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Synopsis
This article discusses recent advances in genomic approaches used to understand chronic
lymphocytic leukemia (CLL). We describe tools for analyzing DNA sequence level alterations,
summarize data obtained from these various platforms, and discuss the clinical relevance of these
findings.
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Genomics refers to the systematic study of an organism’s entire DNA sequence (genome).
Molecular information derived from genomic techniques has increased our understanding of
many complex diseases including CLL. CLL is the most common form of adult leukemia
and is characterized by a highly variable clinical course. Little is known about the molecular
correlates underlying the different CLL disease patterns that are clinically evident, and
despite epidemiologic evidence showing familial aggregation of CLL, no major
predisposing genes have been identified. Here, we discuss the historical application of
genomic techniques to these various problems in CLL: first, the use of comparative genomic
hybridization (CGH) and single nucleotide polymorphism (SNP) arrays to identify
somatically acquired genetic alterations in CLL, then the use of genome-wide linkage
analysis and genome-wide association studies (GWAS) to attempt to determine the cause of
heritable predisposition to CLL. Finally, we discuss next-generation sequencing technology
that allows detection of both somatic and germline lesions in CLL at unprecedented speeds.

© 2013 Elsevier Inc. All rights reserved.
c,dCorresponding author for proofs and reprints: Jennifer R. Brown, M.D., Ph.D., Dana-Farber Cancer Institute, 450 Brookline
Avenue, Boston, MA 02215, Phone: 617-632-4564, Fax: 617-632-4422, Jennifer_Brown@dfci.harvard.edu.
a,bCo-Author Address: Ma. Reina Improgo, Ph.D., Dana-Farber Cancer Institute, 450 Brookline Avenue, Boston, MA 02115, Phone:
617-632-4193, Fax: 617-632-3351, Reina_Improgo@dfci.harvard.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

DISCLOSURES
Funding:
Conflict of Interest:

NIH Public Access
Author Manuscript
Hematol Oncol Clin North Am. Author manuscript; available in PMC 2014 April 01.

Published in final edited form as:
Hematol Oncol Clin North Am. 2013 April ; 27(2): 157–171. doi:10.1016/j.hoc.2013.01.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tumor Analysis by Comparative Genomic Hybridization (CGH)
The first genome-wide copy number analyses of CLL were made possible by the
development of CGH in the 1990s.1 CGH allows the detection of chromosomal imbalances
using differentially labeled tumor and normal DNA that are co-hybridized to normal
metaphase chromosomes. Intensities of the fluorescent labels are then used to determine
overrepresentation (gain) or underrepresentation (loss) of genomic content in specific
chromosomal regions.

In 1995, Bentz and colleagues first applied the CGH method to 28 CLL patients.2 They
observed copy number alterations (CNAs) in 68% of the patients, with the most frequent
gains found in chromosome 8q and 12 and the most frequent losses in chromosomes 6q,
11q, 13q, and 17p (Table 1). A similar study was conducted by Karhu and colleagues using
25 CLL patients.3 They observed chromosomal imbalances in 48% of the cases, with
frequent gains in chromosome 12 and frequent losses in chromosome 11q and 13q (Table 1).

To identify chromosomal abnormalities specifically in familial CLL, Summersgill and
colleagues used CGH to analyze 24 pedigrees.4 In this study, the investigators detected at
least one chromosomal imbalance in each patient, with an average of seven abnormalities
per case. The most common gain and loss was observed in the X chromosome (Table 1).
The chromosomal imbalances observed in the X chromosome appeared to be more common
in familial CLL and were hypothesized to contribute to the differential survival of male and
female CLL patients.

Classical CGH utilized metaphase chromosomes, which have limited resolution.
Substitution of the chromosome targets with a matrix or array containing nucleic acids with
defined sequences allowed the detection of much smaller gains and losses.5 This technique,
known as matrix-CGH or array-CGH, makes use of sequence pools representative of whole
chromosomes or chromosome arms, cloned in bacterial artificial chromosomes (BAC), P1-
derived artificial chromosomes (PAC), or other vectors.

An automated matrix-CGH array specific for CLL was developed in 2004 and validated
against 106 CLL cases.6 Array profiles were compared to cytogenetic data and showed high
specificity and sensitivity. A total of 27 gains and 95 losses were detected using this
approach. Novel recurrent genomic imbalances were identified, namely trisomy 19 and a
small copy number gain in the MYCN gene on chromosome 2p24 (Table 1). Similarly,
Gunn and colleagues analyzed 187 CLL cases using BAC array-based CGH.7 They
identified copy number changes in 90% of the cases, with expected frequencies for the
common genomic alterations, deletions of 13q, 11q and 17p with gain of 12. In addition,
they observed submicroscopic deletions of chromosome 22q11 in 28 cases (15%).

More recently, our group employed high-resolution array-CGH to investigate differences
between 37 sporadic and 38 familial cases.8 Sporadic cases showed significant association
with 11q loss while familial cases showed significant association with 14q11 gain.
Alterations in 14q11 were also associated with mutated IGHV status and with homozygous
deletions in 13q. Homozygous deletion in 13q was associated with mutated IGHV, low
expression of ZAP-70 and a significantly longer time to first treatment (TTFT).

[Tags: Comparative Genomic Hybridization, CGH, Copy number, Chromosomal
Imbalances, Chromosomal gains, Chromosomal losses, Copy Number Alterations,
CNA]
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Tumor Analysis by High-Resolution Single Nucleotide Polymorphism (SNP)
Arrays

The necessity of overcoming the resolution limits of classical CGH (10–20 Mb) and of
array-CGH (0.1 Mb) prompted the use of even higher resolution platforms. In 2004, Bignell
and colleagues demonstrated the utility of using SNP arrays, originally designed for
genotyping, to detect CNAs at a genome-wide level.9 Using the Affymetrix p501 array as a
prototype, they showed that simultaneous genotyping and copy number analysis of cancer
cell lines allowed the detection of genomic alterations that would have been missed by array
CGH or genotyping alone, including loss of heterozygosity (LOH) in copy neutral regions as
in the case of uniparental disomy (UPD) or as acquired in cancer.

SNP arrays were first applied to CLL samples by Pfeifer and colleagues, using the
Affymetrix 10K and 50K arrays.10 They identified chromosomal imbalances in 65.6% and
81.5% of cases, respectively, indicating greater sensitivity of higher-density arrays. Deletion
13q14 was the most frequent aberration found, followed by trisomy 12, del11q22, and
del17p13. In addition, they identified 24 regions with LOH without altered gene dosage.

Kujawski and colleagues subsequently used the 50k Affymetrix SNP array to quantify
genome-wide allelic imbalances, including LOH, in 178 CLL patients in order to derive a
genomic complexity score.11 The complexity scores correlated well with their clinical
endpoints, TTFT and time to subsequent therapy (TTST). Specifically, high genomic
complexity was found to be an independent risk factor for disease progression and treatment
failure.

Forconi and colleagues used a higher density array (250k Affymetrix) to specifically
investigate patients with deletions in 17p, as these exhibit aggressive disease.12 All cases
displayed multiple copy number changes, with frequent losses in chromosome 8p and
frequent gains in chromosome 8q and 2p. 8p loss and 2p gain predicted shorter TTFT and
poorer overall survival in these 17p patients. We subsequently reported a similar association
between 8p loss and 17p deletion, using the SNP6.0 array.13

To determine which platforms allowed reliable detection of CNAs, Gunnarsson and
colleagues carried out a comparative study of four high-resolution platforms: BAC arrays
(32K), oligonucleotide arrays (185K), and two SNP arrays (Affymetrix 250K and Illumina
317K).14 All platforms could robustly detect large aberrations, with 29 CNAs concordantly
detected, including common alterations. However, small CNAs were detected only by the
high-density oligonucleotide and SNP arrays. The oligonucleotide array had lower baseline
variation compared to the other platforms. The 250K Affymetrix array detected more CNAs
than the 317K Illumina array, but the latter detected more LOH events.

To assess the performance of SNP arrays for routine clinical use, Hagenkord and colleagues
compared low density (Affymetrix 10K2.0), medium density (Affymetrix 250K Nsp), and
high density (Affymetrix SNP6.0) SNP arrays.15 The 10K2.0 array was found to be
unsuitable for use in the clinic due to its relatively poor resolution. The SNP6.0 array was
superior in detecting small aberrations but it was equivalent to the 250K array for detecting
lesions known to be clinically relevant. Further, the 250K array was less costly and easier to
manage. The 250K array demonstrated 98.5% concordance with the standard CLL FISH
panel but also detected acquired UPD and additional regions of genomic complexity.

Ouillette and colleagues also performed copy number analysis of 255 CLL patients using
Affymetrix 6.0 Arrays.16 They observed ≥ 2 CNAs in 39% of all cases and ≥ 3 CNAs in
20% of patients. They correlated genomic complexity (defined as the total number of CNAs)
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with clinical outcomes and found elevated genomic complexity to be an independent marker
for aggressive CLL and short overall survival. The same group also analyzed SNP 6.0 arrays
to specifically define 13q14 deletions in 255 CLL patients.17 Large 13q14 deletions
encompassing the RB1 gene were detected in 20% of these patients and were associated
with decreased survival.

Recently, our group integrated copy number analysis using Affymetrix 6.0 SNP arrays
together with gene expression profiling in 161 CLL patients.13 With matched germline
controls, we found a median of only one somatic CNA per sample, suggesting that the CLL
genome is relatively stable. We identified recurrent CNAs associated with short TTFT: 8q24
amplification, 3q26 amplification, and 8p deletions. Amplifications of 3q26 were focused on
the PIK3CA gene and amplifications of 8q were focused on MYC and on the regulatory
region near MYC which has been implicated by GWAS in disease risk in CLL and many
other cancers.

Similarly, Edelmann and colleagues used the Affymetrix 6.0 array to analyze 353 untreated
CLL samples.18 They identified an average of 1.8 CNAs per case and found copy neutral
LOH in 6% of cases, most frequently in 13q, 17p, and 11q. Chromosome 13q14 was deleted
in 61% of cases, with minimally deleted regions refined to the DLEU1 and DLEU2 genes.
They also found novel lesions including a frequent deletion at 15q15.1 (4%), with the
smallest deletion found in the MAX gene associated (MGA) gene locus.

Altogether, CGH and SNP array studies of CLL tumors have identified recurrently altered
loci that are likely involved in the pathogenesis of CLL and could even potentially be
involved in CLL susceptibility. The extent of genomic aberrations, as well as the presence of
specific CNAs in addition to those classically identified by FISH, such as 2p gain, 3q gain,
8p deletion and 8q gain, have been suggested to have clinical relevance and should be tested
in prospective clinical trials to evaluate their true usefulness as predictors for clinical
outcomes.

[Tags: SNP Array, BAC Array, Oligonucleotide Array, Affymetrix, Illumina, Loss of
Heterozygosity, LOH, Allelic imbalance, Genomic complexity score]

Germline Genome-Wide Linkage Mapping
Genome-wide linkage mapping, also known as genome scanning, is a high-throughput
method that uses genetic markers to assess the likelihood that a marker associated with a
disease phenotype is linked to a predisposing gene. These studies are typically done on
germline DNA in order to identify genes involved in heritability, and this field developed in
parallel with the early studies on tumor DNAs. The statistical likelihood that a particular
genetic marker is linked to the phenotype in question is usually represented by a logarithm
of the odds (LOD) score, which is a measure of the probability that an observed linkage is
indeed a true linkage. By convention, a LOD ≥ 3.0 is required for significance, as this
indicates that the odds are 1000 to 1 in favor of genetic linkage. LOD scores ≥ 2.0 are
considered suggestive and LOD scores ≥ 1.0 indicate regions that require follow-up studies.

Goldin and colleagues first used genome-wide linkage mapping to genotype 18 CLL
families.19 They scanned 359 microsatellite markers in 28 panels using a medium density
linkage mapping set. LOD scores ≥ 1 were observed for chromosomes 1, 3, 6, 12, 13, and 17
but none of these showed significant or suggestive linkage. A follow-up study was later
conducted using 28 families, focusing on markers around the above regions of interest.20

Similarly, the data did not support linkage in chromosomes 1, 3, 6, 12, and 17. The authors
argue that chromosome 13q21.33 remained a region of interest as it was significant at the
locus level though not at the genome-wide level. Fine mapping of this region using
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interphase FISH in 6 CLL families revealed a minimally deleted region in 13q21.33-q22.2
shared by four families.21 Two asymptomatic siblings who shared this haplotype exhibited
monoclonal B-cell lymphocytosis, which is thought to be a precursor of CLL. Sequencing of
the 13 genes found in this region revealed 85 polymorphisms though none of these were
coding or frameshift mutations. An intronic polymorphism in the PIBF1 gene cosegregated
with the haplotype shared by three affected members of one family.

In 2005, Sellick and colleagues analyzed a bigger cohort of 115 families using the
Affymetrix GeneChip Mapping 10kv1 Xba Array.22 Again, no region of significant linkage
was observed in this study. Chromosome 11p11 displayed suggestive linkage and
chromosomes 5q22-23, 6p22, 10q25, and 14q32 yielded LOD scores > 1.15. Although none
of these regions correspond to those commonly found in cytogenetic studies or in earlier
studies focused on tumor analysis, this is not necessarily surprising since the regions defined
by Sellick and colleagues should be associated with germline disease predisposition rather
than the tumor-related somatic alterations described in most previous studies.2

To increase detection power, Sellick and colleagues analyzed an additional 101 pedigrees
using the GeneChip Mapping 10Kv2.0 Xba Array, which scans 10,200 SNP markers.23

They then pooled the results of this study with the results from the 105 families in their
previous cohort. Chromosome 2q21.2 emerged as a major susceptibility locus. This locus
contains the gene encoding the chemokine receptor 4 (CXCR4). The same group analyzed
the genotype frequency of rs2228014, a polymorphic variant in CXCR4, in 1058 CLL cases
and 1807 controls.24 They found no evidence that rs2228014 influences CLL risk. They did,
however, identify three cases with CXCR4 mutations, a finding that would be interesting to
further investigate.

As illustrated by the above, the ability to find a significant LOD score is dependent on the
study power, which is dependent in turn on the size of the families and the numbers of
affected and unaffected individuals available to be studied. In CLL, study power can be a
particular problem due to relatively small families with just a few affected individuals, some
of whom may be deceased prior to the study. Individual genetic events that are likely
causative in single families have been described25–27, but as yet no recurrent highly
penetrant predisposing gene has been identified. These findings suggest that such a gene
may not exist, and that CLL risk may more typically arise from the combination of multiple
lower-risk alleles.

[Tags: Genome-wide linkage mapping, Logarithm of the Odds, LOD score,
Microsatellite markers, Susceptibility locus]

Genome-Wide Association Studies (GWAS)
The absence of a major highly penetrant disease-causing locus in CLL identifiable by
linkage suggests that genetic predisposition to CLL may lie in the coinheritance of multiple
lower-risk variants. GWAS allows the identification of such variants for particular diseases.
The first GWAS conducted for CLL analyzed 299,983 SNPs in a total of 1,529 cases and
3,115 controls from a European cohort.28 Seven SNPs representing six CLL risk loci were
identified in this study, namely rs17483466, rs13397985, rs872071, rs9378805, rs735665,
rs7176508, and rs11083846 (Table 2). The strongest statistical evidence was obtained for
rs872071 and rs9378805, both of which map to a region on chromosome 6p25.3 near the
interferon regulatory factor 4 (IRF4) gene. In addition, the risk genotype of rs872071 was
found to correlate with lower expression of IRF4 in lymphoblastoid cell lines.29 Fine-scale
mapping of the 6p25.3 locus narrowed the association signal to an 18-kb region containing
the 3’-untranslated region (UTR) of IRF4.30 This region is predicted to encode a binding site
for the trans-acting regulatory element MZF1, a growth suppressor in hematopoietic cells,
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but the biology of how this alteration in IRF4 may predispose to CLL is not yet
understood.31 Furthermore, IRF4 has since been shown to be somatically mutated in 1.5% of
CLLs,32 leading to increased activity, and to be amplified in the germline of a family with
Mendelian-type inheritance of CLL, leading to decreased expression.27 Indeed, although
these various lines of evidence implicate IRF4 in CLL, the underlying biological
mechanisms of IRF4 involvement in CLL remain obscure.

To further verify the association of these risk SNPs with CLL, Crowther-Swanepoel and
colleagues genotyped a Spanish cohort consisting of 424 cases and 450 controls as well as a
Swedish cohort consisting of 400 cases and 400 controls.33 They confirmed association
between CLL risk and rs13397985, rs872071, rs735665, rs7176508, and rs11083846 (Table
2). An extension study performed by the same group identified four additional susceptibility
loci, with 8q24.21 (a GWAS susceptibility region for multiple solid tumors, which likely
functions as a MYC enhancer) and 16q24.1 (containing IRF8) appearing most interesting
(Table 2).34 Another extension study by the same group, using pooled data from previous
work as well as new datasets from Poland, Italy, and the UK, reported additional risk loci at
15q25.2 (near CPEB1) and 18q21.1 (near CXXC1 and MBD1).35

Slager and colleagues later evaluated risk SNPs in a Caucasian cohort from the United
States consisting of 438 cases and 328 controls.36 Associations were confirmed for the
previously described SNPs rs17483466, rs13397985, rs872071, rs735665, rs7176508, and
rs9378805 (Table 2). To identify SNPs specifically associated with familial CLL, the same
group conducted a GWAS enriched for familial cases.37 Using a total of 407 CLL patients,
102 of which were familial cases, and 296 controls, they found four SNPs with genome-
wide significance in the 16q24.1 locus containing the IRF8 gene (Table 2). All four risk
alleles were found to be associated with decreased IRF8 mRNA levels in lymphocytes.
SNPs found to be specifically associated with familial CLL include rs615672, rs674313, and
rs502771 (near HLA-DRB5) and rs9272219 and rs9272535 (near HLA-DQA1).

Meta-analysis of the aforementioned GWAS, followed by validation in an independent case-
control series, identified a novel risk locus at chromosome 6p21.33.38 The two risk SNPs in
this locus are rs210134, which lies 100 kb telomeric to the BCL2 antagonist killer (BAK1)
gene, and rs210142, which lies in intron 1 of BAK1. A strong relationship between the risk
allele of rs210134 and reduced BAK1 expression was also found in lymphoblastoid cell
lines. BAK1 is known to promote apoptosis by antagonizing BCL2 and other antiapoptotic
proteins.39

Most risk SNPs identified by GWAS are located in non-coding or intergenic regions,
prompting the hypothesis that their function lies in regulating gene expression. To identify
SNPs that alter gene expression in CLL, Sille and colleagues performed expression
quantitative trait loci (eQTL) analysis, an approach involving integration of genome-wide
SNP data with gene expression profiles to attempt to identify genes that are differentially
expressed based on the genotype of GWAS SNPs.40 Using publicly available databases,
they found a total of 19 SNPs associated with differential gene expression in lymphoblastoid
cell lines: 16 SNPs associated with expression of SP140, a putative tumor suppressor gene;
and 3 SNPs linked to expression of DACT3, a member of the WNT/β-catenin pathway, and
of GNG8, a gene involved in G protein-coupled receptor signaling. Of these, 14 were found
to lie in predicted regulatory elements, several of which have been implicated in CLL or
other hematologic malignancies. These results suggest that these genes may be involved in
CLL pathogenesis, but further validation will be required.
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[Tags: Genome-wide Association Studies, GWAS, Genetic predisposition, Single
Nucleotide Polymorphisms, SNP, Risk Locus, Expression Quantitative Trait Loci,
eQTL]

Moving to Sequence-Level Analysis
Direct Sanger sequencing (first generation) has enabled the identification of key mutations
in CLL, including somatic mutations in TP5341–44 and ATM45–47 that appear to play
important roles in the pathogenesis of CLL. However, somatic mutations in TP53 and ATM
are present in only 10–40% of CLL cases depending on prior therapy. Furthermore,
systematic sequencing of tyrosine kinases in CLL also revealed no somatic mutations,48 and
sequencing of the entire kinome did not identify recurrently mutated kinase genes in CLL.49

These experiments reveal the limitations of Sanger sequencing which is slow, labor-
intensive and not high-throughput.

Next generation sequencing (NGS) technologies have therefore been employed in an effort
to determine the full spectrum of genetic lesions in CLL. Also known as second-generation
sequencing, NGS refers to methods that involve simultaneous detection of nucleotides from
multiple amplified DNA clones.50 NGS allows more rapid sequencing of entire exomes,
genomes and transcriptomes at lower cost, and can facilitate the discovery of novel
chromosomal rearrangements and copy number alterations. NGS is also able to identify
genetic lesions occurring at low frequency in clinical samples by sequencing at higher or
deeper coverage, that is, by sequencing more amplified clones per region.

Whole-exome sequencing (WES) was first performed in CLL by Fabbri and colleagues, in
combination with SNP array analysis.51 From five CLL patients, 40 somatic non-silent
mutations were observed involving 39 distinct genes. Direct Sanger sequencing of coding
and splice site regions of all mutated genes were then performed in an independent panel of
48 CLL cases. From the results of the combined analyses, five recurrently mutated genes
emerged, namely, NOTCH1, TP53, PLEKHG5, TGM7, and BIRC3 (Table 3). NOTCH1
mutations were detected at significantly higher frequency in chemorefractory CLL and
during disease progression to Richter’s syndrome. Integration of WES and copy number
data revealed a total of 52 genetic lesions (range of 7–13 lesions per case), with 40 somatic
mutations (ranging from 6–10 mutations per case) and 12 copy number alterations (ranging
from 1–5 alterations per case).

Around the same time, Puente and colleagues reported results of their whole-genome
sequencing of four CLL cases, composed of two IGHV unmutated and two IGHV mutated
cases.52 They identified 46 somatic mutations in 45 genes. To validate mutations in 26
expressed genes, they used a combination of PCR amplification and Illumina sequencing of
pooled samples from a set of 169 additional patients. They identified four recurrently
mutated genes: NOTCH1, XPO1, MYD88, and KLH6. MYD88 and KLH6 were associated
with mutated IGHV status whereas NOTCH1 and XPO1 were associated with unmutated
IGHV status. The recurrent mutation in MYD88 was associated with younger age and
clinically advanced stage at diagnosis. This same mutation has been identified in our CLL
cohort53 as well as in diffuse large B-cell lymphoma, where it has been shown to confer
cancer cell survival.54

Our group recently conducted whole-exome and whole-genome sequencing in 88 and 3 CLL
patients, respectively.53 The patients were selected to reflect the full cytogenetic spectrum of
CLL including 17p and 11q deletions. We identified nine significantly mutated genes,
namely TP53, ATM, MYD88, and NOTCH1 (all previously implicated in CLL) as well as
SF3B1, ZMYM3, MAPK1, FBXW7, and DDX3X. SF3B1 was the second most frequently
mutated gene in this cohort, and occurred in association with deletions in chromosome 11q,
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which is associated with poor CLL prognosis. SF3B1 had been previously found to be
mutated in myelodysplastic syndromes.55 Tumor samples with mutations in SF3B1 were
found to have alterations in pre-messenger RNA splicing, consistent with SF3B1 being a
component of the core spliceosome. The presence of an SF3B1 mutation was an
independent predictor of short TTFT in multivariable analysis in this cohort. Mutations in
FBXW7 may also be interesting as FBXW7 is important for proteosomal degradation of
NOTCH.56 We also found novel, non-synonymous mutations in WNT pathway members
DKK2 and BCL9, though no individual recurrent driver mutations were found. Somatic
mutations in CLL clustered in pathways involved in cell-cycle regulation, DNA repair,
NOTCH signaling, inflammation, RNA processing, and WNT signaling.

In the context of the International Cancer Genome Consortium, Quesada and colleagues
performed large-scale sequencing involving 105 CLL patients and also identified SF3B1
among 78 genes recurrently mutated in CLL.57 Clinical analysis showed that patients with
SF3B1 mutations presented with advanced disease at diagnosis and were characterized by
adverse features such as elevated β2-microglobulin levels and mutated IGHV status. In
addition, patients with SF3B1 mutations had significantly shorter time to disease
progression and lower 10-year survival rates. Other genes found to be recurrently mutated in
this study include NOTCH1, POT1, CHD2, and LRP1B. TP53 and ATM mutations were
rare in this study, likely because these patients represented an untreated cohort.

Thus, sequencing efforts to date have identified SF3B1 and NOTCH1 as somatically
mutated in 10–15% of CLLs, with other mutations, apart from the previously identified
TP53 and ATM, generally occurring in 5% or fewer patients. The latter mutations are likely
still significant, but their relatively low frequency and diversity will make understanding and
targeting them more complicated. Data to date suggest that SF3B1 and NOTCH1 are both
associated with poor prognosis but these findings remain to be confirmed in prospective
clinical trials.

Conclusions
Genomic approaches have provided a comprehensive understanding of genomic alterations
in CLL and most recently of the somatic mutational landscape in CLL. Significant
prognostic associations have been suggested for particular chromosomal gains and losses
such as 8p deletion and 8q24 gain; for the total number of copy number alterations; and for
particular somatic mutations such as SF3B1 and NOTCH1. New recurrently mutated genes
have been identified (e.g., SF3B1) whose role in cancer was previously unknown and is still
poorly understood but is currently under active investigation.

To date, efforts to use genomics to elucidate germline predisposition to CLL either through
linkage mapping or GWAS have found associated markers, but the underlying causative
pathogenesis has remained elusive. Ongoing efforts applying NGS to the germline of
familial CLL cases will be more challenging than the somatic analysis completed so far, but
will hopefully lead to meaningful insights in the years to come.

While the advances are encouraging, many avenues of investigation remain. As a
community we are now in a position to form a fully integrated model of genomic and
biologic prognostic factors and to start to incorporate this into clinical practice. We are also
poised to begin targeting specific mutational events with therapies in the clinic. Drugs that
target NOTCH1 are already in the clinic for other disease indications, which may facilitate
their evaluation in CLL. Targeting may also become possible for SF3B1, as we learn more
about its role in the pathogenesis of CLL and as better inhibitory drugs advance into the
clinic. Advances in the understanding of germline predisposition to CLL remain slow but

Improgo and Brown Page 8

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



will hopefully start to benefit from NGS. The explosion of genomic knowledge in CLL has
just begun, and is just starting to expand into the clinic, but in the coming years as our
understanding expands and ongoing technological innovation fuels new discoveries, we
expect the impact of genomic discovery on prognosis and therapy of CLL to come to
fruition.

[Tags: Next-generation sequencing, Whole-genome sequencing, whole-exome
sequencing, WES, NOTCH1, SF3B1, Recurrent Mutations]
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Key Points

• Genomic approaches have led to a recent explosion in knowledge of the
spectrum of genetic aberrations in CLL.

• Comparative genomic hybridization and high-resolution SNP arrays have been
used to detect copy number alterations, some of which have been associated
with prognosis and/or overall survival in CLL.

• Efforts to identify the genetic basis of familial CLL have included genome-wide
linkage studies to identify CLL susceptibility genes as well as genome-wide
association studies to determine CLL risk loci.

• Within the last couple of years, next-generation sequencing techniques have
identified common recurrent somatic mutations in SF3B1 and NOTCH1 in
CLL. Ongoing work involves the investigation of lower frequency somatic
mutations and clonal evolution over time as well as the identification of
germline variants.
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Table 1

Chromosomal imbalances in CLL based on CGH and SNP array studies

CGH SNP Arrays

Chromosome Gains Losses Gains Losses

1 1 (33%)4 - - 1p31 (10%)14

2 2p (4%)3

2p24 (6%)6
2 (25%)4 2p14 (28%)12;

2p16 (6%)10;
2p22 (28%)12

-

3 3 (19%)4;
3q (7%)2

3p (4%)2 3q24 (17%)12; 3q26 (6%)13 -

4 - 4 (25%)4;
4q (4%)2

- -

5 - 5 (17%)4 - -

6 Trisomy 6 (4%)3 6q (11%)2, (4%)4;
6q15 (4%)3

-

7 - 7q (4%)2;
7q31 (4%)3

Trisomy7 (10%)14 7q34 (4%)13

8 8q (11%)2 8p (4%)2 8q13 (10%)14;
8q21 (20%)14;
8q23 (28%)12;
8q24 (4%)13;
8q24.3 (28%)12;
8q24.13 (28%)12

8p12 (28%)12;
8p21 (28%)12;
8p23 (10%)14,
(28%)12, (5%)13; 8q12
(10%)14

9 - - - 9p21 (10%)14;
9q21 (22%)12

10 - 10q (4%)2 - -

11 11 (38%)4 11q (14%)2, (24%)3

(17%)4, (13%)8
- 11q22 (13%)10,

(10%)14, (6%)13

12 Trisomy 12 (16%)3,
(7%)2;
12p (4%)2

12p12 (4%)3 Trisomy 12 (13%)10,
(20%)14, (12%)13

-

13 - 13q (11%)2, (13%)4,
(53%)8;
13q13 (4%)3,
13q14 (4%)3,
13c (4%)3

- 13q14 (51%)10,
(40%)14, (50%)12,
(51.7%)17, (57%)13

14 14q (15%)8 - 14q32 (28%)12; 14q31 (3%)13; 14q32
(33%)12

15 Trisomy 15 (4%)2;
15q (4%)2

15q (4%)2;
15q11 (4%)3

15q26 (10%)14 15q13 (10%)14;

16 - 16p (4%)2 - -

17 17q (7%)2 17p (29%)2, (4%)3,
(17%)4

17q 21.1 (28%)12;
17q21.31 (33%)12;
17q21.32 (28%)12

17p11 (10%)14; 17p12
(6%)13; 17p13 (6%)10,
(20%)14

18 18q (4%)2 18p (7%)2 18q21 (10%)14 18q11 (10%)14; 18q22
(10%)14

19 Trisomy 19 (4%)2,
(5%)6

- 19p13 (20%)14 19p13 (20%)14; 19q13
(10%)14

20 - - - -

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2014 April 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Improgo and Brown Page 14

CGH SNP Arrays

Chromosome Gains Losses Gains Losses

21 - - - -

22 22q (4%)2; 22q11 (15%)7 - 22q11 (10%)14

(33%)13

X X (42%)4;
Xq22 (4%)3

X (33%)4

*
Numbers in parentheses indicate frequencies of gains or losses reported in different studies;4 Study used only familial cases; Abbreviations: CLL-

chronic lymphocytic leukemia; CGH-comparative genomic hybridization; SNP-single nucleotide polymorphism
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Table 3

Genes with recurrent mutations in CLL identified in whole-genome/whole-exome sequencing studies

Gene Frequency Reference

TP53 16.5%
7.5%

53
51

SF3B1 15.4%
9.7%

53
57

NOTCH1 15.1%
12.2%
12.1%
4.4%

51
52
57
53

ATM 9.9% 53

MYD88 9.8%
2.9%

53
52

CHD2 4.8% 57

LRP1B 4.8% 57

POT1 4.8% 57

FBXW7 4.4% 53

ZMYM3 4.4% 53

PLEKHG5 3.8% 51

BIRC3 3.8% 51

TGM7 3.8% 51

DDX3X 3.3% 53

MAPK1 3.3% 53

XPO1 2.4% 52

KLHL6 1.8% 52
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