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Abstract
Purpose—The identification of gene mutations and structural genomic aberrations that are
critically involved in CLL pathogenesis is still evolving. One may postulate that genomic driver
lesions with effects on CLL cell proliferation, apoptosis thresholds or chemotherapy resistance
should increase in frequency over time when measured sequentially in a large CLL cohort.

Experimental Design—We sequentially sampled a large well-characterized CLL cohort at a
mean of 4 years between samplings and measured acquired copy number aberrations (aCNA) and
LOH using SNP 6.0 array profiling and the mutational state of TP53, NOTCH1 and SF3B1 using
Sanger sequencing. The paired analysis included 156 patients, of whom 114 remained untreated
and 42 received intercurrent therapies, predominantly potent chemo-immunotherapy, during the
sampling interval.

Results—We identify a strong effect of intercurrent therapies on the frequency of acquisition of
aCNAs in CLL. Importantly, the spectrum of acquired genomic changes was largely similar in
patients that did or did not receive intercurrent therapies; therefore, various genomic changes that
become part of the dominant clones are often already present in CLL cell populations prior to
therapy. Further, we provide evidence that therapy of CLL with pre-existing TP53 mutations
results in outgrowth of genomically very complex clones which dominate at relapse.

Conclusions—Using complementary technologies directed at the detection of genomic events
that are present in substantial proportions of the clinically relevant CLL disease bulk, we capture
aspects of genomic evolution in CLL over time, including increases in the frequency of genomic
complexity, specific recurrent aCNAs and TP53 mutations.
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INTRODUCTION
Chronic lymphocytic leukemia is a heterogeneous disease caused by differences in biology
and manifested in varied clinical presentations(1, 2). Given the important clinical
consequences of CLL disease heterogeneity, including implications for patient counseling,
therapy selections and therapy development, substantial efforts have been directed at
deriving a molecular and cellular understanding of this disease variety. Such efforts have
identified molecular traits that associate with initial disease stability or progression, the
response durations to standard up-front therapies and ultimately, overall survival. Most of
these efforts have been directed at the characterization of CLL at diagnosis(3–11).

However, CLL is phenotypically an adaptive neoplasm that originates in monoclonal B-cell
lymphocytosis and ultimately degenerates in a substantial fraction of patients into drug-
resistant or intervention-resistant disease(12). Understanding the determinants or drivers of
CLL cell accumulation before and after therapy, the molecular characteristics of CLL in
relapse, the frequency and drivers of CLL clonal evolution and devolution and therapy
resistance is of importance and will facilitate development of better risk-adapted counseling
and therapy approaches.

With the goal of identifying drivers of CLL pathogenesis, investigators have compared the
frequencies of selected molecular characteristics in relapsed or refractory CLL patient
cohorts with frequencies in unrelated CLL cohorts analyzed at diagnosis, providing
hypothesis-generating findings about mechanisms of CLL disease progression and
aggressive disease behavior. Such efforts have implicated TP53 mutations/del17p in
acquired therapy resistance and have generated a multitude of other hypothesis-generating
findings about the involvement of specific factors in CLL disease aggressiveness (13).

However, the comparative analysis of the incidence of molecular aberrations in unrelated
CLL cohorts assayed at different disease stages alone is insufficient to implicate specific
events in CLL progression or aggressiveness, as many molecular abnormalities are enriched
in relapsed CLL and as various biases are unaccounted for. To counteract some of these
hidden biases, longitudinal analysis of CLL cohorts assayed repeatedly over substantial time
spans is needed. Such paired longitudinal analysis has uncovered the acquisition of selected
genomic aberrations as detected through clinical FISH testing in CLL patients over time as
well as acquisition of novel aCNA and LOH in CLL when assayed longitudinally on high-
resolution SNP array platforms(14–19). However, despite the importance of these studies for
our understanding of CLL genomic evolution, FISH testing substantially underestimates
genomic aberration loads in CLL, and SNP array-based analysis would benefit from
simultaneous measurements of gene mutations to allow for more complete estimates of
genomic clonal evolution in CLL.

Here, we report a multi-dimensional genomic analysis of 156 paired CLL specimens
procured a mean of approximately 4 years apart, including a SNP 6.0 array-based genome-
wide analysis of aCNA, LOH, copy-neutral LOH (cn-LOH) and exon resequencing of TP53,
NOTCH1 and SF3B1. Through these analyses, we identify a strong effect of intercurrent
therapy and of TP53 mutations on clonal evolution and genomic degeneration in CLL.
Further, we identify recurrent genomic changes that increased in frequency during CLL
progression and exclude others, like mutations in NOTCH1 or SF3B1 that had previously
been implicated in CLL chemotherapy resistance or relapse. We demonstrate that the type
and spectrum of longitudinally acquired genomic changes in CLL is similar in treated and
untreated patients, providing strong evidence for a therapy-independent origin. Finally, we
provide evidence that the dominant CLL clones in individual patients that had undergone
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genomic evolution at longitudinal analysis can be related back in all informative cases to the
dominant antecedent clone. In aggregate, these data have implications for our biological
understanding of CLL as a disease, the evolution of the CLL genome, and the timing and
selection of therapies in CLL.

METHODS
Patients

Between January 2005 and January 2010, 271 patients evaluated at the University of
Michigan Comprehensive Cancer Center were enrolled onto this study. As specified in the
protocol, patients were resampled following initial enrollment. The trial was approved by
the University of Michigan Institutional Review Board (IRBMED #2004-0962) and written
informed consent was obtained from all patients prior to enrollment. Data from 259 of these
271 patients are reported here (5 patients enrolled on the study were excluded due to a
diagnosis that was not CLL, and 7 patients had insufficient cryopreserved cells available for
the analyses described). Data from 156 paired samples (enrollment and one longitudinal
sample) are included in this report; of these, 27 samples were assayed at two separate
longitudinal time points. Of the 156 samples analyzed longitudinally, 134 were from
previously untreated patients at trial enrollment while 22 samples were procured from
patients relapsed at trial enrollment.

Regardless of whether the subjects were originally diagnosed at our institution or another,
we used the same CLL diagnostic criteria, based on the National Cancer Institute-Working
Group Guidelines for CLL(20). Eligible patients needed to have an absolute lymphocytosis
(greater than 5000 mature lymphocytes per μl), and lymphocytes needed to express CD19,
CD23, sIg (weak) and CD5 in the absence of other pan-T-cell markers.

CLL treatment was defined as cytotoxic chemotherapy and/or monoclonal antibody therapy
for CLL. Clinical information, including Rai stage and all treatments given, was collected on
all patients. Patient samples were characterized for selected CLL-associated chromosomal
aberrations on the day of trial enrollment as a routine clinical test at the Mayo Clinic
(Rochester, MN) using FISH (CLL-FISH).

Cell Isolation
Flow cytometry sorting of CLL specimens—Cryopreserved PBMCs (frozen after
Ficoll-gradient purification) from CLL blood specimens were prepared for FACS sorting
into CD19+ and CD3+ cells as previously described(6).

Preparation of Sample DNA
DNA used for SNP 6.0 profiling was extracted from FACS-sorted CD19+ and CD3+ cells
as described. For eleven cases, paired buccal DNA was used instead of CD3+ cell-derived
DNA(7).

Array Data Analysis
The DNA was prepared for hybridization to SNP 6.0 arrays according to the manufacturer's
recommendations. Purification of PCR products was performed using the precipitation/
centrifugation method. Affymetrix CEL files for each sample were analyzed using
Genotyping Console software for initial quality control, followed by use of the Affymetrix
“Birdseed” algorithm to generate tab-delimited SNP call files in text format. Call rates for
the longitudinal group of samples included in this report were between 95.33% and 99.68%,
with a mean and median call rate of 98.67% and 98.92%, respectively; none of the tumor
DNA samples gave out-of-bounds results.
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Sample copy number heatmap displays were obtained from CEL files through use of the
freely available software dChip(21), adapted to run on a 64-bit computer environment. To
generate displays of LOH, a two-step, internally developed, Java-based software analysis
system was employed. The Pre-LOH Unification Tool (PLUT) served to align all individual
patient SNP calls to their respective dbSNP rsID numbers and genomic physical positions
prior to incorporation into the LOH tool version 2, an updated version of the LOH tool able
to accommodate Affy SNP 6.0 array data(22).

For genomic copy number analysis, two observers visually inspected parallel heatmap copy
number images of CD19+ cell-derived and paired normal CD3+ cell-derived DNA samples
generated through dChip and using the median smoothening functionality. Only those copy
number changes detected in CD19+ cell-derived DNA that were not found at the same
position in paired normal CD3+ cell-derived DNA were called somatic. Lesions had to be at
least 30 SNP positions in length to be scored positive (see Supplementary Table 1).

For LOH analysis between paired samples, a filter setting within the LOH tool version 2 was
employed, allowing visualization of individual paired SNP calls as LOH only if present
within 3000 base pairs of another such call. This step filtered out many false, sporadically
distributed single LOH calls due to platform noise. Further, LOH calls for at least three
closely spaced SNPs were required to make an LOH call in any particular genomic region.
SNP 6.0 array data files for all patient samples analyzed will be deposited in the GEO public
database (accession number GSEXXX).

Genomic losses and gains were also independently nominated using a published algorithmic
lesion calling approach(23). This algorithm was developed to be highly specific but slightly
less sensitive than visual approaches, thus avoiding lesion overcalling that is common with
unsupervised algorithmic approaches. Overall, visual and algorithmic approaches
demonstrated excellent agreement in lesions called. The discordant calls between visual and
algorithmic calling approaches were operationally resolved according to the following rules:
i) if visual loss positive, reconfirmed positive, and algorithmic negative, and the ratio of the
mean copy number estimates as determined through dChip for each individual tumor DNA
lesion divided by the mean copy number estimates in paired CD3+ cell-derived DNA is less
than 0.8, the call is positive; ii) if visual gain positive, reconfirmed positive, and algorithmic
negative, and the ratio of the mean copy number estimates for each lesion in tumor DNA
divided by the mean copy number estimates in paired CD3+ cell-derived DNA is greater
than 1.33, the call is positive; and iii) if visual gain negative, reconfirmed negative, and
algorithmic positive, and no overt array artifacts were present in either CD3+ or CD19+
samples, and the ratio of the mean copy number estimates for each lesion in tumor DNA
divided by the mean copy number estimates in paired CD3+ cell-derived DNA is greater
than 1.33, the call is positive.

The methods for algorithmic lesion calling
The method for algorithmic lesion calling of paired SNP 6.0 array data has been
published(23).

Exon resequencing of TP53, NOTCH1 and SF3B1
Primers to amplify and sequence exons 2–10 of human TP53, exon 34 of NOTCH1 and
exons 13–17 of SF3B1 and adjacent intronic sequences were designed using the primer 3
program (http://frodo.wi.mit.edu/primer3/) and sequence information was generated using
direct sequencing as described(24). Mutations were confirmed to be somatic using
unamplified FACS-sorted CD19+ cell-derived DNA and paired patient CD3+ cell-derived
DNA as templates.
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RESULTS
Patient Characteristics

Characteristics of the 156 CLL patients that were subjected to longitudinal genomic analysis
in this study are summarized in Table 1. Characteristics of the 103 CLL patients that were
not subjected to longitudinal genomic analysis are summarized in Supplementary Table 2.
As is evident from review of Table S2, most patients had died prior to repeat sampling, had
either low ALC following therapy or were not followed at this center after enrollment. Also
evident is a higher-risk profile (biomarker-based) of these patients, suggesting that estimates
of clonal genomic evolution events in this report are underestimates of the true incidence of
this phenomenon in CLL. Both observations are intrinsic to longitudinal cohort analysis.

Of the 156 CLL patients subjected to longitudinal genomic analysis, 105 (67%) were
untreated at first sampling and remained untreated at longitudinal sampling. Twenty-nine
patients (19%) untreated at first sampling required therapy and had relapsed at longitudinal
sampling. Finally, of 22 patients already in relapse at first sampling, 9 (6%) did not receive
additional therapy prior to longitudinal sampling, while 13 (8%) did receive additional
therapy and were again in relapse at longitudinal sampling. Therefore, 42/156 (27%) of
paired samples were from patients that received therapy between sampling events. The
median and mean times between samplings were 1403 and 1392 days, respectively (range
240 – 2741 days). The types of therapies received between samplings are listed in Table 2,
with many of the patients receiving potent chemoimmunotherapies.

Recurrent acquisition of del13q14 type II, del11q, copy-neutral LOH at chromosome 13,
del17p and TP53 mutations during clonal evolution in CLL

We proceeded with a detailed review of all dominant clonal changes in paired samples in
this large CLL cohort. Of the 156 CLL patients subjected to longitudinal genomic analysis,
29 (19%) developed changes in aCNA, cn-LOH, TP53 mutations or (rarely) NOTCH1
mutations, while 127 (81%) did not demonstrate changes.

Overall, clonal evolution and acquisition involving aCNAs was detected in twenty-one of
these cases, novel cn-LOH developed in six cases, TP53 mutations were acquired in five
cases, clonal devolution of individual aCNAs occurred in two cases and a NOTCH1
mutation was gained or lost once. No changes in the status of SF3B1 were detected. These
acquired aCNAs and gene mutations and the genomic aberrations present at enrollment
together with the treatment status have been systematically tabulated in Supplementary
Table 1.

Within the group of 21 CLL that underwent longitudinal changes in aCNA in paired
samples, we identified 79 instances of acquisitions of novel aCNAs (see Supplementary
Table 1), overall indicating a substantial increase in genomic complexity. Of these novel
aCNAs, many were non-recurrent and therefore individually of unclear pathobiological
relevance.

The most frequent recurrently acquired aCNAs were: del13q14 type II, which include RB1
(4%; 6/156), classical 11q deletions spanning ATM (2.5%; 4/156), cn-LOH at chromosome
13 (2.5%; 4/156), del17p spanning TP53 (2%; 3/156 representing 2 classical and 1 micro-
deletion), and TP53 mutations (3%; 5/156) (25–28). Therefore, aCNAs/cn-LOH or gene
mutations previously implicated through either CLL-FISH or CLL SNP array profiling in
chemotherapy resistance, or, genomic complexity, or shorter survival are preferentially
acquired during CLL disease progression, therefore providing evidence for their direct
involvement as drivers of CLL evolution. The frequency of these changes have been
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graphically displayed together with other recurrent but infrequent minimally altered regions
(MARs) in Figure 1 and have been tabulated in Supplementary Table 3.

Finally, a heatmap of the genomic copy number analysis of 13q14 deletions in paired
samples is presented in Figure 2, in summary, demonstrating stability for most patients and
acquisition or change of 13q14 deletions in some patients as indicated.

Acquisition of cn-LOH at chromosome 13 during disease evolution in CLL
Previous work had identified cn-LOH as an infrequent genomic event in CLL(25, 28). The
identified cn-LOH were largely restricted to chromosome 13 and 17p, with the former
associated with short (~0.8 – 1 Mb), homozygous 13q14 deletions centered at approximately
50 Mb, and the latter associated with homozygous TP53 mutations(29). The peculiar
anatomy of cn-LOH at chromosome 13 suggested that attainment of homozygous genomic
loss in the center of these cn-LOH-chr.13 events, possibly coupled with gene dosage effects
within regions of chromosomal reduplication, was a pathological driver in CLL.

In this cohort we identified acquisition of four novel cn-LOH events on chromosome 13 (see
Figure 3). These were not invariably related to intercurrent therapy, as two of these four
events occurred in patients (CLL # 026 and 96) that did not receive therapy between
samplings (although in CLL # 026, the emergence of cn-LOH-chr.13 co-incided with
acquisition of a del17p, which likely is a co-dominant driver). Therefore, cn-LOH-chr.13
constitutes a novel candidate genomic lesion type implicated in CLL progression.

Lack of association of mutations in NOTCH1 or SF3B1 with clonal dominance in CLL
As part of this study we ascertained mutation frequencies in the three most commonly
mutated genes in CLL: these are TP53, NOTCH1 and SF3B1. In the entire cohort of 259
CLL patients, of which 78% were untreated and 22% were relapsed at trial enrollment, the
mutation frequencies of NOTCH1 and SF3B1 at trial enrollment were 9% and 6%,
respectively. Interestingly, we detected only one acquired NOTCH1 mutation in longitudinal
follow-up (CLL # 195—the mutation was also subclonal). We also identified the loss of a
NOTCH1 mutation in the setting of acquisition o f a TP53 mutation in another patient (CLL
# 117). We detected no change in SF3B1 mutation status in any of the patients analyzed.
Therefore, this data fully support the important conclusion that NOTCH1 and SF3B1
mutations do not confer strong selective growth advantages on CLL cells and are not
preferentially associated with CLL relapse or CLL clonal dominance.

The emergence of novel dominant CLL clones is facilitated by CLL-directed therapies but
the spectrum of genomic changes is independent of therapy

Categorizing the incidence of dominant clonal changes by intercurrent treatment status (yes/
no) uncovered substantial differences. Of 105 patients that never received therapy, only 10%
(11/105) demonstrated a genomic clonal change, and if all patients that did not receive
therapy between samplings were assessed (N=114), the frequency was 11% (12/114). In
contrast, the frequency of dominant genomic clonal changes in the twenty-nine CLL patients
that were untreated at enrollment and received therapies between samplings was 48%
(14/29), and if all patients that received therapies between samplings were included, the
frequency was 40% (17/42). Therefore, one major conclusion from this data is that therapy
frequently facilitates the emergence of dominant CLL clones that are linearly related to
(based on shared identical aCNA or gene mutations) but partially genomically distinct from
the dominant presentation clone and that subsequently constitute the clinically relevant
disease at relapse.
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Next, we compared the types of genomic changes detected in patients after receiving
intercurrent therapy with the types detected in patients that did not receive therapy between
samplings. The surprising finding was that the spectrum of genomic changes was largely
similar (see Figure 4). To account for this, it should first be postulated that a CLL clone
which rises to dominance, given time and the absence of any therapy, must therefore be out-
competing the clones observed at presentation. If treated patients experience a similar
spectrum of genomic changes, then in aggregate, these data support the conclusion that such
therapies are facilitating the outgrowth of clones that are destined to become dominant by
removing their competition.

TP53 mutations are never lost, often gained and associated with substantially increased
genomic complexity in CLL following therapy

TP53 mutations were detected in 16 patients out of 156 patients at enrollment. TP53
mutations were acquired longitudinally in 5 out of 156 patients, one of which carried a pre-
existing but different TP53 mutation at enrollment that was retained, resulting in two distinct
TP53 mutations(30–33). TP53 mutations were never lost and identical mutations were
detected at enrollment and longitudinally.

Of the 20 patients with either persistent or longitudinally acquired TP53 mutations, 11
remained untreated during the sampling interval. Of these 11 patients, 10 carried a
completely stable aCNA pattern when comparing enrollment and longitudinal samples. Only
one untreated CLL case (#140) without a preexisting TP53 mutation acquired a TP53
mutation, and with that acquisition gained 4 aCNAs. Conversely, 9 patients with either
persistent or longitudinally acquired TP53 mutations received intercurrent therapy; of these,
four patients with pre-existing TP53 mutations demonstrated strong numerical gains in
aCNAs in their CLL genomes at relapse. Specifically, CLL #33 (treated with FR and PCR),
CLL #74 (FR), CLL #104 (alemtuzumab) and CLL #239 (rituximab/Solumedrol) with
baseline aCNA counts of 4, 7, 2 and 3 lesions, respectively, carried 11, 19, 21 and 7 aCNAs
at relapse. Two CLL with pre-existing TP53 mutations, CLL #56 (rituximab) and CLL #84
(rituximab/Solumedrol), did not change aCNA counts. Furthermore, of the three CLL cases
without preexisting TP53 mutations (CLL #117, treated with FCR and BR; CLL #125,
treated with F and B sequentially; and CLL #219, treated with R-CVP and B sequentially)
that acquired a TP53 mutation at relapse, one gained three aCNAs. These findings have been
graphically summarized in Figure 5. Finally, the mean aCNA gain for TP53-mutated CLL
after therapy was 5.1, while the mean aCNA gain for CLL with wild type TP53 after therapy
was 0.6 (p=0.12).

Summarizing the novel conclusions from the longitudinal TP53 mutation analysis, we
provide evidence that: i) therapy of CLL with pre-existing TP53 mutations often facilitates
outgrowth of CLL with markedly elevated genomic aCNA counts, a trait previously linked
to very aggressive disease(7); and ii) that the genomic complexity of TP53 mutated CLL
remains stable over time when left untreated, suggesting that treatment initiation at a
clinically justified late time point in the course of these patients may be beneficial.

All novel longitudinally dominant CLL clones are clonally related to the dominant
presentation clone in CLL

Comparing the genomic aberrations present at enrollment and at longitudinal analysis in the
informative subset of CLL cases with detectable genomic aberrations at enrollment, we
noted that 99% (130/132) of longitudinally analyzed cases shared genomic aberrations
(aCNA/LOH or gene mutations) with the CLL at presentation. Further, when comparing the
genomic aberrations present at enrollment and at longitudinal analysis in the 29 CLL cases
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with clonal changes, we noted that 90% (26/29) of the dominant longitudinal CLL clones
were linearly related to the dominant CLL presentation clone (see Supplementary Table 1).

In contrast, the emergence of dominant CLL clones demonstrating branched evolution was
rare. Specifically, CLL # 026 (untreated between samplings) lost a del13q14 of 1.225 Mb in
length but gained a homozygous and shorter (0.41Mb) del13q14 in the setting of novel cn-
LOH across chromosome 13. This case also gained a micro-del17p. CLL # 152 (untreated
between samplings) lost a del13q14 of 3.124 Mb length but gained 5 unrelated aCNAs,
including a homozygous but shorter del13q14 of 1.4 Mb in length (see Figure 1, red ovals).
One additional informative case, CLL # 007 (treated with FR), lost three aCNA located on
chromosomes 18 and 20, while gaining two aCNA at 13q14 at relapse. However, CLL # 007
carried an identical SF3B1 mutation at presentation and relapse. Finally, analysis of the
IgVH status of all three CLL pairs disclosed identical IgVH rearrangements for the
individual pairs demonstrating a shared clonal origin. These data have been schematically
summarized in Figure 6.

Therefore in summary, incomplete eradication of founder clones or the facilitated outgrowth
of descendent subclones, which possess a greater degree of fitness and eventually become
dominant underlied CLL evolution and relapse in all studied cases.

DISCUSSION
In this study, we have employed ultra-high-density SNP 6.0 arrays to interrogate the
genomes of 156 CLL patients for acquired chromosomal copy number changes and LOH
using paired longitudinally procured samples. Complementing this genome-wide analysis,
we have performed exon resequencing of TP53, NOTCH1 and SF3B1, the most frequently
mutated genes in CLL(34–38). Through paired genomic analysis of samples procured an
average of 4 years apart, we are able to support the following principal conclusions: i) CLL-
directed therapy facilitated outgrowth of more genomically complex CLL clones in ~40–
50% of cases at relapse(16); ii) in CLL untreated between samplings, there was infrequent
outgrowth or emergence of genomically evolved CLL clones that emerged over time when
compared with the dominant presentation clone (11% incidence); iii) the types and spectrum
of acquired genomic changes was similar in untreated and treated CLL, providing strong
evidence for a therapy-independent origin; iv) TP53 mutations were acquired before and
after therapy (but never lost), although the acquisition frequency of TP53 mutations even in
relapsed patients was relatively low (~10% incidence)—this frequency is substantially lower
than previously reported in highly selected drug-resistant CLL patient populations(13); v)
importantly, the treatment of CLL harboring pre-existing TP53 mutations resulted in the
dominance of very genomically complex CLL clones at relapse, and these clones displayed
highly elevated aCNA counts previously measured in only a few percent of aggressive CLL
cases(7); vi) the specific aCNAs and regions of LOH that are recurrently acquired in CLL at
longitudinal time points of disease progression (del13q14 type II, which include RB1;
del11q; del17p; and cn-LOH-chr.13) have been previously implicated in or suspected to
contribute to either CLL proliferation or chemotherapy resistance, genomic complexity and
shortened survival, therefore providing complementary evidence for their role as drivers of
CLL evolution; and vii) the dominant CLL clone at longitudinal analysis could be traced
back to the dominant presentation clone in all cases.

Importantly and inherent to longitudinal genomic analysis, some patients demonstrating
clinically aggressive or genomically high-risk CLL (mutated TP53/del17p or elevated SNP
6.0 array-based genomic complexity) could not be repeatedly sampled; and therefore
estimates of clonal evolution as reported here are very likely underestimates of the true
frequency of this phenomenon in CLL.
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This study is characterized by various methodological strengths that support the overall
conclusions drawn, including: i) a very large patient cohort that was sampled longitudinally
at time intervals long enough to provide meaningful estimates of clonal genomic evolution
and devolution events; ii) genomic aCNA/LOH and gene resequencing analyses that were
based on paired DNA samples (tumor and paired normal) for all CLL samples; iii) the use of
high-purity, flow-sorted CD19+ and CD3+ cells (or rarely buccal DNA) as a source of
DNA; and iv) a rigorous and conservative genomic copy number data analysis schema that
had previously been externally validated using FISH(23).

In addition to aCNAs described previously as acquired in small fractions of patients over
time (del11q, del17p), we identify multiple additional recurrent aCNA/cn-LOH as candidate
CLL drivers(14, 16, 17, 19). However, despite analysis of 156 paired CLL samples in this
study, an even larger number of analyzed samples procured before and after therapy is
needed to provide better estimates of individual aCNA/cn-LOH or novel gene mutations as
potential drivers of relapse.

The conclusions reported here are based on technologies that can measure genomic events at
high sensitivity and specificity if they are represented in approximately 25% or more of the
input DNA analyzed; therefore, minor subclones were not measured, and instead we focused
on the characterization of CLL clones that actually constituted and contributed the bulk of
the clinically overt disease. Therefore, this approach directly allows for clinically
meaningful conclusions to be drawn. Recently, data have emerged quantifying cancer cell
fractions of altered alleles in a limited number of paired CLL samples over time. Similar to
findings reported here and previously by others cited above, enrichments for TP53 mutations
and del11q were measured(39). In contrast however, we could not detect a role for SF3B1 -
or NOTCH1 mutations (similar to findings very recently reported) (40) in evolving clonal
dominance or as drivers of relapse in CLL, thus providing a stimulus for research into the
role served by these recurrently mutated genes in CLL(41).

Interpreting the findings from an applied clinical perspective, we note that inappropriate
early use of therapy in CLL could compromise patient prognoses through selection of
genomically more aggressive CLL. On a more speculative note, the emergence of aggressive
dominant CLL clones may in fact be constrained by the coexistence of less aggressive and
quantitatively dominant CLL clones that compete for various resources. Inappropriate early
use of therapy may reduce the potential beneficial effect of containment of aggressive clones
by the more indolent clones and ultimately accelerates the disease. This concept is deserving
of further in-depth study.

As one side observation of this study, we note that the frequency of acquisition of individual
high-risk CLL genomic lesions like del17p, del11q, or TP53 mutations over time in an
unselected CLL cohort was relatively low, suggesting that routine serial testing (unless
guided by clinical concerns) is probably not indicated for most patients and that mutation
testing for NOTCH1 and SF3B1 be restricted to research settings.

In summary, this data, based on the largest reported longitudinal multi-dimensional genomic
analysis in CLL to date, demonstrate that emergence of novel dominant clones is frequent in
relapsed CLL and relatively infrequent in untreated CLL, that the origin of most genomic
changes however is likely therapy-independent and due to random mutagenesis, and that the
acquisition of specific aCNAs, cn-LOH and TP53 mutations are the major recurrent clonal
evolution events.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Postulating that genomic driver lesions with effects on CLL cell proliferation, apoptosis
thresholds or chemotherapy resistance should increase in frequency over time, we
measured aCNA/LOH and cnLOH and the mutational state of TP53, NOTCH1 and
SF3B1 in 156 paired longitudinal CLL samples. The most frequently measured changes
were acquisitions of del13q14 type II, which include RB1; del11q; del17p; copy neutral-
LOH at chromosome 13; and TP53 mutations. Interestingly, while the frequency of
acquisition of changes in treated as opposed to untreated CLL was approximately
fourfold higher, the spectrum of genomic and mutational changes was largely similar,
suggesting that the above cited and other recurrent genomic aberrations facilitate clonal
dominance independent of - but aided by - therapies and further, that their origin is
largely therapy-independent. Finally, the emergence of genomically hypercomplex CLL
following the treatment of CLL with pre-existing TP53 mutations argues for careful
justification of therapy initiation in this patient population.
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Figure 1.
Frequency of individual acquired CNA/LOH, cn-LOH or selected gene mutations in 29 CLL
patients with clonal changes in paired analysis: Indicated is the absolute number of events
per genomic lesions. Asterisks indicate that the same two CLL cases (CLL # 74 and 104)
carried these lesions. MDR: Minimally deleted region. MAR: Minimally altered region (gain
and loss).
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Figure 2.
Longitudinal copy number analysis of chromosome 13 in 156 CLL patients: Copy number
heatmap display generated from dChip software. Patients are oriented vertically. Each
patient is ordered by first normal DNA, then study enrollment date tumor DNA, then
longitudinal tumor DNA. Multiple longitudinal dates were analyzed for many patients.
Relevant genes within the commonly deleted 13q14 region are marked. The RB1 locus
delineates type II (loss lesions interrupt RB1) from type I (loss regions do not include RB1)
lesions. Red case numbers at top of display indicate patients who acquired a del13q14 type
II at longitudinal analysis. Black case numbers at top indicate patients whose del13q14 loss
was smaller and homozygous at longitudinal measurement than at enrollment. These are
highlighted by the red ovals. Red tick marks at bottom, with accompanying case numbers,
indicate patients with more than one longitudinal measurement.
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Figure 3.
The acquisition of copy neutral LOH (cn-LOH) at 13q14 in CLL in longitiudiunal analysis.
Panels A and B: copy number heatmap displays generated using dChip software. Each
column represents one patient. N: normal DNA. E: enrollment date tumor DNA. L:
longitudinal date tumor DNA. Panel A: chromosome 13 copy number heatmap overview.
Panel B: zoom view of the 13q14 region commonly deleted in CLL. Panel C: LOH analysis.
cn-LOH across the entire length of chromosome 13 is indicated by the presence of many
hash marks and by the black asterisks.
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Figure 4.
The distribution and types of genomic changes in longitudinal analysis organized by
intercurrent therapy status (schema). Left: cases which received intercurrent therapy. Right:
cases which did not receive intercurrent therapy.
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Figure 5.
The relationship of aCNA acquisition and TP53 mutation and effects of therapy (schema).
A: Frequencies of TP53 mutation events and aCNA acquisition or lack thereof in patients
without intercurrent therapy. B: Frequencies of TP53 mutation events and aCNA acquisition
in the context of therapies. FR: fludarabine and rituximab. F, A: fludarabine, alemtuzumab.
R/MP: rituximab and methylprednisolone. FCR: fludarabine, cyclophosphamide, and
rituximab. BR: bendamustine and rituximab. F, B: fludarabine, bendamustine. R-CVP:
rituximab, cyclophosphamide, vincristine, and prednisone.
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Figure 6.
The frequency of genomic changes in CLL in longitudinal analysis and clonal relatedness
(schema).
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Table 1

Characteristics of 156 CLL patients analyzed in longitudinal genomic analysis.

Patient Characteristics No intercurrent therapy no. (%) Intercurrent therapy no. (%)

Sample size N= 156 patients 114 (73%) 42 (27%)

Age at enrollment, years

 Median 62 63

 Range 40 – 90 39 – 84

Gender

 Female 43 (38%) 12 (29%)

 Male 71 (62%) 30 (71%)

Rai stage at enrollment

 Low, 0 64 (56%) 8 (19%)

 Intermediate, I–II 50 (44%) 29 (69%)

 High, III–IV 0 (0%) 5 (12%)

NOTCH1 exon 34 mutations at enrollment

 Wild-type 106 (93%) 35 (83%)

 Mutated 8 (7%) 7 (17%)

SF3B1 exons 13–17 mutations at enrollment

 Wild-type 111 (97%) 36 (86%)

 Mutated 2 (2%) 6 (14%)

 SF3B1 data not available 1 (1%) 0 (0%)

P53 exons 2–10 mutations at enrollment

 Wild-type 104 (91%) 36 (86%)

 Mutations within coding exons 10 (9%) 6 (14%)

Prioritized interphase FISH-25*

 17p deletion 7 (6%) 4 (10%)

 11q deletion 5 (4%) 5 (12%)

 Trisomy 12 15 (13%) 6 (14%)

 Normal karyotype 29 (25%) 9 (21%)

 13q deletion (sole abnormality) 52 (46%) 17 (40%)

 Ig translocation 2 (2%) 0 (0%)

 FISH data not available 4 (4%) 1 (2%)

IgVH mutational status

 Unmutated (≥ 98% homology to germline) 40 (35%) 25 (60%)

 Mutated (< 98% homology to germline) 68 (60%) 16 (38%)

 Not Evaluable 6 (5%) 1 (2%)

ZAP-70 expression

 Positive (> 20%) 35 (31%) 30 (71%)

 Negative (≤ 20%) 77 (68%) 11 (26%)

 ZAP-70 data not available 2 (2%) 1 (2%)

Treatment status at enrollment

 Not treated 105 (92%) 29 (69%)
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Patient Characteristics No intercurrent therapy no. (%) Intercurrent therapy no. (%)

 Treated 9 (8%) 13 (31%)

Number of prior therapies

 0 105 (92%) 29 (69%)

 1 7 (6%) 9 (21%)

 2 2 (2%) 2 (5%)

 >2 0 (0%) 2 (5%)

*
FISH findings in ≥25% of nuclei. Order of prioritization: 17p > 11q > trisomy 12 > 13q > Ig translocations > normal FISH
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Table 2

Listing of therapies received by patients between sample procurements.

CLL ID Intercurrent therapy Clonal evolution (CE) or stability?

CLL002 R → FCR CE (+aCNA)

CLL004 FR stable

CLL007 FR CE (+aCNA, −aCNA)

CLL008 FR CE (+aCNA)

CLL010 FR CE (+aCNA)

CLL011 FR CE (+aCNA)

CLL013 R-CVP stable

CLL017 FR → FCR stable

CLL021 R-CVP stable

CLL024 FR CE (+aCNA)

CLL027 FR stable

CLL029 FR stable

CLL033 FR → PCR CE (+aCNA)

CLL036 FR CE (+cnLOH)

CLL056 R stable

CLL060 PCR stable

CLL066 R → PCR stable

CLL069 R → R stable

CLL074 FR CE (+aCNA)

CLL078 FR stable

CLL084 R → R+MP→O stable

CLL085 FCR stable

CLL094 A → BR → O stable

CLL104 F → A CE (+aCNA, −aCNA)

CLL109 FR stable

CLL112 FR stable

CLL116 FR CE (+cnLOH)

CLL117 FCR → BR CE (+aCNA, +TP53 mut, +cnLOH, −NOTCH1 mut)

CLL120 FR stable

CLL121 FCR CE (+aCNA)

CLL125 F → B CE(+TP53 mut)

CLL135 FR stable

CLL155 FCR stable

CLL170 PCR → flavopiridol → RICE stable

CLL176 FCR stable

CLL207 R → R stable

CLL209 PCR CE (+aCNA)
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CLL ID Intercurrent therapy Clonal evolution (CE) or stability?

CLL212 BR stable

CLL219 R-CVP → B CE (+TP53 mut)

CLL239 R CE (+aCNA)

CLL242 F → FC → BR stable

CLL271 B stable

F: fludarabine; C: cyclophosphamide; R: rituximab; A: alemtuzumab; O: ofatumumab; V: vincristine; P: prednisone; P: pentostatin; M:
methylprednisolone; I: ifosphamide; E: etoposide.
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