cytogenetics.1351

t(9;14)

The t(9;14) and t(6;14) involve the PAX5 and IRF4
genes, respectively. Chromosome 8 at 8q24 (c-MYC)
is another partner of IGH described occasionally 
in MM (although c-MYC appears to be dysregulated
frequently in MM, it is only rarely translocated to
the IGH locus).430,1344 Avet-Loiseau et al reported 
c-MYC translocations in 13% of patients.304

t(11;14)

The t(11;14) occurs in ~20% of MM cases.304 The
t(11;14)(q13;q32) (Figure 3.35) results in upregula-
tion of the CCND1 gene (cyclin D1; BCL1) and is
the most common translocation detected in MM.683

The presence of this translocation correlates with
lymphoplasmacytic morphology and/or small mature
plasma cell morphology, frequent CD20 expression, a
lower levels of serum monoclonal protein, a lower
plasma cell labeling index, and less frequent appear-
ance of a hyperdiploid DNA content.683,1343,1352

Progression-free and overall survival are similar for
patients with or without t(11;14).400 In the series
reported by Avet-Loisseau et al, the t(11;14) was 
associated with del(13) in 39% of patients.304

Deletion 17p

Deletion of 17p13 is seen in a subset of MM patients
(11–15%).267,304 This abnormality is associated with
a poor outcome.304 Chang et al reported a high inci-
dence of p53 deletions detected by FISH in CNS
myeloma and suggested that it may be a marker for
chromosomal instability, and may be associated with
metastatic features of myeloma cells.307 In that series,
among 9 patients with CNS involvement by MM, 
8 cases had hemizygous p53 deletion and 4 had 13q
deletions. Of the patients with 13q deletions, 2 had
IGH translocations, 1 involving 4p16.3 (FGFR3),
the other involving 16q23 (c-MAF).307

Complex abnormalities

Complex chromosomal abnormalities (Figure 3.36)
are associated with poorer prognosis. There is a 
distinct correlation between the number of aberrations
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per patient and the tumor stage. In a study by
Schmidt-Wolf et al, >50% patients with stage I dis-
ease had 0–3 aberrations, 47% of patients had 4–7
aberrations, and there were no stage I patients with 8
or more aberrations, whereas the proportion of MM
patients with 8–12 aberrations increased from 16%
in stage II to 26% in stage III.267 There are possible
differences in chromosomal aberrations between
younger and older patients. Breaks in chromosomes
1p13, 6q21, and 11q13 are more common in the
younger age group, whereas older patients more
often show a loss of chromosome Y as the sole abnor-
mality or +5. Trisomies of chromosomes 6, 9, and 17
are associated with prolonged survival in MM.
Deletions of chromosome 11q have been reported 
to predict poor outcome in MM patients. The 
comparison of overall survival between hyperdiploid
and hypodiploid MM patients showed a highly 
significant difference, with hypodiploidy being 
associated with poor prognosis and shorter overall 
survival.1327,1353

Conventional cytogenetics vs FISH

Chiecchio et al compared results obtained by FISH
[chromosome 13 deletion, hyperdiploidy, p53,
t(14;16), t(14;20), t(6;14) and t(4;14)] with those
obtained by standard cytogenetics.1351 Their findings
showed that abnormal metaphase cytogenetics is
associated with a poor outcome and patients with
FISH deletion 13 without abnormal cytogenetics
had a similar outcome to those with no deletion 13
by FISH. Similarly, patients with ‘poor prognostic’
FISH markers such as t(4;14) or deletion of 
p53 without abnormal metaphase cytogenetics had
outcomes comparable to those without these poor
prognostic markers.1351 Abnormal metaphase cytoge-
netics reflects the ability of myeloma cells to survive
without the presence of a supporting environment
(stroma-independent), which typically is associated
with advanced disease (in early disease myeloma cells
are stroma-dependent and taking these cells out of
their supporting microenvironment in the bone
marrow will result in apoptosis).32,1354
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Figure 3.35 Multiple myeloma with t(11;14). A, FISH;
B, immunohistochemical staining for CD138 (B) and
cyclin D1/bcl-1 (C)
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Molecular markers

MM displays prominent genomic complexity as well
as marked variation in clinical characteristics and
patient survival. There appear to be two pathways
involved in the pathogenesis of premalignant non-
IgM MGUS and MM. Nearly half of tumors are
nonhyperdiploid, and most have one of five recur-
rent IGH translocations: 16% 11q13 (CCND1), 
3% 6p21 (CCND3), 5% 16q23 (MAF), 2% 
20q12 (MAFB), and 15% 4p16 (FGFR3 and
MMSET).1349,1355 The remaining hyperdiploid
tumors have multiple trisomies involving chromo-
somes 3, 5, 7, 9, 11, 15, 19, and 21, and infrequently
one of these five translocations. Translocation
between the immunoglobulin heavy chain locus and
CCND1, CCND3, c-MAF, MAFB, FGFR3, and
MMSET represents recurrent genetic lesions in
approximately 40% of MMs and, as a result of the
juxtaposition of these genes to IG enhancer ele-
ments, hyperexpression of these genes is readily
detectable in microarray studies.904,1356,1357

Comparative genomic hybridization showed the
existence of marked differences in chromosomal
imbalances between MM and plasma cell leukemia,
which may help to explain the different clinical
course of these disorders.189,1358 Losses of chromoso-
mal material are significantly more frequent in
plasma cell leukemia than in MM.1358 MM patients

often show gains at chromosome 15q, 11q, 3q, 9q,
and 1q, whereas all patients with plasma cell
leukemia show gains in 1q.1358 Activating mutations
of Ki-RAS (but not N-RAS) represent an adverse
prognostic factor in MM. Patients with RAS muta-
tions had a median survival of 2.1 years; patients
with wild-type RAS had a median survival of 4.0
years.1359

Based on five recurrent IG translocations and
cyclin D expression, Hideshima et al divided MM
patients into five categories: TC1 tumors (high levels
of cyclin D1 or cyclin D3 as a result of an IG translo-
cation); TC2 tumors (low to moderate levels of
cyclin D1 despite the absence of a t(11;14) translo-
cation); TC3 tumors (a mixture of tumors that do
not fall into one of the other groups, with most
expressing cyclin D2); TC4 tumors (high levels of
cyclin D2, and also MMSET); and TC5 tumors
(highest levels of cyclin D2, and also high levels of
either c-MAF or MAFB).1347 Patients with a t(4;14)
translocation (TC4) had a shorter survival either with
standard or high-dose therapy, patients with a t(14;16)
(TC5) had a poor prognosis, and patients with a
t(11;14) translocation (TC1) had better survival 
following aggressive therapy.406,578,1341,1353,1360,1361

Based on molecular analysis of 414 newly diag-
nosed patients who went on to receive high-dose
therapy and tandem stem cell transplants Zhan et al
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Figure 3.36 Multiple myeloma with complex chromosomal abnormalities including +6, t(1;6)(q21;21), add7(q32), 
+8, −17 and +20; cytogenetics (two metaphases)
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identified seven disease subtypes (MF, MS, 
CD-1, CD-2, HY, LB, and PR).903 Positive
t(14;16)(q32;q23) and t(14;20)(q32;q11), resulting
in activation of c-MAF and MAFB proto-oncogenes,
respectively, were present in 6% of cases (MF sub-
group). The second group had a reciprocal
t(4;14)(p16;q32) translocation, resulting in the
hyperactivation of both the FGFR3 and MMSET
genes. The majority of cases with spiked FGFR3 and
MMSET expression clustered together, with
MMSET being a dominant feature (MS subgroup;
MMSET). While FGFR3 and MMSET represent the
top-ranked overexpressed genes in the MS group,
other genes include the cadherin family member,
desmoglein 2 (DSG2), Wnt receptors FZD2 and
FZD8, and the B-cell oncogene PBX1. Significant
underexpressed genes in this group include ICAM4,
N-cadherin (CDH2), cadherin 7 (CDH7), and the 
B-cell differentiation transcription factor PAX5.

Two cyclin D family members are activated by
translocations in MM, cyclin D1 by the
t(11;14)(q13;q32) in 17% (CD-1 group) and
CCND3 by t(6;14)(p21;q32) in 2% (CD-2 group).
Relative to the other five groups, genes uniquely
underexpressed in both the CD-1 and CD-2 sub-
groups include IL6R, HOXB7, BMPR1A, the mitotic
cyclin, CCNE, and the cyclin-dependent kinase,
CDK6. The biologic and clinical relevance of CD-1
and CD-2 groups is currently unclear, as there was
no difference in clinical parameters or survival
between the two groups. However, CD-2, but not
CD-1 was associated with elevated expression of
CD20, which has previously been shown to be 
associated with the t(11;14)(q13;q32) and highly
correlated with CD20 protein expression in MM
cells.1362,1363

Hyperdiploidy, most often associated with tri-
somies of chromosomes 3, 5, 7, 9, 11, 15, 19, and
21, represents one of two central genetic pathways in
the development of MM, and this type of disease has
been previously shown to have a distinct gene expres-
sion signature.1349,1355 The presence in nearly 60% of
a hyperdiploid signature (HY group) was associated

with hyperdiploid karyotypes in more than 90% of
the cases. Hyperdiploidy is a distinct genetic entity
with a good prognosis and is largely devoid of
common recurrent Ig-mediated translocations.

The HY MM subgroup was mainly characterized
by overexpressed genes derived form the odd number
chromosomes 3, 5, 7, 9, 11, 15, 19, and 21; however,
this signature was also observed in nonhyperdiploid
cases. The assignment of both hyperdiploid and non-
hyperdiploid cases to the proliferation (PR) group
suggests that a simple recognition of hyperdiploidy is
insufficient for proper risk assessment: those with a
proliferation signature and hyperdiploidy would be
at higher risk than those with an HY signature alone.
The LB (low bone disease) group, characterized by a
low number of MRI-defined focal bone lesions,
lacked any clear genetic signatures distinguishing it
from other groups. The LB group had an elevated
expression of endothelin 1 (EDN1), which has been
implicated in inducing the osteoblastic phenotype of
prostate cancer metastases.

The 7th group was characterized by the overexpres-
sion of numerous cell cycle- and proliferation-related
genes (e.g., CCNB2, CCNB1, MCM2, CDCA2,
BUB1, CDC2, and TYMS) and cancer-testis antigen
genes (e.g. MAGEA6, MAGEA3, GAGE1, and
GAGE4), and also had a significantly higher gene
expression-defined proliferation index than the other
group, justifying its designation as the PR group.

Dysregulated expression of one of the three cyclin
D genes (CCND1, CCND2, or CCND3) is a feature
of virtually every case of newly diagnosed MM.1355

Hyperactivated expression of CCND1 and CCND2
was seen in more than 95% of cases in the study of
Zhan et al, but relative levels and distribution varied
across the subgroups.903 Expression of one of the
three cyclin D genes is mutually exclusive, and Zhan
et al, noticed a trend for CCND2 to be expressed in
the PR, LB, and MS groups (an occasional CCND1
spike in the PR group may reflect MM progression),
and it was expressed at the highest level in the MF
group.903 The CCND1 and CCND3 genes exhibited
mutually exclusive spiked expression in the CD-1
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and CD-2 groups. With a 36-month median follow-
up, the HY, CD-1, CD-2, and LB subgroups were
associated with superior event-free and overall survival
relative to the PR, MS, and MF groups.903

PERIPHERAL (MATURE) T-CELL
LYMPHOPROLIFERATIVE DISORDERS

T-cell lymphomas are a diverse group of lymphoid
neoplasms manifesting heterogeneous clinical, 
histologic, immunophenotypic, and cytogenetic fea-
tures.1364–1371 T-cell lymphomas represent approxi-
mately 10% of all non-Hodgkin’s lymphomas in
Western countries. The classification of T-cell lym-
phoma is based largely on the histomorphologic fea-
tures and clinical parameters. A predominantly nodal
distribution is characteristic for angioimmunoblastic
T-cell lymphoma, peripheral T-cell lymphoma,
unspecified (PTCL), and ALCL. Extranodal location
is seen in mycosis fungoides (MF), cutaneous ALCL,
extranodal NK/T-cell lymphoma (nasal type),
enteropathy-type T-cell lymphoma, hepatosplenic γδ
T-cell lymphoma, and subcutaneous panniculitis-
like T-cell lymphoma. The diagnosis of T-cell prolif-
erations may be difficult, especially at the early stages
of the disease and in certain types of lymphomas (e.g.
angioimmunoblastic T-cell lymphoma). Detection of
clonal rearrangements of T-cell receptor loci γ, δ, and
β (TCRG, TCRD, and TCRB) by PCR may be very
helpful in the diagnostic process (see Chapter 2).
Using BIOMED-2 multiplex PCR, TCR clonality was
detected in 99% (143/145) of all definite cases of 
T-cell prolymphocytic leukemia, T-cell large granular
lymphocytic leukemia, peripheral T-cell lymphoma
(unspecified), and angioimmunoblastic T-cell lym-
phoma, whereas 9 of 43 ALCLs did not show clonal
TCR rearrangements.908

The presence of human T-cell lymphoma virus
type 1 (HTLV-1) defines adult T-cell leukemia/lym-
phoma (ATLL). Detection of ALK-1 by immunohis-
tochemistry or t(2;5)ALK/NPM by FISH helps to
diagnose ALCL. Other chromosomal abnormalities
present in specific T-cell lymphoproliferations

include isochromosome 7q typical for hepatosplenic
T-cell lymphoma (often with trisomy 8) and inversion
of chromosome 14 often seen in T-PLL.

The majority of T-cell lymphoproliferative disor-
ders are aggressive, with only MF and cutaneous
ALCL frequently following an indolent course. The
response to conventional therapy is generally poor.
New treatment modalities, including purine analogs,
monoclonal antibodies (Campath), and stem cell
transplantation, offer improved response rates and
remission.1372 Three distinct prognostic subgroups
can be distinguished on survival analysis: favorable
(cutaneous ALCL), 5-year overall survival 78%;
intermediate (PTCL, ALCL, and angioimmunoblas-
tic T-cell lymphoma), 5-year overall survival
35–43%; and unfavorable (NK/T-cell lymphoma,
nasal type, and enteropathy-type T-cell lymphoma),
5-year overall survival 22–24%.1364 Most of the 
pretreatment characteristics, including IPI risk
groups, are not significantly different between B-cell
and T-cell lymphomas. The rates of complete remis-
sion (71% vs 54%) and progressive disease (39% vs
63%) significantly favored patients with B-cell 
lymphoma. Patients with T-cell lymphoma have 
a poorer response to therapy and shorter survival
than comparable patients with aggressive B-cell 
lymphoma.1373–1377

T-cell prolymphocytic leukemia

T-PLL is a rare mature (post-thymic) T-cell lympho-
proliferative disorder which affects middle-aged to
elderly adults, occurs more frequently in men, and is
characterized by an aggressive clinical course and
poor outcome.1378–1381 T-PLL is composed of small
to medium-sized lymphocytes with prominent
nucleoli (Figure 3.37). The principal disease charac-
teristics are organomegaly (especially splenomegaly
and lymphadenopathy), anemia, thrombocytopenia,
skin lesions, and prominent (often rapidly increasing)
lymphocytosis in blood (most often >100 × 109/l).
A subset of patients experiences an initial (median 
33 months, range: 6–103 months) indolent clinical

166 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES

Gorczyca-Ch03  11/12/07  3:22 PM  Page 166



course with stable moderate leukocytosis, with sub-
sequent progression to the aggressive stage.1382

The disease is genetically characterized by the pres-
ence of complex karyotypes with recurrent alterations
involving chromosomes 8, 11, and 14 (Figure 3.38)
including inv(14)(q11;q32), t(14;14)(q11;q32), and
i(8)(q10).1378 The translocations involving chromo-
some 14 juxtapose the locus of the TCRAB gene with
the TCL1 and TCL1b genes at 14q32. Chromosome

14 abnormalities are often accompanied by a 
complex karyotype (Figure 3.38). Comparative
genomic hybridization (CGH) of T-PLL showed
that chromosomal regions most often overrepre-
sented were 8q (75%), 5p (62%), and 14q (37%), as
well as 6p and 21 (both 25%), while the chromoso-
mal regions most often underrepresented were 8p
and 11q (75%), 13q (37%), and 6q, 7q, 16q, 17p,
and 17q (25%).1383
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Figure 3.37 T-cell prolymphocytic leukemia. A, cytology; B, histology; C–E, immunohistochemistry. Tumor cells have
irregular nuclear outlines and nucleoli (A). Bone marrow is diffusely infiltrated by leukemic cells (B), which express CD2
(C), CD3 (D), and CD5 (E)
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T-large granular lymphocyte leukemia

T-large granular lymphocyte (T-LGL) leukemia is a
clonal disorder of CD3+ cytotoxic T-cells (large gran-
ular lymphocytes, Figure 3.39) characterized by
indolent course, lymphocytosis, and cytopenia(s).
They show predominantly CD4−/CD8+ phenotype
(66%) or CD4−/CD8− phenotype (33%), are posi-
tive for surface CD3, and variably positive for 
CD16 (45%), CD56 (45%), and CD57 (86%).1384

Coexpression of CD56 and CD57 is seen in 43% of
patients, while 41% of cases show the CD16/CD57
phenotype. Patients are asymptomatic (28%) or
experience fatigue (60%), B-symptoms (12%), recur-
rent infections (15%) and mouth ulcers.1385,1386 The
median age is about 60 years (range: 4–88 years).1386

T-LGL leukemia involves the peripheral blood, bone
marrow, liver, and spleen. It has an indolent clinical
course and may be associated with neutropenia, red
cell aplasia, hypergammaglobulinemia, and rheuma-
toid arthritis. Neutropenia is reported in 85% of
patients (severe neutropenia, <0.5 × 109/l is seen in
50%).1387 Splenomegaly is common, whereas lym-
phadenopathy is rare. In the bone marrow, T-LGLs
most often display a subtle interstitial infiltrate 
present in approximately 70% of cases.1388 Apart
from rheumatoid arthritis, T-LGL leukemia may be
associated with other systemic autoimmune diseases
as well as hematologic malignancies, such as paroxys-
mal nocturnal hemoglobinuria, MDS, AML, and 
B-cell lymphoproliferative disorders. Both methotrex-
ate and cyclosporin A are efficacious in the treatment
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Figure 3.38 T-PLL with complex karyotype: -2, -3, -5, add(6)(q13), +del(6)(q15), t(8;8)(p11.2;q12), add(9)(q34), −11,
add(11)(q23), -12, add(12(p13), add(14)(p11.2), inv(14)(q11.2q32), -17,add(19p), and -22; cytogenetics
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of T-LGL leukemia, but generally require long-term
maintenance therapy.45,1389,1390 Cytogenetic informa-
tion on T-LGL is limited. Individual cases with
inv(7)(p15q22), inv(14)(q11q32), del(6q), del(1)
(p32), t(11;12)(q12;q11), t(3;5)(p26;q13), and t(8;14)
(q24;q32) have been described.1391–1395

Adult T-cell lymphoma/leukemia

Adult T-cell lymphoma/leukemia (ATLL) is a
peripheral (mature/post-thymic) T-cell lymphopro-
liferative disorder caused by the retrovirus human 
T-cell leukemia virus (HTLV-1).1396,1397 Tumor cells
have prominent nuclear irregularities, often referred

to as cloverleaf or flower cells (Figure 3.40). ATLL
affects adults with leukemic or subleukemic presen-
tation, cutaneous involvement, lymphadenopathy,
and/or organomegaly. Hypercalcemia is present in up
to 50% of patients and may result in renal failure.
Patients are at increased risk for bacterial and viral
infections. Several clinical variants of ATLL are recog-
nized: chronic, smoldering, acute, and lymphoma-
tous.1398 Chronic and smoldering variants are
clinically indolent, whereas acute and lymphomatous
variants show a highly aggressive clinical behavior and
a very poor prognosis (median survival 9–10 months),
mostly due to chemoresistance and severe immuno-
suppression.1398–1402 The 4-year survival rate is 66%
for the smoldering type, 27% for the chronic type,
and 5–6% for the lymphoma and acute types.1403,1404

Indolent variants of ATLL can progress to very
aggressive variants, occasionally referred to as ‘crisis
variants’.1405 On the other hand, spontaneous regres-
sion can also be observed in sporadic cases.1403,1404

Cytogenetic analysis of ATLL shows complex and
miscellaneous genomic alterations. Kamada et al
studied 107 patients with ATLL and reported recur-
rent cytogenetic abnormalities, including gains of
chromosomes 3, 7, and 21, and various losses.169

Clonal chromosome abnormalities were found in
96% of cases, including hypotetraploidy (4 cases),
trisomies for chromosomes 3 (21%), 7 (10%), and
21 (9%), monosomy for X chromosome (38%) in
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Figure 3.39 T-large granular lymphocyte leukemia,
blood

Figure 3.40 Adult T-cell leukemia/lymphoma, blood. Atypical lymphocytes with characteristic nuclear irregularities
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females, and loss of a Y chromosome (17%) in male.
Of 373 structural abnormalities in all 103 aneuploid
cases, translocations involving 14q32 (28%) or
14q11 (14%) and deletion of 6q (23%) were most
frequent, followed by deletion of 10p (9%), 3q
(8%), 5q, 9q, and 13q (7% each), and 1p and 7p
(6% each). The combination of rearrangement of
14q32 and monosomy X (7 cases) or deletion of 10p
(6 cases), trisomy 3, and deletion in 6q21 (6 cases),
occured only in the acute or lymphoma types and
likely was responsible for the aggressiveness of
ATLL.169 Tsukasaki et al analyzed 46 patients with
aggressive ATLL by CGH and reported frequent
gains at 3p, 7q, and 14q, and losses at 6q and
13q.1406 Aggressive ATLL showed more frequent
genomic aberrations than did indolent types.
Analysis of aggressive forms of ATLL by Oshiro et al,
showed that the lymphoma type had significantly
more frequent gains at 1q, 2p, 4q, 7p, and 7q and
losses of 10p, 13q, 16q, and 18p, whereas the acute
type showed a gain of 3/3p.1407

Peripheral T-cell lymphoma, unspecified

PTCL is a heterogeneous group of tumors with vari-
able clinical features, histology (Figure 3.41), genetic
alteration, response to treatment, and prognosis.

PTCL is characterized by pleomorphic cytomor-
phology with an admixture of inflammatory cells
including histiocytes and eosinophils. It occurs at
any age, usually in older patients, and is most often
a nodal disease, but any other sites including blood,
bone marrow, bone, omentum, skin, CSF, soft tis-
sues, gastrointestinal tract, spleen, liver, and lung
may be involved. Histologic examination shows
either a prominent paracortical infiltrate (T-zone
variant) or diffuse infiltration with effacement of the
normal lymph node architecture. Although CD4+

lymphomas predominate (~66%), dual negative
expression of CD4/CD8 is observed in a significant
proportion of tumors (~20%); the remaining cases
are either CD8+ (~12%) or dual CD4/CD8+

(~4%).38,147

Despite aggressive therapy the prognosis is dismal,
with more than half of the patients dying of their dis-
ease.1408 The estimated overall survival is 41–49% at
5 years.1369,1371,1409 The IPI is a significant prognostic
factor for both progression-free and overall sur-
vival.1409–1412 Besides IPI, systemic symptoms and
bone marrow infiltration have been found to correlate
with prognosis.1411

Specific chromosomal translocations are unknown
in PTCL. Based on CGH, frequent changes in PTCL
include gains of 17q (17q11–q25), 8 (involving the
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Figure 3.41 Peripheral T-cell lymphoma, unspecified with prominent T-zone pattern. A, histology; B, immunostaining
with CD3
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MYC locus at 8q24), 11q13, and 22q and losses of
13q, 9(9p21–q33), (6q16–q22), and 11p11.1413

Streubel et al identified the presence of a recurrent
t(5;9)(q33;q22), leading to breakpoints in the ITK
and SYK genes in a subset of PTCL.1414 Lakkala-
Paranko et al described trisomy 3 in three cases of
PTCL.1415 Lepretre et al reported cytogenetic find-
ings in 71 untreated patients with peripheral T-cell
lymphoma: 57 patients (80.3%) had abnormal
clones, whereas 9 karyotypes (12.7%) showed only
normal metaphases; 5 karyotypes (7%) could not be
analyzed.1416 Recurrent numeric chromosomal
abnormalities included +3 (21%), +5 (15.7%), 
+7 (15.5%), +21 (14%), −13 (14%), +8 (12.2%),
+19 (12.2%), −10 (10.5%), and −Y (9% of male
patients) and chromosomes involved in structural
rearrangements included chromosome 6 (31.5%),
mainly due to 6q deletions (19.2%), 1q (22.8%), 7q
(22.8%), 9p (19.4%), 9q (19.2%), 4q (19.2%), 3q
(19.2%), 2p (17.5%), 1p (17.5%), and 14q (17%)
(trisomies 3 and 5 mainly correlated with angioim-
munoblastic T-cell lymphoma, while isochromo-
some 7q, associated with trisomy 8, was present in
two cases of hepatosplenic gamma/delta T-cell lym-
phoma).1416 Deletions in 6q, total or partial trisomies
of 7q, and monosomy 13 or changes of 13q14 are
more frequent in high-grade than in low-grade T-cell
lymphomas.1417

Angioimmunoblastic T-cell lymphoma

Angioimmunoblastic T-cell lymphoma (AILT) is a
mature T-cell lymphoma characterized by a sudden
onset of constitutional symptoms and lymphadenopa-
thy. Morphologically it is characterized by the 
effacement of lymph node architecture by a poly-
morphous infiltrate that includes clusters of atypical
lymphoid cells with clear cytoplasm, an admixture 
of small lymphocytes, histiocytes, eosinophils, and
plasma cells, a marked increased in the number 
of arborizing vessels, and scattered EBV+

B-immunoblasts (Figure 3.42). Patients present with
generalized adenopathy, and B-symptoms, and often

have hepatosplenomegaly, skin rashes and pruritus,
polyclonal hypergammaglobulinemia, autoantibodies,
thrombocytopenia, or hemolytic anemia. Patients with
AILT have an aggressive clinical course and a poor
prognosis with conventional treatment (corticosteroid
and immunosuppressive agents).

The most common chromosomal changes
reported in AILT include trisomy 3, trisomy 5, and
an additional copy of chromosome X.1416–1418 CGH
analysis showed frequent gains of 22q, 19, and
11p11–q14 (11q13), and losses of 13q.1413 Similarly
to PTCL, recurrent gain of 11q13 can also be pres-
ent in AILT.1413 Schlegelberger et al reported a high
frequency of oligoclonal proliferations in AILT: 17 of
36 patients (47%) had unrelated clones.1419 The
majority of cases are positive for TCR gene rearrange-
ment, and a subset of cases (~10%) also shows clonal
rearrangement of the immunoglobulin gene.1420–1423

Using multiplex PCR assays based on the BIOMED-
2 collaborative study, Tan et al detected TCRγ T-cell
clones in 78 and 81% of AILT and PTCL cases,
respectively, and IGH B-cell clones in 34 and 35% of
AILT and PTCL cases, respectively.1424 The majority
of cases contained EBV-positive cells, including 50%
of AILT and 57% of PTCL cases, and cases with 
B-cell proliferations were more often EBV-positive.1424

Attygalle et al reported significantly higher detection
of T-cell clonality in angioimmunoblastic T-cell lym-
phoma (90%) compared with PTCL (59%),1425 but
Bruggeman et al detected TCR clonality in 99% of all
definite cases of PTCL (unspecified) and AITL.909

Hepatosplenic gamma/delta T-cell
lymphoma

Hepatosplenic γδ T-cell lymphoma is a disease with
distinct clinical, morphologic and phenotypic charac-
teristics with poor prognosis.1426–1430 Hepatosplenic 
T-cell lymphoma is an aggressive tumor of cytotoxic
T-cells involving the liver, spleen, and bone marrow. It
is characterized by an intrasinusoidal distribution of
tumor cells. Patients present with hepatosplenomegaly
and pancytopenia. The tumor cells are positive for
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Figure 3.42 Angioimmunoblastic
T-cell lymphoma. Histology 
(A) shows pleomorphic lymphoid
infiltrate with increased vascularity.
Higher magnification (B) shows
atypical T-cells with abundant clear
cytoplasm. B-cells (C) visualized
by CD20 immunostaining are pres-
ent only at the periphery of the
lymph node. Rare EBV-positive 
B-immunoblasts are present 
(D; EBER staining). Lymphomatous
cells show aberrant expression of
CD10 (E)

Gorczyca-Ch03  11/12/07  3:22 PM  Page 172



CD3, CD45, and TCRγδ,38,345,1368,1426,1427,1429,1430

but rare cases of hepatosplenic T-cell lymphoma
TCRαβ+ have been reported.1431–1434 NK-cell associ-
ated antigens are variably expressed: CD16 is 
positive in approximately one-quarter of cases,
CD56 is positive in the majority of cases, and CD57
is negative.38,147,1368 The median survival time is 
16 months.345 Figure 3.43 presents morphologic fea-
tures of hepatosplenic lymphoma. Hepatosplenic γδ
T-cell lymphoma has been associated cytogenetically
with isochromosome 7q [i(7)(q10)].346–348,1434 An
increased number of 7q signals was found in three
cases with cytologic features of progression, indicat-
ing a tendency of hepatosplenic lymphoma to multi-
ply the i(7)(q10) chromosome during evolution.348

Tamaska et al described hepatosplenic γδ T-cell lym-
phoma with ring chromosome 7 as an equivalent of
isochromosome 7q aberration.1435

Enteropathy-type T-cell lymphoma

Enteropathy-type T-cell lymphoma is a large cell lym-
phoma with a cytotoxic T-cell phenotype occuring
most commonly in the small intestine, but it may
spread along the mucosa to the large intestinum
and/or duodenum and stomach (Figure 3.44).
Patients either have a history of celiac disease or pres-
ent with the symptoms of celiac disease at the time of
diagnosis.1436 Refractory celiac sprue is strongly asso-
ciated with partial trisomy of the 1q region, which
may contribute to lymphomatous transformation.1437

Involvement of sites other than jejunum or ileum,
including liver, stomach, duodenum or bone marrow,
is rare. Intestinal perforation is a common complica-
tion. The clinical course is aggressive. Clonal rearrange-
ments of T-cell receptors are present and often they are
similar to those found in an adjacent mucosa.

Enteropathy type T-cell lymphoma is character-
ized by frequent complex gains of 9q31.3 (70% of
cases), or by an almost mutually exclusive 2.5
megabase loss of 16q12.1 (23% of cases).1438 FISH
analysis using a probe for 9q34 shows frequent and
multiple gains of chromosomal material at 9q34 

(up to nine signals per case).1439 Gain of chromo-
some 1q can be found in ~15% of enteropathy-type
T-cell lymphomas. In a series reported by Zettl et al,
CGH revealed chromosomal imbalances in 87% of
cases analyzed, with recurrent gains of genetic mate-
rial involving chromosomes 9q (in 58% of cases), 7q
(24%), 5q (18%), and 1q (16%).1439 Recurrent
losses of genetic material occured on chromosomes
8p and 13q (24% each), and 9p (18%).1439 Deleeuw
et al, using whole genome analysis, recognized two
distinct groups of enteropathy T-cell lymphoma:
type 1 linked pathogenetically to celiac disease, char-
acterized by pleomorphic cytomorphology, CD56
negativity, and chromosomal gains of 1q and 5q, and
type 2 with monomorphic small- to medium-sized
tumor cell morphology, frequent CD56 expression,
c-MYC oncogene locus gain, and rare gains of 
chromosomes 1q and 5q.1438

NK/T-cell lymphoma, nasal type

This is an aggressive lymphoma of the upper respira-
tory tract, especially the nasal cavity (Figure 3.45),
although it may occur at different locations, includ-
ing skin and subcutaneous tissue. Among T-cell lym-
phomas, nasal-type NK/T-cell lymphoma and
enteropathy-type T-cell lymphoma belong to the
most aggressive tumors, with a worse prognosis than
for peripheral T-cell lymphoma, unspecified.
Estimated overall survival at 5 years for extranodal
NK/T-cell lymphoma, nasal type, ranges form
0%1440 to 45%.1441 Takahara et al showed that high
LDH levels, large cells, immunoblastoid polymor-
phous histology, and p53 missense mutations were
significantly related to worse cause-specific survival
in nasal NK/T-cell lymphoma.1442 Multivariate
analysis showed that p53 missense mutation was the
most independent among these three factors.

Chromosomal abnormalities are commonly found
in these tumors, and aberrations involving chromo-
some 6q are most frequent. Other non-random
abnormalities include +X, i(1q), i(7q), +8, del(13q),
del(17p), i(17q), and 11q23 rearrangement.195,1443
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E F

Figure 3.43 Hepatosplenic T-cell lymphoma involving liver (A, B), spleen (C, D) and bone marrow (E, F). Note prominent
intrasinusoidal pattern of involvement (A–E, H&E; F, immunostaining with CD7)
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Nakashima et al showed recurrent regions character-
istic of the extranodal NK/T lymphoma, nasal-type,
compared with those of the aggressive NK-cell
leukemia: gain of 2q, and loss of 6q16.1–q27,
11q22.3–q23.3, 5p14.1–p14.3, 5q34–q35.3,
1p36.23–p36.33, 2p16.1–p16.3, 4q12, and
4q31.3–q32.1.1444

Mycosis fungoides

Mycosis fungoides (MF; Figure 3.46) is a neoplastic
proliferation of small to medium-sized CD4+

T-lymphocytes with cerebriform nuclei characterized
by multifocal disease and a protracted clinical course,
except for cases with large cell transformation.1268,

1445–1449 At diagnosis, most MF patients present with
early stage disease and a high probability of long-term
survival. MF is the most common type of cutaneous
T-cell lymphoma and accounts for almost 50% of all
primary lymphomas involving skin. MF typically
affects older adults (median age at diagnosis 50–60
years), but may occur in children and adolescents.

Chromosomal abnormalities, mostly complex, are
seen in about 50% of patients with MF/Sézary’s 
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Figure 3.44 Enteropathy-type T-cell lymphoma with involvement of stomach (A–C), small intestine (main tumor mass;
D–F) and large intestine (G–I). Neoplastic cells display prominent tropism to epithelium, invading glands (A, E, H; H&E
sections).The lymphomatous cells are positive for CD3 (B), TIA-1 (C), and CD2 (F). Cytokeratin staining (I) shows promi-
nent intraepithelial lymphocytosis with destruction of normal glandular structures

Gorczyca-Ch03  11/12/07  3:22 PM  Page 175



176 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES

E F

G

I

H

CD2

Large intestine

keratin

Figure 3.44, cont’d
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syndrome (SS), but recurrent rearrangements are
rare. Batista et al revealed an abnormal karyotype in
9 of 19 (47%) blood samples from patients with
MF/SS.1450 The most frequent abnormalities, in 7 of
9 cases, involved chromosome 10, followed by chro-
mosome 6, in 6 of 9 cases; chromosomes 3, 7, 9, 17,
and 19, in 5 of 9 cases; chromosomes 1 and 12, in 

4 of 9 cases; and chromosomes 8, 11, and 13, in 3 of
9 cases.1450 In the same series, recurrent rearrange-
ments included deletion of chromosomes 6 and 13,
and recurrent breakpoints at 1p32–36, 6q22–25,
17p11.2–13, 10q23–26, and 19p13.3. In a study
reported by Mao et al, the most frequent losses
detected by CGH involved chromosomes 1p (38%),
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CD56

Figure 3.45 Extranodal NK/T-cell lymphoma, nasal type. The biopsy shows diffuse lymphoid infiltrate within nasal
mucosa (A; inset: pleomorphic lymphoid cells). Lymphomatous cells are positive for EBER (B) and CD56 (C) by immuno-
histochemistry
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A B

C D

E F

Figure 3.46 Mycosis fungoides and Sézary’s syndrome. A, B, mycosis fungoides, tumor stage (A, low power showing
dense dermal lymphoid infiltrate; B, immunohistochemical staining for CD3 showing epidermotropism with cluster of 
T-cells within epidermis). C, D, Peripheral blood films with atypical lymphocytes with cerebriform nuclei. Flow cytometry (E, F)
shows T-cells with CD4 restriction (arrow)
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17p (21%), 10q/10 (15%), and 19 (15%), with
minimal regions of deletion at 1p31p36 and
10q26.297 The commonly detected chromosomal
gains involved 4/4q (18%), 18 (15%), and 17q/17
(12%).297 In a cytogenetic analysis reported by
Thangavelu et al, clonal abnormalities in blood sam-
ples from MF/SS patients were observed in 53% of
cases, including one with monosomy for the sex
chromosome as the sole abnormality.1451 The abnor-
malities involving chromosomes 1 and 8 were
observed in six cases, chromosomes 10 and 17 in five
cases, chromosome 2 in four cases, and chromo-
somes 4, 5, 6, 9, 13, 15, 19, and 20 in three cases; in
two cases a der(8)t(8;17)(p11;q11) was observed.1451

PCR analysis of TCR gene rearrangements can
demonstrate the clonality in up to 99% of cases.
908,1452–1454 Detection of a predominant T-cell clone
at the initial diagnosis is an independent negative
predictive marker of treatment response in MF.1455

The application of multiplex PCR with heterodu-
plex analysis is associated with a high specificity and
sensitivity for cutaneous T-cell lymphoma
diagnosis,947 and is very helpful in differential diag-
nosis between lymphoma and benign inflammatory
disease. The percentage of clonality in benign condi-
tions is low: Ponti et al reported a clonal T-cell pop-
ulation in only 2.3% of inflammatory changes.947 A
slightly higher clonality rate can be achieved using
capillary gel electrophoresis (GeneScan) for detec-
tion of PCR products when compared to polyacry-
lamide- and agarose-gel electrophoresis.1456 In a
series by Costa et al, five cases identified as clonal by
gel electrophoresis, but negative by GeneScan,
showed no clonality on sequencing of the PCR 
products.1456

The frequency with which a T-cell clone is
detected in lymph nodes from patients with MF
increases with extent of skin involvement, overall
clinical stage, and histomorphology. Involvement of
lymph nodes is relevant for therapeutic options,
response to treatment, and overall prognosis.917,1446,

1457 Histologic or molecular evidence of lymph node
involvement is associated with a poor prognosis.917,1458

The involvement of the lymph node by a neoplastic
T-cell infiltrate can be assessed by histologic exami-
nation, especially when combined with immunophe-
notyping. However, early lymph node involvement
may be difficult for morphologic assessment, espe-
cially differentiating it from dermatopathic changes.
Assaf et al, using TCRB-PCR and TCRG-PCR
methodology, confirmed T-cell clonality in 22 of 22
lymph nodes with histologic involvement, as well as
in 7 of 14 histologically negative lymph nodes with
dermatopathic changes, and the clonal T-cell popu-
lations in the lymph nodes were in all cases identical
to those detected in the corresponding skin
lesions.917 Using the Southern blot technique, Lynch
et al found T-cell clonality in 47% of dermatopathic
lymphadenopathy cases in MF patients.1459

TCR gene analysis by PCR is also a sensitive
methodology for assessment of blood involvement.
Blood is involved in a large proportion of patients
with MF (46–7%).1460–1462 The significance of iden-
tification of the circulating tumor cells to predict
clinical course and prognosis remains controversial.
Fraser-Andrews et al showed that the presence of a
blood clone was an independent poor prognostic
variable in patients with MF after correcting for age
and skin/lymph node stages.1462 Also Beylot-Barry et al
showed that an identical cutaneous and blood T-cell
clone was an independent prognostic factor for dis-
ease progression of MF/SS patients.1463 However,
Muche et al could not confirm such a correlation in
a series of 67 patients analyzed by TCRG-PCR and
temperature gradient gel electrophoresis.1464,1465

Similarly, Laetsch et al reported that the clinical
course of patients with demonstrable blood involve-
ment did not differ from PCR-negative cases.1466

Independent of clinical stage, patients who had the
same gene rearrangement detected in multiple con-
current biopsy specimens at the time of diagnosis
were more likely to have progressive disease than
those who had different gene rearrangements.1467 In
a report by Beylot-Barry et al, a blood T-cell clone
was detected in 42% of early MF stages and in 74%
of late MF stages, but was identical to the cutaneous
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one in 15% and in 63%, of cases, respectively.1463

Among the patients who had identical circulating
and cutaneous T-cell clones, 56% had erythro-
derma.939 A significant subset of patients with MF
shows distinct T-cell clones in blood when compared
to cutaneous tumors.939,1463 The finding of a domi-
nant clone in the blood but not in the skin was fre-
quent, regardless of the classification; it occured in
30% of patients with cutaneous T-cell lymphoma,
41% with nonlymphomatous malignant infiltrates,
and 34% with benign infiltrates.939 The expansion of
a clonal T-cell population (usually CD8+) in a
healthy individual was significantly more frequent in
patients over 60 years of age.939,943–946,1461

Anaplastic large cell lymphoma

ALCL is an aggressive T-cell lymphoma character-
ized by large pleomorphic cells with irregular nuclei
(‘hallmark’ cells; Figure 3.47), preferential paracorti-
cal and intrasinusoidal lymph node involvement,
and expression of CD30.1468 A subset of the tumors
carries the t(2;5)(p23;q35).1468 The t(2;5) disrupts the
NPM gene at 5q35 and the ALK gene at 2p23, gener-
ating a novel NPM/ALK fusion gene (Figure 3.48).
NPM/ALK fusion leads to a chimeric mRNA mole-
cule and a unique 80 kDa NPM/ALK fusion protein
refered to as p80.560 The t(2;5)(p23;q35) and variant
translocations involving 2p23 result in overexpres-
sion of ALK protein, which can be detected by rou-
tine immunohistochemistry.367,368,564,565,1469 ALCL
with NPM/ALK fusion shows strong nuclear, nucle-
olar, and cytoplasmic ALK staining. Several cytoge-
netic and molecular studies have demonstrated 
that chromosomal aberrations other than the t(2;5)
(p23;q35) may give rise to ALK fusion in ALCL.
These alternative partners to NPM gene include
TPM3 (nonmuscle tropomyosin) associated with
t(1;2)(q21;p23), TFG (TRK-fused gene) associated
with t(2;3)(p23;q21), CLTC (clathrin heavy chain
gene) associated with t(2;17)(p23;q23), and MSN
(moesin).564–566 Contrary to the nuclear and cyto-
plasmic distribution of the NPM/ALK protein, 

variant ALK fusion proteins show a variable subcel-
lular localization, for example in ALCL with
t(1;2)TPM3/ALK ALK expression is restricted to cyto-
plasm with strong membrane staining.565,1470 As
shown by Liang et al, ALK variants are not uncom-
mon: results among 21 patients showed seven cases
(33%) with t(2;5), six (29%) with variant gene
rearrangements, seven (33%) with uncharacterized
rearrangements, and one with ALK protein expres-
sion, but no ALK rearrangement.1471 Among six 
variant gene rearrangements, one had t(2;19)
(p23;p13)TPM4/ALK and two had inv(2) with the break-
point proximate to ATIC/ALK and an unknown part-
ner gene separately, while the genetic features of the
remaining three cases were as follows: ins(8;2) with an
unknown partner gene; conversion from ALK− at diag-
nosis to ALK+ at recurrence with unspecified gene
rearrangement, and complex karyotype without
involvement of 2p23, suggesting a cryptic transloca-
tion.1471 ALK identification by immunostaining on
routine tissue sections (immunohistochemistry) or
ALK FISH with break-apart probes is most commonly
applied to identify ALK+ ALCL.

ALK+ ALCL occurs most commonly in the first
three decades of life, is more common in men, pres-
ents as aggressive stage III to IV disease with systemic
symptoms, frequently has extranodal involvement,
and has a good response to chemotherapy.1469,1472–1475

The ALK+ ALCL shows a wide range of the morpho-
logic spectrum, including common, lymphohistio-
cytic, small cell, giant cell, and Hodgkin-like types.1475

ALCL without ALK− expression occurs in older
patients, with a similar distribution in male and
female patients, and is associated with a lower inci-
dence of stage III to IV disease and extranodal involve-
ment. Supervised analysis with microarray gene
expression profiling showed that ALK+ ALCL and
ALK− ALCL have different gene expression profiles,
further confirming that they are different entities.562

Among the most significantly differentially expressed
genes between ALK+ and ALK− samples, Lamant et al
found BCL6, PTPN12, CEBPB, and SERPINA1 genes
to be overexpressed in ALK+ ALCL.562
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Pediatric ALCL cases frequently have complex
karyotypes and usually involve ALK/NPM transloca-
tions.1476 ALK-negative ALCL may carry trisomy 2.1477

Overexpression of c-MYC has been shown to be 
a consistent finding in ALK+ ALCL, and the 
c-MYC gene is considered a downstream target of

deregulated ALK signaling. Monaco et al described a
pediatric ALK+ ALCL with a leukemic phase at
relapse with t(2;5), c-MYC overexpression, and
t(3;8)(q26.2;q24) which followed an aggressive clin-
ical course despite multiple regimens of chemotherapy
and bone marrow transplantation.769

HEMATOLOGIC MALIGNANCIES 181

A B

Alk-1

Alk-1

C D

Figure 3.47 Anaplastic large cell
lymphoma (two cases). ALCL with
large cells showing nuclear and cyto-
plasmic expression of ALK1 (A, histol-
ogy; B, immunostaining). Another case
composed of smaller cells with cyto-
plasmic expression of ALK-1 (C, histol-
ogy; D, immunostaining)
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Primary cutaneous ALCLs are negative for t(2;5)
(ALK expression). Cutaneous ALCLs analyzed by
CGH showed gains of 1/1p and 5 (50%) and 6, 7,
8/8p, and 19 (38%).1478 In the same study, microar-
ray-based CGH analysis of six DNA samples 
from five cases with chromosomal imbalances
revealed genomic imbalances in all of the cases stud-
ied. Those abnormalities included oncogene copy
number gains of FGFR1 (8p11) in three cases, and
NRAS (1p13.2), MYCN (2p24.1), RAF1 (3p25),
CTSB (8p22), FES (15q26.1), and CBFA2 (21q22.3)
in two cases.1478

The majority of DLBCL cases with granular cyto-
plasmic ALK expression are positive for
t(2;17)(p23;q23) involving the clathrin gene (CLTC)
at chromosome band 17q23.370,371

HODGKIN LYMPHOMA

Classic Hodgkin lymphoma

Hodgkin lymphoma (Figure 3.49) is a malignant
lymphoma of B-cells characterized by Reed–Sternberg
and Hodgkin cells accompanied by reactive lympho-
cytes, granulocytes, eosinophils, histiocytes, and
plasma cells, and often variable amounts of fibrosis.
Tumor cells are positive for CD30, and often CD15
and Pax-5. A subset of cases expresses CD20,
EBER/EBV, and bcl-2. CD45, T-cell antigens, and
ALK-1 are not expressed. Neoplastic cells in classic
Hodgkin lymphoma originate from germinal center
B-lymphoid cells with defective immunoglobulin
transcription which escape from apoptosis. Based on
the number of neoplastic cells, amount of fibrosis,
and composition of background cells, Hodgkin 
lymphoma is divided into nodular sclerosis (NS),
mixed cellularity, lymphocyte-rich and lymphocyte-
depleted subtypes. With the modern therapeutic
approach, Hodgkin lymphoma is now considered to
have a favorable prognosis.

Molecular markers

Tissue microarray analysis revealed deregulation of
the genes involved in the G1/S and G2/M transitions
and inactivation of the tumor suppressor pathways
including p14ARF-p53–p21WAF1, p16INK4a-Rb, and
p27KIP1.1479 The abnormalities of p14ARF are associ-
ated with Hdm2 overexpression and subsequently
p53 inactivation, whereas the p16INK4a-Rb pathway
is inactivated by loss of p16 INK4a and/or cyclin D
overexpression. Additionally, neoplastic cells in
Hodgkin lymphoma show high expression of cyclins
and cdk involved in G1/S and G2/M transitions and
have defective regulation of apoptosis due to overex-
pression of bcl-2 (23%), Bcl-XL (19%), and survivin
(89%), loss of BAX expression (3%), and increased
nuclear expression of p65/RelA.1479 Bcl-2, Bcl-XL,
and NF-κB activation are involved in the resistance
to apoptosis by Hodgkin and Reed–Sternberg cells.
The presence of NF-κB and its activation are related
to changes in the expression of a set of proteins that
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Figure 3.48 Anaplastic large cell lymphoma with ALK1;
FISH
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play a role in the control of cell cycle progression,
apoptosis, and gene transcription, such as p21, p16,
p27, pRb, cyclin E and D3, cdk1, cdk2, and sur-
vivin.1479 Shorter survival of patients with Hodgkin’s
lymphoma is correlated with overexpression of bcl-2,
p53, Bcl-XL, and BAX, and high proliferative 
(Ki-67/MIB1) and apoptotic indexes.1479

Nodular lymphocyte predominant
Hodgkin’s lymphoma

Nodular predominant Hodgkin lymphoma (NLPHL)
is a distinct type of Hodgkin lymphoma representing
approximately 5% of all Hodgkin lymphoma cases.1480

It is characterized by nodular architecture on low mag-
nification and the presence of large neoplastic cells with
irregular multilobated nuclei, often referred to as pop-
corn cells or L&H cells (Figure 3.49).

The BCL6 rearrangement is identified in 48% of
NLPHL cases and is not detected in classic 

Hodgkin lymphoma cases.1481 In a case reported by
Wlodarska et al, each of the analyzed NLPHL cases
showed a different type of BCL6 rearrangement that
included the t(3;22)(q27;q11) targeting the IG alpha
chain locus, the complex t(3;7;3;1) involving the
7p12/Ikaros gene region, t(3;9)(q27;p13) affecting
an unknown gene in the vicinity of PAX5, and
t(3;4)(q27;q32) showing the alternative 3q27 break-
point outside BCL6, and possibly an internal dele-
tion of BCL6.1481,1482 Translocations juxtaposing the
BCL6 oncogene next to the IGH locus are the most
common recurrent translocations in NLPHL.1483

These findings further support the hypothesis of a
germinal center B-cell-derived origin of NLPHL.

ACUTE MYELOID LEUKEMIA

AML represents a heterogeneous group of disorders
with variable clinical presentation, cellular morphol-
ogy, immunophenotype, therapeutic response, and
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Figure 3.49 Classification of Hodgkin lymphoma. A–D classic Hodgkin lymphoma: A, touch imprint with
Reed–Sternberg cells; B, histologic section with typical multinucleated R-S cell; C, expression of CD30; D, expression of
CD15. E–I Nodular lymphocyte predominant Hodgkin’s lymphoma: E, touch imprint showing an atypical cell with large
nucleus, F, low magnification of the lymph node showing nodular pattern; G, high magnification showing typical ‘popcorn’
cells, H, expression of CD20; I, expression of EMA
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overall prognosis. Generally, AML can be defined as
a clonal malignancy of transformed multipotent
hematopoietic progenitor cells leading to accumula-
tion of immature cells in the bone marrow which
replace normal elements, causing cytopenias and
their complications (e.g. fatigue due to anemia,
infections due to granulocytopenia and bleeding due
to thrombocytopenia). The diagnosis and prognosis
are most accurately provided by pretreatment assess-
ment of the morphology, immunophenotype, and
underlying chromosomal/molecular aberrations.
Patients with APL are treated with an ATRA, whereas
patients with other types of AML are typically given
conventional chemotherapy (e.g. 3 days of anthracy-
cline +7 days of ara-C). Over the last decades,
improvement in the diagnosis (especially identifica-
tion of prognostically relevant cytogenetic groups),
new treatment strategies, and advances in supportive
care have increased the survival rate in patients with
AML.1484,1485 Despite this, however, nearly two-
thirds of patients diagnosed with AML will die of the
disease and/or complications of treatment. The prog-
nosis of patients aged 60 years or older with AML
remains extremely poor, with 5 to 15% or fewer
patients alive beyond 5 years.1486,1487

Cytogenetic features

Table 3.7 presents the most common chromosomal
abnormalities in AML. Cytogenetic abnormalities in
AML at presentation have been identified as one of
the most important prognostic factors and have been
shown to be independent of age, WBC count, and
type of leukemia.1,15,18,24,80,1488 Approximately 30%
of AML patients carry recurrent chromosomal
abnormalities associated with different clinical fea-
tures and prognosis.1,18 Cytogenetic risk status is a
significant factor in predicting response of AML to
therapy,1489 for example, the outcome of patients with
APL has substantially improved with the use of ATRA
in combination with chemotherapy.1490–1493 AML with
multilineage dysplasia commonly displays an abnor-
mal karyotype; the changes are similar to chromosomal
abnormalities seen in MDS: −5/del(5q), −7/del(7q),
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Table 3.7 Most common chromosomal abnormalities 
in AML

Cytogenetic abnormality Genes prognosis

t(1;3)(p36;q21) MEL1; ribophorin poor
t(1;7)(q10;q10) poor
t(1;11)(p32;q23) AF1p, MLL poor
t(1;11)(p21;q23) AF1q, MLL poor
t(1;22)(p13;q13) OTT; MAL poor
inv(3)(q21;q26), EVI1; ribophorin poor

t(3;3)(q21;q26)
t(3;5)(q25, 1; q35) MLF1; NPM intermediate 

to poor
t(3;21)(q26;q22) EVI1 or MDS1; poor

RUNX1
+4 poor
del(5q) very poor
t(5;17)(q35;q12) NPM; RARa poor
t(6;9)(p23;q34) DEK; CAN poor
t(6;11)(q27;q230 AF6; MLL poor
t(7;11)(p15;p15) HOXA9; NuP98 intermediate
−7/del(7q) very poor
+8 intermediate 

to poor
t(8;16)(q11;q13) MOZ; CBP poor
t(8;21)(q22;q22) ETO; RUNX1 good

(AML1)
t(9;11)(p21–22;q23) AF9; MLL intermediate
t(9;22)(q34;q11) ABL; BCR poor
t(10;11)(p12;q23) AF10; MLL poor
+11 MLL poor
t(11;16)(q23;p13) MLL; CBP poor
t(11;17)(q23;q25) MLL; AF17 poor
t(11;17)(q23;q21) PLZF; RARa intermediate
t(11;17)(q13;q21) NUMA; RARa good
t(11;19)(q23;p13) MLL; ENL poor
i(12)(p10) poor
t(12;22)(p13;q11) TEL; MN1 poor
+13 poor
t(15;17)(q22;q11) PML; RARa good
inv(16)(p13)(q22) MYH11; CBFB good
t(16;16)(p13;q22), 

del(16)(q22)
t(16;22)(p11;q22) FUS; ERG poor
iso(17)(q10) poor
t(17;17)(q11;q21) STAT5b; RARa
del(20q) poor
+21 intermediate
+22 intermediate
−Y intermediate
Complex (> 3) very poor
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del(11q), del(12p), del(20q), −18, +8, +9, +11, +19,
and +21. The t(3;21), which disrupts CBF, is typically
present in therapy-related AML.

Three chromosomal abnormalities, t(8;21)RUNX1/ETO,
t(15;17)PML/RARa, and inv(16)/ t(16;16) are regarded as
favorable prognostic factors (Figures 3.50–3.53).
Patients with inv(16)/t(16;16) or t(15;17) have a
favorable prognosis regardless of additional abnor-
malities.18,323,1489 Neither complex karyotype nor
secondary aberrations affected the outcome of
patients with t(8;21), inv(16)/t(16;16), or t(9;11) in
a series reported by Byrd et al,323 but there are some
conflicting data on the prognostic impact of second-
ary aberrations in t(8;21)+ AML. For example, loss of
the Y chromosome or del(9q) was reported to be
associated with a worse prognosis and shorter overall
survival.449,1494 Additionally, Fenaux et al showed
that the t(8;21) might be associated with a high inci-
dence of early relapses.889 AMLs with t(8;21) and
inv(16) comprise the group of so-called CBF
leukemias (see below). The CBF is a protein complex
involved in normal hematopoiesis, which is partially
encoded by RUNX1 on 21q22 and CBFb at 16q22.

Trisomy 8 is the most frequently reported numeric
cytogenetic abnormality in patients with AML.
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Figure 3.50 AML with t(8;21); cytogenetics

ETO / AML

Figure 3.51 AML with t(8;21) [ETO]; FISH
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Patients with sole +8 and +8 with additional abnor-
mality other than t(8;21), inv(16)/t(16;16), and
t(9;11) had significantly inferior overall survival, but
not complete remission rate, while patients with +8
and a complex karyotype with three or more abnor-
malities had a significantly inferior complete remis-
sion rate and overall survival.323 The impact of trisomy
8 on AML patients is best predicted by the presence
and nature of abnormalities that accompany it.108,323

Patients with normal karyotype, −Y, t(9;11),
del(11q), +13, del(20q), and +21 belong to the
intermediate prognostic category.18,323,1489 Patients
with AML with 5(q)− and additional aberrations
(Figure 3.54) have a worse prognosis than those with
5(q)− as a single abnormality. Complex karyotype
(≥3 abnormalities; Figure 3.55) predicts a signifi-
cantly worse outcome when compared to cytogenet-
ically normal patients.323 Older patients 
(>60 years old) with ≥5 abnormalities have an
extremely poor prognosis. In a study by Farag et al, no
patients 60 years of age or older with ≥ 5 abnormalities
was alive at 5 years, despite intensive chemotherapy.1487

Other adverse cytogenetic changes include: inv(3)
or t(3;3), t(6;9), t(6;11), and −7.323 The outcome of
patients with balanced 11q23 translocations depends
on which partner chromosome is involved.24,323,1495

While the prognosis for patients with t(9;11) is not
different from those with a normal karyotype (inter-
mediate prognostic category), the overall survival of
patients with t(6;11) or t(11;19)(q23;p13.1) is sig-
nificantly shorter compared to the normal group.323

Therefore, the prognosis of patients with 11q23
aberrations is regarded as either unfavorable.1489,1496

or intermediate.18 These inconsistencies in outcome
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Figure 3.52 AML with t(8;21). Molecular analysis (PCR) shows ETO mRNA

Figure 3.53 AML with inv(16), FISH
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may result from the multiplicity of 11q23 aberra-
tions resulting in different fusion partners, variable
molecular rearrangements, or the presence of addi-
tional chromosomal alterations imparting the prog-
nostic impact. Young patients with de novo

presentation of t(9;11) belong to the intermediate
category. Patients with t(6;9) have a dismal progno-
sis.323 The prognosis of patients with del(9q) is inter-
mediate/unfavorable, but varies depending on the
genotypic makeup.1489
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AML with t(9;22)BCR/ABL may occur de novo or
represent the blast phase of CML. BCR/ABL+ AML
is a rare disease, characterized by a poor prognosis,
with resistance to induction chemotherapy and fre-
quent relapses in responsive patients. In sporadic
patients the Ph chromosome may be observed as an
additional, late-appearing cytogenetic change during
the evolution of AML. Ph+ AML may respond to
tyrosine kinase inhibitors (e.g. imatinib), which may
induce long-lasting remission in some patients.1497

Soupir et al, however, reported a median survival of
less than 1 year for BCR/ABL+ AML patients.1498

Molecular markers

As mentioned above, only ∼30% of AML patients
carry recurrent chromosomal abnormalities associ-
ated with different clinical features and prognosis,
and an additional 10–15% have nonrandom chro-
mosomal abnormalities.1,18 Based on cytogenetic
studies, 40–50% of de novo AML cases have a
normal karyotype and these leukemias often show
genetic abnormalities by molecular testing. They
include internal tandem duplication of the FLT3
gene (FLT3-ITD), mutations of the NPM1 gene,
partial tandem duplication of the MLL gene (MLL-
PTD), high expression of the BAALC gene,
FIP1L1/PDGFRA fusion, mutations in the CEBPA
gene, and abnormalities involving the ERG, MN1,
and RAS genes.25,778,1499,1500 Structural and molecu-
lar changes contribute to inappropriate proliferation
in the absence of normal growth signals, indefinite
self-renewal, escape from programmed cell death
(apoptosis), inhibition of differentiation, aberrant
cell cycle checkpoint control, genomic instability,
and multiorgan dissemination of leukemic cells.

Transcription factors are commonly disrupted in
AML, either by their fusion as a result of chromoso-
mal translocation or by point mutation. Factors
affected by chromosomal rearrangement include the
CBF complex, the retinoic acid receptor (RAR), the
MLL protein, and Hox proteins. The CBF complex
is disrupted by at least three different translocations:
t(8;21), which generates the RUNX1/ETO fusion;

inversion of chromosome 16, yielding the
CBFb/MYH11 fusion; and t(3;21), which generates
the RUNX1/EVI1 fusion. The t(8;21) can be 
identified by conventional cytogenetics, but for
inv(16) and t(3;21) RT-PCR and/or FISH are more
reliable.

APL (see below), an example of differentiation
blockage in AML, is associated with rearrangement
of the retinoic acid receptor alpha (RARa). The
t(15;17) seen in most of APL patients leads to
PML/RARa fusion. A small subset of APL (less than
1%) carries PZLF/RARa fusion associated with
t(11;17), which is associated with a lack of response
to retinoic acid. Rare fusions of RARa to STAT5b,
NPM (a gene mutated in a substantial number of
AML cases), as well as the NuMA (nuclear matrix)
gene have been reported as well (see below).

FLT3 mutation status has a major impact on
remission duration and overall survival in AML
patients with normal cytogenetics. The FLT3 muta-
tions are present in 27 to 32% of the patients and are
associated with leukocytosis and a high percentage of
blasts in bone marrow.57,1501 FLT3 mutations occur
predominantly by internal tandem duplications
(ITDs) and, less commonly, through Asp835 muta-
tions. FLT3 mutations do not correlate with the
complete remission rate, but they predict relapse and
are associated with a shorter remission duration,
shorter event-free survival, and shorter overall 
survival when compared to AML patients without
FLT3 mutations.57,1501–1503 ITD mutations have
been associated with an increased risk of treatment
failure after conventional chemotherapy.55,1501,1502

The c-KIT tyrosine kinase is expressed in 60–80%
of AML patients, and this kinase is activated by
mutation in mast cell leukemia and some cases of
AML (∼1%). The RAS mutations occur in 20 to
44% of AML patients, may be associated with lower
blood and bone marrow blast percentages, and 
have not consistently predicted the prognosis.61,1504

NRAS is mutated and constitutively activated in
10–20% of AMLs, KRAS in 5–15% of patients, and
HRAS is rarely mutated.1505 AML samples that 
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contain RAS mutations do not have kinase fusions or
activating mutations, suggesting that RAS and tyro-
sine kinase molecules act separately.

Partial tandem duplications of the MLL gene
(MLL-PTDs) occurs in 5–10% of AMLs and have
been associated with trisomy 11 in AML and, simi-
larly to FLT3-ITD, preferentially occur in karyotyp-
ically normal AMLs.66,68,1506 AML may be positive
for both MLL-PTD and FLT3-ITD.1506 In a series
reported by Schnittger et al, of the 16 MLL-duplica-
tion positive cases, seven were classified as FAB M2
(AML with maturation), two as M1 (AML without
maturation), five as M4 (acute myelomonocytic
leukemia), one as M0, and one as M5 (acute
monoblastic leukemia).68 The median survival and
relapse-free interval of the MLL-PTD+ group were
significantly worse than those of an age-matched
karyotypically normal control group. AMLs with
MLL gene amplification/tandem repeats (Figure 3.56)
have a poor response to treatment and a dismal 
prognosis.66,68

The NPM1 gene encodes for a multifunctional
nucleocytoplasmic shuttling protein that is localized
mainly in the nucleolus. NPM1 mutations occur in
50–60% of adult AMLs with normal karyotype
(∼35% primary AMLs).782,1507 NPM1 protein
exchanges between the nucleus and cytoplasm and
binds to several proteins including p53 and proteins

interacting with and regulating p53 (e.g. Rb, p19ARF,
HDM2). In patients with AML, mutations in exon
12 of the NPM1 gene on chromosome 5q35 lead to
a frameshift and an elongated protein, which is
retained in the cytoplasm, hence the term NPM-
cytoplasmic-positive leukemia (NPMc+

AML).782,1507 Falini et al showed that NPM1 muta-
tions are associated with several features, including
normal karyotype, female > male, multilineage
involvement, low or absent CD34 expression, an
increased prevalence of FLT3-ITD mutations, and a
higher rate of complete remissions after standard
induction chemotherapy.782 Using fragment analysis
for NPM1 exon 12 mutations in 1485 patients with
AML, Thiede et al detected NPM1 mutations (an
insertion of four bases, either between nucleotides
960–961 or between 964–965) in 408 patients
(27.5%).789 NPM1 mutations were most prevalent
in patients with normal karyotype (45.7% of
patients with normal karyotype had NPM1 muta-
tions compared to only 8.5% among patients with
abnormal karyotype).789 Like FLT3-ITD mutations,
NPM1 mutations were associated with a higher bone
marrow blast count, and high WBC and platelet
counts, and female sex.789 NPM1 mutations are
often associated with FLT3-ITD mutations
(NPM1+/FLT3-ITD 43.8% NPM1−/FLT3-ITD
19.9%).789 Patients having only an NPM1 mutation
(no FLT3-ITD) have a significantly better overall
and disease-free survival and a lower cumulative inci-
dence of relapse (improved response to treatment)
and comprise a prognostically favorable subgroup in
the heterogeneous group of AML patients with
normal karyotype.

The p53/TP53 is involved in cell cycle regulation
and apoptotic signaling. Mutations in the tumor sup-
pressor gene TP53 (p53) are associated with a poor
response to chemotherapy and poor outcome.1508 The
RUNX1/MTG8 fusion protein represses the expres-
sion of p14ARF and promotes destabilization of p53.
The MOZ/TIF2 fusion binds to CBP and indirectly
attenuates the transcriptional activity of p53. The 
co-expression of the apoptosis-related genes BCL2 and
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WT1 predicts for poor survival in AML patients.1509

Expression of MDR genes has been identified as 
an adverse prognostic marker in AML.724,728,1510,1511

Expression of MDR-1/P-glycoprotein is more 
commonly found in older patients, often in 
conjunction with aadverse cytogenetics, and is
associated with a lower complete remission
rate.724,728

A subset of AML is associated with eosinophilia.
The majority of these cases belong to the category of
acute myelomonocytic leukemia with eosinophilia
(AML-M4Eo) and are associated with inv(16)/
t(16;16) (variant of CBF+ AML). Occasional AMLs
with eosinophilia, especially those preceded by
CMPDs associated with eosinophilia (e.g. chronic
eosinophilic leukemia and mastocytosis with
eosinophilia) may be associated with FIP1L1/
PDGFRA fusion or show recurrent breakpoint 
clusters at chromosome bands 5q31–33, 8p11, and
9p24, which are linked to tyrosine kinase genes
PDGFRB, FGFR1, and JAK2, respectively. As shown
by Metzgeroth et al, patients with eosinophilia-
associated hematologic malignancies (including
AML) with FIP1L1/PDGFRA fusion respond very
well to treatment with tyrosine kinase inhibitors 
(e.g. imatinib).1500

Acute myeloid leukemia (M0/M1/M2)

AML, minimally differentiated (AML-M0) is an
acute leukemia with no cytomorphologic evidence of
myeloid differentiation (<3% blasts react for
myeloperoxidase). FC immunophenotyping reveals
expression of one or more pan-myeloid antigens
(CD13, CD33), CD34, CD117, and HLA-DR.
TdT may be positive, but B- and pan-T markers are
negative. AML without maturation (AML-M1) is
defined by ≥90% blasts of nonerythroid lineage (less
than 10% of the marrow cells manifest evidence of
maturation to promyelocytes or more mature granu-
locytes). At least 3% of blasts are positive for MPO.
AML with maturation (AML-M2) is defined by
≥20% blasts and evidence of myeloid maturation

(promyelocytes and subsequent stages) in ≥10% of
the bone marrow cells.

Both AML-M0 and AML-M1 do not carry spe-
cific chromosomal abnormalities, and may show
complex karyotype, +4, +8, +13, and −7. AML with
maturation (AML-M2) is the predominant type
among AMLs with t(8;21)RUNX1/ETO. Other chromo-
somal changes, apart from those seen in less differen-
tiated subtypes, include t(6;9), t(8;16), and del(12p).
AMLs with t(8;16) are often associated with ery-
throphagocytosis (more often seen in acute
monoblastic leukemia) and those with del(12p) with
marrow basophilia.1,24,80

Acute promyelocytic leukemia (AML-M3)

APL (Figure 3.57), which accounts for approximately
10% of AML cases, is a subtype of AML character-
ized by abnormal promyelocytes and response to
treatment with all trans-retinoic acid, which induces
maturation. Distinctive features of APL include
leukopenia co-existing with a marrow replacement by
atypical promyelocytes, disseminated intravascular
coagulopathy (DIC), and lack of HLA-DR antigen
expression by immature cells. APL is characterized by
a translocation between the long arms of chromo-
somes 15 and 17 (Figure 3.58), which fuses the
promyelocytic leukemia gene (PML) on chromosome
15 to the RARa gene on chromosome 17, resulting in
the chimeric gene encoding PML/RARa fusion 
protein.1512,1513 The introduction of ATRA and
arsenic trioxide (As2O3), which target the underlying
molecular changes, dramatically changed the clinical
course of APL from invariably fatal to one of the most
curable types of acute leukemia.

Cytogenetics/molecular markers

The balanced translocation between chromosomes
15 and 17 characterizes >95% cases of APL.77 The
t(15;17) disrupts the PML gene on chromosome 15
and the RARa gene on chromosome 17. The t(15;17)
leads to the formation of two reciprocal fusion genes,
PML/RARa on chromosome 15 and RARa/PML on
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chromosome 17. The resultant PML/RARa fusion
protein, which retains the retinoic acid receptor-
binding domain, plays a role in leukemogenesis, but
also mediates the response to retinoids.468 The fusion
of PML and RARa genes may result in some cases
from insertion of complex rearrangements.16,1514

Variant translocations in which RARa is fused to a
gene other than PML have also been identified.468 In
these variant translocations, RARa is fused to the
PLZF (promyelocytic leukemia zinc finger) [t(11;17)
(q23;q21)], NPM (nucleophosmin) [t(5;17)(q35;q21)],
and NuMA (nuclear mitotic apparatus)
[t(11;17)(q13;q21)].469,810,1515 The nature of the
fusion partner has a significant impact on the biology
of the disease. The t(15;17). translocation is associ-
ated with a favorable prognosis.15,18,1516 APL 
associated with t(11;17)(q23;q21) and fusion of the

PLZF and RARa genes is a discrete clinicopathologic
syndrome which is resistant to the differentiation
effects of ATRA and has a distinctly worse prognosis
than APL with t(15;17).469 The PLZF/RARa cases
are often characterized by a predominance of imma-
ture precursors with regular nuclei, an increased
number of pelgeroid features, and expression of
CD56.1517 With conventional cytogenetics, these
translocations are detected in about 70–90% of
patients, with most of the negative results due to
technical problems or cryptic variants. Cryptic
t(15;17) are generated by submicroscopic insertions
of PML or RARa, or complex rearrangements.16,806,807

These masked PML/RARa fusions can be identified
by molecular analyses such as PCR and FISH. 
PCR testing can be used to monitor the response to
treatment (Figure 3.59).
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Figure 3.57 Acute promyelocytic leukemia (APL). A, Bone marrow aspirate smear shows atypical hypergranular
promyelocytes with numerous Auer rods; B, histology section shows replacement of the bone marrow by immature
mononuclear cells; C, D, immunohistochemical stainings show expression of MPO (C) and lack of HLA-DR (D)
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The secondary chromosomal changes in addition
to t(15;17) occur in 26–40% of APLs and include
most often trisomy 8 (46% of all cases with second-
ary abnormalities; 15–30% of all cases), followed by
abnormalities of chromosomes 6, 7, 9, 12, 16, 17,
and 21.516 The presence of additional chromosomal
changes in APL has no impact on prognosis in

patients treated with ATRA and chemotherapy.516

Mutation of the PML gene leading to loss of PML
function is associated with ATRA resistance and
poor prognosis.813

In a study of 82 patients with APL, the presence
of FLT3-ITD had a significant negative impact on
overall survival.670 A retrospective study from the
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Figure 3.58 Detection of translocation t(15;17) [PML-RAR( fusion] in acute promyelocytic leukemia; A, cytogenetics;
B, PCR; C, FISH
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European APL group indicated that the FLT3-ITD
correlated with poor post-relapse survival and the
presence of FLT3-ITD was associated with high
WBC count, high Sanz index, M3-variant subtype,
and V/S PML/RARa isoforms.668 Another study,
however, showed that cases with FLT3-ITD had a
higher rate of induction death, but no significant 
difference in relapse risk or overall survival.669

Acute myelomonocytic leukemia 
(AML-M4)

This acute leukemia is characterized by the prolifer-
ation of both neutrophil and monocyte precursors
with ≥20% of myeloblasts in the bone marrow. Both
monocytic and granulocytic lineages comprise at
least 20% of marrow cells. The number of mono-
cytic cells and their precursors in peripheral blood is
usually greater than 5 × 109/l. The bone marrow is
hypercellular and contains a mixed population of
monocytes and their precursors and granulocytes
and their precursors (Figure 3.60). The monoblasts
are slightly larger than myeloblasts, have abundant
cytoplasm, irregular nuclei, and prominent nucleoli.
The myeloblasts and maturing granulocytes show
morphologic features similar to AML with matura-
tion. At least 3% of blasts are MPO+. Monocytic pre-
cursors are positive for NSE. AMLs with monocytic

features often display 11q23 abnormalities. A variant
of acute myelomonocytic leukemia characterized by
an increased number of abnormal eosinophils
(AML-M4Eo) is positive for t(16;16)(p13;q22) or
inv(16)(p13q22).

Acute monoblastic leukemia (AML-M5)

Acute monocytic (monoblastic) leukemia is defined
as AML in which 80% or more of the leukemic cells
are of monocytic lineage (monoblasts, promono-
cytes, and monocytes). The bone marrow core
biopsy is hypercellular and usually completely
replaced by monoblasts, which are large and have
prominent nucleoli. Leukemic monocytes have
abundant cytoplasm which may show irregular bor-
ders with pseudopods, cytoplasmic vacuoles, and
strong NSE positivity (Figure 3.61). MPO is charac-
teristically negative. Based on the proportions of
monoblasts and promonocytes, AML-M5 can be
subdivided into acute monoblastic leukemia (AML-
M5a; monoblasts predominate) and acute mono-
cytic leukemia (AML-M5b; promonocytes
predominate).

Acute monoblastic leukemia often shows complex
chromosomal changes (Figure 3.62). There is a
strong association between AML-M5 and deletions or
translocations involving the MLL gene at chromosome
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Figure 3.59 Acute promyelocytic
leukemia. MRD detected by PCR analy-
sis. Note positive reaction at the very
late stages of amplification (arrow)
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11q23, which are identified in 12–31% of patients.1518

Occasional cases demonstrate t(8;16), rare transloca-
tions that may also be seen in AML-M4.1,1519 AMLs
with t(8;16) and their variant, inv(8)(p11q13), have
a poor prognosis, and apart from erythrophagocyto-
sis, may be associated with disseminated intravascu-
lar coagulation and extramedullary leukemic
infiltrates.1519,1520 Haferlach et al analyzed 58
patients with de novo AML-M5a and 66 patients
with de novo AML-M5b1518 and found an aberrant
karyotype in ~76% of AML-M5a and ~29% of

M5b.1518 Trisomy 8 as the sole cytogenetic aberration
was found in 22.4% of M5a, in 3% of M5b, and in
2.5% of all other AML subcategories.1518 FLT3 muta-
tions were rare in AML-M5a (6.9%), but occurred
more often in the M5b subtype (~29%) and non-M5
AML (23.5%).1518

Acute erythroid leukemia (AML-M6)

Acute erythroid leukemia (erythroleukemia; AML-M6)
is characterized by a predominance of abnormal 
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Figure 3.60 Acute myelomonocytic leukemia (AML-M4). Bone marrow is hypercellular (A, histology) with increased
number of immature mononuclear cells. Aspirate smear (B) shows mixed population of blasts, monocytes, scattered ery-
throid precursors, and occasional maturing myeloid cells. Myeloblasts are positive for myeloperoxidase (C), and mono-
cytes are positive for NSE (D)
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erythroid cells (Figure 3.63). The WHO recognizes
two subtypes of AML-M6: erythroleukemia (ery-
throid/myeloid leukemia) and pure erythroid
leukemia. Erythroleukemia is defined by ≥50% ery-
throid precursors (among all nucleated cells) and
≥20% myeloblasts of nonerythroid cells. Pure ery-
throid leukemia is defined by >80% erythroid pre-
cursors among all nucleated marrow cells. MDS
differs from erythroleukemia by <20% myeloblasts

of non-erythroid cells (proerythroblasts are not
included in the blast percentage). Erythroblasts are
positive for glycophorin A (GPHA) and hemoglobin A.
They lack MPO, CD34, CD45, and pan-myeloid
antigens. CD117, CD43, and epithelial membrane
antigen (EMA) are often positive.

Acute erythroid leukemia has no specific chromo-
somal changes but may show numerous unbalanced
and balanced abnormalities, the former being 
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Figure 3.61 Acute monocytic leukemia (AML-M5). Aspirate smear (A) shows large immature monocytic cells with
irregular nuclei and prominent nucleoli. Leukemic cells stain strongly with NSE (B)
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Figure 3.62 Acute monoblastic leukemia (AML-M5) with complex karyotype: +5, +8, +8, del(17)(p11.1) [trisomy 5 and
trisomy or tetrasomy 8 are often associated with monocytic leukemia and deletion of the short arm of chromosome 
17 in AML usually confers a poor clinical outcome]; cytogenetics
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more common.1521–1524 In a series of 75 cases
reported by Lessard et al, hypodiploidy was the most
frequent numeric abnormality (48% of cases with an
abnormal karyotype), associated with complex
karyotypes (37%).1521 Chromosomes 5 and 7 are most

frequently involved (complete monosomy 5 in 26%
and complete monosomy 7 in 38%), followed by
chromosomes 8, 16, and 21.1521 Trisomy 8 is the
most frequent complete trisomy in erythroleukemia.
Sporadic changes reported in erythroleukemia
include: −1, −2, −3, −4, −5, −10, −13, −14, −15, 
−16, −17, −19, −21, −22, +5, +6, +8, +10, +18, +19,
+21, del(4)(q21), del(5)(q31q35), del(12)(q24),
i(13)(q10), i(17)(q10), i(21)(q10), i(22)(q10),
inv(1)(p21q22), inv(3)(q21q26), inv(6)(p22q22),
inv(7)p11q21), t(2;7)(q31;q35), t(3;3)(q21;q26),
t(3;4)(q13;q25), t(3;8), t(3;11)(p14;p11-12),
t(4;8)(q27;q24), t(6;8)(p22;q12), t(8;9)(p22;p23),
t(8;13)(q22;q14), and t(9;22)(q34;q11).1521,1523,

1525-1528 Cases of (de novo) pure erythroid leukemia
may display t(9;22)BCR/ABL. The karyotypic changes
are somewhat similar to those observed in high-grade
MDS (refractory anemia with excess blasts), with the
following changes observed only in erythroleukemia
(AML-M6): der(9)t(1;19)(q11;p13), i(3)(q10), t(3;5)
(q25;q35), inv(6)(p23q12), and t(7;11) (q11;p15).1521

Acute megakaryoblastic 
leukemia (AML-M7)

Acute megakaryoblastic leukemia (AML-M7) is a
rare variant of AML with ≥20% blasts, of which 
50% or more are of megakaryocyte lineage.
Cytomorphologic features vary, depending on the
degree of maturation of megakaryoblasts. In the more
differentiated cases, megakaryoblasts (Figure 3.64)
are medium-sized to large with round or slightly
irregular nuclei and basophilic, agranular cytoplasm
with distinct blebs (pseudopods). In poorly differen-
tiated cases, megakaryoblasts resemble myeloblasts
or lymphoblasts and their lineage can be revealed by
immunophenotyping. The spectrum of morphologic
features of acute megakaryoblastic leukemia in 
bone marrow core biopsy varies from a predomi-
nance of poorly differentiated blasts to sheets of
atypical megakaryocytes with a predominance of
micromegakaryocytes. FC analysis shows blasts with
moderate CD34, dim CD117, negative to dim
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Figure 3.63 Acute erythroid leukemia (AML-M6).
Cytology (A) shows immature erythroblasts with cyto-
plasmic vacuoles. Histology (B) shows replacement of the
bone marrow by sheets of atypical erythroid precursors
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HLA-DR, negative CD13, bright CD33, dim
CD64, and positive CD41 and 61.

Acute megakaryoblastic leukemia is characterized
by a higher complexity and incidence of chromoso-
mal abnormalities than in the other subtypes of
AML.1529–1531 In a series of 281 patients with AML
reported by Athale et al, acute megakaryocytic
leukemia was diagnosed in 14.6% (six patients with

Down’s syndrome, six had secondary leukemia, and
29 represented de novo leukemia).1533 The most fre-
quent chromosomal changes reported in AML-M7
include −7/del(7q), −5/del(5q), +8, +19 (or +19q),
and +21, followed by i(12)(p10), t(9;22)(q34;q11),
t(10;22)(q26;q11), t(13;20), del(20)(q11), der(7)/t
(7;17), t(1;22)(p13;q13), t(6;11)(q24.1;p15.5), t(17;22)
(q21;q13), and 11q23 abnormalities.460,1529, 1530,1534–1538

Dastugue et al, identified nine cytogenetic groups in
patients with AML-M7: normal karyotypes (group 1);
patients with Down’s syndrome (group 2); numeric
abnormalities only (group 3); t(1;22)(p13;q13) or
OTT/MAL transcript (group 4); t(9;22)(q34;q11)
(group 5); 3q21q26 (group 6); −5/del(5q) or 
−7/del(7q) or both (group 7); i(12)(p10) (group 8),
and other structural changes (group 9).1529 Groups 1,
2, 3, and 4 were exclusively seen in children (except
one adult in group 3), whereas groups 5, 6, 7, and 8
were mainly made up of adults.1529

Extramedullary myeloid tumor (myeloid
sarcoma; granulocytic sarcoma; chloroma)

Extramedullary myeloid tumor (EMT; granulocytic
sarcoma, myeloid sarcoma) is a tumor mass com-
posed of immature myeloid cells (myeloblasts or
monoblasts), which occur outside the bone marrow.
EMT may precede or occur concurrently with AML,
MDS, or a CMPD. EMT may be the first evidence
of AML or precede it by months or years.1,1539–1541

It involves skin, lymph nodes, bone, paranasal
sinuses, testis, GI tract, and the CNS. The most
common type of EMT is the granulocytic sarcoma
which has a phenotype similar to AML, with or
without maturation. EMT with the phenotype similar
to AML-M5 may be termed monoblastic sarcoma.
Occasional EMTs may display features of biphenotypic
acute leukemia.

In a series of EMT patients reported by Pileri et al,
27% (25 patients) presented as de novo EMT, 35%
(32 patients) had simultaneous AML (M1, 3; M2, 
5; M4, 8; M5 10), CMPD (1), or MDS (RAEB-I, 
3; RAEB-II, 1; 5q−, 1) and the remaining 38% 
(35 patients) had a previous history of AML (12), 
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Figure 3.64 Acute megakaryocytic leukemia (AML-M7).
A, Cytology; B, histology. Atypical megakaryocytes and
immature forms (megakaryoblasts) are present
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P. vera (2), ET (1), CIMF (3), CML (7), mastocytosis
(1), or MDS (9).1540 Cytogenetic analysis revealed 
a normal karyotype in 13/28 patients (46%),
whereas 15/28 patients (54%) showed chromosomal
abnormalities which included add(6)(q24),
add(8)(p23), del(9), del(2), inv(16), −16, −18,
t(1;12), t(9;11), t(9;22), t(11;11), t(15;17), +8, +10,
and +21.1543 FISH analysis showed clonal abnormali-
ties in 25/49 cases (54%). Based on the FISH 
and cytogenetic studies, monosomy 7 (10.8%), 
trisomy 8 (10.4%) and MLL splitting (8.5%) were 
the commonest abnormalities, whereas t(8;21) was 
rare (2.2%).1543

PRECURSOR LYMPHOBLASTIC
LYMPHOMA/LEUKEMIA (ACUTE
LYMPHOBLASTIC LEUKEMIA)

Childhood ALL is a heterogeneous disease consisting
of various genetic subtypes, which are used to strat-
ify the patients to particular therapies. Recent treat-
ment strategies for children with ALL advanced the
cure rate to near 80%, and molecular genetic analy-
ses of leukemic cells as well as monitoring of early
treatment response, as defined by the measurement
of MRD,  become important prognostic indicators

to guide the treatment and predict the overall out-
come.744,1545–1549 Chromosome ploidy status and
karyotypic abnormalities are routinely used in clini-
cal decision making. ALLs with t(9;22)BCR/ABL,
t(12;21)ETV6/RUNX1, hyperdiploidy (>50 chromo-
somes), 11q23MLL rearrangements or t(1;19)E2A/PBX1,
and T-lineage differ markedly in treatment response.
1548,1549 Hyperdiploidy, which occurs in 25% of 
children, is associated with a good response to therapy.
The presence of t(12;21)(p13;q22)ETV6/RUNX1 is associ-
ated with a good prognosis in most cases, whereas
t(9;22)BCR/ABL and 11q23-associated MLL rearrange-
ments relate to a poor prognosis. In adult ALL, the fre-
quency of the t(9;22)BCR/ABL correlates with age and is
reported in 50% of patients older than 55 years, while
the prognostic relevance of other abnormalities is less
obvious (see below).

Precursor B-lymphoblastic
leukemia/lymphoma (acute lymphoblastic
leukemia)

Precursor B-lymphoblastic leukemia/lymphoma
(acute lymphoblastic leukemia; B-ALL) is a lympho-
proliferative disorder of immature B-cells with blastic
morphology (Figure 3.65) which often express
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Figure 3.65 Precursor B-lymphoblastic leukemia; bone marrow. Leukemic cells are medium-sized with high
nuclear–cytoplasmic ratio and immature chromatin pattern (A). Histologic section shows replacement of the normal bone
marrow elements by lymphoblasts (B), which express TdT (C)
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CD10, CD34, and TdT. A number of clinical, phe-
notypic, and genetic features are prognostically sig-
nificant in B-ALL. The total WBC count at the time
of diagnosis is the single most powerful clinical pre-
dictor of remission induction and duration, and long
term survival for all age groups.1547–1549 Patients with
high WBC counts often have extramedullary disease
at diagnosis and are at high risk for relapse in the
CNS and testes. Age at diagnosis, certain chromoso-
mal changes, immunophenotype, and persistence of
leukemia after induction therapy comprise other
important prognostic parameters.1550–1552 B-ALLs are
divided into early pre-B-ALLs (pro-B-ALL; TdT+/
CD19+/CD10−), common ALL (CD10+/CALLA+),
pre-B-ALL (CD10+/−; cytoplasmic IgM+), and
mature B-ALL (surface IgM+). Mature B-ALL occurs
in older children and is characterized by L3 mor-
phology and a higher incidence of CNS involve-
ment. In a series by Cimino et al, adult patients with
early-pre-B-ALL had the ALL1/AF4 fusion tran-
script, originating from the t(4;11) translocation in
36.4%, and the t(9;22)BCR/ABL in 9%.397 B-ALLs with
t(9;22) often display aberrant expression of pan-
myeloid antigens (CD33 or less often CD13).
Pediatric patients with ALL blasts possessing
myeloid antigens may represent a high-risk group for
length of remission and survival.1556 Adult patients
with early-pre-B-ALL and t(4;11) or t(9;22) have a
poor prognosis and the absence of both of these
translocations correlates with a significantly better
clinical outcome after intensive polychemotherapy
treatment.397 CD10 (CALLA) expression does not
appear to have independent prognostic signifi-
cance. 1557–1559 Early pre-B ALL is associated with 
a favorable prognosis.1560,1561 The outcome 
of patients with pre-B-ALL and common ALL is
similar.

Cytogenetic and molecular features

Precursor B-lymphoblastic leukemia with hyper-
diploidy (>50 chromosomes) has a favorable 
prognosis, 28,73,1557,1562,1563 especially when there is a
concurrent trisomy of chromosomes 4, 10, and/

or 17.1561–1563 Near-tetraploid tumors (92–94 chromo-
somes) are associated with a high frequency of treat-
ment failure and therefore differ in prognosis from
other hyperdiploid ALLs.1564 Hypodiploid tumors
with less than 45 chromosomes, especially those with
24 to 28 chromosomes, had a significantly worse
prognosis despite intensive treatment.94,1565–1568

Chromosomal translocations are strong predictors
of adverse treatment outcome in ALL. The
t(9;22)(q32;q11)BCR/ABL is present in approximately
20% of adults and 5% of children with ALL.31,1569–1571

Features associated with the t(9;22)+ ALL include
high WBC count, older age, male predominance,
and FAB L2 blast morphology.1569 There is a strong
adverse prognostic significance of t(9;22) in ALL,
even after adjustment for other prognostic 
features.73,456,1572 Irrespective of the breakpoint site,
the presence of any BCR/ABL transcript predicts a
lower chance of initial treatment response and a
lower probability of disease-free survival at 3 years.
This poor outcome is not influenced by post-
induction high-dose treatment stratifications.456

In t(9;22)+ ALL patients with otherwise favorable
prognostic features (age between 1 and 9, low WBC
count) the outcome is better because the disease can
be controled by transplantation and intensive
chemotherapy.1571

The t(1;19)(q23;q13) translocation, associated
with fusion of the E2A and PBX1 genes on chromo-
somes 1 and 19, respectively, is present in 20 to 30%
of pre-B-ALL,1576 and is associated with a poor prog-
nosis.95,361

Rearrangements of the mixed-lineage leukemia
gene MLL (also known as ALL1, Htrx, and HRX) on
11q23 are associated with aggressive acute leukemias
and poor prognosis in both children and adults. The
t(4;11)(q21;q23), similarly to the Ph chromosome, is
associated with high-risk features (high WBC count,
age <1 year) and a poor prognosis,1574,1575 although
recent treatment protocols improved the outcome.
The MLL/AF4 rearrangements are the molecular hall-
mark of ALL with t(4;11). The t(4;11)MLL/AF4 is
identified in approximately 50% of B-ALLs in
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infants below 6 months of age,1576 and is associated
with poor prognosis.64,395,396 Figure 3.66 presents 
B-ALL with deletion of the MLL gene.

The cryptic translocation t(12;21) is common in
childhood ALL. The presence of a reciprocal translo-
cation of chromosomes 12p13 and 21q22 results in a
fusion of the ETV6 gene (also known as TEL) on
chromosome 12 and the RUNX1 gene (also known as
AML1) on chromosome 21. ETV6/RUNX1 tran-
scripts, detectable by PCR and/or FISH, are associ-
ated with early-pre-B immunophenotype, younger
children, and nonhyperdiploidy, and have a favorable
prognosis, although relapse may occur in a subset of 
patients.1577–1579 It is suggested that a favorable prog-
nosis of t(12;21)ETV6/RUNX1 may be associated with
intensity of therapy.1580,1581 The ETV6/RUNX1+

patients are relatively more sensitive to L-asparaginase.657

The presence of an intrachromosomal amplification
of chromosome 21 (iAMP21), which is associated
with multiple extra copies of RUNX1, defines a sub-
group of pediatric B-ALL with pre-B-ALL
immunophenotype, lower WBC count, older age 
(9 years vs 5 years), and a significantly inferior event-
free and overall survival at 5 years (29% vs 78%, and
71% vs 87%, respectively.1582

Intensive chemotherapy with regimens appropri-
ate for Burkitt lymphoma reversed the poor progno-
sis previously associated with ALL positive for the
translocations involving the c-MYC locus at 8q24
[t(8;14), t(2;8), or t(8;22)].1583–1585

The gene expression profile can differentiate line-
age and molecular subtypes of ALL,63,1586,1587 but
can also identify genes associated with drug resist-
ance and treatment outcome.1588 Genes involved in
multidrug resistance, cell cycle control, DNA repair,
drug metabolism, and apoptosis have been associated
with prognosis in ALL.657,735,843,1588–1592

Akasaka et al described a new subgroup of B-ALL
with IGH translocations involving the CEBP gene
family, which included patients with t(8;14)
(q11;q32) involving CEBPD on chromosome 8,
t(14;19)(q32;q13) involving CEBPA, inv(14)
(q11q32) or t(14;14)(q11;q32) involving CEBPE,
and t(14;20)(q32;q13) involving CEBPB.645

In childhood ALL, MRD is an independent prog-
nostic factor allowing for risk stratification.986,1593

The most widely applied MRD assays in ALL are FC
identification of leukemia immunophenotypes and
PCR amplification of antigen–receptor genes, both
yielding concordant results in the vast majority of
cases.150,1045 Early elimination of leukemic cells is a
favorable prognostic indicator. A p p r oximately half of
the children with ALL achieve significant clearance
of leukemic cells after 2 to 3 weeks of remission-
induction chemotherapy, and these patients 
have an excellent treatment outcome.1594 The level
and kinetics of MRD by qRT-PCR correlates 
better with the risk of relapse than qualitative 
results (MRD+ vs MRD−); patients with low levels of
MRD and those with decreasing levels after 
treatment have a lower risk of relapse.1052–1056

Bone marrow and peripheral blood MRD in 
patients with ALL is associated with a very high 
risk for disease recurrence.1595 In a series by 
Coustan-Smith et al, the 4-year cumulative inci-
dence of relapse in patients with B-ALL was 80% 
for those who had peripheral blood MRD at 
the end of remission induction therapy, but only
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13% for those with MRD confined to the 
marrow.1595

Adult acute lymphoblastic leukemia

ALL is uncommon in adults. The major prognostic
factors include age, WBC count, time of response to
treatment, chromosomal aberrations, MRD, and
drug resistance. A better prognosis is associated with
age <30 years, WBC count <30 000, t(10;14), and
complete remission within 4 weeks. Factors associ-
ated with poor a prognosis include elevated total
WBC count (>50 × 109/l), t(9;22), t(4;11), t(1;19),
hypodiploidy, −7, +8, expression of myeloid antigens
(CD13, CD33), and persistent MRD.1593,1596–1599

The 5-year survival rate is 24% and it decreases
markedly with age (37% for patients 15–45 years old
and 3% for patients ≥75 years old).1600 The differ-
ence in prognosis for elderly patients is most likely
associated with reduced tolerance to intensive ther-
apy, co-morbidity and a higher incidence of unfavor-
able genetic changes (e.g. Ph chromosome).1601–1603

Similarly to pediatric patients, adults with 
leukemia harboring aberrations of 19p13 usually do
not respond to intensive therapy and have a short 
survival.1607

Based on the cytogenetic-molecular aberrations
and disease-free survival (DFS), Mancini et al
divided adult ALL into three prognostic categories:
(a) no genetic abnormalities or isolated del(9p)(p15-
p16) predicted relatively favorable outcome (median
DFS > 3 years); (b) the t(9;22)BCR/ABL, t(4;11)MLL/AF4,
or t(1;19)E2A/PBX1 predicted a highly adverse progno-
sis (median DFS 7 months), and (c) 6q deletions,
other miscellaneous structural aberrations, and
hyperdiploidy predicted an intermediate prognosis
(median DFS 19 months).1605

The incidence of Ph chromosome+ ALL increases
with age: 4% for 15–19 years, 14% for 20–29 years,
24% for 30–39 years, 33% for 40–49 years, and
26% for >50 years.224 The minor BCR breakpoint is
more prevalent in ALL (70%).224 Among adult ALL
patients with t(9;22)BCR/ABL additional cytogenetic
abnormalities occur in 67% and include gain of a Ph

chromosome, −7, +8, +X, and del(9p).224 In a study
of 1522 adult patients reported by Moorman 
et al, patients with a Ph chromosome, t(4;11)-
(q21;q23), t(8;14) (q24.1;q32), complex karyotype
(five or more chromosomal abnormalities), or low
hypodiploidy/near triploidy all had inferior rates of
event-free and overall survival when compared with
other patients.224 In contrast, patients with high
hyperdiploidy or a del(9p) had a significantly
improved outcome. Multivariate analysis demon-
strated that the prognostic relevance of t(8;14), 
complex karyotype, and low hypodiploidy/ near
triploidy was independent of sex, age, WBC 
count, and T-cell status among Ph-negative 
patients.224

In adult patients, analysis of DFS rates for MRD+

and MRD− patients demonstrated that MRD positiv-
ity is associated with increased relapse rates at all
times, being most significant at 3–5 months 
post-induction and beyond.1059 For autologous stem
cell transplantation, MRD tests before the procedure
are predictive of outcome, which differs from allo-
geneic stem cell transplantation in which outcome is
related to results of the tests after the procedure rather
than before.1059 The status of MRD can be used in
risk stratification of patients with ALL in conjunction
with conventional prognostic factors such as WBC,
age, immunophenotype, cytogenetics, and molecular
genetics.1606,1607

Precursor T-lymphoblastic
leukemia/lymphoma (acute lymphoblastic
leukemia)

T-ALL accounts for approximately 20–25% of
patients with ALL (15% of childhood and 25% 
of adult ALL).1546 T-ALL has clinical, immunologic,
cytogenetic and molecular features that are distinct
from those with B-ALL.1586,1608–1612 Precursor 
T-ALL/LBL is a neoplasm of T-lymphoblasts 
which involves bone marrow and blood, medi-
astinum and less commonly lymph nodes, skin,
gonads, and CNS.1,1548,1549,1584,1613–1615 Mediastinal
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involvement and adenopathy are more common in
younger patients than in patients older than 
60 years. Morphologically, T-lymphoblasts are 
similar to B-lymphoblasts. T-ALL/LBL, regardless of
the site of involvement, shows replacement of
normal structures by a diffuse monotonous infiltrate,
often with a ‘starry-sky’ pattern (Figure 3.67). 
T-lymphoblasts are positive for TdT, CD1a, pan-T
antigens, and CD45. Among pan-T antigens, CD7
and cytoplasmic CD3 are most often expressed 
and surface CD3 is most often absent.38,147,148,1368

Most of the cases are dual CD4/CD8− or dual
CD4/CD8+, and only rare cases are either CD4+ or
CD8+. T-ALL/LBL most often lacks TCR expression;

about one-third of cases are TCRαβ+, and only 
rare cases TCRgd+. A subset of T-ALL/LBL is posi-
tive for CD10, CD56, and pan-myeloid antigens
(CD13, CD33).

Chromosomal abnormalities 
and molecular genetics

T-ALL has been associated with a normal karyotype
in 30 to 45% of cases.395,1476,1614,1616 Recurrent chro-
mosomal translocations are reported in 25–50%.1618

Most frequent abnormalities include: del(6q),
t(10;14), and t(9;22). Pediatric advanced T-lym-
phoblastic lymphomas (T-ALL/LBL) have a high fre-
quency of chromosome abnormalities and often
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Figure 3.67 Precursor T-lymphoblastic leukemia (bone marrow). Lymphoblasts (A) have delicate chromatin, scanty
pale basophilic cytoplasm and nucleoli. Histologic section shows total bone marrow replacement by neoplastic cells (B).
Immunohistochemistry shows expression of CD1a (C), TdT (D), CD4 and CD8 (E, F) and CD3 (G)
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include translocations involving 14q11.2 (the site of
TCRA/D).1476 Tetraploidy is seen in 5% of cases, and
does not have a prognostic significance. Lones et al
reported numeric chromosomal abnormalities in
5/11 (45%) of children with T-lymphoblastic lym-
phoma; these included −9, −13, +4, +8, +17, +20,
+22, and +mar.1476 The t(9;22)(q34;q11) encoding
the BCR-ABL1 fusion kinase, characteristic of
CML, is found in 25% of precursor B-ALL and only
rarely (1%) in T-ALL.1546,1619

Translocations involving the TCR loci
(14q11TCRA/D and 7q34TCRB) are found in about 35%
of T-ALL/LBL.325,1476 The translocations involving
TCRA/D include t(14;20)(q11.2;p11.2), t(11;14)
(p13;q11.2), t(1;14)(p32;q11.2), and t(8;14)
(q24;q11.2).1476

A high percentage of cryptic abnormalities are
revealed by FISH, mainly cryptic deletions at 9p21
and 1p32. Cryptic interstitial deletion at 1p32 lead-
ing to the SIL/TAL1 fusion gene is found in 9–30%
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of childhood T-ALL. The t(10;11)(p13;q14) encod-
ing CALM/AF10 is found in 10% (often cryptic);
translocations involving MLL with various partners
represent about 8% of cases and translocations of
ABL1 are rare, except for NUP214/ABL1 fusion
identified in 6%.393,558,898,1620

Among the homeobox genes, HOXA genes can be
upregulated in T-ALL as a consequence of often
cryptic inv(7) or t(7;7), which brings the TCRB
enhancer within the HOXA locus.324,326 TCRB/
HOXA rearrangements are identified in up to 5% of
T-ALLs, which are characterized by mature pheno-
type with negative CD2, positive CD4, and low or
lack of TCRαβ or TCRγδ surface expression.324,326

Chromosome 7 aberrations were found in 4/14 cases
(two with inversion 7 and two with deletion 7p15)
reported by Cauwelier et al, and only a few 
additional chromosomal abnormalities were found
in five patients: add(6), del(6)(q14), add(5)(q31),
del(9)(p21), del(9)(p12.p24), +11, and +21.324

TLX3 (class II homeobox gene) expression in T-ALL
is due to the cryptic translocation t(5;14)(q35;q32)
juxtaposing TLX3 to the distal region of BCL11B.
The t(5;14) is found in approximately 20% of child-
hood T-ALLs and in 13% of adult cases. TLX3
expressing T-ALLs do not have the favorable out-
come reported for TLX1+ cases.

Better survival in T-ALL is associated with normal
karyotype and with the t(10;14)(q24;q11.2) translo-
cation (involving the TLX1 gene, also known as
HOX11), whereas the presence of any derivative
chromosome is associated with worse survival.1609

Five different T-cell oncogenes (HOX11, TAL1,
LYL1, LMO1, and LMO2) are often aberrantly
expressed in the absence of chromosomal abnormal-
ities. Using oligonucleotide microarrays, Ferrando et al
identified several gene expression signatures that
were indicative of leukemic arrest at specific stages of
normal thymocyte development: LYL1+ signature
(pro-T), HOX11+ (early cortical thymocyte), and
TAL1+ (late cortical thymocyte).744 Hierarchical
clustering analysis of gene expression signatures
grouped samples according to their shared oncogenic

pathways and identified HOX11L2 activation as a
novel event in T-cell leukemogenesis. These findings
have clinical importance, since HOX11 activation is
significantly associated with a favorable prognosis,
while expression of TAL1, LYL1, or HOX11L2 con-
fers a much worse response to treatment.744 T-ALL
with expression of HOX11 as a result of MLL/ENL
fusion has a favorable prognosis.744 NUP214/ ABL1
expression defines a new subgroup of individuals
with T-ALL who could benefit from treatment with
imatinib.558

In T-ALL, NOTCH1 was identified as a fusion
partner of TCRB in the rare t(7;9)(q34;q34.3) lead-
ing to the formation of N-terminally truncated con-
stitutively active NOTCH1 peptides. Recently,
NOTCH1 activating mutations have been found in
56% of T-ALLs from all molecular subtypes, suggest-
ing that they occur in immature progenitors.

The MLL gene at chromosome band 11q23 is
known to rearrange with more than 50 partners in
several translocations encoding chimeric proteins.
Translocations involving MLL are seen in both
myeloid and lymphoid leukemias, and are frequent
in infants and in secondary leukemias in patients
treated with topoisomerase inhibitors. MLL fusions
are found in 4–8% of T-ALLs.63,393,1621 The
11q23/MLL rearrangements are associated with a
poor prognosis. Translocation t(11;19)(q23;p13.3)
encoding MLL/ENL is often found in young adoles-
cents and carries a better prognosis than other MLL
rearrangements.1545

Plasmacytoid dendritic cell
leukemia/lymphoma (blastic NK-cell
lymphoma/leukemia; CD4+/CD56+

hematodermic neoplasm)

Plasmacytoid dendritic cell leukemia/lymphoma
(blastic NK-cell lymphoma/leukemia; DC2 acute
leukemia) is a highly aggressive neoplasm which
involves the skin and often disseminates into other
organs with leukemic blood and bone marrow
involvement. Its ontogenic origin has not been
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clearly identified, but it has been suggested that it
arises from transformed CD56+ ‘plasmacytoid’
monocyte-like dendritic cells (pDC; DC-2).1622–1625

Recently, the WHO/European Organization for
Research and Treatment of Cancer (EORTC) classi-
fied this entity as CD4+/CD56+ hematodermic neo-
plasm or early plasmacytoid dendritic cell
leukemia/lymphoma.1626,1627 Integrated genomic
analysis using expression profiling and array-based
CGH demonstrated that plasmacytoid dendritic cell
leukemia/lymphoma shows distinct gene expression
profiles and distinct patterns of chromosomal aberra-
tions when compared to acute myelomonocytic
leukemia involving skin; plasmacytoid dendritic cell
leukemia/lymphoma was characterized by recurrent
deletion of regions on chromosomes 4 (4q34), 
9 (9p13–p11 and 9q12–q34), and 13 (13q12–q31),
that contain several tumor suppressor genes with
diminished expression (Rb1, LATS2).1628 Tumor cells
express CD56, CD43, HLA-DR, and CD4 
(Figure 3.68), as well as the following markers: CD45
(dim to moderate expression), CD116, CD123 
(IL-3α receptor), CD45RA, BDCA-2 (blood 

dendritic cell antigen-2; CD303), BDCA-4 
(CD304), and ILT-3 (immunoglobulin-like 
transcript-3).168,1623,1624,1629–1632 A case with a lack of
CD4 expression has been reported.1633 The 5-year sur-
vival is 0%.1440

Leroux et al reported clonal, mostly complex
chromosome aberrations in 66% of patients with
plasmacytoid dendritic cell leukemia/lymphoma.1629

The recurrent abnormalities involved long arm of
chromosomes 5 (targeting two regions, 5q21 or
5q34; 72%), 12p (64%), 13q (64%), −6q/del
(6q23–qter) (50%), −15q, (43%), and −9 (28%).1629

Recurrent aberrations of chromosomes 4, 9, and 13
have also been reported.1628

CHRONIC MYELOPROLIFERATIVE
DISORDERS

CMPDs, also termed chronic myeloproliferative
neoplasms (MPN) in forthcoming WHO nomencla-
ture, represent a heterogeneous range of clonal
hematopoietic stem cell diseases which include CML;
three major non-CML categories; P. vera; essential
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Figure 3.68 Blastic NK-cell lymphoma, skin. Tumor cells are positive for CD4 and CD56
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thrombocythemia (ET), and chronic idiopathic
myelofibrosis (CIMF); and several less common
entities, including chronic neutrophilic leukemia
and chronic eosinophilic leukemia/hypere-
osinophilic syndrome (CEL/HES) (Figure 3.69 and
Table 3.8). Generally, CMPDs are characterized by
hyperplasia of the at least one of the bone marrow
main lineages (granulocytic, erythroid and/or
megakaryocytic), leading to increased production of
granulocytes (most typical for CML), platelets (a
major feature of ET), and red cells (a major feature
of PV). Chronic idiopathic myelofibrosis (CIMF) is
characterized by bone marrow fibrosis, cytopenia(s),
and splenomegaly. The histomorphologic and clini-
cal features of CMPD often overlap, for example 
thrombocytosis, apart from ET, is often present in

P. vera and CML. Marrow fibrosis may be seen in
CML, mastocytosis, and P. vera (but not ET). In
addition to thrombotic and hemorrhagic complica-
tions, CMPD may progress to acute leukemia (blast
phase; blast crisis).

CML is associated with t(9;22)(q34;q11.2), result-
ing in BCR/ABL fusion. Chronic eosinophilic
leukemia with systemic mastocytosis (CEL-SM),
which is often associated with abnormalities of
PDGFRA, is an example of another CMPD with
specific molecular changes. Additionally, there is a 
correlation between del(13)(q12q14) and CIMF,
t(5;12)(q33;p13) and CEL, and del(20q11)/+8/+9
and P. vera, but these anomalies can be seen in vari-
ous hematologic malignancies.319 The most common
chromosomal anomalies among CMPD in order of
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Table 3.8 Differential diagnosis of the most common CMPDs

P. vera P. vera
Disorder (polycythemic (classic; advanced CIMF CIMF
Feature CML stage) stages) (prefibrotic) (fibrotic) ET

t(9;22) Yes No No No No No
[BCR/ABL]
(Ph chromosome)
JAK2V617F No Yes Yes Yes
mutation (>95%) (~50%) (~50%)

c-MPL515 No Yes No Yes
mutation (occasio- (occasio-

nally) nally)

PRV-1 No Yes Yes Yes
overexpression (80%) (40%) (30%)

WBC ↑↑↑ Normal Normal/↑ Normal/↑ Normal/↑
Hemoglobin ↓/Normal ↑ ↑↑↑ Normal ↓/Normal Normal/↑

(0.45–0.5 in (>0.51 in men;
men; >0.48 in women)

0.43–0.48 in 
women)

Platelets Normal/↑ Normal ↑ ↑↑ ↑ ↑↑↑
Marrow cellularity ↑↑↑ ↑ ↑↑ ↑↑ Variable Normal/↑
Myeloid ++ + ↑↑ ↑ ↑
hyperplasia
Erythroid No +/++ Normal/↑ Normal/↑ Normal/↑
hyperplasia
Megakaryocytic +/++ ++ +++ ++/++ +++
hyperplasia
Megakaryocytic + ++ +++ ++
clustering (loosely
Megakaryocytic + ++ clustered)
atypia +++ +

(‘dwarf’ (pleomorphic, (very pleom- (enlarged
hypoloba- small to giant orphic, often megakaryo-
ted megakary- bizarre cytes with

micromegak ocytes with megakary- hyperlobula-
aryocytes) hyperlobula- ocytes with ted nuclei)

ted nuclei) hyperlobul-
ated nuclei)

Iron storage Variable Absent Variable Variable
Osteosclerosis No No No Yes No
Ectasia of sinuses −/+ + + +++ +
Fibrosis Variable Variable −/+ +++ No or 

borderline
increase 
in reticulin
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frequency are t(9;22)(q34;q11.2), −Y, +8, +9, −7,
del(20) (q11q13), del(13)(q12q14), del(5)(q13q33),
and del(12)(p12).319 Identification of the molecular
equivalent to the Philadelphia chromosome (BCR/ABL
fusion transcript) made it possible to develop a 
specific tyrosine kinase inhibitor, imatinib (Gleevec),
which is used successfully as the first-line treatment
in CML. Leukemic cells in a subset of FIP1L1/
PDGFRA+ CEL/HES are even more sensitive to ima-
tinib, responding to 100 mg/day (CML is most often
treated with 400 mg/day while 800 mg/day as a stan-
dard therapy is being investigated currently in clini-
cal trials). The cause of Ph chromosome-negative
CMPDs is much less certain or unknown, but other
kinases are likely candidates, since they have been
associated with hematopoietic tumors, e.g. FLT3 in
AML, platelet-derived growth factor receptor beta
(PDGFRB) in CMML, PDGFRA in CEL/HES, and
c-KIT in systemic mastocytosis (e.g. recurrent mis-
sense mutation D816V).798,799,1634 This is important
from the clinical point of view since tyrosine kinase
inhibitors (e.g. imatinib), apart from ABL, can target
disorders with ARG, PDGFRA, PDGFRB, and 
c-KIT abnormalities.

The mutations of JAK2, a cytoplasmic tyrosine
kinase with a key role in signal transduction from
multiple hematopoietic growth factor receptors, have
been implicated in the pathogenesis of CMPDs
other than CML.710 The JAK2V617F mutation is
observed in the majority of patients with P. vera

(≥95%), in ~50% (49–57%) of patients with ET, 
and in ~50% (44–55%) of patients with
CIMF.35,36,706–708,710,1635 The frequency of the
JAK2V617F mutation in different CMPDs is pre-
sented in Table 3.9. The homozygous JAK2V617F

mutation is observed in 3–4% of ET, 24–27% of 
P. vera, and 6–18% of CIMF.35,36 Two recent studies
showed a strong correlation between JAK2V617F

mutation and PRV-1 overexpression in P. vera, ET,
and CIMF, suggesting an allele dose-dependent
effect of JAK2V617F mutation on granulocyte PRV-1
overexpression.1635,1636 High levels of JAK2V617F

expression or progression from heterozygous to
homozygous status correlate with PRV-1 overex-
pression on granulocytes and progressive post-P. vera
myelofibrosis.1637,1638 Kralovics et al reported that
patients with JAK2V617F mutations had a signifi-
cantly longer duration of disease, more treatment
with cytoreductive agents, and higher rates of com-
plications (myelofibrosis, thrombosis, and bleeding)
than did those with wild-type JAK2.708

Recently, two mutations in the thrombopoietin
receptor (c-MPL) have been found in patients with
CMPDs: W515L and W515K.747,748,750 These muta-
tions have been evident in patients with ET and
CIMF but not in P. vera.749 MPLW515L/K and
JAK2V617F may occur concurrently, suggesting that
these alleles may have functional complementation
in myeloproliferative disease.747,750 Multiple molecu-
lar abnormalities are involved in the pathogenesis of
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Table 3.9 Frequency of the overall JAK2V617F mutation in Ph− CMPD

Study group No. of patients PV (%) ET (%) CIMF (%)

James et al706 45 89 — —
Baxter and scott710 140 97 57 50
Kralovics et al708 244 64 23 57
Zhao et al709 24 83 — —
Levine et al707 325 74 32 35
Jones et al1635 166 81 41 43
Goerttler et al1835 78 100 33 57
Total incidence 79 35 45
Diagnostic specificity 64–100 23–57 35–57
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the CMPDs and aberrant MPL expression may be a
common denominator of aberrant signaling in both
the JAK2V617F-positive and JAK2V617F-negative
CMPDs.751

Chronic myeloid leukemia

CML is a clonal stem cell disorder characterized by a
proliferation of myeloid cells at all stages of differen-
tiation and the t(9;22)(q34;q11) leading to the for-
mation of the BCR/ABL fusion gene.53,1639,1640 The
critical causative event in CML is the formation of
the Ph chromosome, which results in the fusion of
the BCR gene with the ABL gene. The c-abl protein,
a tightly regulated tyrosine kinase, is predominantly
present in the nucleus and plays a key role in cell
cycle control. The fused oncoprotein bcr-abl, an 
activated tyrosine kinase, is mainly present in the
cytoplasm.1641–1646 Introduction of the tyrosine

kinase inhibitor, imatinib mesylate (Gleevec) 
revolutionized the treatment of CML,1060,1647

(see below).
The diagnostic process for CML includes correla-

tion of clinical features, including laboratory find-
ings (e.g. WBC count), evaluation of bone marrow
aspirate smear (and often bone marrow trephine
biopsy), and most importantly, cytogenetic and
molecular studies. Peripheral blood shows leukocyto-
sis with a predominance of neutrophils, absolute
basophilia, and eosinophilia. Granulocytic cells show
a leftward shift with a ‘nonsymmetric’ distribution
(myelocytes > metamyelocytes). Blasts do not exceed
2%. Platelets may be slightly increased or normal.
The bone marrow aspirate is hypercellular with an
increased M:E ratio due to both myeloid hyperplasia
and erythroid hypoplasia (the myeloid to erythroid
ratio is usually around 10:1 to 30:1) (Figure 3.70).
Granulocytic cells show full maturation to 
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A B C

Figure 3.70 Chronic myeloid leukemia (CML). Bone marrow (A, B, aspirate smear; C, histology of core biopsy) is
hypercellular with trilineage maturation, myeloid hyperplasia with leftward shift, scattered sea-blue histiocytes (arrow),
eosinophilia, atypical megakaryocytes, and occasional basophiles (inset). Typically for CML hypolobated
micromegakaryocytes can be identified (B)
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segmented forms with a leftward shift and a predom-
inance of myelocytes (‘myelocyte bulge’). Erythroid
and granulocytic series do not exhibit overt dys-
poiesis. Megakaryocytes may be increased in number
and display atypia, most characteristically in the
form of small megakaryocytes with hypolobated
nuclei. Blasts do not exceed 5% of the marrow cells.
Eosinophils and basophils are increased in number.
Bone marrow biopsy reveals hypercellular marrow
with trilineage maturation, increased M:E ratio, and
megakaryocytosis with atypia. Based on histomor-
phologic features, CML may display three variants
comprising the granulocytic category, the 
megakaryocyte-rich variant, and the myelofibrotic
variant.1641,1645,1648–1652 The megakaryocyte-rich sub-
type is associated with an increased risk of transfor-
mation into myelofibrosis.

The diagnosis of CML is usually based on detec-
tion of the Ph chromosome, first described as a
shortened chromosome 22 and then as a t(9;22)
translocation (Figure 3.71). This abnormality is pres-
ent in the leukemic cells of more than 95% of
patients with CML.1653 Remaining patients have
complex or variant translocations involving addi-
tional chromosomes. The translocation between the
ABL (Ableson leukemia virus) gene on chromosome
9 and the BCR (breakpoint cluster region) gene on
chromosome 22 leads to the BCR/ABL fusion
(Figure 2.26; Chapter 2). The encoded fusion pro-
tein, bcr-abl, is a constitutively active cytoplasmic
tyrosine kinase. The breakpoints may occur at three
different regions of the BCR gene: major (M-bcr),
minor (m-bcr), and micro (µ-bcr). Depending on
the site of the breakpoint in the BCR gene, the fusion
protein can vary in size from 190 kD (p190BCR-ABL;
m-bcr), to 210 kD (p210BCR-ABL; M-bcr), to 230 kD
(p210BCR-ABL; µ-bcr). The p190BCR-ABL is found most
often in patients with ALL. Conventional cytogenet-
ics has been the gold standard for the diagnosis of
CML and has been effectively used for monitoring
the response to therapy. However, cytogenetic analysis
requires fresh samples (bone marrow aspirate),
depends on the presence of actively dividing cells,

may miss submicroscopic BCR/ABL translocations,
and its sensitivity is too low for the detection of mini-
mal residual disease (MRD). FISH and PCR methods
offer a more sensitive way to diagnose and monitor
CML, and can be performed on the blood sample.1654

FISH analysis can detect large DNA deletions involv-
ing chromosome 9 [der(9)], which can be seen in
∼10–20% of CML patients.1655,1656 The presence of
der(9) does not correlate with response to therapy or
survival in imatinib-treated patients.1656,1657

Disease progression

CML usually has a biphasic or triphasic course, with
disease progression from the chronic phase (CP) to
the accelerated phase (AP; Figure 3.72) and/or the
blast phase (BP; Figure 3.72). The majority of patients
with CML are diagnosed in CP (~80%).43,1658 In
most untreated patients, a progressive increase in the
leukocyte count is observed. Eventually the chronic
phase of the disease progresses into an accelerated
phase and/or blast phase (blast crisis) of the myeloid
or, less often, the lymphoid phenotype. In untreated
patients transformation to BP occurs after a median
of 3 years. With new treatments (especially ima-
tinib), the course of CML may differ from that
observed under prior treatment protocols. The pro-
gression is frequently preceded or accompanied by
recurring secondary chromosomal abnormalities and
oncogene alteration, most often including mutation
or deletions of p53/TP53, trisomy 8, upregulation of
Rb, MYC, and RAS genes, doubling of the Ph chro-
mosome (Figure 3.73), i(17q), trisomy 19, and loss
of the Y chromosome.1659–1665 The rate of transfor-
mation is initially low (approximate rate of 5% in
the first year) and increases gradually to 20 to 25%
in each year thereafter.1669,1670 Patients who had a
complete cytogenetic response or in whom levels of
BCR/ABL transcripts had fallen by at least 3 log had
a significantly lower risk of disease progression 
than did patients without a complete cytogenetic
response.1066

Signs and symptoms of the accelerated phase
include: increasing blood basophilia (≥20%), 
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Figure 3.71 CML with t(9;22) [BCR/ABL];
A, FISH; B, cytogenetics; C, PCR
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10%–19% blasts in bone marrow or blood (WHO
criteria), cytogenetic evolution (the appearance of
additional genetic abnormalities that were not pres-
ent at the time of diagnosis; clonal evolution), diffi-
cult to control WBC, marrow fibrosis,

thrombocytosis (>1000 × 109/l) unresponsive to
therapy, increasing spleen size unresponsive to ther-
apy, and thrombocytopenia <100 × 109/l unrelated
to therapy.1 Recent reports of patients treated with
imatinib (e.g. MD Anderson Cancer Center,
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Figure 3.72 CML, accelerated phase (A, B). Histology shows hypercellular marrow with myeloid leftward shift (A). The
immunohistochemical staining with CD34 confirmed an increased number of blasts (B). Chronic myelogenous leukemia,
myeloid blast crisis (C–E). Bone marrow shows increased number of immature cells (C–D). FISH studies revealed
increased number of BCR/ABL copies (E)
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International Bone Marrow Transplant Registry,
European Leukemia Net) define AP by the presence
of the following criteria: 15–29% blasts in blood or
bone marrow; >30% blasts + promyelocytes in blood
or bone marrow (blasts <30%), ≥20% basophils in
blood or bone marrow, cytogenetic clonal 
evolution, and persistent thrombocytopenia 
(<100 × 109/l).41,42,50,1061–1063 Cytogenetic clonal
evolution, a constant criterion among most AP clas-
sifications, occurs in 20-40% of patients.41 The
genomic BCR/ABL amplification leading to a
BCR/ABL overexpression may be seen in patients
undergoing acceleration during imatinib treatment.1671

A negative relationship of additional chromosome
abnormalities with imatinib response has been
shown, including a lower cytogenetic response
rate,1672 a higher hematologic relapse rate (50% vs
9%),1673 and a shorter overall survival (75% vs 90%
at 2 years).11

Signs and laboratory features of BP (blast crisis)
include: >20% blasts in marrow or blood, clumps of
blasts on marrow examination, and extramedullary
myeloid tumor (WHO criteria). The median survival
of BP is 2 to 6 months (long-term survival is uncom-
mon).52,1674,1675 The response to high dose chemother-
apy with allogeneic stem cell transplantation is poor,52

due to upregulation of anti-apoptotic signals 

and MDR. Despite the generally dismal prognosis of
CML in the BP when compared to BCR/ABL-nega-
tive acute leukemia, determination of blast lineage in
transformed CML is clinically important. Patients
with lymphoblastic transformation have a better
response to chemotherapy and longer survival than
patients with myeloblastic transformation.1673,1674

Leukocyte alkaline phosphatase (LAP) is reduced in
CML patients at diagnosis and the LAP values
increase when CML transforms to more advanced
disease (AP or BP). Cytogenetic clonal evolution is a
known poor prognostic factor in CML. The lack of
cytogenetic response at 3 months appears to be a
stronger independent poor prognostic factor for sur-
vival than the clonal evolution for both the chronic
and accelerated phases. The presence of additional
BCR/ABL copies (Figure 3.73) suggests disease 
progression and poor prognosis.

Disease monitoring

Imatinib mesylate (Gleevec; Glivec) can induce com-
plete or nearly complete remission in up to 80% of
patients.50,51,1060,1061 Ninety percent of patients with
early-stage (chronic phase) CML and 60% of
patients with advanced stage CML (blast crisis) achieve
a hematologic response (HR) to imatinib.1066,1067 The
response to treatment is based on the hematologic,
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Figure 3.73 Multiple BCR/ABL fusion signals, suggesting CML progression (FISH analysis)
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cytogenetic, and molecular parameters (see Table 2.6;
Chapter 2).41,42,50,51,1061,1063,1064

A HR indicates a return of peripheral blood cell
counts and bone marrow morphology to normal. 
A cytogenetic response (CyR) can be divided into
complete, major, minor, and minimal (Table 2.6). A
complete cytogenetic response (CCyR) indicates the
disappearance of the Ph chromosome, and a major
cytogenetic response (MCyR) indicates less than
35% Ph+ cells in bone marrow (Table 2.6). A major
molecular response (MMR) is defined as a 3 log
reduction in the BCR/ABL transcript (≤0.10
BCR/ABL ratio according to the International Scale),
and a complete molecular response (CMR) is syn-
onymous with undetectable transcripts by qRT-PCR
(RQ-PCR). The preferred initial treatment is daily
imatinib.42 A dose increase of imatinib, allogeneic stem
cell transplantation, or investigational treatment is 
recommended for cases of failure, and could be consid-
ereds in cases of suboptimal response. The European
Leukemia Net suggested the following definitions for
failure: 3 months – no hematologic response; 6
months – incomplete HR or no CyR; 12 months – less
than partial CyR (Ph chromosome positive); 18
months – less than CCyR; loss of HR or CyR; and
appearance of highly imatinib-resistant BCR/ABL
mutations.42 The same group defined a suboptimal
response at 3 months as an incomplete HR, at 6
months as a less than partial CyR, at 12 months as a
less than CCyR, at 18 months as a less than major
molecular response, and loss of MMR, other muta-
tions, or additional chromosomal abnormalities.42

In a study of 454 patients treated with a daily dose
of 400 mg of imatinib, 95% achieved a complete
HR, 60% achieved a major CyR, and 89% of
patients did not progress to AP or BP CML after 
18 months of follow-up.50 Patients on imatinib who
achieved at least some degree of cytogenetic response
after 6 months (at least a minor response) had a
better survival; those with no CyR or minimal
response had significantly worse survival. This sug-
gests that cytogenetic responders obtain benefit from
imatinib, but patients who show no cytogenetic

response should be given alternative treatment.1678

Cytogenetic clonal evolution is not an important
factor for achieving major or CCyR with imatinib
mesylate therapy, but it is an independent poor
prognostic factor for survival in both chronic and
accelerated phases of CML.11 Clonal evolution can
be identified during treatment with imatinib in
patients who are in complete hematologic remis-
sion. Patients with de novo clonal evolution in the
absence of any other sign of disease progression had
a significantly higher incidence of progression by
18 months than non-clonal evolution patients.1679

Acquisition of clonal evolution increases the risk of
subsequent disease progression also in CML
patients in complete hematologic remission on
imatinib.1676

Predictors for relapse after hematopoietic stem cell
transplantation include advanced disease stage and
slow reduction of BCR/ABL transcripts at day 28 and
day 56 after transplant. Lange et al concluded that a
complete clearance of BCR/ABL transcripts was
achievable within 4 weeks from transplantation even
after minimal conditioning and that early kinetics of
BCR/ABL transcripts significantly correlated with
the probability of hematologic relapse.1677 Sokal and
Hasford Scores did not predict survival after
hematopoietic stem cell transplantation.1678

Imatinib has significant activity against CML relaps-
ing after allogeneic stem cell transplantation:1679

the overall HR rate was 84% (98% for patients
relapsing in chronic phase), the CCyR was 58% for
patients in the chronic phase, 48% for AP, and 22%
for patients in BP. With imatinib treatment, 57%
achieved full donor chimerism and 14% mixed
chimerism.1679

Cytogenetic analysis has been the mainstay of dis-
ease monitoring in CML. Response criteria based on
the percentage of Ph-positive cells in the bone
marrow were established for patients on interferon-
α. Since most of the patients treated with imatinib
achieve CCyR, monitoring for MRD with more sen-
sitive test(s) became important in recent manage-
ment of CML patients. Over the past several years
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qRT-PCR assays were introduced to measure the
transcript levels in the blood and marrow, which cor-
relate with the number of leukemic cells in blood or
bone marrow and can be used to monitor response to
therapy. The early qPCR studies used titration assays
which incorporated competitive targets. Internal
controls were introduced for some methods to con-
trol the variation in the quality of the samples. The
BCR/ABL copy number was normalized to the
number of the control gene transcripts and the value
was used to monitor patients after bone marrow
transplantation. The technique was time consuming
and expensive and its use was limited to specialized
laboratories. The introduction of qRT-PCR 
techniques in the late 1990s have largely replaced the
competitive quantitative procedures. The real-time
technique is performed on an analyzer that incorpo-
rates a thermal cycler, fluorescence detection, and
result calculation, which has greatly simplified quan-
titative assays. For sensitive and reproducible results
high-quality RNA is essential. Normalization to the
control gene compensates for variations in the qual-
ity of the RNA and for differences in the efficiency
between reverse transcription reactions. The control
gene must therefore degrade at the same rate as the
target for accurate normalization. The two control
genes that have been widely assessed for BCR/ABL
quantitation are BCR and ABL. The qRT-PCR
methods vary in respect to the type of instrument
used, the primer and probe location, the real-time
chemistry, and the control gene. These differences
can lead to a variation in the sensitivity and measure-
ment reliability between methods. It is essential that
each laboratory establish these limits for their
method to allow accurate interpretation of serial
monitoring.

The clinical usefulness of BCR/ABL quantitation
by qRT-PCR has been demonstrated by several stud-
ies. The qRT-PCR analysis of patients treated with
imatinib has shown a strong correlation between the
percentage of Ph-positive metaphases in the bone
marrow and BCR/ABL levels in blood measured by
qRT-PCR.1071,1680–1687 Early reduction of BCR/ABL

transcript levels predicts CyR in chronic phase CML
patients treated with imatinib and the reduction of
BCR/ABL correlates with prognosis.1681–1683 After 12
months of therapy, the majority of patients treated
with imatinib achieve a CCyR (0% Ph-positive cells
in the marrow). This is approximately equivalent to
a 2-log reduction in leukemia load below a standard-
ized baseline level as measured by qRT-PCR.1682

To compare, among patients treated with interferon-
Ara C (INF-AraC), 93% had not achieved a CCyR
after 12 months of therapy.1071,1072,1073 Among
patients with CCyR after 12 months, ~40% achieve
a 3-log reduction in transcript levels. Approximately
30% of imatinib treated patients achieve a CCyR 
but do not achieve a ≥3-log reduction in transcript
levels.1075

The risk of progression (loss of MCyR, loss of a
complete HR, progression to AP or BP, and death
from other causes while on imatinib) according to
the level of response achieved at 12 months showed
that there was a clear difference in progression-free
survival (PFS) according to the level of leukemia
reduction. The risk of progression in patients who
did not achieve a CCyR by 12 months was 20%. In
patients who achieved a CCyR but not a 3-log
reduction, the risk was 8%. However, in the group
who achieved a 3-log reduction at 12 months, not a
single patient had disease progression with a 2-year
follow-up. Hughes et al proposed that a 3-log reduc-
tion be defined as an MMR because it comprised a
group of patients with remarkable stability of
response and represented a further 1-log reduction
below the level of CCyR.1075 One hundred percent
of patients with MMR were alive and free from AP
or BP after 60 months’ follow-up, compared to 95%
of those with CCyR but with less than a 3-log reduc-
tion in transcript levels and 88% of those without
CCyR.1066

Hughes et al suggested that the terms ‘PCR nega-
tive’ and ‘complete molecular response’ should be
used with caution.1072,1073 Using current technology,
a sensitivity of >4.5 logs below baseline can be
achieved with good quality RNA samples. The level
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of BCR/ABL reduction achieved early after the start
of imatinib therapy is a good indicator of subsequent
response.1680–1683 Patients who do not achieve a 1-log
reduction by 3 months have a very low probability of
achieving an MMR, defined as a ≥3-log reduction in
BCR/ABL level (only 13% at 30 months). This com-
pares to a probability of 100% and 69% in those
achieving a >2-log and 1–2-log reduction, respec-
tively. Failure to achieve an MMR in the group with
a less that 1 log reduction at 3 months was largely due
to a high level of primary and acquired resistance in
this group. The estimated risk of resistance in this
group was 83% compared to 5% and 0% in the 
1–2-log and >2-log groups, respectively.

Imatinib resistance

Imatinib mesylate (Gleevec) is a specific tyrosine
kinase inhibitor that blocks the activity of BCR/ABL,
ABL, ABL-related gene (ARG), platelet-derived
growth factor receptor (PDGFR) and the Kit recep-
tor. Imatinib is standard treatment for patients with
CML with durable responses in most patients.
However, a subset of patients eventually develops
resistance, particularly those treated in the advanced
stages.44,544,552 Mutations in the BCR/ABL kinase
domain occur in over 90% of patients who relapse
after an initial response.554 Resistance can be 
broadly categorized as primary or acquired 
and as BCR/ABL-dependent and BCR/ABL-
independent.544,547–549,551,552,1684,1685 Resistance can
be additionally subdivided into hematologic, cytoge-
netic, and molecular resistance, referring to persist-
ence of hematologic parameters, Ph chromosome
(lack or loss of MCyR defined by ≤35% Ph+

metaphases or CCyR defined by 0% Ph+

metaphases) and residual BCR/ABL transcripts (lack
or loss of CMR), respectively. Lack or loss of MMR
should be confirmed in at least two consecutive sam-
ples. Generally, factors contributing to imatinib
resistance include mutations within BCR/ABL, BCR
amplification or overexpression, clonal evolution 
and decreased imatinib bioavailability or cell 
exposure.543,545,547–551,553,556,1668,1685–1688

Primary (intrinsic) resistance means lack of effi-
cacy from the onset of imatinib treatment and can be
defined by the failure to achieve complete HR by 
3 months or MCR by 6 months. It is not known at
this stage what causes primary resistance but it is
rarely if ever caused by point mutations in BCR/ABL
(by contrast, point mutations are the cause of 
35–90% of cases of acquired resistance). Overall
around 20–25% of newly diagnosed patients appear
primarily resistant to imatinib at 400 mg/day (4% of
previously untreated patients do not achieve a com-
plete hematologic remission and 23% patients do
not achieve a MCR by 6 months with continuing
imatinib at 400 mg/day).547,1072,1073

Acquired resistance can be defined as progression
from CP to BP, progression to AP, loss of HR, loss of
MCyR, or loss of CCyR, with a 10-fold rise in
BCR/ABL.1689 Mutations in the BCR/ABL kinase
domain that interfere with imatinib binding and
lead to the reactivation of kinase activity are the 
most common mechanisms of acquired resistance
and more than 35 mutations have now been
described.548,549,554,1685 Additionally, amplification of
the BCR/ABL gene can occasionally be detected in
resistant patients.552,1671,1690 Campbell et al reported
two patients who acquired resistance against ima-
tinib due to a BCR/ABL amplification presenting as
a homogenously staining region (hsr) on either
derivative chromosome 22 or 17.1690 In a series of 72
patients with imatinib resistance reported by
Hochhaus et al, one patient showed a point muta-
tion in the ABL kinase domain and BCR/ABL ampli-
fication simultaneously.542 Other factors considered
in imatinib resistance include clonal evolution and
decreased imatinib bioavailability or cell exposure,
and modulation of drug efflux or influx 
transporters.552,553 The acquisition of additional
cytogenetic changes (clonal evolution) during treat-
ment of CML with imatinib mesylate is currently
regarded as an index of increasing resistance to ima-
tinib. Detection of emerging mutations can be ana-
lyzed by relatively rapid PCR methodology with
direct sequencing of the BCR/ABL kinase domain
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(depending on the level of BCR/ABL transcripts, a
one- or two-step PCR is required to amplify the
kinase domain). The frequency of BCR/ABL muta-
tions in resistant patients was reported to range from
42545 to 90%,554 depending on the methodology of
detection, the definition of resistance, and the phase
of the disease. Mutations are found more frequently
in AP and BP when compared to CP. Acquired ima-
tinib resistance may be associated with BCR/ABL
independence and mediated in part through overex-
pression of other tyrosine kinases.551,1684 The emer-
gence of a mutant clone is highly associated 
with a rising level of BCR/ABL as measured by 
qRT-PCR.1691 Even very small rises of just over 
2-fold measured by a highly reproducible quantita-
tive assay had biologic significance in most cases,
identifying patients with mutations. Therefore,
patients with stable or decreasing BCR/ABL levels
may not require mutation screening. Biochemical
and cellular assays have demonstrated different levels
of resistance for the various mutations.544,550,554,1692

Clinical studies have shown that mutations located
within the region of the P-loop are associated with a
poorer prognosis, with rapid transformation and a
median survival of 4.5 months.549,556 However,
Jabbour et al did not confirm a poor prognosis in
patients with P-loop mutations compared to those
with other or no mutations1688 (the study included
patients still in cytogenetic remission, many of
whom received new tyrosine kinase inhibitors, nilo-
tinib and dasatinib, which may have favorably influ-
enced their survival). It is therefore suggested that

the prognosis is dependent on several other factors,
especially the use of emerging new treatment strate-
gies after failure with imatinib.

The second generation of targeted therapies,
which include novel small-molecule inhibitors such
as nilotinib (AMN107), dasatinib (BMS-354825),
INNO-406 (NS-187), MK-0457 (VX-680), and
ON012380 are being developed and successfully
tested in patients with imatinib resistance/refractory
disease even during BP.1693–1699 Dasatinib induces
hematologic and cytogenetic responses in patients
with CML or Ph-positive ALL who cannot tolerate
or are resistant to imatinib.1696

Table 3.10 presents new definitions of treatment fail-
ure and suboptimal response proposed by the European
Leukemia Net.42 To overcome imatinib-resistant dis-
ease, the treatment interventions in patients with failure
or suboptimal response include: (a) imatinib dose esca-
lations, (b) stem cell transplantation, (c) novel tyrosine
kinase inhibitors (dasatinib, nilotinib) with activity
against imatinib- resistant mutations and/or inhibition
of alternative pathways such as Src activation, (d) com-
bination therapy, (e) treatment interruption to stop
clonal selection of resistant cells, and (f ) clinical
trials.41,42,543 Clinical strategies to prevent and/or treat
resistant disease are presented in the recent reviews by
Hochhaus et al and Jabbour et al.543,1700

Polycythemia vera

P. vera is a chronic clonal myeloproliferative disorder
characterized by an increase in the number of red
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Table 3.10 Definitions of failure and suboptimal response by the European Leukemia Net42

Time Failure Suboptimal response

3 months after diagnosis no HR less than CHR
6 months after diagnosis less than CHR, no CR less than PCyR
12 months after diagnosis less than PCyR less than CCyR
18 months after diagnosis less than CCyR less than MMR
Anytime loss of CHR, loss of CCyR, mutations additional chromosomal abnormalities in Ph+

cells, loss of MMR, mutations

CCyR, complete cytogenetic response; CHR, complete hematologic response; HR, hematologic response; MMR, major molecular response;
PCyR, partial cytogenetic response
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blood cells and the total blood volume, and often
leukocytosis, thrombocytosis, and splenomegaly.
Thrombosis and bleeding are major causes of morbid-
ity and death in patients with P. vera. Morphologically,
P. vera is characterized by megakaryocytosis with cyto-
logic atypia (Figure 3.74), including giant pleomor-
phic megakaryocytes containing deeply lobulated
nuclei and proliferation of erythroid and myeloid
precursors (panmyelosis).1701 The diagnosis of P. vera
is based on clinical and biologic parameters defined
by WHO and the Polycythemia Vera Study Group
(PVSG), and more recently on WHO bone marrow
morphology features and European clinical, molecu-
lar, and pathological criteria [WHO/ECMP 
criteria]1,35,1701–1703 (see Figure 3.75 and Table 3.11).

Somatic point mutations of the tyrosine kinase
JAK2 (JAK2V617F) have been reported in ≥95% of 
P. vera, but they can be also seen in ET and 
CIMF.706,708,710 The presence of the JAK2 mutation
and identification of an abnormal karyotype are very
useful in the management of patients with erythro-
cytosis, since it helps to exclude secondary etiology.
Chromosomal abnormalities are found in ∼15% of 
P. vera patients at diagnosis. The most common
recurring abnormalities include +8, +9, del(20q),

and 1q duplications.278,279,312,1704–1706 FISH analysis
increases the percentage of abnormal cases by 1.5-6%
when compared to conventional cytogenetics,278,1706

but trisomies 8 and 9 and deletions in 13q and 20q
are more often detected by classic cytogenetics than
FISH.1707 Similarly to other CMPDs, as the disease
progresses, chromosomal abnormalities become
more frequent.279,1705 Patients treated with myelo-
suppressive agents showed a significantly greater risk
of chromosome abnormalities than did patients who
had been phlebotomized.1705

The risk of disease transformation into marrow
fibrosis or myelodysplasia (MDS)/AML increases
over time and ranges from 5 to 15% after 10 years of
disease.1705,1708–1717 In a series reported by Fruchtman
et al, 2.8% of patients with P. vera developed an
acute leukemia/ myelodysplastic syndrome (13/462),
with a maximum follow-up of 7 years. ET and PV
patients who transformed to acute leukemia had all
been previously exposed to other cytotoxics; there
were no ET or PV patients in the study who 
transformed to acute leukemia exposed solely to ana-
grelide.1712 Exposure to P32, busulphan, and pipo-
broman, but not to hydroxyurea, has an independent
role in producing an excess risk for progression to
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A B

Figure 3.74 Polycythemia vera. A, Bone marrow core biopsy shows hypercellular marrow with increased M:E ratio and
megakaryocytosis. B, High magnification displays numerous atypical megakaryocytes
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Figure 3.75 Algorithm for the diagnosis of P. vera (PV)

Table 3.11 WHO bone marrow morphology and European clinical, molecular, and pathological (ECMP) criteria for the
diagnosis of P. vera (WHO/ECMP criteria)35–37

Clinical and molecular criteria
Major

A0. Early PV: hematocrit in the upper limit of normal (Ht: 0.45–0.51 in men and 0.43–0.48 in women)
A1. Classic PV: Ht > 0.51 in men and > 0.48 in women
A2. The presence of JAK2V617F mutation
A3. Low serum Epo level

Minor
B1. Persistent increase of platelets count; grade I: 400–1500; grade II:>1500
B2. Granulocytes >10 × 109/l or leukocytes >12 × 109/l and/or raised LAP score or increased PRV-1 expression

in the absence of infection
B3. Splenomegaly on palpation or on USG (>12 cm in diameter)

Pathologic criteria
P1. Bone marrow pathology: increased cellularity due to trilineage hyperplasia and clustering of small to giant

(pleomorphic) megakaryocytes with hyperlobulated nuclei (overt PV), absence of stainable iron. No pronounced
inflammatory reaction (plasmacytosis, cellular debris)

P2. Selective increase of erythropoiesis, normal granulopoiesis, and megakaryocytes of normal size, morphology,
and no clustering in primary/secondary erythrocytosis

By WHO/ECMP criteria, A0, A2, B1, and P1 establish early PV (PV stage 0 or masked PV); A1, A2, P1, and none of B establish polycythemic PV
(PV stage 1); A1, A2, P1, and one or more of B establish classic and advanced PV stages 2 and 3. A1 and P2 with normal or increased EPO is
consistent with erythrocytosis
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AML/MDS compared with treatment with phle-
botomy or interferon.1713

Essential thrombocythemia

ET is a relatively indolent and often asymptomatic
clonal myeloproliferative disorder that involves pre-
dominantly megakaryocytic lineage that is character-
ized primarily by a sustained elevation in platelets
(≥450 × 109/l), megakaryocytosis and minimal to
absent bone marrow fibrosis.1,48,1706,1714–1720 Increased
and loose clustering of giant to large megakaryocytes
with mature cytoplasm and multilobulated staghorn-
like nuclei in a normcellular or only slightly hyper-
cellular bone marrow represent major hallmarks of
ET.1648,1701,1718 The early (prefibrotic) phase of
CIMF differs by marrow hypercellularity and cohe-
sive clusters of megakaryocytes with often bulbous,
bizarre nuclei with maturation defect.1721 Diagnosis
has to be based on clinical and laboratory features,
taking into consideration the dynamics of this disor-
der. Therefore, ET can be diagnosed with a lower
platelet count (a proposed cut-off point is 
400 × 109/l), when patients present with signs and
symptoms that are not usually encountered in reac-
tive thrombocytosis (e.g. relevant thromboembolic
or hemorrhagic complications).1701,1715,1722–1724

It was recently suggested that the platelet count
threshold for ET diagnosis can be lowered from 600
to 450 × 109/l.35,1703 Currently proposed WHO
bone marrow and ECMP criteria for the diagnosis of
ET include: (C1) sustained platelet count above the
upper limit of normal (>400 × 109/l); (C2) presence
of large or giant platelets in blood smear; (C3)
normal values of hemoglobin, hematocrit, 
erythrocytes, white blood cell differential count;
(C4) presence of JAK2 mutation or MPL mutation;
(C5) absence of Ph chromosome or any other 
cytogenetic fusion-gene abnormality; (P1) increase
of dispersed or loosely clustered, predominantly
enlarged megakaryocytes with mature cytoplasm and
hyperlobulated nuclei; (P2) no proliferation or
immaturity of erythropoiesis and granulopoiesis 

and no or borderline increase of reticulin (myelofi-
brosis grade 0). According to WHO/ECMP 
criteria C1 + P1 and P2 establishes the diagnosis of
true ET.35,37

A mutation in the JAK2 gene can be detected 
in a significant subset of patients with ET (up to
57%).1718,1725 Patients with JAK2-V617F− ET do not
commonly progress to become JAK2-V617F+.1726

Consistent with the concept of distinct pathogenetic
mechanisms, Campbell et al showed that patients
with and without the JAK2 mutation have different
patterns of cytogenetic abnormality, with virtually all
patients carrying the 20q deletion or trisomy 9 being
JAK2V617F-positive.1726 The presence of the JAK2
mutation does not appear to be a predictor of infe-
rior survival in ET patients or risk of transformation
to acute leukemia.1725,1727 Chromosomal abnormali-
ties in ET are very rare and most of the patients stud-
ied were either in leukemic transformation or they
had received treatment with cytotoxic agents. In the
study by Panani et al (67 cases with ET) 4 cases pre-
sented chromosomal abnormalities, which included
del(5)(q13q33) (accompanied by trisomy 20 in one
case), monosomy 17, trisomy 13, monosomy 14, and
a small marker chromosome.1728 FISH studies detect
chromosomal abnormalities more often than conven-
tional cytogenetics, with trisomy 8 and trisomy 
9 being often reported (the trisomies are detected by
FISH usually in a small subset of analyzed cells).1729

A transformation of ET to AML, MDS or
myelofibrosis is a relatively rare event and occurs in
1–5% of all patients.48,1727,1730–1733 The risk of
leukemic or any myeloid disease transformation is
low in the first 10 years (1.4% and 9.1%, respec-
tively) but increases substantially in the second
(8.1% and 28.3%, respectively) and third (24.0%
and 58.5%, respectively) decades of the disease.1730

Cytogenetic changes that may be associated with the
transformation to AML are common and include:
t(2;3), der(1;7)(q10;p10), t(2;17), del(17p), trisomy
8, trisomy 8, trisomy 21, and chromosome 7 and
13q abnormalities.1734–1740 Mutations of the TP53 the
gene are commonly detected in the blast phase of ET 
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(the CP usually lack the alterations involving the
TP53, NRAS, KRAS, and MDM2 genes).1741

Chronic idiopathic myelofibrosis

CIMF (Figure 3.76) is a myeloproliferative disorder
of the multipotent hematopoietic progenitor cells
characterized by the proliferation of megakaryocytes
and granulocytic elements and inappropriate release
of fibrogenic cytokines or growth factors in the bone
marrow leading to deposition of excess collagen in
the bone marrow stroma, and extramedullary
hematopoiesis.1,1742–1748 The initial prefibrotic and
the overt and more advanced myelofibrotic stages of
CIMF show a pronounced proliferation of an abnor-
mal megakaryopoiesis and granulopoiesis dominated
by clustered atypical medium-sized to giant
megakaryocytes with cloud-like, bulbous, and often
hyperchromatic nuclei, which are not seen in other
subtypes of MPDs including CML or MDS.1701 The
amount of marrow fibrosis can be graded into several
stages: stage 0 (prefibrotic CIMF-0) shows scattered
linear reticulin with no intersections (cross-over) cor-
responding to normal marrow; stage 1 (early fibrotic
CIMF-1) shows a loose network of reticulin with
many intersections but no collagenization; stage 2
(fibrotic CIMF-2) shows a diffuse and dense increase
in reticulin with extensive intersections with only
occasional bundles of collagen and/or focal osteoscle-
rosis; stage 3 (classic CIMF-3) shows a diffuse and
dense increase in reticulin with bundles of collagen
and osteosclerosis; and stage >3 represents end-stage
CIMF with hypocellular marrow showing extensive
osteomyelosclerosis.35–37

CIMF has a poor prognosis. Allogeneic stem cell
transplantation is the only curative approach for
patients with myelofibrosis.1749–1752 The median 
survival of patients with CIMF is about 5 years, but
there is wide variability. Hemoglobin level at diagno-
sis, age, constitutional symptoms, low or high leuko-
cyte counts, cytogenetic abnormalities, and number
of circulating CD34+ blasts all influence the progno-
sis in patients with CIMF.281,283,1753,1754

The cytogenetic data on CIMF are scanty with
few distinct recurrent cytogenetic aberrations being
identified, most often partial trisomy 1q, 13q−,
20q−, trisomy 8, and abnormalities of chromosomes
1, 7, and 9. Chromosomal abnormalities are reported
in ∼30–56% of patients with CIMF.280,282,283,1754,1755

Three characteristic defects, namely del(13q) (9 cases),
del(20q) (8 cases), and partial trisomy 1q (7 cases)
are present in ∼65% (24/37) of patients with clonal
abnormalities.283 Djordjevic et al found an abnormal
clone in 41% of patients, whereas 59% of patients
had a normal karyotype.280 Most frequent pathologic
findings in that series included trisomy 8 (either
alone or within a complex karyotype; 5 patients),
aberrations of chromosome 12 (translocation in 2,
monosomy in 2, and trisomy in 1 patient), aberra-
tions of chromosome 20 (interstitial deletion in 2,
monosomy in 2, and trisomy in 1 patient), aberra-
tions of chromosome 13 (translocation in 2 and an
interstitial deletion and trisomy in 1 patient each),
and chromosome 18 (derivative 18 in 2 patients and
a monosomy; and deletion in 1 patient each).280

Three patients exhibited complex aberrations involv-
ing several chromosomes, sometimes with a
mosaicism; a near-tetraploid karyotype was observed
in a single patient and balanced translocations
[t(2;16) (q31;q24), t(5;13)(q13;q32), t(12;13)
(p12;q13), and t(12;16)(q24;q24)] were present in
four patients.280 Using FISH analysis, Strasser-
Weippl et al identified chromosomal aberrations in
56% of patients with CIMF, with 20q− (∼24%) and
13q− (∼17%) being the most frequent.1755 Tefferi 
et al reported a worse prognosis for patients with 
chromosomal abnormalities (other than interstitial
deletions involving the long arm of chromosome 13
or 20) when compared to patients with normal kary-
otype or interstitial deletions involving chromosome
13 or 20.1754 Mark et al reported a case of CIMF
associated with a reciprocal t(3;9) translocation with
the 3q21 and 9p24 breakpoints disrupting the 
JAK2 gene.1756

The JAK2V617F mutation has been found in ~50%
of patients with CIMF.708,711 Kroger et al described a
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Figure 3.76 Chronic idio-
pathic myelofibrosis (CIMF).
A, blood smear with irregular
red cells (including tear-
drop forms); B, histology with
clusters of atypical megakary-
ocytes; C, high magnification
showing intravascular hema-
topoiesis; D, diffuse reticulin
fibrosis; E, myeloid metapla-
sia, spleen
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new, highly sensitive (≥0.01%) RT-PCR to monitor
and quantify JAK2V617F-positive cells after dose-
reduced allogeneic stem cell transplantation.1752 After
22 allogeneic stem cell transplantation procedures in
21 JAK2V617F-positive patients with myelofibrosis,
78% became PCR negative with a significant inverse
correlation between JAK2V617F positivity and donor-
cell chimerism.1752

Chronic neutrophilic leukemia

Chronic neutrophilic leukemia (CNL) is a rare
CMPD that is recognized as a distinct BCR-ABL-
negative CMPD defined by sustained (mature) neu-
trophilia.1,1757,1758 Apart from lack of BCR/ABL
fusion/t(9;22), CNL is characterized by neutrophilic
leukocytosis (≥25 × 109/L), absence of basophilia,
normal platelet count, increased alkaline phos-
phatase levels, a normal granulocytic maturation pat-
tern in the bone marrow with less than 5% blasts
(<1% blasts in blood), raised vitamin B12 level, and
hepatosplenomegaly. CNL has a heterogeneous clin-
ical course with a definite risk of death from either
blastic transformation, brain hemorrhage, or pro-
gressive neutrophilic leukocytosis, and therefore the
prognosis is generally poor.1759,1762 Cytogenetic and
molecular studies have demonstrated the clonal
nature of the disease in individual cases, although
most patients have a normal karyotype by conven-
tional cytogenetics at the time of diagnosis.1758,1760,1761

The exclusion of underlying BCR/ABL- driven onco-
genesis is an essential component in the diagnosis of
this chronic leukemic process. The differential diag-
nosis with reactive neutrophilia/leukemoid reaction
may be difficult and requires careful correlation with
clinical history and presentation. The major causes
of leukemoid reactions are severe infections, intoxi-
cations, malignancies, severe hemorrhage, or acute
hemolysis. Some patients with CNL may harbor the
JAK2 mutations.1762,1763 Reported isolated 
chromosomal abnormalities include +8, +9/del
(20q), 20q-, del(11q14), +21, and complex 
karyotypes.321,1758,1760,1764

Eosinophilic disorders

Eosinophilia accompanies a number of pathologic
conditions, including allergic reactions, hypersensi-
tivity reactions, parasitic infections, connective tissue
disorders, and hematologic malignancies (e.g.
Hodgkin’s lymphoma and certain types of AML, like
AML-M4Eo). Chronic eosinophilic leukemia (CEL)
and hypereosinophilic syndrome (HES) are primary
eosinophilic disorders characterized by marked and
persistent blood eosinophilia (>1500/µl) in the
absence of reactive conditions and specific organ
damage (lungs, skin, heart, and/or GI-tract).
Differentiating idiopathic HES from CEL is prob-
lematic, and based on WHO classification only
demonstration of the clonal origin of eosinophils or
an increased number of blasts confirms the diagnosis
of CEL.1,801,1765,1766 The clinical presentation of
HES/CEL is variable, with cardiovascular, cuta-
neous, and/or neurologic systems being most often 
involved.1,1766 Recent publications recognize three
subtypes of HES: myeloproliferative, lymphocytic,
and idiopathic.1766–1769 The myeloproliferative HES
is characterized by marrow fibrosis and mastocytosis
(and therefore may be also designated eosinophilia-
associated systemic mast cell disease; SM-HES). This
type often shows chromosomal abnormalities or
tyrosine kinase involvement due to FIP1L1/
PDGFRA fusion [as the consequence of a del(4)
(q12q12) that includes the cysteine-rich hydropho-
bic domain 2 (CHIC2) locus, with the centromeric
breakpoint on FIP1L1 and the telomeric breakpoint
in PDGFRA], and therefore fulfils the WHO criteria
for CEL diagnosis. Lymphocytic HES is character-
ized by the presence of clonal T-cells (usually CD4+)
with aberrant expression of pan-T antigens (most
often lack of surface CD3). Idiopathic HES is
defined by lack of specific chromosomal or molecu-
lar abnormalities, and is diagnosed by excluding other
types of HES.

Demonstration of the clonal origin of eosinophils
is required for establishing the diagnosis of CEL.
Most patients with hepereosinophilia exhibit normal
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karyotype by conventional cytogenetics. Trisomy 8 is
the most common abnormality, but is not specific,
since it is often observed in other hematologic malig-
nancies. Other chromosomal abnormalities include
complex karyotypes (>3 abnormalities), -Y, t(8;9)
(p21;p24), del(6)(q24), and ins(9;4)(q34;q12q31).
Some patients with CEL harbor chromosomal
translocations involving the PDGFRB gene at 5q33
or the FGFR1 gene at 8p11 (the most common
fusions are ETV6/PDGFRB and ZANF198/FGFR1).
Other chromosomal abnormalities observed in CEL
include t(5;12)(q33;p13) [ETV6/PDGFRB], t(5;7)
(q33;q11) [HIP1/PDGFRB],, t(4;22)(q12;q11)
[BCR/PDGFRA], t(8;13)(p11;q12) [ZNF198/
FGFR1], t(7;8)(q32;p11) [TRIM24/ FGFR1], t(6;8)
(q27;p11) [FGFR1OP/FGFR1], ins(12;8)(p11;
p11p22) [FGFR1OP2/FGFR1], t(8;17)(p11;q11)
[MYO18A/FGFR1], t(8;22) [BCR/ FGFR1], and
t(8;9)(p12;p11).

Apart from translocations involving PDGFRB or
FGFR1, or other rare translocations mentioned
above, many cases of HES/CEL showed a normal
karyotype by conventional cytogenetics, and there-
fore they were usually classified as ‘idiopathic’ HES.
The discovery of a cryptic deletion on 4q12 [del(4)
(q12q12)] associated with the FIP1L1/PDGFRA
fusion gene makes a correct diagnosis of CEL possi-
ble using either FISH (to detect deletion of the
CHIC2 locus at 4q12 as a surrogate for the
FIP1L1/PDGFRA fusion) or RT-PCR for fusion
transcript.46,799,1770,1771 The FIP1L1/PDGFRA fusion
gene is identified in 14–60% of patients with
HES/CEL.46,798,1772–1774 As mentioned above, many
patients with FIP1L1/PDGFRA fusion present with
features of marrow fibrosis, an elevated serum
tryptase level, eosinophilia and mastocytosis and
therefore are labeled as eosinophilia associated with
systemic mast cell disease (SM-HES). The presence
of the FIP1L1/PDGFRA fusion gene predicts a
response to low dose imatinib (∼100 mg/day) (the
tyrosine kinase encoded by FIP1L1/PDGFRA is more
sensitive to imatinib that in CML with BCR/ABL
fusion which usually requires at least 400 mg/day).

In the study by Pardanani et al, none of 57 patients
with HES but 10 (56%) of 19 patients with systemic
mast cell disease associated with eosinophilia carried
the specific mutation (FIP1L1/PDGFRA).798

MASTOCYTOSIS

Mastocytosis is a heterogeneous group of disorders
characterized by proliferation of mast cells in one 
or more organ systems.1775–1781 The symptoms
observed in mastocytosis are related to the 
spontaneous or triggered release of mast cell 
mediators, or are due to consequences of the 
clonal proliferation and pathologic accumulation of
mast cells. They range from urticaria pigmentosa
characterized by a rash of hyperpigmented and
teleangiectatic papules to disseminated diseases 
with an aggressive clinical course. The WHO has
specified criteria for classification of systemic 
mastocytosis (SM) into six major subtypes: cuta-
neous mastocytosis, indolent systemic mastocytosis,
systemic mastocytosis with an associated clonal
hematologic non-mast-cell disorder, aggressive 
systemic mastocytosis, mast cell leukemia, and mast
cell sarcoma.1,1777,1782,1783 Mast cell leukemia is an
extremely rare subtype of mastocytosis with a
leukemic spread of mast cells and a rapid progression
of disease.

Mast cells in the bone marrow aspirate have round
to oval nuclei and dark cytoplasm, packed with small
basophilic granules (Figure 3.77). The cytoplasmic
granules are usually so abundant that they obscure
the nucleus. Mast cells may be round to polygonal,
but atypical forms, including spindle cells, multi-
lobed cells, and metachromatically granulated blast-
like cells, may be present. Systemic and more
aggressive variants of mast cell disease more often
display atypical cytomorphologic features. A bone
marrow core biopsy shows multiple, well-
demarcated foci of mast cells within a fibrohistio-
cytic matrix, with a tendency to perivascular and/or
paratrabecular locations. Systemic mastocytosis may
be associated with other hematopoietic neoplasms,
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such as acute leukemia, MDS, malignant lym-
phoma, or CMPD. The majority of patients with
systemic mastocytosis with associated clonal, hema-
tologic non-mast cell lineage disease (SM-AHNMD)
have a myeloid stem cell malignancy including
MDS, myelodysplastic/myeloproliferative disorders,
AML or CMPD. Immunophenotypic studies of
neoplastic mast cells reveal expression of CD2,
CD25, CD43, CD45, CD68, CD117, and mast cell
tryptase. Normal (benign) mast cells lack the expres-
sion of CD2 and CD25.

With conventional cytogenetics about 35–40% of
the patients have chromosomally abnormal clones in
bone marrow cells which are similar to those observed
in other hematologic neoplasms.1784,1785 The follow-
ing chromosomal abnormalities have been described:
del(5q), del(7q), del(11q), del(20q), −Y, +8,
+14.1784,1785 Activating codon 816 mutations
(D816V) in the c-KIT receptor tyrosine kinase gene
resulting in a deregulation of the c-kit receptor are
present in the majority of patients.1783,1786–1788

Activating mutations of platelet-derived growth
factor receptor-alpha (PDGFRA) are identified in a
significant number of SM cases that have associated
eosinophilia. Detection of the codon 816 c-KIT
mutation is a minor diagnostic criterion of SM.1786

Demonstration of one minor criterion the (the

D816V mutation) in the presence of a major crite-
rion (presence of multifocal mast cell clusters of 15 or
more cells in the bone marrow biopsy) is required for
the diagnosis of SM. In most cases, the diagnosis of
SM can be established by morphologic evaluation of
a bone marrow biopsy. Analysis of the bone marrow
in conjunction with cytogenetics, FC immunophe-
notyping and other relevant clinical information is
required to exclude accompanying hematologic
malignancy.

MYELOPROLIFERATIVE/
MYELODYSPLASTIC DISEASES

Refractory anemia with ringed
sideroblasts associated with marked
thrombocytosis

Certain conditions share clinical and/or morpho-
logic features associated with either the MDS or
CMPD and are recognized in the WHO classifica-
tion as mixed myelodysplastic/myeloproliferative
disease (MDS/MPD). Such overlap syndromes
include juvenile myelomonocytic leukemia (JMML),
chronic myelomonocytic leukemia (CMML), atypi-
cal chronic myeloid leukemia (aCML), and
MDS/MPD-unclassifiable (MDS/MPD-U). The
MDS/MPD-U group includes a provisional entity
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Figure 3.77 Systemic mastocytosis. A, aspirate smear shows elongated atypical mast cells with numerous dark
basophilic granules (arrows). B, histologic section shows atypical large aggregate of mast cells in the bone marrow
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called refractory anemia with ringed sideroblasts
with marked thrombocytosis (RARS-T). Patients
with this condition present with some signs of ET,
including a marked thrombocytosis, hypercellular
marrow, and increased megakaryocytes, but also have
ringed sideroblasts, a feature usually associated with
MDS.1,376,1789 In a study by Szpurka et al, on 
9 RARS-T patients, 6 showed the presence of the
JAK2V617F mutation.1790 JAK2 mutants have been
found only rarely in patients with MDS.1762,1791,1792

Szpurka et al found the JAK2 mutation in only 2
(out of 89) patients with MDS. The presence of the
JAK2 mutation in RARS-T puts this disorder closer
to a category of JAK2 mutation-associated CMPD,
rather than MDS.

Chronic myelomonocytic leukemia

CMML is a myeloid stem cell disorder characterized
by persistent monocytosis in the bone marrow
(Figure 3.78) and blood (>1 × 109/l), a variable
degree of marrow dyspoiesis, lack of Ph chromosome,
<20% blasts in the blood or bone marrow, and a wide
heterogeneity of clinical presentation. A large fraction
of patients with CMML show unequivocal 
predominance of proliferative features with marked
leukocytosis (WBC count >13 × 109/l) and
hepatosplenomegaly (‘proliferative-type’ CMML).
Other patients show a predominance of dysplastic
features with only modest leukocytosis (WBC count
≤13 × 109/l) and often cytogenetic abnormalities
(‘dysplastic-type’ CMML). The current WHO classi-
fication includes CMML in a new category of mixed
chronic myeloproliferative/myelodysplastic disorder.1

The natural course of the disease is variable, with sur-
vival ranging from a few months to several years. The
survival for patients with CMML is usually between
12 and 40 months (median ∼20 months).1793–1799

No specific cytogenetic abnormalities have been
reported in patients with CMML. Clonal chromo-
somal changes are present in 20–40%, with +8, 
−7/del(7q), and 12p rearrangements being the 
most common.13,1796–1798,1800–1802 Oo et al reported

therapy-related CMML with monosomy 7 and
t(12;17) (p13;q11.2).1803 A subgroup of CMML has
at(5;12) (q33;p13) balanced translocation leading to
PDGFRB and ETV6 fusion. Abnormalities of
PDGFRB and ETV6 genes are most often seen in
CMML associated with eosinophilia.1804–1807

MYELODYSPLASTIC SYNDROMES

MDSs are oligoclonal hematopoietic stem cell 
disorders characterized clinically and morphologi-
cally by ineffective hematopoiesis and dyspoiesis
(Figure 3.79), leading to bone marrow failure,
cytopenia(s) (which often results in transfusion-
dependent anemia and/or an increased risk of infec-
tion or hemorrhage), and the potential to progress to
acute leukemia.1,1808 The incidence of MDS varies
from 2.1 to 12.6 cases per 100 000 population per
year, but approaches 50 cases per 100 000 per year in
persons over age 70.1809–1811 MDS disorders may
arise de novo or following chemotherapy or irradia-
tion. Ineffective hematopoiesis in MDS has been
attributed in part to a complex interaction between
progenitor cells and the microenvironment that
results in the premature apoptotic death of blood cell
precursors. An increased frequency of apoptosis in
the bone marrow cells of patients with MDS has

226 CYTOGENTICS, FISH AND MOLECULAR TESTING IN HEMATOLOGIC MALIGNANCIES

Figure 3.78 Chronic myelomonocytic leukemia
(CMML), bone marrow aspirate smear
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been confirmed by many studies.1815–1817 The initial
stages of MDS are defined by excessive apoptosis of
progenitor cells that leads to ineffective
hematopoiesis and is counterbalanced by increased
proliferation of hematopoietic elements.

Based on clinical symptoms, morphology, number
of blasts and chromosomal changes, the WHO classi-
fication recognizes several categories of MDS: RA,
RARS, RCMD, RCMD and ringed sideroblasts, RA

with excess blasts (RAEB), and MDS associated with
isolated deletion of 5q (5q- syndrome; Figure 3.80).1

RAEB is further subdivided into type I (5–9% blasts in
the bone marrow) and type II (10–19% blasts in the
bone marrow). Based on the duration of survival and
incidence of progression into acute leukemia, MDS
can be categorized into two risk groups: low risk (MDS
with isolated 5q deletion; RA, RARS) and high risk
(RCMD and RAEB). The median survival for RA
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Figure 3.79 Myelodysplastic syn-
drome; Cytomorphologic features
showing dyserythropoiesis

A
C

B

1 2 3 4 5

Figure 3.80 Myelodysplastic syndrome with isolated deletion of 5q (5q− syndrome). Note typical hypolobated
micromegakaryocytes (A, cytology; B, histology; C, conventional cytogenetics; partial karyotype)
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patients is 66 months, for RARS patients 6 years, for
RCMD patients 24–33 months, for RAEB-I 
patients 18 months, and RAEB-II patients for 10
months.1815,1816 In untreated MDS patients, the
median survival time for patients with a complex 
karyotype is 8 months, and for those with one or two
chromosomal abnormalities, 40 months.950

Cytogenetics

Cytogenetic analysis of MDS allows confirmation of
clonality (and therefore establishes the definite
diagnosis of MDS) and further subclassifies the dis-
ease. Recurring chromosomal abnormalities occur in
40–70% of patients with primary MDS and in 95%
of tMDS patients, and are strong and independent
prognostic indicators (Table 3.12). 950,1817–1823

Specific chromosomal abnormalities may be difficult
to define by conventional cytogenetics alone. Trost 
et al using spectral karyotyping (SKY) and FISH in 
17 patients with MDS and 3 patients with AML,
revealed chromosome 5 abnormalities in all cases:
unbalanced translocations and interstitial deletions,
or del(5q), each occurring in 10 patients.286 The most
frequent additional chromosome aberrations in the
same report included −3/−3p/−3q, −7/7q−, +8, 13q−,
−16, 17p−, −18/18p−, −20/20q−, and +21q, each
occurring in 25%.286 Unbalanced 5q translocations
occurred more often in combination with mono-
somy 3 and 7 and with gain of 21q, whereas del(5q)
was associated more often with -1p and trisomy 8. 286

In a series of 491 patients with primary MDS
reported by Bernasconi et al, most common single

abnormalities included +1q (1.2%), 3q rearrange-
ments (2.6%), del(5q) (8.7%), −7 (2.7%),
del(7q)4.1%), +8 (4.5%), del(11)(q14q23) (1%),
del(12p) (3.4%), del(17p) (1.2%), del(20q) (3%),
and –Y (1%).1821

Deletions are the most common aberrations in 
de novo MDS, with del(5q)/−5 and del(7q) being the
most frequent.950,955,1821–1824 In a large series of
patients with MDS reported by Heim et al, the most
common aberrations in primary MDS are del(5q)
(27%), trisomy 8 (19%), monosomy 7 (15%), der(11q)
(7%), −5, der(12p) and −Y (5%), del(7q) (4%), and
t(1;7), der(3q), del(13q), i(17q), and del(20q) in 2%
or less.21 The 5q− is mostly, but not always, a
del(5)(q13q33); it is the cytogenetic hall-mark of the
‘5q− syndrome’ and is frequently found as the sole
abnormality.21 The frequency of the aberrations
varies among MDS subgroups: 5q− is most frequent
in RA; −5, −7, and der(12p) are more common in
CMML and especially in RAEB; and +8 and der(11q)
are more often found in RARS.21 The most common
aberrations in secondary MDS are −7 (41%), del(5q)
(28%), −5 (11%), der(21q) (9%), 7q−, +8 and
der(12p) (8%), t(1;7) and −12 (7%), der(17p) (6%),
der(3p) and der(6p) (5%), and der(3q), der(11q), −17,
−18, and der(19q) (4%).21 MDS patients with del(5q)
respond well to lenalidomide treatment.

Three risk-based cytogenetic groups (good, inter-
mediate, and poor) can be distinguished. The cyto-
genetic subgroup with a good outcome includes
normal karyotype, −Y alone (monosomy Y), del(5q)
alone (Figure 3.80), del(20q) alone; poor outcome
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Table 3.12 Chromosomal abnormalities in MDS

Cytogenetic abnormality Percent of MDS Risk of progression to acute leukemia Prognosis

del(20q) 5 low good
monosomy 5/del(5q) 10–20 high poor
5q(−) syndrome low good
monosomy 7/del(7q) 5 high poor
17p-syndrome 7 high poor
11q23 6 intermediate medium
trisomy 8 10 intermediate medium
complex karyotype 10–20 high poor
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includes complex karyotype (≥3 abnormalities; Figure
3.81) or chromosome 7 abnormalities (Figure 3.82);
and intermediate outcome includes all other abnor-
malities.956 Abnormalities of chromosomes 5 and 7 
or complex aberrations are seen only in RCMD 
and RAEB. Patients with a normal karyotype, del(5q)
alone, or del(20q) alone have a median survival 
>3 years, whereas patients with high risk cytogenetic

changes (complex karyotype, chromosome 3 abnor-
malities, or chromosome 7 abnormalities) have a
median survival <12 months.103,951,1822,1825 MDS
patients with complex karyotype and −7/del(7q)
have a greater risk of progression to AML. The
International Prognostic Scoring System of MDS has
defined patients with a normal karyotype as a good-
risk cytogenetic subgroup. It is suggested that the
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Figure 3.81 MDS (RAEB) with complex chromosomal abnormalities: 46,XX,del5(q13;q33),del(13)(q12q14)[1]/47,
idem,+8[15]; A, cytogenetics; B, aspirate smear with prominent dyserythropoiesis; C, histomorphology (note prominent
megakaryocytic atypia)
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prognostic impact of karyotypic subgroups in MDS
is modified by sex.1826 Shorter survival was detected
for men in the favorable and the intermediate sub-
groups, but not in the poor prognosis subgroup,
when compared to women. The better outcome for
women in the favorable subgroup was mainly the
result of the 5(q)− syndrome.1826 The cytogenetic
profile of MDS, particularly of RAEB, is nearly iden-
tical to that of elderly patients with AML, both in 
frequency and in the type of chromosomal 
abnormalities.1827

Patients with aplastic anemia and clonal kary-
otypic evolution most often show numeric and
structural abnormalities of chromosome 7 (40%),
followed by trisomy 8, aberrations of chromosome
13, deletion of Y chromosome, and complex cytoge-
netic abnormalities.1828 Unlike primary MDS, aber-
rations of chromosomes 5 and 20 are infrequent.
Most deaths related to leukemic transformation
occurred in patients with abnormalities of chromo-
some 7 or complex cytogenetic alterations or both.
Evolution of chromosome 7 abnormalities is seen
most often in refractory patients who had failed to
respond to therapy. In contrast, trisomy 8 developed

in patients with good hematologic responses 
who often required chronic immunosuppression
with cyclosporine A (CsA), and survival was excel-
lent.1828 Although aplastic anemia patients with
monosomy 7 showed a similar prognosis to those
with primary MDS, trisomy 8 in aplastic anemia
appears to have a more favorable prognosis than in
MDS.1828

Molecular markers

Many genetic defects underlying MDS and AML
have been identified and allow for the new molecu-
lar-targeted therapies: farnesyltransferase inhibitors
and receptor tyrosine kinase inhibitors (including
FLT3 and VEGF inhibitors), the DNA hypomethy-
lating compounds (azacytidine and decitabine), and
immunomodulating drugs (e.g. lenalidomide used in
patients with 5q deletion). The t(5;12)(q33;p13),
which disrupts a gene coding for a tyrosine kinase,
and the platelet-derived growth factor receptor-β
(PDGFRB) lead to deregulation of cell growth. This
translocation is seen in both myeloproliferative and
myeloproliferative/myelodysplastic disorders (e.g.
CMML), especially those accompanied by
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Figure 3.82 MDS with partial deletion of chromosomes 7 and 20; cytogenetics
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eosinophilia. Patients with the PDGFRB abnormalities
respond well to treatment with the tyrosine kinase
inhibitors (e.g. imatinib mesylate) and experience reso-
lution of the cytogenetic abnormalities.1634 The t(5;12)
translocation is shown in Figure 3-83. Apart from
PDGFRB, activating mutations of other genes encod-
ing tyrosine kinases receptors (EGFR, ErbB2/HER2,
PDGFRB, c-KIT, and FLT3) are involved in pathogen-
esis of myeloid neoplasms including MDS.1784 The
mutations of c-fms in MDS are associated with a poor
outcome.1829 The FLT3 mutations (ITDs) in MDS are
associated with more common and rapid progression to
AML.1502,1830 Patients with FLT3-ITD+ disease have a
significantly shorter survival compared with patients

without FLT3-ITD. On multivariate analysis, FLT3-
ITD was identified as an independent predictor of
reduced time to AML progression and reduced overall
survival.674 Point mutations in the RAS gene family are
identified in approximately 30% of patients with
advanced MDS.1817 Mutations of p53/TP53 are infre-
quent and are generally associated with high-risk MDS
and other cytogenetic abnormalities.1817 Similarly to
cytogenetics used today to predict prognosis in MDS
patients, it appears that molecular profiling in the near
future will help to identify patients who might benefit
from specific treatment (e.g. the erythroid gene expres-
sion signature may stratify patients for lenalidomide
regardless of 5q status).
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Figure 3.83 MDS with t(5;12); cytogenetics
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add = additional material of unknown origin

AILT = angioimmunoblastic T-cell lymphoma

ALCL = anaplastic large cell lymphoma

ALL = acute lymphoblastic leukemia

AML = acute myeloid leukemia

aneuploidy = abnormal number of chromosomes

AP = accelerated phase

APL = acute promyelocytic leukemia

banding = the staining of chromosomes to produce
a pattern which allows their classification

BL = Burkitt lymphoma

BP = blast phase

CCyR = complete cytogenetic response

CEL = chronic eosinophilic leukemia

cen = centromere

CGH = comparative genomic hybridization

CIMF = chronic idiopathic myelofibrosis

CLL = chronic lymphocytic leukemia

CML = chronic myeloid leukemia

CMML = chronic myelomonocytic leukemia

CMPD = chronic myeloproliferative disorder

CMR = complete molecular response

CNL = chronic neutrophilic leukemia

CP = chronic phase

CR = complete remission

CyR = cytogenetic response

del = deletion (loss of part of chromosome)

der = derivative chromosome

dic = dicentric

diploid(number) = number of chromosomes in the
somatic cells (46)

DLBCL = diffuse large B-cell lymphoma

dup = duplication

ET = essential thrombocythemia

euploidy = normal (balanced) set of chromosomes (46)

FC = flow cytometry

FISH = fluorescence in situ hybridization

FL = follicular lymphoma

fra = fragile site

GDB = Genome Data Base designations for genetic
loci (the locus designation is given in capital letters);
when GDB designation is not available, the commercial
probe name is used

HL = Hodgkin lymphoma

HR = hematologic remission

hyploid (number) = number of chromosomes in
germ cells (egg or sperm; 23)

i (or iso) = isochromosome

idic = isodicentric chromosome
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ins = insertion

interphase = the part of the cell cycle between
mitoses, which includes synthesis of DNA (S phase),
interval between cell divison and S phase (gap 1;
G1), and interval between S phase and cell division
(gap 2; G2)

inv = inversion

JT = jumping translocation; nonreciprocal trnsloca-
tions involving chromosome arem (or segment) onto
two or more recipient chromosomes in different cell
lines in the same patient/extra copies of same donor
segment on different recipient chromosomes in a
single clone

MALT = mucosa-associated lymphoid tissue

mar (marker chromosome) = a structurally abnormal
chromosome that cannot be identified with standard
cytogenetics

MCL = mantle cell lymphoma

MCyR = major cytogenetic response

MDS = myelodysplastic syndrome

methaphase = the stage of cell cycle (between prophase
and anaphase) in which chromosomes contract com-
pletely and move to the center of the cell

MM = multiple myeloma (plasma cell myeloma)

MMR = major molecular response

mos (mosaic) = two or more cell lines present in one
individual (two or more cell types are present, which
differ in the number of chromosomes or their structure)

MRD = minimal residual disease

MZL = marginal zone lymphoma

NHL = non-Hodgkin’s lymphoma

NLPHL = nodular lymphocyte predominant
Hodgkin’s lymphoma

p = short arm of chromosome

PCR = polymerase chain reaction

Ph = Philadelphia chromosome [result of t(9;22)
translocation]

PLL = prolymphocytic leukemia

PTCL = peripheral T-cell lymphoma, unspecified

P. vera = Plycythemia vera

PV = P. vera

q = long arm of chromosome

r = ring chromosome

rcp = reciprocal

rea = rearrangement

rec = recombinant chromosome

rob = Robertsonian translocation

RQ-PCR = real-time quantitative RT-PCR
(qRT-PCR)

RT-PCR = reverse transcriptase PCR

SKY = spectral karyotyping

SLL = small lymphocytic lymphoma

SS = Sézary’s syndrome

t = translocation

tel = telomere (end of chromosome arm)

ter = terminal end of chromosome

TMP = transient myeloproliferative disorder

WCP = whole chromosome probe

+(plus sign in front of chromosome number) = gain
of chromosome (e.g. +21)

−(minus sign in front of chromosome number) =
loss of chromosome (e.g. −7)

minus sign (−; after chromosome) = loss of fragment
of chromosome(e.g.5q−)

[](square brackets) = number of cells in each clone
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Page numbers in italics refer to figures or tables. Individual
chromosomal abnormalities can be found under deletions,
inversions, translocations and trisomy, as appropriate.

abbreviations  16
ABL 68, 69

fusion with BCR 55–7, 56, 68, 112–14, 210, 
214–15, 216–17

acute erythroid leukemia (AML-M6)  194–6, 196
acute lymphoblastic leukemia (ALL)  198

chromosomal abnormalities
deletions  34–5, 36, 37, 39
t(9;22)  56–7, 56, 68, 75, 199
other translocations  49–50, 52, 54, 59
trisomy  64–5, 67

molecular markers  73, 75, 77, 92, 97
pediatric  36, 59, 73, 198, 199, 200
see also precursor B- or T-lymphoblastic 

leukemia/lymphoma
acute megakaryoblastic leukemia (AML-M7)  

46, 57, 196–7, 197
acute monoblastic leukemia (AML-M5)  193–4, 195
acute myeloid leukemia (AML)  117, 183–4

chromosomal abnormalities  184–8, 184, 187
deletions  31–3, 35–6, 37–8, 39, 40, 42
inversions  42–3, 44, 48, 111, 185, 186
t(8;21)  53–4, 75, 76, 111, 185, 185, 186
other translocations  45, 46–7, 48, 49, 51, 52, 

53, 54, 55–6, 57, 58–9, 59
trisomy  64, 65, 66, 67, 185–6

CMPDs progress to  218, 220
molecular markers  72–3, 75, 76–9, 82, 84, 85,

88, 91, 92, 93–4, 96, 97, 188–90, 189
pediatric  35–6, 46, 52, 77, 78–9
prognosis  106–7, 111–12

acute myeloid leukemia (AML) (Continued)
subtypes

AML-M0/M1/M2  190
AML-M3 see acute promyelocytic leukemia
AML-M4  193, 194
AML-M4 with eosinophilia  44, 51, 190
AML-M5  193–4, 195
AML-M6  194–6, 196
AML-M7  46, 57, 196–7, 197
extramedullary myeloid tumor  197–8

acute myelomonocytic leukemia (AML-M4)  193, 194
with eosinophilia  44, 51, 190

acute promyelocytic leukemia (APL, AML-M3)  
190, 191

chromosomal abnormalities  192
t(15;17)  62–4, 63, 90, 190–1, 192
other translocations  51, 58, 64
trisomy  65

molecular markers  68, 78, 90–1, 188, 190–3
prognosis  111
treatment  63, 90, 190, 193

adult T-cell lymphoma/leukemia (ATLL)  
169–70, 169

AILT (angioimmunoblastic T-cell lymphoma)  
42, 171, 172
ALCL see anaplastic large cell lymphoma
alemtuzumab  109–10, 124
ALK/ALK

ALCL  47, 47, 48, 68–70, 72, 180–2
DLBCL  47–8, 70, 152

ALL see acute lymphoblastic leukemia
all-trans retinoic acid (ATRA)  63, 90, 190
AML see acute myeloid leukemia
AML1 see RUNX1
anaplastic large cell lymphoma (ALCL)  180, 181
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anaplastic large cell lymphoma (ALCL) (Continued)
chromosomal abnormalities  47, 47, 48, 48, 

108, 180
molecular markers  87, 92, 180

ALK 47, 68–70, 72, 180–2, 182
pediatric  181

anemia
aplastic  230
refractory  226, 227–8, 229, 230

aneuploidy  3, 16
see also monosomy; trisomy

angioimmunoblastic T-cell lymphoma (AILT)  
42, 171, 172

API2 70, 74, 83, 142
APL see acute promyelocytic leukemia
aplastic anemia  230
apoptosis  70, 71, 72, 94
ATLL (adult T-cell lymphoma/leukemia)  

169–70, 169
ATM 70–1, 95, 124, 128
ATRA (all-trans retinoic acid)  63, 90, 190

B-ALL see precursor B-lymphoblastic leukemia/lymphoma
B-cell lymphomas  89, 115, 116, 121

diagnosis  99–102, 120
MRD detection  24, 110
see also individual diseases

B-chronic lymphocytic leukemia (B-CLL)  
115, 118, 121

chromosomal abnormalities  118, 121, 122, 
123, 124

deletions  34, 38, 40, 42, 121–4, 124, 125–6
translocations  45, 62
trisomy  66, 124–5, 125, 126

diagnosis  122
molecular markers  68, 74, 128

ATM 70–1, 95, 124, 128
IGVH 80, 126–7, 126
p53 95, 124, 127–8, 127

MRD detection  24, 108–10
treatment  123, 124, 127

B-prolymphocytic leukemia (B-PLL)  128–9, 129
B-small lymphocytic lymphoma (B-SLL)  115
BCL1 (CCND1) 57, 71, 136, 162, 165
BCL2/bcl-2  60–2, 71–3, 153
BCL6/bcl-6  73–4, 73, 146–7, 148, 153, 183
BCL10 46, 74–5, 83, 143
BCR 75

fusion with ABL 55–7, 56, 68, 112–14, 210,
214–15, 216–17

BL see Burkitt lymphoma
blastic NK-cell lymphoma/leukemia  33, 34, 204–5, 205
bone DLBCL  150

brain DLBCL  150–1
break-apart FISH probes  18–19
Burkitt lymphoma (BL)  96, 155, 157–8

chromosomal abnormalities  121, 155, 158
deletions  36–7
translocations  47, 52, 54

DLBCL compared with  152–3, 154
molecular markers  87, 95, 158, 159

capillary gel electrophoresis  22, 105–6
CBF (core binding factor) complex  44, 53, 

75, 185, 188
CBFA2T1 see ETO
CCND1 see BCL1
CD antigens  26–7, 103
CD4+/CD56+ hematodermic neoplasm see blastic NK-cell
lymphoma/leukemia
CD5+ DLBCL  151–2
CEBP 37–8, 76, 200
CEL (chronic eosinophilic leukemia)  

50–1, 206, 223–4
celiac disease  173
central nervous system DLBCL  150–1
centromere-specific (-enumerating) probes 

(CEPs)  16
centromeres  2
CGH (comparative genomic hybridization)  19
chemotherapy

multidrug resistance  83–4
see also alemtuzumab; fludarabine; imatinib 

mesylate; lenalidomide; rituximab
child leukemias/lymphomas see pediatric diseases
chromosomal abnormalities

cytogenetic examples  15
in diagnosis  32, 33, 100
nomenclature  3–4, 16
in prognosis  107
see also deletions; inversions; isochromosomes; 

monosomy; translocations; trisomy
chromosome 1  4

amplification (in MM)  161
genetic markers  74
t(1;14)  45–6, 75, 143
other translocations  45, 46

chromosome 2  5
genetic markers  68
t(2;5)  47, 68–70
other translocations  46–7, 47–8
trisomy  64

chromosome 3  5
genetic markers  73, 79
i(3)  44–5
inv(3)  42–3, 43
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chromosome (Continued)
t(3;3)(q21;q26)  42–3, 48
t(3;14)  48, 79, 143
other translocations  45, 46–7, 48–9, 49
trisomy  64, 64

chromosome 4  6
genetic markers  90
t(1;4)  45
t(4;11)  49–50, 199–200
t(4;14)  50, 162

chromosome 5  6
del(5q)  31–3, 34, 107, 186, 187, 227
genetic markers  68, 88
t(2;5)  47, 68–70
t(5;12)  50–1, 50, 230, 231
other translocations  48, 50, 51
trisomy  64–5, 65

chromosome 6  7
del(6q)  33–5, 34, 125–6
monosomy  35, 35
translocations  45, 51

chromosome 7  7
del(7q)/monosomy  35–7, 35, 36, 229, 230
i(7q)  45, 173
inv(7)/t(7;7)(p15q34)  43
translocations  51, 51, 52

chromosome 8  8
genetic markers  76, 87
t(8;14)  52–3, 52, 53, 147
t(8;21)  53–4, 53, 75, 76, 111, 185, 185
other translocations  47, 48, 52, 53, 54
trisomy  65, 65, 185–6

chromosome 9  9
deletions  37–8, 37
genetic markers  68, 81, 89
t(9;14)  54–5, 138, 162
t(9;22)  55–7, 55, 56, 68, 75, 199, 210, 211
other translocations  51, 52, 54
trisomy  65, 66

chromosome 10  9
translocations  50, 57

chromosome 11  10
del(11q)  38–9, 38, 123–4
genetic markers  70, 71, 85, 96
inv(11)(p15q22)  43
t(4;11)  49–50, 199–200
t(11;14)  57–8, 57, 71, 162, 163
t(11;18)  58, 70, 75, 142–3
other translocations  51, 51, 54, 57, 58–9, 59
trisomy  65–6

chromosome 12  10
del(12p)  39
genetic markers  77

chromosome (Continued)
inv(12)  43–4
t(5;12)  50–1, 50, 230, 231
other translocations  54, 59, 200
trisomy  66, 66, 124–5, 125

chromosome 13  11
del(13q)/monosomy  39–40, 40, 41, 121–3, 

124, 161
genetic markers  78, 91–2
t(13;17)  59, 60

chromosome 14  11
IGH 79, 80, 161–2
inv(14)  44, 44
t(1;14)  45–6, 75, 143
t(3;14)  48, 79, 143
t(4;14)  50, 162
t(8;14)  52–3, 52, 53, 147
t(9;14)  54–5, 138, 162
t(10;14)  57
t(11;14)  57–8, 57, 71, 162, 163
t(14;16)  59–60
t(14;18)  60–2, 60, 71, 75, 110, 130, 143, 

147, 148
t(14;19)  62

chromosome 15  12
genetic markers  90
t(15;17)  62–4, 63, 90, 190–1, 192
trisomy  66

chromosome 16  12
genetic markers  82, 91
inv(16)/t(16;16)  44, 45, 111, 185, 186
translocations  53, 59–60

chromosome 17  13
del(17p)/monosomy  40–2, 41, 123–4, 162
genetic markers  91, 94–6
i(17)  45
t(15;17)  62–4, 63, 90, 190–1, 192
other translocations  47–8, 51, 57, 58, 59, 60, 64
trisomy  66

chromosome 18  13
genetic markers  71
t(11;18)  58, 70, 75, 142–3
t(14;18)  60–2, 60, 71, 75, 110, 130, 143, 

147, 148
trisomy  66–7, 67, 126

chromosome 19  13
genetic markers  76, 91
translocations  46, 48, 58–9, 59, 62

chromosome 20  14
del(20q)  42, 108, 229, 230
t(17;20)  64

chromosome 21  14
genetic markers  93
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chromosome (Continued)
t(3;21)  48–9, 49
t(8;21)  53–4, 53, 75, 76, 111, 185, 185
t(12;21)  59, 200
trisomy  67

chromosome 22  14
genetic markers  75
t(9;22)  55–7, 55, 56, 68, 75, 199, 210, 211
other translocations  46, 49, 54, 57
trisomy  67
see also Philadelphia chromosome

chromosomes in general  2–3, 2, 3
chronic eosinophilic leukemia (CEL)  50–1, 

206, 223–4
chronic idiopathic myelofibrosis (CIMF)  206, 

207, 208, 221–3, 222
see also chronic myeloproliferative disorders

chronic myeloid leukemia (CML)  209, 209
chromosomal abnormalities

deletions  36, 41, 42
inversions  43, 44
isochromosomes  45
t(9;22)  55–6, 68, 75, 210, 211
other translocations  49, 51, 52, 54
trisomy  65, 66

diagnosis  207, 209–10, 211
disease progression  210–13, 212, 213
molecular markers  68, 69, 75, 97, 210

ABL/BCR fusion gene  55–6, 56, 68, 112–14, 
210, 214–15, 216–17

treatment
imatinib  68, 112–14, 113, 208, 213–17
International Scale (SI) metric  114, 215–16
transplantation  114, 214

chronic myelomonocytic leukemia (CMML)  
50–1, 226, 226

chronic myeloproliferative disorders (CMPD)  
116, 205–6

chromosomal abnormalities  206–8
deletions  36, 38, 39, 40, 42
translocations  50–1

diagnosis  206, 207
individual diseases

CEL  50–1, 206, 223–4
CIMF  206, 207, 208, 221–3, 222
CML see chronic myeloid leukemia
CNL  223
ET  206, 207, 208, 220–1
P. vera  65, 207, 208, 217–20, 218, 219

molecular markers  81, 86, 90, 91, 208–9, 208
treatment see under chronic myeloid leukemia

chronic neutrophilic leukemia (CNL)  223
CIMF (chronic idiopathic myelofibrosis)  206, 207, 

208, 221–3, 222

CIMF (chronic idiopathic myelofibrosis) (Continued)
see also chronic myeloproliferative disorders

classification of tumors (WHO)  116–17
CML see chronic myeloid leukemia
CMML (chronic myelomonocytic leukemia)  

50–1, 226, 226
CMPD see chronic myeloproliferative disorders
CNL (chronic neutrophilic leukemia)  223
comparative genomic hybridization (CGH)  19
core binding factor (CBF) complex  44, 53, 75, 

185, 188
cutaneous neoplasms

ALCL  182
DLCBL  149–50
mycosis fungoides  175–80, 178
MZL  140, 144
plasmacytoid dendritic cell (blastic NK-cell) 

leukemia/lymphoma  33, 34, 204–5, 205
cyclin D1  57, 71, 162, 165
cytogenetics  1–4, 2, 3

advantages and disadvantages  1–2, 17, 99
in diagnosis  97, 99
FISH compared with in MM  163
methods  8–9, 17

DDX10 43
deletions (del)  3, 8

del(5q)  31–3, 34, 107, 186, 187, 227
del(6q)  33–5, 34, 125–6
del(7q)  35–7, 35, 36, 229, 230
del(9p)  37
del(9q)  37–8, 37
del(11q)  38–9, 38, 123–4
del(12p)  39
del(13q)  39–40, 40, 41, 121–3, 124, 161
del(17p)  40–2, 41, 123–4, 162
del(20q)  42, 108, 229, 230

diagnosis  97–9
algorithms  118, 119

acute leukemias  98
B-CLL  122
CMPDs  206
lymphomas  99, 120
P. vera  219

B-cell lymphomas  99–102, 101, 102, 103, 120
Burkitt lymphoma vs DLBCL  154
CMPDs  206, 207
myeloid vs lymphoid  100
T-cell diseases  102–6, 104, 105, 166

diffuse large B-cell lymphoma (DLBCL)  86, 89, 
92, 144–5, 145, 146

Burkitt lymphoma compared with  152–3, 154
chromosomal abnormalities  121

deletions  37, 39
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diffuse large B-cell lymphoma (DLBCL) (Continued)
translocations  47–8, 48, 60, 61, 146–7, 148
trisomy  64, 66–7

clinical variants  149–53, 149, 151, 154
development from FL  132–3, 133
molecular markers  72, 79, 83, 86–7, 92

ALK 47–8, 70, 152
BCL6 73–4, 146–7, 148
gene expression profile  108, 147–8, 148
p53 (TP53) 95, 147

pediatric  153
treatment  108, 145

DNA microarrays  23, 24
Down syndrome  67
dual-fusion probes  18

EMT (extramedullary myeloid tumor)  197–8
enteropathy-type T-cell lymphoma  173, 175–6
eosinophilia  223

AML-M4 with eosinophilia  44, 51, 190
CEL  50–1, 206, 223–4

erythroleukemia (AML-M6)  194–6, 196
essential thrombocythemia (ET)  206, 207, 208, 

220–1
see also chronic myeloproliferative disorders

ETO (CBFA2T1) 76–7, 186
ETV6 (TEL) 43, 52, 54, 59, 77, 200
EVI1 43, 48–9
extramedullary myeloid tumor (EMT)  197–8
extranodal marginal B-cell lymphoma (MALT) see

MALT lymphoma

FISH see fluorescence in situ hybridization
FL see follicular lymphoma
c-FLIP 158
flow cytometry (FC)  23–6, 25

MRD detection  108, 109, 112
FLT3 77–9, 88, 188, 192–3, 231
fludarabine  127
fluorescence resonance energy transfer  21–2
fluorescence in situ hybridization (FISH)  9–10, 17

advantages and disadvantages  20, 97
CGH  19
cytogenetics compared with in MM  163
interpretation of results  18
M-FISH  19, 97
PCR compared with  61
probes  16–19
sample preparation  11–12

follicular lymphoma (FL)  129–30, 131, 132
chromosomal abnormalities  121, 130–1, 133

deletions  33–4, 41, 132
translocations  53, 60, 61, 71, 110, 132
trisomy  66

follicular lymphoma (FL) (Continued)
molecular markers  71, 74, 131–2
MRD detection  110
transformation  132–3, 133, 134

FOXP1 79, 143, 148
fusion probes  18

gastric MALT lymphoma  46, 58, 98, 140–1, 
142, 143

gel electrophoresis  22, 105–6
Giemsa banding method (G-banding)  8–9
Gleevec see imatinib mesylate
granulocytic sarcoma (extramedullary myeloid 

tumor)  197–8

hairy cell leukemia  129, 130
Helicobacter pylori 58, 98, 142, 143
hepatosplenic [gamma][delta] T-cell lymphoma  45, 

171–3, 174
HES (hypereosinophilic syndrome)  223–4
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HIV-associated neoplasms  150, 155
Hodgkin lymphoma  72, 89, 92, 96, 116, 182–3, 183
HOX11 204
HOXA 43, 204
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IGH 61–2, 80, 136
gene rearrangement  100–1, 101, 102, 103
IGVH 80–1, 100, 126–7, 126
IGVH Mutation  42, 74, 80, 81, 97, 118, 126, 128, 139
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MM  79–80, 161–2, 164
WM  138, 139

imatinib mesylate (Gleevec)  90, 112–14, 113, 
208, 213–16

resistance  68, 114, 216–17, 217
immunoglobulin genes

in diagnosis of B-cell lymphomas  99–102, 101
heavy chains see IGH

immunohistochemistry  26–9, 26, 27, 28
immunophenotyping see flow cytometry; 

immunohistochemistry
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intestinal disease  139, 173, 175–6
intravascular large B-cell lymphoma  149, 149
inversions (inv)  3, 42

inv(3)(q21q26)  42–3, 43
inv(7)(p15q34)  43
inv(11)(p15q22)  43
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inv(16)  44, 45, 111, 185

IRF4 see MUM1
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i(3)  44–5
i(7q)  45, 173
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JAK2 52, 81–2, 81, 208, 208, 218, 220, 223, 226
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c-KIT 82–3, 188, 225
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chromosomal abnormalities  121, 142
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gastric  46, 58, 98, 140–1, 142, 143
molecular markers  70, 74–5, 79, 83, 142, 143
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API1 and  58, 70, 83, 142–3, 142
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molecular markers  71, 80–1, 95
MRD detection  110
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cutaneous  140, 144
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nodal  141, 143–4
splenic  36, 64, 140–2, 140
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mastocytosis  90, 117, 224–5, 225
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MDR (multidrug resistance)  83–4, 190
MDS see myelodysplastic syndrome
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CIMF  221
ET  220
P. vera  218, 218

MF (mycosis fungoides)  175–80, 178
MGUS (monoclonal gammopathy of undetermined 

significance)  34, 40, 159, 161, 162

microarray analysis  23, 24
minimal residual disease (MRD)  24, 108–14
mitogens  8
MLL 54, 85, 85, 86, 189, 189

ALL  49–50, 58, 199–200, 200, 204
MM see multiple myeloma
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significance (MGUS)  34, 40, 159, 161, 162
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multidrug resistance (MDR)  83–4, 190
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deletions  40, 42, 162
translocations  50, 57, 59–60, 161–2
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molecular markers  71, 86, 92–3, 162, 164–6
IGH 79–80, 161–2, 164
p53 42, 95, 162

MRD detection  110–11
multiplex metaphase (multicolor) FISH 

(M-FISH)  19, 97
MUM1 (IRF4) 86–7, 86, 148
c-MYC 52, 87–8, 152–3, 155, 162, 181
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myelodysplastic diseases  117, 225–6
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chromosomal abnormalities  228–30, 228, 
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treatment  31–2, 107–8
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nodal marginal zone B-cell lymphoma  141, 

143–4
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P-glycoprotein  83–4
p53 (TP53)/p53  40, 70, 94–6
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B-CLL  95, 124, 127–8, 127
B-PLL  129
DLBCL  95, 147
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PAX5 54–5, 89–90
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PCR see polymerase chain reaction
PDGFRA 90, 190, 224
PDGFRB 50–1, 224, 230–1
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ALL  36, 59, 73, 198, 199, 200
AML  35–6, 46, 52, 77, 78–9
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T-ALL  202–3
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170–1, 170
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Philadelphia (Ph) chromosome  55–7, 55, 56, 113, 
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phoma  33, 34, 204–5, 205
platelets, raised counts see essential 

thrombocythemia
PLZF 58, 63, 90, 191
PML 62–4, 63, 90–1, 190–1
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218, 219
see also chronic myeloproliferative disorders
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FISH compared with  61
Ig gene rearrangements  101–2, 102, 103
methods  19–22, 21, 22
MRD detection  109, 111–12, 215
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molecular markers  76, 78
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MLL 49–50, 58, 85, 199–200, 200

MRD detection  24, 112, 200–1, 201
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molecular markers  68, 85, 203–4
MRD  24, 112
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prognosis  106–8, 107
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RAEB (refractory anemia with excess blasts)  
227, 229, 230
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22, 215
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skin, neoplasms in see cutaneous neoplasms
spectral karyotyping (SKY)  19
splenic marginal zone lymphoma (SMZL)  36, 64, 

140–2, 140
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T-cell receptor genes see TCR
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T-prolymphocytic leukemia (T-PLL)  105, 
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t(2;3)  46–7
t(2;5)  47, 47, 48, 68–70
t(2;8)  47
t(2;17)  47–8
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t(8;14)  52–3, 52, 53, 147
t(8;16)  53
t(8;21)  53–4, 53, 75, 76, 111, 185, 185
t(8;22)  54
t(9;11)  54
t(9;12)  54
t(9;14)  54–5, 138, 162
t(9;22)  55–7, 55, 56, 68, 75, 199, 210, 211
t(10;11)  57
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trisomy  3
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chromosome 17  66
chromosome 18  66–7, 67, 126
chromosome 21  67
chromosome 22  67

tyrosine kinase inhibitors see imatinib mesylate
tyrosine kinases see ABL; ALK; FLT3; JAK2; KIT; 

PDGFR

Waldenström macroglobulinemia (WM)  34, 42,
54–5, 138–9

whole chromosome probes  16
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P. vera diagnosis  219
tumor classification  116–17

WT1 (Wilms’ tumor)  96–7

X chromosome  15

Y chromosome  15
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