PREFACE

Chronic lymphocytic leukemia (CLL) isusually described as the most common leukemia
intheUnited States, Canada, and Western Europe, whereasitisrarein Japan (1) andinfrequent
in other Asian societies (2). Inthe United States, CLL remained the most common leukemia
between 1973 and 1991 with amean age- and popul ation-adjusted incidence of 4.4/100,000,
whereas it was 3.2/100,000 for acute myelocytic leukemia (AML), the second most frequent
leukemiaduring that time. However, the incidence of CLL began declining inthe mid-1990s
as AML’srose, resulting in reversed positions after 1997, with rates of 3.4 for CLL and 3.9
for AML in 2000, the last year of available Surveillance, Epidemiology, and End Results
(SEER) data(3) (Fig. 1). Likewise, according to American Cancer Society projectionsfor the
2000-2002 period, CLL accounted for 22.7-26.3% of all leukemias in the United States,
whereas AML represented 31.5-34.4% (4), and in 2003 approximately 7300 new cases of
CLL and 10,500 new cases of AML are expected in the United States (5). On the other hand,
these data probably underestimate the true incidence and prevalence of CLL (6). Indeed, the
ease of suspecting the disease based on blood lymphocytosis revealed by ubiquitous CBCs,
coupled with the highly specific and sensitive diagnostic power of immunophenotyping,
makesacytol ogicdiagnosisof CL L possibleinmany asymptomaticindividual swithemerging
clonesthat are likely to remain indolent and untreated for many years (7). This, and the fact
that many of theseindividualsarelikely to die of unrelated deaths, suggest that their leukemia
might be considered incidental by their physicians and not be reported to tumor registries nor
listed in death certificates.

Y et, whether it is the most common or the second most common leukemiain the Western
world, it isnoteworthy that CL L attracts adisproportionate amount of interest in the scientific
community despite accounting for lessthan 1% of all new cancersand all cancer deathsin the
United States in any given year (3,5), after a frequently benign course compatible with a
multiyear survival (Table1). Thisinterestisillustrated by arecent Medlinesurvey that yielded
4002 articleson CLL inthelast 10 years (January 1993 through December 2002), compared
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Table 1
CLL vs Lung Cancer in the US: Incidence, Mortality, and Survival Rates (3,4,6)

CLL Lung Cancer
New cases (2003 estimates) 7300 171,900
New cases as percentage of total cancers (2003) 0.55 12.9
Age-adjusted incidence rate (1999) 3 68
Mortality (total deaths in 1999) 4300 152,480
Mortality as percentage of total cancer deaths (1999) 0.79 28.2
Age-adjusted mortality rate (1995-1999) 1.6 58
Percentage of patients surviving 5 years (1992-1998) 73 15

to 38,222 on lung cancer, the most lethal cancer accounting for 12.9% of all cancer deaths
expected in the United States in 2003 (5), after a relentless progression and an average survival
that barely exceeds 6 months (8). Several factors render CLL an interesting subject for study
by scientists and clinical researchers. They include marked progress in understanding the
molecular biology of normal and neoplastic lymphocytes and recent advances in molecular
genetic techniques culminating in microarray technology. The former, facilitated by highly
sophisticated and versatile flow cytometry instruments, powerful analytical software (9), and
a rapidly evolving hybridoma technology with its myriad of monoclonal antibodies targeted
to lymphoid antigens, enable the discriminant analysis of complex and heterogeneous cellular
components within tissues and fluids, their differentiation, activation, and proliferative
potential. The latter enables the study of thousands of genes, their expression and interactions,
simultaneously (10). These tools together with the ease of procuring blood and bone marrow
samples repeatedly with little discomfort or risk to patients, whose prolonged survival enables
long-term follow-up studies, are largely responsible for the fascination of CLL. This fascination
at the molecular level extends to human trials. Indeed, as of December, 2002, there were 69
ongoing National Cancer Institute (NCI)-sponsored clinical trials on CLL and 185 on lung
cancer (11), a ratio of 1:2.7 despite the relative age-adjusted incidence and death ratios in the
1995-1999 period of 1:23 and 1:36, respectively (Table 1). Not surprisingly, the pharma-
ceutical industry hasalso participated in and financially benefited from these heightened bench
and clinical research activities, launching new agents with activity in CLL, such as
Fludarabine®, Rituxan®, and Campath®.

Because the aim of medical research is to generate the scientific database as a foundation
for ultimately improving health care, a pertinent and timely question is whether this
extraordinary focus on CLL has improved patient outcomes and where it is leading. Thus, the
purpose of Chronic Lymphocytic Leukemia: Molecular Genetics, Biology, Diagnosis, and
Management, is to review recent advances in molecular genetics and biology of CLL, to
assess the impact on the diagnosis and management of this disease, and to suggest future
directions. To do so, a panel of senior experts was assembled from the United States and
Europe, and each was assigned the task of updating the status of his or her area of expertise
inacomprehensive yet concise chapter. This effort yielded 23 chapters, carefully prepared
by 43 scientists and clinical researchers from 24 medical centers or research institutions.
Chapters were organized into five sectional themes beginning with Dr. Marti’s
enlightening historical perspective that sets the stage for sequentially reviewing recent
progress in the molecular genetics and biology of CLL and the extent to which these
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advances are being translated into the clinical setting, and ending with overviews of
inherited predisposition to CLL and of the special features of juvenile CLL.

As superbly summarized in the reviews on molecular biology and genetics of CLL and their
clinical correlates presented in Chronic Lymphocytic Leukemia: Molecular Genetics, Biology,
Diagnosis, and Management, we can conclude the following. CLL appears to derive from
CD5-positive naive B-lymphocytes that accumulate unchecked by the normal processes of
apoptotic cell death. Though probably a single disease, the mutational status of the IgVV gene
identifies two different disease subsets with markedly different outcomes, as described in Dr.
Hamblin’s chapter on the subject: patients with unmutated IgV genes have amore aggressive,
infiltrative, and progressive disease with an unstable genome, and hence a poorer prognosis.
Determining gV status mightalso prove helpful for the assessment of inherited predisposition,
as described by Dr. Houlston and colleagues. Although no cytogenetic abnormalities are
specific for CLL, standard metaphase karyotyping techniques used in the clinical setting
uncover single or complex clonal abnormalities in approximately 50% of patients. Survival is
best in patients with normal karyotypes and decreases as clonal abnormalities develop and
become more complex, as described by Dr. Julliusson. However, newer and more sensitive
techniques, notably fluorescence in situ hybridization (FISH) (12) and comparative genomic
hybridization (CGH) (13) suitable for analyzing cells in interphase, have increased the yield
to 80% of prognostically stratifiable abnormalities, as described by Dr. Stilgenbauer and
colleagues. Ideally, a better delineation of genetic abnormalities underlying CLL should
enhance our ability to assess an individual patient and make a prognosis, an elusive task not
achievable by current prognostic indicators, as described by Drs. Monserrat and Rai and their
teams. However, in CLL no gene has been identified underlying the development or course of
the disease, and clonal cytogenetic abnormalities and other potential clinical and biologic risk
factors that reflect ongoing progressive disease have no clear independent prognostic value.
Delineation of quantitative and functional immune defects associated with CLL, both at the
cellular and the humoral levels, has a profound impact on our understanding the pathogenesis
of CLL and on deciding the management of several of its complications, as described by Drs.
Hamblin, Kay, and Bodey and their colleagues. Finally, monoclonal antibodies used to detect
cell surface antigen expression and DNA content have propelled flow cytometry to the forefront
of clinical tools available to confirm a clinical diagnosis of CLL, to differentiate CLL from
other lympho-proliferative disorders with similar clinical and cytologic profiles but different
treatment and outcomes, and to assess proliferative potential, as described by Drs. Braylan and
Orfao and theirteams. Therapeutic exploitation of antigenic expressionon CLL cells isalready
underway, as demonstrated by the commercial launching of two therapeutic monoclonal
antibodies specific against CD20 and CD52 with demonstrable anti-CLL activity, singly or in
combination with cytotoxic agents, or as carriers of radionuclide payloads, as described by Dr.
Byrd and colleagues. Thus, as described by Dr. O’ Brien and her team, our therapeutic choices
range from cytotoxic drugs, to purine analogues, to monoclonal antibodies, and combinations
thereof. Tothislist Drs. Michallet, Wilson, Kipps, Frankel, and their teams add the experimental
approaches of bone marrow transplantation, complementary agents, and gene and immunotoxin
therapies, respectively.

Facing these multiple treatment choices, how is a physician to proceed? The answer to this
question is complex and must take into account a variety of disease characteristics and patient
variables, and whether the treatment is within or outside a clinical trial, as forcefully articulated
by Dr. Dighieroand others (14,15). Chlorambucil, one of several mustard derivatives developed
after World War 11, was the first drug with proven efficacy in the management of CLL (16),
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as discussed in Dr. Marti’s chapter. Over the ensuing 36 years, chlorambucil and other
alkylators were used alone in a variety of doses and schedules or in combination with other
cytotoxic agents until fludarabine monophosphate (Fludara®) was introduced in 1991. Since
then, newer agents with activity in CLL include humanized monoclonal antibodies Rituxan®
and Campath®, introduced in 2001 and 2002, respectively. As was the case for chlorambucil,
Fludara, Rituxan, and Campath have been or are being studied in combination with cytotoxic
drugs with varying success and toxicity, as reviewed by Drs. O’ Brienand Byrd and colleagues.
Thus, after four decades of clinical trials the following broad conclusions can be drawn for the
benefit of clinicians facing the questions of how to treat CLL in the community setting:
chlorambucil and Fludara are the most active agents for CLL inducing some degree of response
in most patients. The former is an oral, better tolerated, less toxic drug that is less costly and
requires fewer office visits than fludarabine and other drug options. More importantly, long-
term randomized trials and meta-analysis of multiple individual trials have demonstrated that
although fludarabine induces faster and more complete tumor responses, and more prolonged
disease-free survival than chlorambucil and other treatment options, these improved tumor
responses are not translated into prolonged overall survival, in spite of greater toxicity (17,18).
Thus, advocating Fludara as the drug of choice for the majority of patients with CLL (19)
appears based not on past experience but on expectations that, in the future, increased complete
remission rates might eventually translate into prolonged overall survival.

Another vexing problem in CLL management is who and when to treat. Indeed, although
there is general agreement about early treatment of most patients who present with advanced
stages (Rai high-risk or Binet C), symptoms, or with bulky disease, 40—70% of patients do not
exhibit these poor prognostic indicators when first diagnosed (7). In these circumstances the
goal becomes watchful observation of patients with indolent disease and the treatment of those
who exhibit indications of disease progression. Attempts to predict potentially progressive
disease via surrogate biological and laboratory risk factors have been hindered by technical
constraints (impractical, complex, or nonstandardized), and by the fact that they derive from
the analysis of patient subsets homogeneous regarding a particular indicator, but heterogeneous
with respect to disease progression or lack thereof, resulting in different outcomes that cannot
be predicted on an individual basis.

Hence, in circumstances in which treatment indications are equivocal, several additional
considerations should be included inthe treatment decision-making process. First, adistinction
should be made between the clinical research approach and patient care in the community
setting. Indeed, though the goal of the former is the development of better treatments, the
purpose of the latter is to provide palliation, particularly symptom relief. This dichotomy of
approaches is justified by the repeated observation that tumor responses in CLL, including
complete remissions, are not followed by increased overall survival. Under these circum-
stances, risking early or late complications, inflicting additional suffering, or incurring
additional costs in the pursuit of complete remissions appears unjustified outside of clinical
trials, in keeping with the concept of proportionality, which emphasizes beneficence (in this
case palliation rather than tumor responses), with minimal maleficence (20). Thus, except for
those presenting with advanced stage, symptoms, bulky disease, or with unfavorable
chromosomal abnormalities or an unmutated IgV clone, previously untreated patients can
benefit from an open-ended period of observation until clear indications of disease progression
develop. Given the cited advantages of chlorambucil over alternatives, it should be viewed as
the drug of choice initially, particularly because palliation can be achieved repeatedly via
intermittent courses, monthly or every fortnight. Patients refractory to chlorambucil usually
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respond to Fludara, at least once. Further treatment of patients who have relapsed after
chlorambucil and Fludara or are refractory to both drugs—an infrequent occurrence often
related to an incorrect diagnosis—should be undertaken based on the particular circumstances
of the case rather than as a matter of course, and be focused on palliation. In each case and at
each step, the potential benefits and side effects of the treatment contemplated and possible
alternatives should be fully disclosed to patients so that their expectations are guided by the
potential and limitations of present day therapy.

In conclusion, although considerable progress has been made in molecular biology and
genetic research, treatment outcomes are unsatisfactory, survival prolongation has not been
achieved, and the cure of CLL remains an elusive and distant goal. We must also acknowledge
that the cell-kill approach that has driven drug development and patient management for
decades (21) is unlikely to achieve that goal and alternatives designed to reverse or control the
molecular aberrations underlying the development and progression of the malignant clone
should be explored. The first successful example of this approach is Gleevec®, a drug that
blocks production of the chimeric protein encoded in the becr/abl fusion gene responsible for
chronic myeloid leukemia, and thus the proliferative advantage of leukemic cells, without
inducing cell death. The race to uncover genetic abnormalities underlying other cancers is
already underway, but none has been identified in CLL, and many challenges and difficulties
lie in the path, for we stand at the threshold of understanding the cancer genetics that will drive
cancer pharmacogenomics of the future. In the meantime, a judicious utilization of current
therapies will ensure palliation for the 97% of patients who are treated outside clinical trials.
Patients desirous to explore experimental treatment options should be encouraged to do so
within the framework of a clinical trial.

Itis our hope that ChronicLymphocytic Leukemia: Molecular Genetics, Biology, Diagnosis,
and Management will inform and guide clinicians and clinical researchers, but also inspire and
encourage a rising generation of scientists to focus their attention on molecular and genetic
defects responsible for the development, progression, and complications of CLL asa foundation
for the therapies of the postgenomic era.

Guy B. Faguet, mp
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2 Genetics of B-Cell
Chronic Lymphocytic Leukemia

Stephan Stilgenbauer, Mp, Peter Lichter, pip,
and Hartmut Déhner, MD

1. INTRODUCTION

B-cell chronic lymphocytic leukemia (B-CLL) isthe most frequent type of leukemia among
adults in the Western world, with an incidence of about 5 cases per 100,000 residents annually
(1,2). The disease affects mainly people of advanced age, but about 20% of patients are younger
than 55 (3). B-CLL ischaracterized by the accumul ation of lymphocytesthat appear morphol ogi-
cally mature but are functionally incompetent in bone marrow, blood, lymph nodes, and other
organs, primarily of the lymphatic system (Fig. 1). During the course of the disease, there is
increasing suppression of normal hematopoiesis and impairment of organ functions, resulting in
B-symptoms, susceptibility to infection, and hemorrhage (Fig. 1). Currently available conven-
tional therapeutic procedures are aimed at palliation. In younger patients, potentially curative
approaches like autologous or allogeneic stem cell transplantation and antibody therapies are
currently being investigated. The prognosisis influenced by the degree of dissemination of the
disease at the time of diagnosis. This is reflected in the prognostic importance of the clinical
staging systems defined by Rai and Binet (4,5). Both systems differentiate among early (Rai 0,
Binet A), intermediate (Rai |, I1; Binet B) and advanced (Rai |11, 1V; Binet C) stages, which are
characterized by different survival times (Fig. 2) (6). However, the prognostic value of clinical
staging is limited, especially in early stages, and there is marked heterogeneity in the speed of
disease progression within the individual stages. For this reason, there has been intensive work
in recent years on the identification of other clinical and biological factors with potential prog-
nostic relevance. Genetic characteristics of the B-CLL cells have attained considerable impor-
tance among these factors (7-10).

2. GENOMIC ABERRATIONS IN B-CLL

Two major subjects can be differentiated with respect to the genetic analysisof B-CLL: onthe
one hand, genomic aberrations, which, asacquired changes, may beinvolvedintheinitiation and
progression of the disease, and, on the other hand, the mutation status of the variable segments
of immunoglobulin heavy chain genes (V,), which may reflect the cellular origin of B-CLL.

Since the early 1980s, chromosome banding analyses of malignant B-cells have been per-
formed using B-cell mitogens (11-18). Up to the early 1990s, clonal aberrations could be dem-
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Fig. 1. Marked cervical and axillary lymphadenopathy in aB-CLL patient with deletion 11q. (From ref.9,

with permission.)
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Fig. 2. Estimated survival timesof B-CL L subgroupsaccording to Rai stage (from ref. 6, with permission).

onstrated in only 40-50% of B-CL L cases using chromosome banding (19-21). Frequently, and
despite the use of B-cell mitogens, nonclonal T-cells without chromosomal aberration were
analyzed (22). Morerecently, the devel opment of molecular cytogenetic techniqueslikefluores-
cence in situ hybridization (FISH) has led to considerable improvement in the diagnostics of
genetic aberrationsin tumor cells(23,24). FISH allows sensitive detection of specific sequences
inthegenomeusing cloned DNA fragmentsasprobes. Signal number and | ocationreflect numeri-
cal and structural changes of the corresponding chromosomal regions. The ability to detect
aberrations not only on metaphase chromosomes but also in interphase cell nuclei is of great
importance, especialy in B-CLL (interphase cytogenetics; Fig. 3) (25). Interphase cytogenetic
studies using FISH showed that the incidence of genomic aberrationsin B-CLL was markedly
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Fig. 3. Interphase FISH in B-CLL. (A) 11q deletion as demonstrated by the singlered signal in five of the
six nuclei shown. Two green signalsof aninternal control probe prove ahigh hybridization efficiency. The
single cell with two red signals probably represents a nonleukemic cell from the specimen. (B) Biallelic
deletion at 13qg. Two of the three nuclei show no red hybridization signal of a probe containing marker
D13S272, demonstratingbialleliclossof thisregion, whereasan adjacent probe containing marker D13S273
isretained in adisomic fashion. The single cell with two red and two green signals probably represents a
nonleukemic cell. (C) Trisomy 12q (three green hybridization signals) and monoallelic deletion 13q14
(singlered signal) in two of three nuclei inaB-CLL specimen. A single cell reflecting the normal disomic
status of the two regions is shown for comparison. (From ref. 27, with permission.)

underestimated in banding studies (9). In B-CLL cases with abnormal karyotype by banding
analysishbut clonal aberrationsby interphase FI SH, themetaphase cellsarederived fromnonclonal
T-cells and therefore do not reflect the karyotype of the malignant B-CLL cells.

Among the genomi c aberrationswhose incidence has been underestimated in B-CLL in band-
ing studies are particularly the deletions of bands 13914 and 11g22-g23, (9); while trisomy 12,
which was originally described as the most frequent aberration of B-CLL in studies using chro-
mosome banding, has been rated thethird most frequent aberration by interphase FISH (9,26,27).
Inastudy on 325 B-CLL patients, acomprehensive disease-specific probe set was used to detect
the most important genomic gains, like partial trisomies 12q13, 3927, and 8924 and the most
frequent genomic losses in bands 13g14, 11922-g23, 6921, 6027, and 17p13 and transl ocations
in band 14932 using FISH (9) (Table 1). Overall genomic aberrations were found in more than
80% of all cases. The most frequent aberration by far was deletion of band 13q14, which was
found in 55% of the cases. Other frequent aberrations were deletion 11g22-g23 (18%), trisomy
12q13 (16%), deletion 17p13 (7%), deletion 6¢21 (6%), trisomy 8924 (5%), translocation 1432
(4%), and trisomy 3927 (3%). Somewhat more than half of the cases showed only asingle aberra-
tion; one-fifth of the cases showed two and nearly one-tenth showed more than two aberrations.

This precise determination of theincidence of chromosomal aberrations providesthe basisfor
further studies of the role of these changes in the pathogenesis and progression of the disease.
Thus, genesassumed to beinvolvedinthe pathogenesisof B-CLL could beidentified by physical
mapping of the minimal affected regions and by the strategy of positional cloning aswell asthe
analysis of candidate genes (for review, seeref. 27).

2.1. Deletions Within Band 1314 and I dentification of Candidate Genes

Thestructural chromosomeaberration most frequently foundin cytogenetic studiesof B-CLL
isdeletion of band 13g14 (18,28—-31). Recurrent del etion of achromosomal regionindicatesthe
existence of atumor suppressor gene, whose inactivation is caused by the loss of an allele and
the mutation in theremaining allele (two-hit hypothesis). The retinoblastomatumor suppressor
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Table 1
Incidence of Genomic Aberrations
in 325 Patients With B-CLL

Patients
Aberration No. %
13q deletion 178 55
11q deletion 58 18
12q trisomy 53 16
17p deletion 23 7
6q deletion 21 7
8q trisomy 16 5
t(14932) 12 4
3q trisomy 9 3
Clonal abnormalities 268 82

From ref. 9, with permission.

gene (RB1) isacandidate genelocalized in band 13qg14 that codesfor anuclear phosphoprotein
involved in cell cycle regulation and transcription control. Its inactivation is involved in the
pathogenesis of numerous tumors (32). The deletion of an allele of RB1 was detected using
molecular cytogenetic techniquesin about one-fourth of all B-CL L cases(33-36). However, the
inactivation of both RB1 gene copiesby del etion and/or mutation could only be extremely rarely
detected, which raises questions about the pathogenetic role of RB1 in B-CLL.

V ariousgroups have constructed high-resol ution genomic mapsof thecritical regionin 13914
toidentify anew B-CLL-tumor suppressor gene(37—47). By meansof positional cloning, several
groupsidentified fragmentsof several new genesfromthesesubregionsinparallel. Based ontheir
localization in the minimal deleted 13914 region, BCMS (ep272-3-t5, LEU1) and BCMSUN
(ep272-3-t4, LEU?2) are currently considered the most promising candidate tumor suppressor
genesin B-CLL (41-43,45,47). However, in mutation analyses to date, no inactivation of these
candidate genes could be demonstrated in B-CLL in the sense of the two-hit hypothesis. BCM S
inhibits a complex genomic organization. The gene extends over at least 560 kb genomic DNA
and istranscribed in anumber of heterogeneous MRNA transcripts (48). Expression analysesare
currently being performed to clarify the pathogenetic importance of the candidate genes in the
13914 region (49,50).

2.2. Deletions of Bands 11g22-g23 With ATM As the Candidate Gene

Inastudy using FISH, acritical regionwasidentified around theneural cell adhesion molecule
(NCAM) geneinband 11g23.1in 15 hematological tumors (51). In another study, the extent of
11qdeletionsamong 40 B-CL L caseswasdetermined using aFl SH probe set of overlapping yeast
artificial chromosome (Y AC) clonesspanning bands11g14-g24 (52,53). All aberrationsaffected
aminimal consensus region of 2-3 Mb in sizein bands 11g22.3-g23.1. In the minimal deleted
region, the ataxiatelangiectasia mutated (ATM) gene was localized, which, owing toitsrolein
DNA repair and the frequent observation of lymphomasin ATM knockout mice, appeared to be
a candidate tumor suppressor gene (54,55). In fact, the changesin both ATM alleles by deletion
and/or mutationinthesenseof thetwo-hit hypothesisof tumor suppressor geneinactivation could
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be demonstrated for the first time in human tumors in T-prolymphocytic leukemia (T-PLL)
(56,57). Because of alack of ATM protein expression, theinvolvement of ATM inB-CLL wasalso
postulated, and inactivation of ATM by deletion and/or mutation could actually be demonstrated
(58-61). It was shown that ATM mutant B-CLL cases exhibited a deficient ATM-dependent
response of p21 to y-irradiation, failure to upregulate tumor necrosis factor-related apoptosis-
inducingligandreceptor 2 (TRAIL-R2), andinability torepair induced chromosomal breaks(62).
An association of deletion 11q with amore aggressive clinical course of B-CLL was suggested
in a chromosome banding study (63). Interestingly, all ATM mutant cases showed absence of
somatic Vy hypermutation (seeal so Subheading 2.8. below), indicating that ATM may play arole
at the pregerminal center stage of B-cell maturation and may lead to the development of B-CLL
derived from pregerminal center cells (10,64). However, mutation of the remaining ATM alele
was found only in 5 of 22 B-CLL cases with 11g22-g23 deletion of our series, which indicates
apossible involvement of additional genesin thisregionin B-CLL (59). By contrast, in mantle
cell lymphoma, inwhich the 11922-g23 del etion occursin nearly half the cases (65,66), mutation
of the remaining allele could be demonstrated in all cases with deletion of an ATM allele (67).
Thus, ATM appears to be the tumor suppressor gene inactivated in connection with 11922-923
deletionsin T-PLL, mantlecell lymphoma, and some casesof B-CL L. Elucidation of thesituation
in B-CLL caseswith 11q deletion without mutation in the remaining ATM alleleis currently in
progress.

2.3. Trisomy 12 As Recurrent Aberration in B-CLL

Trisomy 12 was described in the early 1980s as the first recurrent aberration in B-CLL; with
a prevalence between 10 and 25%, it was among the most frequent aberrations in nearly all
subsequent studies using chromosome banding (14,20,30,68—73). However, theidentification of
a critical region remained difficult, since usually a complete additional chromosome 12 was
present and partial trisomy was observed only in very rare cases (17,68,74).

Molecular cytogenetics by interphase FI SH was used in numerous studiesto detect trisomy 12
in B-CLL and revealed incidences of 10-20% in European studies and morethan 30%intwo US
studies(17,75-82) (Table 1). The observation of onecase of B-CL L withisolated over-represen-
tation of bands 12913-q14 is interesting with respect to identification of a critical segment on
chromosome 12 (83). Merup et a. (84) examined atumor with acomplex 12q rearrangement and
that found bands 12g13-g15 were most frequently amplified. Dierlamm et al. (85) observed
partial trisomy 12 using FISH in 11 of more than 1000 lymphomas. Bands 12q13-g22 were the
smallest mutually duplicated segment in four B-CLL cases in this series. Among others, genes
of oncogenic potential, like CDK4, GLI, and MDM?2, are localized in this genomic region, but
no pathogenetic relevance for B-CLL has been shown to date for any of these genes. Currently
the innovative approach of DNA microarray chip technology is being used, employing matrix
comparative genomic hybridization (CGH) for identification of the smallest replicated genomic
regionsin bands 12g13-g21 in B-CLL (86-89) (Fig. 4).

2.4. Deletion 6q in Lymphatic Neoplasms

Among the most frequent aberrationsin both acute lymphoblastic leukemiaand aggressive as
well asindolent lymphomaare del etionsinvolving thelong arm of chromosome 6 (90). InB-CLL,
6q del etionswerefound in 6% of the eval uabl e cases by means of chromosome banding, whereby
bands 6915 and 6023 were most often affected (21). In an extensive analysis of various types of
lymphoma, at | east two independent del etion regionswereidentified, onein bands 6g21-g23 and
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Fig. 4. Matrix CGH inB-CLL. Hybridization of DNA derived from apatient with a13q14 del etion (label ed
in green) vs human control DNA (labeled in red). Inset: PAC clone localized in band 13914 exhibits a
dominant red fluorescence signal after hybridization, indicating the deletion of this region (arrow) (89).

another in bands 6g25-0g27 (91). Deletion 6021-q23 was associ ated with the subgroup of lympho-
mas with lymphocytic differentiation, which may be considered as nonleukemic correl atesto B-
CLL (92).

Deletionsinband 6021 inB-CL L wereal so describedin several morerecent molecular genetic
studies. Merupetal. (93) found 6q del etionsin 6% of B-CL L cases, withaminimal deletionregion
inband 6g21. Gaidanoet al. (94) observed 6q del etionsinonly 4 of 100B-CL L casesinband 6g27.
In another extensive series, 285 B-CLL cases were examined with probes from bands 6921 and
6027 (95). Theincidence of deletion 6q was 6%, and all deletions affected band 6921, whereas
band 6927 wasdeleted in only one-third of the cases, and i sol ated 6927 del etion wasnot observed
inany case. In agreement with this, Zhang et al. (96) described a4-5-Mb large minimal deleted
region in band 6921 in a series of various subtypes of lymphomas and leukemias. Although
several candidate genes are located in the critical 6g21 region, it has not yet been possible to
demonstrate a pathogenic role for one of these genes.

2.5. Deletion 17p13 and Mutation of the p53 Genein B-CLL

Involvement of p53inband 17p13inB-CLL wasfound in molecular genetic studies. Because
of itsroleinnearly al kindsof tumors, p53 wasexamined asacandidategeneinB-CL L. By means
of single-strand conformational polymorphism analyses and direct DNA sequencing, p53 muta-
tions could be proved, with a prevalence between 10 and 15% in B-CLL (94,97-100).
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17p13 deletionswerefoundin 4-9%in B-CLL (9,101). To examinetherelationship of 17p13
deletionand p53inactivation by mutationintheremainingallele, 110 B-CL L caseswereanalyzed
(102). Fifteen showed mutationsin the p53 gene, of which half werebiallelic aberrations. Among
the cases with deletion, most showed mutationsin the remaining p53 allele, whereas among the
caseswithout 17p13 deletion, p53 mutation occurred only rarely. The high rate of p53 mutations
in the B-CLL caseswith 17p13 deletions suggeststhat, in the case of 17p13 deletionin B-CLL,
p53 is the tumor suppressor gene affected by the aberrations.

2.6. Rearrangement of the lgH Locusin Band 1432

Translocation breakpoints in band 14932, in which the heavy chain immunoglobulin genes
(IgH) are located, were described as the most frequent aberration in B-CLL in early banding
studies (13,14,18,20,68,71,72,73,103-105). In the most extensive studies, aberrations of chro-
mosome 14 could be demonstrated in 8% of evaluable cases (21). The aberrationswere often the
result of translocation t(11;14)(g13;932), which leads to deregulation of the cyclin-D1 gene
(CCND1) in 11913 by the Igy locus (14932) (106-110). The t(11;14)(g13;g32) and cyclin-D1
overexpression are now considered characteristic of mantle cell lymphoma and occur rarely in
other lymphoproliferativediseases(106,107,110,111). Many of thecaseswitht(11;14)(q13;932)
in early cytogenetic B-CLL studieswere probably leukemic mantle cell lymphoma. Neither the
t(11;14)(g13;g32) nor the deregulation of CCND1 was described as afrequent event in B-CLL
inrecent studies (94,112—115). In our monocentric series of 325 B-CL L cases, therewasno case
of t(11;14)(g13;932) (9).

Thesituationissimilar for translocations t(14;18)(g32;921) and t(14;19)(g32;913), which are
rare but recurrent aberrations (<5%) in B-CLL. In today’ s view, 140932 rearrangements are rare
events in B-CLL, and the high incidence of these aberrations in early banding analyses was
probably caused by the inclusion of other leukemic lymphomasin these series (94,112-122).

2.7. Rare Aberrationsin B-CLL: Trisomies 3927 and 8924

Additional genetic aberrationswerediscovered either by genome-widescreening methodslike
chromosome banding and CGH, or by analysis of prominent candidate genes. Banding and CGH
identified several further aberrations that were rare but recurrent in B-CLL. Often, these were
trisomies, liketrisomy 3q, whichwasdescribedinseveral studies(30,71,73). CGH analysespoint
to the distal arm of 3q asthe minimal duplicated region with possible pathogenetic relevancein
B-CLL (83). In addition to trisomy 3, which was also described in banding analyses, CGH
analysesidentified gains of 8q and 15q as new aberrationsin B-CLL (83). WithC-MY Cin 8g24
and BCL6 in 3927, for example, candidate genes are known for some of these regions, but their
role in the pathogenesis of B-CLL has not yet been confirmed.

2.8. Mutation Status of the V,, Genes

A novel genetic parameter of B-CL L isthemutation statusof theV , genes(123-125). Although
in the past, B-CLL was considered to be alymphoma derived from pregerminal center B-cells,
somatically mutated V genes could be demonstrated in about half of the casesin these studies.
Accordingly, a separation was made into two different B-CLL groups: one with unmutated V
genes, assumed to originate in pregermina center cells, and another with mutated V genes,
thought to stem from postgerminal center cells. Moreover, it could be demonstrated that the V
mutation statusisclinically relevant. Although B-CLL with unmutated V showsan unfavorable
course, with rapid disease progression, B-CLL with mutated V, often shows slow progression
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(7,8). In addition, there was a correl ation between V mutation status and CD38 expression of B-
CLL cellsasfurther evidence of thebiological difference betweenthetwoforms(7). Therelation-
ship of theV  mutation statusto genomic aberrationsand thedifferential influence of thesefactors
in the pathogenesis and progression of B-CLL are currently undergoing intensive examination.

3. CLINICAL IMPACT OF GENOMIC ABERRATIONS IN B-CLL

Themulticenter International Working Party on Chromosomesin CLL (IWCCLL) studies
examined the correlation between clinical data and genomic aberrations based on chromo-
some banding (19,21). A longer estimated survival time (median 15 yr) was found in the
group of patients with normal karyotype compared with the group with clonal aberrations
(median 7.7 yr). Moreover, arel ation wasfound between the compl exity of the karyotype and
unfavorable prognosis. In the subgroup analyses of patients with specific aberrations, a
correlation was found between trisomy 12 and shorter survival time; in contrast, aberrations
in chromosome 13 were associated with more favorabl e prognoses. In multivariate analysis,
however, neither the presence nor the number of chromosomal aberrations showed indepen-
dent prognostic relevance.

Precisedetection of genomic aberrationsusing interphase FISH provided amorereliablebasis
for correlations between genomic aberrations and clinical parametersin B-CLL. In an extensive
FISH analysisof 325 B-CLL caseswith probesfor regions 3927, 6921, 8924, 11922-g23, 12q13,
13q14, 14932, and 17p13, multivariate analysisreveal ed an independent prognostic rel evance of
genomic aberrations (9) (Fig. 5). It was found that deletion 13g14 as a single aberration was
associated with long median survival times (133 mo), whereas deletions 11922-g23 and 17p13
were associated with poor prognoses (79 and 32 mo, respectively). Intermediate survival times
were found for B-CLL cases without aberrations or with trisomy 12 (111 and 114 mo, respec-
tively) (9).

3.1. Prognostic Relevance of Deletion 11g22-g23

B-CLL cases with deletion 11q show more rapid progression of the disease and shorter
survival times. Ininterphase FISH, deletion 11g22-923 is the second most frequent aberration
in B-CLL, with anincidence of approx 20%, and identifies a patient group with acharacteristic
clinical picture (26). B-CLL patientswith 11q deletion present with advanced stages of disease
and pronounced lymphadenopathy, reflected by large palpable peripheral, thoracic, and
abdominal lymph nodes (Fig. 1). Moreover, patients with 11q deletion have a more rapid pro-
gression of disease, as measured by shorter therapy-free intervals (9 mo vs 43 mo; p < 0.001).
Inthe survival time analysis, 11q deletion was associated with a poor prognosis, and the effect
of this aberration on the course of the disease was age-dependent. In B-CLL patients younger
than 55 yr, the survival time was significantly shorter in the group with 11qg deletion than in the
group without 11q deletion, whereasin patients 55 yr or older, therewas only atrend to shorter
survival times. Another, likewise age-dependent prognostic relevance was found in an exami-
nation of ATM proteinexpressionin B-CLL (61). The poor outcomeof B-CL L with 11qdeletion
was confirmed in an independent series (126). In multivariate analysis, 11q deletion was found
to be an independent adverse factor (26). Since the 11q deletion appears to be prognostically
relevant, especially in younger B-CLL patients, this aberration could serveto identify a patient
group that could benefit from modern experimental strategies, such as autologous or allogeneic
blood stem cell transplantation.
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Fig. 5. Survival probability in B-CLL according to risk groups defined by genomic aberrations. The
estimated median survival times were as follows: 17p deletion, 32 mo; 11q deletion, 79 mo; normal
karyotype, 111 mo; 12qtrisomy, 114 mo; and 13q del etion assingleabnormality, 133 mo. (Fromref.9, with
permission.)

3.2. Clinical Characteristics of Trisomy 12

Inalarge comparison of individual chromosomal aberrationsinbandinganalysis, B-CLL with
trisomy 12 had the shortest survival time (19,21). However, the negative prognostic relevance of
trisomy 12 could not be confirmed in further studies (18,68,69,73).

In interphase FISH studies, trisomy 12 was associated with atypical morphology and
immunophenotypein B-CLL (77,79,81). An effect of trisomy 12 on survival time wasfound in
aseries of 83 B-CLL patients (78). Patients with trisomy 12 had a mean survival time of 7.9 yr
compared with 14.4 yr in the group with normal karyotype. No significant differencewasfoundin
acomparison of trisomy 12 vs no trisomy 12 on the basis of the FISH results alone. Patients with
trisomy 12 had undergone more intensive prior treatment and were in advanced stages of disease.
The response rates to treatment with fludarabine did not differ (78). In a series of 325 B-CLL
patients, theprognosisinthegroup withtrisomy 12 (median survival time 114 mo) wasintermediate
to that of 13q deletion as a single aberration and deletions 11g22-g23 or 17p13 (Fig. 5) (9).

3.3. Clinical Relevance of Deletion 6q

In B-CLL patients with deletion 6q, shorter therapy-free intervals could be demonstrated,
reflecting more rapid progression of the disease (18). By contrast, however, no association of
deletion 6g with shorter survival timewas provedinthe IWCCLL studies(19,21). Aninterphase
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FISH study on 285 B-CL L patientsreveal ed acorrel ation between del etion 6q and greater tumor
mass, measured by leukocyte count (median 49.3 x 10%L vs 31.7 x 10%L; p = 0.036) and
lymphadenopathy (95). The sum of the products of the largest cervical, axillary, and inguinal
lymphnodes (median 7.3cm?vs3.0 cm?; p=0.029) and thelongest lymph nodediameter (median
4.0 cmvs 2.0 cm; p = 0.008) were greater in the group with 6q deletion. There was, however, no
significant difference in survival time or therapy-free intervals between the two groups (95).
Thus, 6qg deletion does not appear to be of prognostic relevancein B-CLL.

3.4. Prognostic Impact of 17p13 (p53) Aberrations

Early mutation analyses showed that p53 mutations are of significant negative prognostic
relevance and are associated with treatment failure in B-CLL (98). In banding studies, the
relevance of aberrations of band 17p13, where p53islocalized, was only recently described in
B-CLL. Inastudy of 480 B-CLL patientswith no prior treatment, 17p aberrationsweretheonly
chromosomal aberration of prognostic relevance (101). Aninterphase FI SH study also showed
that patients whose leukemia cells had a p53 deletion had significantly shorter survival times
than patients without this aberration (100). Moreover, a relationship was found between the
deletion and the response to treatment. Whereas 56% of patients without p53 del etion went into
remission on treatment with purine analogs, none of the patients with p53 deletion responded
(100). Inamultivariate analysis, p53 del etion was the strongest prognostic factor, followed by
established clinical prognosis factors like stage and age (9). Prediction of the prognosis and
therapeutic success in B-CLL thus appears possible with the parameter p53 aberration/17p
deletion. Despitethe chemoresistance of B-CLL with 17p deletion, thereisevidencethat durable
therapeutic success can be achieved with the monoclonal antibody campath-1H (127).

3.5. Clinical Relevance of 14932 (IgH) Translocations

The negative prognostic rel evance of translocation breakpointsin band 14932, oftentheresult
of at(11;14) (19,21), isprobably explicable by the diagnostic ambiguity of these cases, since, for
example, differentiation from leukemic mantle cell lymphomas often remains doubtful. Today,
inacasewith cytogenetic or molecular evidenceof thet(11;14)(g13;g32) or CCND1 over expres-
sion, a diagnosis of MCL should be considered until another diagnosis is proved otherwise
(94,106-115).

4.V, MUTATION, CD38, AND GENOMIC ABERRATIONS IN B-CLL

Several studiesover the past few years have demonstrated that thereis somatic hypermutation
of therearranged V4 genes (mutated V) in about half of the B-CLL cases (123-125). Thiswas
surprising since B-CLL had been considered a pregerminal center-derived lymphoma. Pivotal
studiesonasmall number of patients showed an unfavorabl e prognosisin B-CL L with unmutated
Vy genes (7,8). In some studies, there was a strong correl ation between CD38 expression of the
B-CLL cellsand the V mutation status (7,128). Other authors could not confirm this, so it still
remai nsunclear whether CD38 expression can beapplied asaprognostic surrogate marker for the
Vy mutation status (129-131).

4.1. Prognostic | mpact of the V,; Mutation Status

To examine the Vy mutation status in a large series (n = 300) of B-CLL patients, the VDJ-
rearrangement of theimmunoglobulin geneswas amplified by PCR from genomic DNA, and the
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Fig. 6. Probability of survival in B-CLL patients with mutated and unmutated V,, genes according to the
97% cutoff values. (A) Theestimated median survival timefor the V., homology = 97% group was 79 mo.
The last observed death in the VV; homology < 97% group was after 152 mo of follow-up time (survival
probability 56%). (B) When only patientsdiagnosed at Binet stage A wereeval uated the estimated median
survival times for the V,; homology = 97% and V homology < 97% groups were 79 mo vs not reached
(last observed death after 152 mo of follow-up time; survival probability 53%). (From ref. 10, with
permission.)

mutation status of the V; genes was determined by DNA sequencing (10,132). Taking the clas-
sical cutoff value of 98% homology to the nearest rel ated germline geneto differentiate between
mutated and unmutated V genes, 132 cases (44%) showed mutated and 168 cases (56%)
unmutated V, genes. Themethod of maximally selected log rank statisticswas applied to test the
prognostic relevance of the Vi mutation status. A corrected p value (pg) for the best possible
separation of two subgroupswith different survival probabilitieswasfound at aV homology to
the nearest related germline gene of 97% (peor < 0.001; 95% confidence interval 96-98%) (10).
With a cutoff value of 97% homology to the nearest related germline gene, 112 cases (37%)
showed mutated and 188 cases (63%) unmutated V. The Kaplan-Meier estimate of the median
survival timein the two Vy subgroups differed both for the overall group (n = 300) and within
the subgroup of patientsin Binet stage A at the time of diagnosis (n = 189) (Fig. 6) (10).

4.2. Structure of the VDJ Rearrangement

In addition to the Vi mutation status, the study of the structure of the V DJrearrangement and
the character of the mutations with respect to biological factors of disease etiology, like antigen
selection, isof interest. Until recently, therewereonly studiesavail able on small numbersof cases
(123,125,133,134, and references therein). In a large B-CLL series, at least one clonal VDJ
rearrangement of genomic DNA could be amplified in all 300 cases (132). Cases with mutated
V, showed adifferent V DJrearrangement structure than cases with unmutated V. Genes of the
V3 and V4 families were over-represented in the mutated V subgroup, whereas the V1
family wasfound morefrequently intheV  unmutated subgroup. Specific V, geneswererespon-
siblefor thedifferences, and theseimbalanceswereinlinewith previousstudies(123,125,133,134,
and references therein). The mean length of the CDR3 region differed significantly between the
V mutated and unmutated subgroups. The median mutation rates and ratios of replacement/
silent (R/S) mutations were greater withinthe V subregionsin the CDRsthan in the FRs. Cases
with less than 98% homology to the nearest related germline gene were examined by means of
the algorithm of Chang and Casali (135) for evidence of an antigen selection in the mutation
pattern of the Vi gene. In 43 cases, mutation patterns consistent with antigen selection were
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found, whereas no such patterns could berecognizedin 41 cases(132). The survival probabilities
did not differ significantly between the two groups. Taking these data together, there are differ-
encesin the biological background of V; mutated vs unmutated B-CL L ; however, the pathoge-
netic role of external stimuli still needs to be confirmed.

4.3. CD38 Expression in Relationship to the V,, Mutation Status

The prognostic relevance of CD38 expression and particularly the question of whether CD38
might be used asasurrogate marker for the vV, mutation statusin B-CLL isatopic of controversy
(7,128-131,136,137). The measurement of CD38 using fluorescence-activated cell sorting
(FACS) would be technically less difficult and costly compared with V' mutation analysis and
thuswould be an attractive procedurein estimating prognosis. CD38 expression wastested in 157
B-CLL casesof our series(10). The group with expression of CD38 in more than 30% (56 cases,
36%) or less than 30% (101 cases, 64%) of B-CLL cells were compared, but no significant
differencein estimated survival timewasfound. Inthisstudy, ahigh CD38 expression correlated
with unmutated V, status, but there was a discrepancy between CD38 expression and V; muta-
tion status in about one-third of the cases (10). Thus, CD38 appears to be suitable for predicting
the V, mutation status only to a limited degree. Moreover, variability in CD38 expression is
observed in some studies during the course of the disease (10,130,136).

4.4. Distribution of Genomic Aberrationsin the V,, Subgroups

Using interphase FISH, genomic aberrations were demonstrable in 246 of 300 (82%) B-CLL
caseswithknown V, mutation statusin our series(10). Theincidences of theindividual genomic
aberrationsin thetotal group and in dependence on the VV, mutation status are shown in Table 2.
The incidences of genomic aberrations overall and of trisomy 12 in the two V| subgroups were
comparable; by contrast, prognostically unfavorable aberrations (11g-, 17p-) occurred almost
exclusively in the Vy unmutated, and prognostically favorable aberrations (13g-, 13g- single)
more frequently in the Vi mutated subgroup. This unbalanced distribution of genomic aberra-
tions emphasi zes the different biological backgrounds of the B-CL L subgroups with mutated or
unmutated V and could in part explain their different clinical course. On the other hand, about
two-thirds of the Vi, unmutated B-CLL cases show no unfavorable genomic aberrations, which
indicates adifferential influence of these factors. Comprehensive studies of gene expression in
B-CLL based on DNA chiptechnology indicatethat the global geneexpression “signature” of Vi
mutated and unmutated B-CLL isvery similar and that only the expression of asmall number of
genes discriminates between the two groups (138,139).

4.5. Prognostic Relevance of Genomic Aberrations and V,, Mutation Status

To examine the individual prognostic value of genomic aberrations, the V mutation status,
and other clinical and laboratory features, a multivariate analysis was made of the survival time
by means of a Cox regression (10). The V mutation status, 17p deletion, 11q deletion, age,
leukocyte count and lactate dehydrogenase levels were identified as independent prognostic
factorsinthisanalysis. WhentheV mutation status, and 11q and 17p aberrationswereincluded,
the clinical stage of disease according to the systems of Rai or Binet was not identified as an
independent prognostic factor. Similar results, demonstrating avery strong prognostic impact of
the V iy mutation status and genomic aberrations, were independently found in two other B-CLL
series(140,141). Based onthismodel, four subgroupswithwidely differing survival probabilities
can be defined by the Vi, mutation status, 11q deletion and 17p deletion (Fig. 7).
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Table 2
Relation of Viy Mutation Status and Genomic
Aberrations in 300 B-CLL Cases

Vh (%)
Mutated Unmutated
(homology < 98%)  (homology > 98%)

Aberration [n = 132 (44%)] [n= 168 (56%)] p-value®
Clonal aberrations 80 84 0.37
13qg deletion 65 48 0.004
13q deletion single 50 26 <0.001
Trisomy 12 15 19 0.44
11q deletion 4 27 <0.001
17p deletion 3 10 0.03
17p or 119 deletion 7 35 <0.001

8Fisher’s exact test.

From ref. 10, with permission.
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Fig. 7. Probability of survival among patients in the following genetic categories: 17p- (17p deletion
irrespective of V mutation status), 11q- (11q deletion irrespective of V, mutation status), unmutated V
(Vy homology >98% and no 17p or 11q deletion), and mutated Vy (V4 homology <98% and no 17p or
11q deletion). (A) Among all stages (n = 300) the estimated median survival times for the respective
genetic subgroups were as follows: 17p deletion, 30 mo; 119 deletion, 70 mo; V,, unmutated, 89 mo; and
Vy mutated, not reached (54% survival at 152 mo). (B) Among Binet stage A patients (n = 189) the
estimated median survival timesfor therespective genetic subgroupswereasfollows: 17p del etion, 36 mo;
11q deletion, 68 mo; V|, unmutated, 86 mo; and V; mutated, not reached (52% survival at 152 mo). (From
ref. 10, with permission.)

These studies show that genomic aberrations and V  mutation status appear to have comple-
mentary relevancein estimating theprognosisin B-CL L. Unmutated V i and genomic aberrations
were among the strongest prognostic factors and gives usinsight into the biological bases of the
clinical heterogeneity of B-CL L. For thisreason, genomic aberrationsand V  mutation statusare
currently beingtestedinrelationto other clinical andlaboratory factorsin prospective multicenter
studiesof the German CLL Study Group (GCLL SG). If thesefactorsallow usto predict thecourse
of diseaseinindividual patientsat thetimeof diagnosis, independent of thestage, they could serve
asthe basis for future risk-adapted treatment strategies.
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5. PERSPECTIVE: NEW DIAGNOSTIC TOOLS

Asinother leukemias, genetic markers correl ate with the clinical course, responseto therapy,
and survival timein B-CLL. To determine the relevance of such genetic markers for the strati-
fication of patient groups to various treatments of different intensity, extensive clinical studies
must be performed. As a rapid and robust diagnostic test matrix CGH (comparative genomic
hybridization against amatrix of defined genomic DNA fragments) can beutilized (86,89). Inthis
procedure, total genomic tumor DNA islabeled with fluorescent dyes and hybridized on aDNA
chip containing microarrays of defined genomic DNA fragments. After cohybridization with
differently labeled normal control-DNA, therelativeintensity of thetwo fluorescencesisused to
determine whether a certain DNA-sequence is over- or under-represented in the genome of the
tumor cell population (Fig. 4). Since all relevant genomic aberrationsin B-CLL areimbalances,
amatrix CGH chip was constructed to test specific aberrations that might occur in B-CLL (89).
For this purpose, genomic DNA fragments of the chromosomal areas that are deleted or over
representedin B-CL L wereselected, isolated, and printed onamatrix CGH chip. Thischipallows
automated analysis of the genomicimbalancesin B-CLL and will beevaluatedin clinical studies
aiming at risk stratification of individual patients.
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