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Abstract

Genomic analyses of chronic lymphocytic leukemia (CLL) identified somatic mutations and associations of clonal diversity
with adverse outcomes. Clonal evolution likely has therapeutic implications but its dynamic is less well studied. We studied
clonal composition and prognostic value of seven recurrently mutated driver genes using targeted next-generation
sequencing in 643 CLL patients and found higher frequencies of mutations in 7P53 (35 vs. 12%, p <0.001) and SF3BI
(20 vs. 11%, p < 0.05) and increased number of (sub)clonal (p < 0.0001) mutations in treated patients. We next performed an
in-depth evaluation of clonal evolution on untreated CLL patients (50 “progressors” and 17 matched “non-progressors”)
using a 404 gene-sequencing panel and identified novel mutated genes such as AXINI, SDHA, SUZI2, and FOXO3.
Progressors carried more mutations at initial presentation (2.5 vs. 1, p <0.0001). Mutations in specific genes were associated
with increased (SF3B1, ATM, and FBXW7) or decreased progression risk (AXINI and MYDS&S). Mutations affecting specific
signaling pathways, such as Notch and MAP kinase pathway were enriched in progressive relative to non-progressive
patients. These data extend earlier findings that specific genomic alterations and diversity of subclones are associated with
disease progression and persistence of disease in CLL and identify novel recurrently mutated genes and associated outcomes.

Introduction KRAS, MYDS8S, SAMHDI1, and NRAS as recurrently muta-

ted drivers in chronic lymphocytic leukemia (CLL). More-

Within the past several years, whole exome sequencing
[1-7] and whole genome sequencing [4, 8—12] studies have
identified mutations in multiple genes including 7TP53,
NOTCHI, SF3BI, ATM, POTI, XPOl, BIRC3, BRAF,
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over, these studies demonstrated that a proportion of CLL
patients harbor significant intra-tumoral genomic hetero-
geneity—defined as the presence of several subclones
coexisting within an individual patient. The identification of
subclonal mutations might have therapeutic implications
related to targeting of specific genomic alterations. More-
over, detection of subclones in CLL itself predicts for
adverse prognosis [3, 4, 13]. In addition, clonal evolution
has been studied in patients receiving chemoimmunother-
apy [1] or novel agents [14, 15], but remains less well-
studied in untreated patients from diagnosis to initiation of
treatment.

Given the diversity of clinical presentation of CLL in
addition to the need for a clinically relevant method of
testing clonal composition, we applied targeted next-
generation sequencing (NGS) analysis to five cohorts of
clinically annotated untreated and previously treated CLL
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patients. Comprehensive genomic profiling (CGP) was able
to annotate somatic mutations, IGHV mutational status, and
CN alterations in a single assay, when applied to pro-
gressive and non-progressive CLL patients.

Our data highlight the need for prospective analyses of
serial genomic analysis of CLL, consideration of clonal
composition in prognostication of CLL, and highlight sev-
eral specific molecular pathways associated with progres-
sion of CLL for further study.

Methods
Study population

Peripheral blood (PB) and bone marrow (BM) samples as
well as clinical data were obtained from five different
patient cohorts: (1) 273 CLL patients from Heidelberg
University Hospital; (2) 100 CLL patients from Essen
University Hospital; (3) 84 CLL patients from the Uni-
versity Medical Center Freiburg, (4) 119 patients from the
prospective  HOVON68 (H68) clinical trial, and (5)
208 samples from 67 initially untreated CLL patients at
Memorial Sloan Kettering Cancer Center (MSKCC)
(see Supplemental excel file for patient characteristics). All
patients matched standard diagnostic criteria for CLL and
provided informed consent. Patients were evaluated for the
presence of mutations based on the availability of DNA.
Supplemental Methods list clinical variables, inclusion cri-
teria and treatments administered to disease progression
experiencing patients of whom DNA and RNA were used
for longitudinal genetic analysis (Supplemental Table 1
shows the number of patients and samples in each category
of disease presentation studied in this latter analysis).

Sample preparation and sequencing

Genomic DNA (gDNA) and RNA were extracted from CLL
cells purified from peripheral blood mononuclear cells
(PBMCs) by positive selection with anti-CD19+ beads for
samples from Essen, Freiburg, and part of the samples from
Heidelberg. In the other part of the samples from Heidel-
berg, white blood cell count (WBC) and absolute lympho-
cyte count (ALC) were used to approximate the percentage
(%) of CLL cells in PBMCs. For samples from H68, CLL
cells were purified from cryopreserved PBMNCs by nega-
tive selection using anti-CD3, CD14, and CD16. Genomic
DNA and RNA from MSKCC samples were extracted from
cryopreserved PB or BM MNCs. WBC and ALC were used
to approximate the % of CLL cells in PB. Clinical histo-
pathologic analysis of BM biopsies were used to approx-
imate the % of CLL cells in BM MNCs (Supplemental
Table 2 lists these characteristics).
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Excluding the MSKCC samples, targeted sequencing and
data analysis were performed as previously described [16].
A targeted sequencing panel of seven recurrently mutated
genes covering exons with mutation hotspots including
splice sites of BRAF (exons 11 and 15), KRAS (exons
2 and 3), MYDS8S8 (exons 3 and 5), NOTCHI (exon 34),
NRAS (exons 2 and 3), SF3BI (exons 14 and 15), as well as
exons 4-10 of TP53 was designed. Sequencing libraries
were prepared and subjected to NGS on the GS Junior 454
platform (Roche, Penzberg, Germany) according to manu-
facturer’s protocols (Roche). Sequence alignment, variant
calling, and annotation were performed using GS Amplicon
Variant Analyzer software version 2.5 (Roche). Filtering
process was conducted based on bidirectional sequencing,
variant depth, variant allele frequency (VAF), dbSNP, and
COSMIC database (see Supplemental Fig. 1 for Bioinfor-
matics pipeline plus workflow). The variants after filtering
were manually reviewed in GS Run Browser software
version 2.5 (Roche).

For MSKCC samples, gDNA was sequenced for all
classes of genomic alterations in 404 genes recurrently
mutated in cancer, including CLL (FoundationOne Heme;
Supplemental Table 3), as well as selected introns of 32
commonly rearranged genes to capture fusions which may
be missed with targeted mRNA sequencing (RNA-seq;
Supplemental Table 4). RNA-seq was performed to capture
a broad range of fusions for 265 genes (Supplemental
Table 5) and to sequence the rearranged heavy variable
segment. This sequence was analyzed using IgBlast to
determine the IGHV clone and to quantitate somatic
hypermutation. Sequencing was performed on the
HiSeq2000 instrument (Illumina) with 40-bp paired reads to
a median depth of 466x. Resultant sequences were analyzed
for base substitutions, insertions, deletions, copy-number
(CN) alterations, and selected gene fusions as previously
described [17]. Validation of the FoundationOne Heme
panel was done by profiling of 3696 hematological tumors
[18]. Known germline variants from the 1000 Genomes
Project (dbSNP135) were removed, and previously con-
firmed somatic alterations deposited in the Catalog of
Somatic Mutations in Cancer (COSMIC); v62) were
included for study [19]. All inactivating events (i.e., trun-
cations and deletions) in known tumor-suppressor genes
were also included.

Clonality analysis

Based on the use of purified tumor cells and/or % of total
lymphocytes (to correct for the purity of CLL cells in
PBMC:s), we inferred the likely clonal/subclonal structure of
mutations using variant allele frequency (VAF). VAF
observed from sequencing was normalized by actual CLL
cell content for samples with low tumor burden (<80%) and
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no local CN change. Considering 7P53 variants with del
(17)(p13.1) or KRAS variants with trisomy 12, VAFs were
corrected using the copy number information from FISH
results (VAF corrected = VAF observed * CNT/CNN).
CNT is local CN in the tumor cell which was estimated
from FISH results and CNN is local CN in normal cells
which is always equal to 2. We classified variants into
clonal and subclonal mutations and conservatively defined
subclonal mutations to either have VAF of 1-40% or
60-90% and clonal to either have VAF of 41-59% or >90%
respectively.

Statistical analysis

Pearson’s Chi-square test was used to compare categorical
factors and unpaired #-test was used to compare continuous
variables between groups of patients. VAFs were analyzed
using rank-based methods. Multiple comparisons were
taken into account using single-step max-T procedure. For
each of the genes that were found to be significantly dif-
ferent between initial samples progressors and non-pro-
gressors, multivariable logistic regression models were used
to assess whether they were independently associated with
progression adjusting for IGHV mutational status as well as
del(11q) and del(17p).

Overall survival (OS) was calculated using the
Kaplan—Meier estimator and Kaplan—Meier curves were
compared by logrank testing. Independent risk factors for
OS were identified by multivariable analysis using Cox’s
proportional hazards regression with backward selection
including the following variables: genomic aberrations (del
(17p) and trisomy12), TP53, NOTCHI, and BRAF muta-
tion. All factors which were found to be associated
with survival in univariate analysis were included in the
model. A p-value<0.05 was considered as statistically
significant.

Results

Distinct clonal and molecular characteristics of
untreated vs. treated CLL patients

We sequenced seven CLL driver genes across 643 well-
annotated CLL patients. The frequency of mutations in
these seven genes in this cohort were as follows: TP53 111/
639 (17.4%), NOTCHI 81/639 (12.7%), SF3B1 80/635
(12.6%), BRAF 29/642 (4.5%), KRAS 28/470 (3.8%),
MYDS88 16/637 (2.5%), and NRAS 4/475 (0.8%) (see Sup-
plemental Fig. 2 for mutation hotspots). Frequencies and
distribution of mutations, chromosomal aberrations, and
IGHV mutational status are depicted in Supplemental
Fig. 3A.

In total, 207/643 (32%) CLL patients harbored at least
one subclonal mutation, 86/643 (13%) patients only carried
clonal mutations and, in 349/643 (54%) patients, no muta-
tion was detected in any of the 7 sequenced genes. VAF of
mutations identified in TP53, SF3B1, NOTCHI, BRAF,
MYDS88, KRAS, NRAS are depicted in Supplemental
Fig. 3B. We next compared untreated (n = 392) and treated
(n=141) CLL patients, excluding those where treatment
status at date of sampling could not be confirmed. The mean
number of mutations was significantly higher in treated
patients compared to untreated patients (p <0.0001;
Fig. 1a). Moreover, the mean number of subclonal muta-
tions was higher in treated patients compared to untreated
patients (p <0.0001; Fig. 1b). Mutations in specific genes
were enriched in previously treated patients as compared to
untreated patients: TP53 (35 vs. 12%, p <0.001) and SF3BI
(20 vs. 11%, p <0.05) as was already identified previously
[1, 20, 21].

As expected, significant correlations were detected
between specific mutations and CN alterations [1, 21, 22].
Patients harboring del(17p) frequently had a TP53 mutation
(83 vs. 11%, p <0.001) and patients with del(11q) often had
an SF3BI mutation (24 vs. 12%, p = 0.002) whereas tris-
omy 12 was seen less frequently in the setting on an SF3BI
mutation (4 vs 19%, p =0.002). Additionally, there was
enrichment of specific mutations based on IGHV mutational
status. For example, MYD88 mutations were enriched in
CLL with mutated IGHV (p = 0.002), whereas mutations in
BRAF (p<0.001), NOTCHI (p=0.002), SF3BI (p=
0.009), and TP53 (p =0.001) were associated with unmu-
tated IGHV (Supplemental Fig. 3C). Thus, sequencing a
focused panel of putative driver genes across a large cohort
of clinically annotated CLL patients confirmed a higher
mutation load in previously treated patients with increased
frequency of TP53 and SF3BI mutations following
treatment.

Differential prognostic value of mutations on
survival in untreated and treated patients

In the total cohort, TP53 (p <0.001), NOTCHI (p <0.01)
and BRAF mutations (p =0.01) were associated with
adverse OS in univariate analysis. The presence of SF3BI
mutations did not predict for poorer survival (Supplemental
Fig. 4). Also, mutations in MYD8S8, KRAS, and NRAS were
not associated with significant differences in survival while
MYDA88 mutations showed a trend towards better prognosis
(p =0.07; data not shown). Using a multivariable analysis
(MVA), mutations in TP53 and BRAF retained statistical
significance taking into account IGHV mutational status,
trisomyl12, del(17p) as well as mutations in 7P53,
NOTCHI, and BRAF (Supplemental Table 6). When only
data of untreated patients are included, a similar trend was
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observed (Fig. 1c), but this only revealed a significant effect
for TP53 mutations (p<0.01). Also, TP53 subclonal
mutations were associated with adverse outcome (p < 0.001)
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(Supplemental Fig. 4). In contrast, for treated patients a
worse survival was associated with TP53 (p<0.01),
NOTCHI (p<0.001) and SF3BI (p=0.02) mutations
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<« Fig. 1 Frequency of recurrent genetic alterations and their correlations

with clinical characteristics in untreated and treated CLL patients.
a Mutational analysis of seven putative driver genes in CLL was
performed on a total of n =392 untreated (upper panel) and n = 141
treated (lower panel) CLL patients from five different cohorts. Rows
represent project, mutational status of putative CLL driver genes
(TP53, SF3B1, NOTCHI, BRAF, MYDS88, KRAS, NRAS), dell3ql4,
delllq, trisomy 12, dell7p13 and IGHV status. Columns represent
individual patients. Upper row: color-coding is based on type of cohort
(yellow = "Heidelberg cohort”, light green =”Essen cohort”, light
orange = “Freiburg cohort”, dark green ="HOVONG68 cohort”,
brown = "MSKCC cohort”). Second-eighth row: gene mutation status
for TP53, SF3BI, NOTCHI1, BRAF, MYD88, KRAS and NRAS (white
absence of mutation; red presence of mutation. Ninth-twelfth row:
FISH analysis for deletions in 13q and 11q, trisomy 12, and deletions
in 17p (white, absence of aberration; light blue presence of aberration).
13th row: IGHV mutation status (light blue IGHV unmutated, dark
blue IGHV mutated). Gray boxes indicate analysis not performed.
b Subclonal vs. clonal % (upper panel) and variant allele frequency
(VAF) (lower panel) of mutations identified in the 7 analyzed putative
CLL driver genes (TP53, SF3B1, NOTCHI, BRAF, MYDS8S, KRAS,
NRAS) of mutated genes in untreated (n =392) vs. treated (n = 141)
CLL patients. VAF was corrected for percentage of CLL cells in
sample (as described in Methods). Bar indicates the median VAF for
each mutated gene. Kaplan—Meier plots of effect TP53, SF3BI,
NOTCH]I, BRAF on overall survival in ¢ untreated and d treated CLL
patients at date of sampling for mutational analysis

(Fig. 1d) and both 7P53 (p<0.05) and NOTCHI (p<
0.001) subclonal mutations were associated with adverse
outcome (Supplemental Fig. 4).

Overall, these data indicate that the mutational landscape
in CLL is dynamic and suggest that chemoimmunotherapy
affects clonal composition likely through clonal evolution
as shown by others [1]. In order to study the extent of clonal
evolution prior to treatment and the impact of this evolution
on progression, we next aimed to longitudinally compare
the mutational landscape of progressive vs. non-progressive
CLL patients prior to any therapy.

Deep targeted sequencing of CLL identifies novel
recurrent genetic alterations

We studied 67 CLL patients who initially presented with
CLL without clinical indication for therapy more compre-
hensively using DNA and RNA sequencing. Fifty patients
(“progressors”) eventually developed progressive disease
requiring the initiation of chemoimmunotherapy [23].
Seventeen patients with similar baseline characteristics who
did not progress over a similar time frame (“non-pro-
gressors”) were selected as comparators. Patients were
identified in a retrospective fashion and non-progressors
were specifically selected such that prognostic parameters,
including Rai Stage, FISH/cytogenetic characteristics, and
IGHV mutational status, were matched for progressors and
non-progressors at initial presentation (Supplemental
Table 1).

A median of two samples were sequenced per patient
with a range of 1-6 samples per patient (Supplemental
Fig. 5). The length of time between initial presentation
and first serial analysis was similar between progressors
and non-progressors (448 days vs. 469 days, respectively
(p =0.87). Moreover, the period of observation between
most recent sample used for sequencing and study cut-off
date was similar between progressors and non-progressors
(2.7 years for progressors and 2.6 years for non-progressors,
p=0.84).

A custom targeted DNA- and RNA-sequencing platform
(FoundationOne Heme panel) was applied to the 208 CLL
samples from the 67 patients. In addition to mutational
analysis on 404 genes, the assay included characterization
of IGHV mutations as well as CN alterations including
detection of trisomy 12, del(11q), del(13q), and del(17p).
Both mutation status and CN alterations could be verified
by PCR and FISH respectively, showing 100 and 97%
concordance (Supplemental Figure 6).

In total, we identified 199 non-synonymous mutations
across 82 protein-coding regions (Fig. 2a and Supplemental
Table 7). A histogram of all genes affected by non-
synonymous changes is shown in Fig. 2a. The most com-
monly mutated genes were NOTCH1, TP53, KRAS, SF3BI,
ATM, BCOR, BRAF, and FBXW7. A number of genomic
alterations not previously reported in >5% [3, 6, 9] and
mutations not previously reported in CLL were identified,
including CREBBP, SPEN, AXINI, SDHA, SUZI2, and
FOXO3. The majority of genes (57%) were mutated in only
1 sample, providing further evidence of the molecular het-
erogeneity of CLL noted in prior studies [1, 3, 6, 13, 22].

We found the median VAF of all mutations, following
correction for the proportion of CLL cells in the samples
utilized for sequencing, to be 22% (range 1-100%),
(Fig. 2b). In fact, the distribution of VAFs did not follow a
normal distribution with nearly half of the mutations being
present at a VAF <20% (Supplemental Figure 7). These
data suggest that the majority of somatic mutations in CLL
are not present in the dominant CLL clone. Similarly,
54.5% of the TP53 mutations were present at a VAF of
<2%. Similar findings could be identified for other common
mutations such as NOTCHI, where 31.1% of mutations
were present at a VAF of <10% and would not have been
identified by Sanger sequencing.

In this subset of patients used for comprehensive geno-
mic profiling, mutations in ATM (p =0.003), BCOR (p =
0.02), SPEN (p=0.008) and total number of genomic
alterations (CN alterations plus mutations; p <0.0001), were
enriched in CLL patients with unmutated IGHV (Supple-
mental Figure 8). In addition to correlations between gene
mutations and IGHV mutational status, enrichment of spe-
cific mutations and CN alterations (Supplemental Figure 9
and Supplemental Table 8) was seen. As has been
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previously reported, there was a significant correlation
between specific CN alterations and somatic mutations
in key tumor suppressor genes targeted by these CN
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alterations, such as between ATM mutations, as well as
BIRC3 mutations, and del(11q) (p <0.001 and p =0.001,
repectively; Supplemental Table 8). A previously described
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[24] significant correlation between MYD88 mutations
and del(13q) (p<0.01) was observed and in addition to
identifying the previously described association between
NOTCH]I and trisomy 12 (p <0.01) [25], we also detected
an association between trisomy 12 and mutations in SPEN
(p =0.04) (Supplemental Table 8), a negative regulator
of Notch signaling.

In addition to DNA-based analysis of somatic mutations
and CN alterations, targeted combined DNA and RNA-
seq was also performed to assess for rearrangements.
This detected two patients with IGH-BCL?2 rearrangements
(with similar breakpoints as previously described in CLL)
[26, 27] (Supplemental Table 7) and no other rearrange-
ments, consistent with prior data on the rarity of rearran-
gements in CLL [28].

Somatic mutations enriched at disease progression

We next longitudinally compared the evolution of somatic
mutations between progressors and non-progressors.
There was a significantly higher number of mutations at
initial presentation in progressors as compared to non-
progressors (median of 2.5 in progressors compared with
1 in non-progressors (p <0.0001); Fig. 3a). Number of
mutations was higher in progressor samples at any time-
point in disease, including timepoints following che-
motherapy treatment (Fig. 3a). Given that progressors had
significantly more mutations than non-progressors, we next
evaluated whether specific genes were mutated more fre-
quently in progressors. In univariate analysis, mutations in
SF3B1, ATM, and FBXW7 were significantly enriched in the
initial sample of progressors relative to non-progressors
(Fig. 3b and Supplemental Figure 10). Conversely, muta-
tions in AXINI and MYD&88 were significantly enriched in
non-progressors, suggesting that mutations in these genes
may be biomarkers of indolent CLL. We next repeated
this analysis using MVA taking into account IGHV
mutational status and CN status of 17p and 11q with
mutations in AXINI (p =0.006), SF3BI (p =0.008) and
ATM (p =0.009) retaining statistical significance. We also
compared VAF of recurrently mutated genes between pro-
gressors and non-progressors (Fig. 3c). A number of genetic
events were enriched in allelic frequency in progressors
relative to non-progressors but none reached statistical
significance.

Mutations affecting specific pathways are
associated with disease course

Prior genomic analyses of CLL have grouped recurrently
mutated genes into core biologic pathways [1, 3]. We
therefore next compared mutations affecting these core
pathways amongst different courses of disease (non-

progressors, initial sample progressors, pre-treatment pro-
gression  samples, and post-treatment progression
samples). Mutations affecting Notch signaling, DNA repair,
and RNA processing were significantly enriched in the
initial sample from progressive relative to non-progressive
patients (Fig. 4). Conversely, mutations affecting Wnt/
p-catenin were enriched in non-progressors. Mutations
affecting the DNA repair pathway were increasingly enri-
ched with each phase of disease among progression patients,
suggesting that chemotherapy treatment was associated with
selection of CLL clones with mutations impacting DNA
repair (Fig. 4). In contrast, mutations affecting MAP kinase
signaling were enriched at disease progression but decreased
following chemotherapy treatment.

Given that we identified frequent mutations in the MAP
kinase pathway and Notch signaling we next examined
specific genes mutated in each of these pathways. We
identified NOTCH1 to be mutated at a frequency of 22.2%
of CLL patients which is higher than the 12.5% mutational
frequency observed in our total dataset and the 10-17%
noted in several recent studies [1, 3, 21, 29, 30] (Fig. 5a).
The subclonal nature of mutations affecting the Notch
pathway was evident in the fact that several CLL patients
here harbored co-occuring mutations in NOTCH1, FBXW7,
and/or NOTCH?2 (Fig. 5a).

In addition to the Notch pathway mutations, mutations
affecting MAP kinase signaling were most commonly
subclonal with a median overall VAF of 5% (range 1-47%;
Fig. 5d). We identified numerous patients with simulta-
neous activating mutations in NRAS, KRAS, BRAF, and/or
MAP2K]1 (Fig. 5e). We also observed that NRAS, KRA-
S and BRAF mutation frequency was higher in this
cohort compared to what was seen in the total analyzed
dataset. As mentioned earlier, recent work has highlighted
the importance of subclonal TP53 mutations in CLL
[31], which may co-exist with CN loss of TP53. We
therefore examined the frequency of CN changes
and somatic mutations affecting DNA damage and repair
pathway members (Fig. 5g). This analysis revealed fre-
quent overlap of somatic mutations involving 7TP53 as
well as concomitant CN loss of 7P53 (Supplemental
Table 8) as previously noted in CLL [31]. Similar overlap
of somatic mutations as well as CN loss of ATM was
also seen (Fig. 5g). These data further highlight the need
for genomic analysis of both somatic and cytogenetic
loss in clinically important genes in CLL patients such as
TP53 and ATM.

Targeted sequencing traces clonal evolution of CLL
Genomic alterations present with a VAF < 10% were iden-
tified in 61% of CLL patients, suggesting that the vast

majority of CLL patients may harbor subclonal genomic
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Fig. 3 Total number of somatic mutations at initial presentation as well
as mutations in specific genes is associated with disease progression
or lack of disease progression in CLL. a Histogram of the number
of mutations at each stage of disease (non-progression
(n =157 samples from 17 patients), initial sample from progressors
(n =61 samples from 51 patients) progression samples pretreatment
(n=33 samples from 27 patients, progression samples post-
treatment (n =56 samples from 25 patients), progression samples
from any time point (n =289 samples from 51 patients)). p-value
(Wilcoxon Rank Sum test, with continuity correction) indicates

alterations. Although some subclonal genetic events present
at initial presentation became undetectable following
chemotherapy this was concomitant with emergence of
additional events at the time of progression. For example, an
initially untreated CLL patient with del(11q) plus 2 inde-
pendent ATM mutations underwent therapy with the PI-3Kd
inhibitor idelalisib (GS-1101) plus rituximab. Treatment
resulted in normalization of blood counts and clinical
improvement in adenopathy. Serial genomic analysis indi-
cated the presence of at least 2 CLL clones pretreatment.
While idelalisib/rituximab eliminated 1 clone, treatment was
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comparison of progression sample to non-progressors. b Mutational
frequency of individual recurrently mutated genes in non-progressors
relative to initial sample from progressors. Asterisks indicate p-value
<0.05 comparing the two groups (univariate analysis; Pearson X-
squared test). ¢ Variant allele frequency (VAF) of mutations identified
in non-progressors (on top) and progressors (bottom). The mutated
gene, with number of patients bearing mutations, is noted in the x-axis.
VAF is corrected for CLL cell burden as described in the Methods
section

associated with persistence of the other initial clone and
emergene of 1-2 additional clones (Figure S11A).

The identification of multiple subclonal mutations and/or
CN alteration affecting the same gene was seen within
many individual patients and provides further evidence
for convergent evolution in CLL [I, 13, 16, 32]. For
example, one patient presented with 2 separate NOTCHI
mutations at initial presentation as well as with a subclonal
TP53 mutation (Figure S11B). Chemoimmunotherapy
(6x pentostatin, cyclophosphamide and rituximab) failed
to induce remission and was associated with development
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Fig. 4 Mutations affecting specific genetic pathways are associated
with disease progression or lack of disease progression in CLL.
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gression samples post-treatment). Asterisk represents p-value <0.05
comparing the frequency of mutations per patient in each pathway
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Supplemental Table 9

of del(17p) in addition to the pre-existing single 7P53
mutation. Further treatment (6x pentostatin, cyclopho-
sphamide, rituximab, and mitoxantrone plus lenalidomide,
ofatumumab and R-CVP) was then associated with devel-
opment of 2 additional subclonal 7P53 mutations resulting
in the presence of 4 genomic alterations affecting TP53 in
this patient. These data demonstrate the ability of targeted
NGS encompassing mutations, CN alterations, and IGHV
mutational status to identify clonal events associated with
disease progression and relapse in CLL.

Discussion

In the largest cohort of CLL patients analyzed by targeted
NGS to date, we found that somatic genetic alterations in

untreated CLL patients provide prognostic information
independent of currently used clinical parameters. In
addition, using a large targeted NGS panel in a cohort of
stable vs. progressive CLL patients, we observed
mutations in genes not previously identified to be frequently
mutated in CLL as well as previously identified putative
driver genes that segregated by disease progression (SF3BI
and ATM) or lack of progression (AXINI) in multivariate
analysis.

The depth of sequencing combined with the large num-
ber of genes sequenced facilitated identification of sub-
clonal genomic alterations in nearly every CLL patient
studied. This study further supports the recent finding that
subclonal genomic alterations are much more common than
previously appreciated in CLL and that sequencing only a
small panel of genes may miss many relevant mutations
[13]. Next-generation sequencing in CLL has been helpful
in identifying genetic subgroups of patients with particular
features and clinical outcomes. Here we identified mutations
enriched in untreated CLL patients that ultimately pro-
gressed including mutations in SF3BI, KRAS and ATM. In
addition, we also identified mutations associated with mat-
ched patients that did not progress during the same interval
including mutations in MYD&8 and AXINI. Mutations in
MYDS88 were previously noted to be associated with del
(13qg), mutated IGHV, and a clinically indolent form of CLL
[24]. AXINI is a negative regulator of the Wnt/p-catenin
signaling pathway, a pathway known to be recurrently
affected by mutations in CLL [33, 34]. Further studies
focused on sequencing of AXINI, KRAS, and other genes
noted here in larger cohorts of untreated CLL patients will
be critical in validating these potential biomarkers of dis-
ease progression.

Although the clinical impact of subclonal 7P53 muta-
tions in both untreated and treated CLL has been recently
demonstrated [31], further efforts to understand the prog-
nostic relevance of subclonal mutations in NOTCHI,
SF3BI, ATM and other genes with clinical importance in
CLL will be needed. Several of these mutated genes may be
key therapeutic targets. For instance BRAF mutations were
associated with shorter survival. It should be noted that
most of the BRAF mutations noted in this study and others
affect codons outside of V600, but are expected to result in
high B-Raf kinase activity [35]. They therefore may confer
sensitivity to MEK inhibition [36, 37] or to mutant-specific
BRAF inhibitors if located at V600 [38]. Recurrent muta-
tions affecting MAP kinase signaling in genes including
NRAS, KRAS, BRAF, PTPNI11, and MAP2KI were seen in
25% of patients, highlighting a need to understand the
therapeutic impact of MAP kinase targeted therapies more
broadly in CLL as well. Although the entire coding region
of BTK and PLCG2 was sequenced, no BTK and PLCG2
mutations were identified in this cohort, consistent with a
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recent report that BTK mutations rarely exist preceding
BTK inhibitor therapy or may be below the level of
detection of most assays [39].
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We also demonstrate that common CN alterations often co-
exist with mutations in genes targeted by CN loss in CLL
(e.g., the occurrence of TP53 mutations and del(17p) and
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<« Fig. 5 Distribution of mutations in Notch, MAP kinase, and DNA

damage/repair pathways as determined by targeted, high-depth muta-
tional analysis. a VAF of mutations in genes encoding members of
the Notch pathway (VAF corrected for CLL burden in sample at time
of sequencing as noted in Methods). b Distribution of genes identified
as mutated in a. ¢ Mutations in SPEN identified in CLL patients from
this study. d VAF of mutations in genes encoding members of the
MAP kinase pathway. e Distribution of genes identified as mutated
in d. f Mutations in BRAF identified in CLL patients from this study
(mutations known to result in increased kinase activity in red, and
those known to result in a non-active kinase in green). g Distribution
of mutations in select genes encoding members of DNA damage/repair
pathways

ATM mutations and del(11q)). Currently, detection of
CN alterations is performed by interphase FISH while
IGHV mutational status is performed by PCR in most clinical
settings. Thus, the addition of molecular analysis by
NGS would necessitate the use of at least three modalities
for genetic characterization of CLL. We show that CGP
can simultaneously detect CN alterations, IGHV mutational
status, and the mutational status of recurrently mutated
genes in CLL. Application of this technique to serial samples
revealed the persistence of somatic mutations in some
CLL patients who clinically respond to therapy as well as
the emergence of novel mutations and CN alterations
with relapse.

The limitations of this study include the retrospective
design and the limited amount of non-progressors followed
longitudinally; however, our results support the recent
observation of evolutionary capacity as indicator of adverse
outcome [15]. Despite our findings, it remains incompletely
understood whether treatment influences clonal selection as
a result of evolutionary pressure, or whether more mutations
at baseline only reflect more unstable genomes. Our results
here would suggest that both potentially play a role given
that untreated patients that ultimately progressed had higher
mutation frequency and more complex clonal composition
at diagnosis.

In conclusion, we demonstrate that recurrent gene
mutations are enriched in chemotherapy refractory patients
and we observe a more complex mutational landscape
in CLL progressors vs. non-progressors. CGP may be a
valuable alternative tool for identifying actionable genetic
alterations that predict for disease relapse and in elucidating
the impact of therapy on clonal composition.
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