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Graphical Abstract

Graphical Abstract and Graphical Headlights
Livermetastatic lesions from colorectal cancer patientswere collected before and
after first-line standard chemotherapy and comprehensively profiled with the
objective to assess the genomic impact of systemic therapy and investigate asso-
ciation with response and survival. This study allowed identification of novel
CNAs having an impact on the transcriptome with a potential prognostic value
in patients with colorectal cancer.
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Abstract
Background: Therapeutic resistance is the main cause of death in metastatic
colorectal cancer. To investigate genomic plasticity, most specifically of
metastatic lesions, associatedwith response to first-line systemic therapy, we col-
lected longitudinal liver metastatic samples and characterized the copy number
aberration (CNA) landscape and its effect on the transcriptome.
Methods: Liver metastatic biopsies were collected prior to treatment (pre,
n = 97) and when clinical imaging demonstrated therapeutic resistance (post,
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n = 43). CNAs were inferred from whole exome sequencing and were correlated
with both the status of the lesion and overall patient progression-free survival
(PFS). We used RNA sequencing data from the same sample set to validate aber-
rations as well as independent datasets to prioritize candidate genes.
Results:We identified a significantly increased frequency gain of a unique CN,
in liver metastatic lesions after first-line treatment, on chr18p11.32 harboring 10
genes, including TYMS, which has not been reported in primary tumors (GIS-
TICmethod and test of equal proportions, FDR-adjusted p= 0.0023). CNA lesion
profiles exhibiting different treatment responseswere compared andwe detected
focal genomic divergences in post-treatment resistant lesions but not in respon-
der lesions (two-tailed Fisher’s Exact test, unadjusted p≤ 0.005). The importance
of examining metastatic lesions is highlighted by the fact that 15 out of 18 inde-
pendently validated CNA regions found to be associated with PFS in this study
were only identified in the metastatic lesions and not in the primary tumors.
Conclusion: This investigation of genomic-phenotype associations in a large
colorectal cancer liver metastases cohort identified novel molecular features
associated with treatment response, supporting the clinical importance of col-
lecting metastatic samples in a defined clinical setting.

KEYWORDS
colorectal cancer, copy number aberrations, metastasis, treatment response

1 BACKGROUND

Colorectal cancer (CRC) patients with metastases have a
relative 5-year survival rate of 14% and the most common
site of metastasis in CRC is the liver.1 Clinical responses
of metastatic (m)CRC to first-line treatment range from
15% to 60% but, unfortunately, patients almost inevitably
develop therapeutic resistance.2 To date, molecular stud-
ies of CRC responsiveness to therapy have largely focused
on primary tumors obtained at diagnosis, resulting in four
consensus molecular subtypes predictive of outcome,3 a
comprehensive copy number aberration (CNA) landscape
with regions associated with drug response,4,5 and a muta-
tional profile that can be used to guide clinical practice for
a few targeted therapies.6,7 Recent studies characterizing
CRC dynamics revealed that, most often, metastatic seed-
ing occurs before diagnosis, when the primary carcinoma
is clinically undetectable.8 While mutations in canonical
driver genes (KRAS, NRAS, BRAF) are often concordant
between primary and metastatic lesions,9–11 it has been
reported that 15% and 19% of somatic mutations were pri-
mary tumor- andmetastatic-specific, respectively, suggest-
ing a higher mutation rate in metastases and the possi-
bility of genetic programs for site-specific colonization.12
Since most novel therapies are tested in the metastatic set-
ting, defining the molecular features of this target tissue

is critical, since changes that occur over time, and dur-
ing the course of prior therapy (eg, adjuvant) can affect
the efficacy of subsequent lines of treatment. Serial tumor
sampling through the disease trajectory can be instrumen-
tal to fully capture molecular evolution, identify biomark-
ers of disease progression, and develop strategies to select
treatments in an optimal sequence to delay or overcome
emerging resistance. Additionally, given the rapidly evolv-
ing work detecting specific genomic variants in cell-free
DNA (cfDNA) collected in liquid biopsies, the data in tis-
sue that we and others generate is critical to expanding and
validating the panel of cfDNA targets.13
Independent studies have shown consistent signifi-

cant differences between primary tumors and metastatic
lesions. A targeted sequencing strategy revealed that these
differences were primarily at the CNA level.14 Discordance
inmutational status has been documented in the clinically
relevant KRAS gene,15–18 and intrapatient intermetastatic
lesion heterogeneity also appears to be a major feature of
liver metastases, with a strong prognostic value.19 Further-
more, the consensus molecular subtypes defined in pri-
mary CRC have limited prognostic utility in the setting of
oligometastatic disease where three distinct new molecu-
lar subtypes have been identified.20 Taken together, these
results underscore the need to study metastatic lesions
to assess the genomic impact of standard therapies, the
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genomic evolution of metastatic lesions over time of treat-
ment and the implications for designing sequential treat-
ments.
We and others have previously defined Next Generation

Biobanking as a standardized collection of high-quality
serial biospecimens from patients in a specific clinical
context.21,22 To assess the molecular changes occurring
during the course of treatment with a standard first-line
systemic therapy, we collected fresh-frozen serial core
biopsies, generating the largest banked set of longitudinal
liver metastases profiled as comprehensively to date,
and characterized them using Whole-Exome Sequencing
(WES) and RNA-seq. The context of two sequential clin-
ical trials provided the opportunity to collect these liver
metastatic biopsy specimens before starting first-line ther-
apy (which we refer to as pre-samples) and at the time of
clinical progression (post-samples), using small variations
of universally accepted standard first-line chemotherapy.
Sixty-eight percent of the patients received the oxaliplatin-
based regimen FOLFOX, or its chemically analogous
combination with the oral formulation of 5-FU in
XELOX, while 22% received the irinotecan-based regimen
FOLFIRI, a clinically equivalent combination (essentially
5-FU and leucovorin ), with the replacement of oxaliplatin
with irinotecan. These combinations are the current uni-
versal choice chemotherapy combinations in the first-line
setting, and have essentially equivalent clinical efficacy
in this setting. In most cases (70%), bevacizumab was also
administered. We report here the molecular aberrations
inferred at the CNA level, their transcriptomic impact,
and their correlation with treatment response and with
overall patient progression-free survival (PFS).

2 METHODS

2.1 Patient cohorts

Samples were collected from mCRC patients enrolled in
two concomitant clinical trials (NCT00984048/Q-CROC-
01 and NCT01949194/Q-CROC-06) that were conducted
from September 2009 until May 2018 at the same recruit-
ing sites, using the same standard operational procedures
(SOPs) and with the same first-line treatments. Both stud-
ies were approved by the institutional review board at
each participating hospital and complied with Good Clin-
ical Practices, the principles of the Declaration of Helsinki
and all applicable regulatory requirements. In both studies,
enrolled patients had a confirmed mCRC diagnosis, were
deemed unresectable at diagnosis, and had at least one
liver metastatic site available for biopsy. All patients pro-
vided written informed consent for a biopsy before treat-
ment and another biopsy (optional inNCT01949194) at dis-

ease progression as defined by Response Evaluation Crite-
ria in Solid Tumors guideline version 1.023 (RECIST 1.0).
Patient information is summarized in Table 1. Paired pre-
and post-treatment liver metastatic lesions were collected
for 21 patients. Among them, 16 received an oxaliplatin-
based regimen, 4 received irinotecan-based regimen, and
1 received a combination of the two drugs.

2.2 Objective response of liver
metastasis lesions

The decision to declare patient’s clinical resistance to treat-
ment was based on classical RESIST criteria, which uses
cumulative measurements of all lesions. A clinical resis-
tance triggered rebiopsy of the lesion, and a change in treat-
ment. As it happens, so-called “mixed responses” appeared
to be more common than expected, so that there were
patients with overall clinical progression, in which the
initially biopsied, and/or rebiopsied lesion was actually
responding to treatment. Hence the opportunity to exam-
ine some lesion-specific partial responders.
When multiple metastatic lesions were observed pre-

treatment, the targeted biopsy was chosen based on fea-
sibility of a safe and successful biopsy by the interven-
tional radiologist. The same lesion was rebiopsied after
treatment, when feasible. RECIST 1.0 was used as a guide-
line for evaluating lesion specific responses (defined as the
size of the post-treatment lesion compared to its size at
baseline) and were categorized as either intrinsic resistant
(IRES), lesions that continued to grow despite the ther-
apy, partial responder (PR), stable (SD) or acquired resis-
tant (ARES), where an initial documented response was
eventually followed by regrowth of the tumor.More specif-
ically, a lesion was considered IRES if its longest diameter
increased by ≥20% by the first 8-week evaluation; a lesion
was categorized as PRwhen a≥30% decrease in the largest
diameter since start of treatment was observed using the
baseline measurement as reference; a lesion with a < 30%
decrease in the longest diameter taking as reference the
baseline measurement or a <20% increase in the longest
diameter taking as reference the smallest diameter was
considered as SD; and a lesion with a PR or SD response
followed by a ≥20% increase in the longest diameter tak-
ing as reference the smallest diameter was characterized
as ARES.

2.3 Tumor sample collection,
processing, and quality assessment

Three percutaneous ultrasound guided needle core liver
metastasis biopsies were performed for each patient as
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TABLE 1 Baseline demographic and clinical characteristics

QCROC-01 (N = 136) QCROC-06 (N = 19) Total (N = 155)
Characteristics N % N % N %
Age
Median 63 N/A 65 N/A 63 N/A
Min-Max 39-87 N/A 45-88 N/A 39-88 N/A

Sex
Female 56 41% 3 16% 59 38%
Male 80 59% 16 84% 96 62%

Ethnicity
Caucasian 124 91% 21 100% 145 92%
Black or African American 4 3% 0 0% 4 3%
Asian 3 2% 0 0% 3 2%
Aboriginal 1 1% 0 0% 1 <1%
Hispanic 1 1% 0 0% 1 <1%
Mauritius 1 1% 0 0% 1 <1%
Unknown 2 1% 0 0% 2 1%

ECOG
0 52 38% 2 11% 54 35%
1 59 43% 16 84% 75 48%
2 6 4% 0 0% 6 4%
Unknown 19 14% 1 5% 20 13%

Stage
IVa 59 43% 5 26% 64 41%
IVb 77 57% 14 74% 91 59%

Primary site
Adenocarcinoma 127 93% 18 95% 145 94%
Mucinous adenocarcinoma 3 2% 1 5% 4 3%
Tubulovillous adenoma 2 1% 0 0% 2 1%
Neuroendorine/adenocarcinoma 1 1% 0 0% 1 <1%
Unknown 3 2% 0 0% 3 2%

Tumor sidedness
Left 87 64% 13 68% 100 65%
Right 39 29% 5 26% 44 28%
Unknown 10 7% 1 5% 11 7%

#Metastatic sites
1 59 43% 4 21% 63 41%
2 42 31% 6 32% 48 31%
>3 35 26% 9 47% 42 28%

Best response
CR 1 1% N/A N/A N/A N/A
CR/resection 9 7% N/A N/A N/A N/A
PR 54 40% N/A N/A N/A N/A
SD 41 30% N/A N/A N/A N/A
PD 12 9% N/A N/A N/A N/A
Unknown 19 14% N/A N/A N/A N/A

Bevacizumab
+ 99 73% 10 53% 109 70%
– 29 21% 9 47% 38 25%
N/A* 8 6% 0 0% 8 5%

(Continues)
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TABLE 1 (Continued)

QCROC-01 (N = 136) QCROC-06 (N = 19) Total (N = 155)
Characteristics N % N % N %
First-line regimen
Oxaliplatin-based 97 71% 9 47% 106 68%
Irinotecan-based 26 19% 8 42% 34 22%
Other 5 4% 2 11% 7 5%
N/A 8 6% 0 0% 8 5%

Metastatic KRAS mutation status
+ 56 41% 8 42% 64 41%
– 54 40% 11 58% 65 42%
N/A 26 19% 0 0% 26 17%

*Patient died before treatment start or only had a post-biopsy.
N/A, not applicable.

described.22 The first two were either snap frozen in liq-
uid nitrogen or immersed in RNALater solution while the
third sample was placed in 10% neutral buffered forma-
lin for hematoxylin and eosin staining (H&E) (see Supple-
mental Methods). Blood samples were collected at base-
line for each patient and genomic DNA was isolated from
buffy coat. Genomic material isolation was performed as
previously reported using the AllPrep Universal Kit (Qia-
gen) for FF and RNAlater samples22 or using the QIAamp
FFPE extraction kit (Qiagen) for FFPE samples. Germline
DNA was extracted from buffy coat or whole blood using
theGentra PureGene Blood kit (Qiagen) according toman-
ufacturer’s instructions (see Supplemental Methods for
quality-control metrics).

2.4 Whole exome sequencing and copy
number aberration data analysis

Tumor and normal DNA samples were profiled by WES
in five batches using SureSelect Exome V5 or V6 + UTR
library capture (Agilent, USA) and sequenced on Illumina
HiSeq 2500 or HiSeq 4000 (see Supplemental Methods
for quality-control metrics). Duplicate reads and PCR arti-
facts were removed using Picard Tool function MarkDu-
plicates before import into Nexus Copy Number™ (ver-
sion 8.0, BioDiscovery, CA, USA) for CNA analysis. For
each tumor sample, the matched normal DNA from blood
of the same patient was used in the ngCGH (matched)
processing according to the software instructions. For two
liver metastatic and four primary tumor samples, nor-
mal matched DNA was not available, and they were pro-
cessed using a pooled reference that was built with the
normal DNA samples of the remaining patients using the
BAMReference Builder utility and according to the recom-

mendations of the manufacturer (BioDiscovery Inc, CA,
USA). SNP-FASST2 Segmentation Algorithm was applied
using defaults settings (see Supplemental Methods for set-
tings and quality-control metrics). Sex chromosomes were
excluded from all analyses.

2.5 Statistical analysis of CNA

Areas of the genome with a statistically high frequency of
CNA compared to normal controls (Q-bound value ≤ 0.05
andG-score cut-off≤ 1) corrected formultiple testing using
FDR correction (Benjamini & Hochberg) were identified
using the GISTIC24 tool approach in Nexus Copy Num-
ber software (BioDiscovery, CA, USA). The comparison
of GISTIC CNA frequencies in pre- versus post-sample
groups was performed using either the test of equal pro-
portions for unmatched samples or McNemar’s test for the
matched pair samples, and results were considered sig-
nificant if multiple testing adjusted p value was ≤ 0.05.
CNA frequency comparison analyses were also performed
using a two-tailed Fisher’s Exact test in Nexus Copy Num-
ber software for unmatched samples. CNA region frequen-
cies were considered significantly different at unadjusted
p-value thresholds of 0.005.
The log-rank statistic25 was used to identify regions

yielding a high degree of PFS association (permutated
p ≤ 0.005). The p value is calculated by permuting the PFS
time for each sample and comparing the log-rank statistic
for the permuted data to the original data. To compare sur-
vival times between two groups, Kaplan-Meier curveswere
generated, and p values were computed using the log-rank
test. Visualization of CNA based on p value was generated
using the gaiaCNVplot function from the “TCGAbiolinks”
R package.
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F IGURE 1 Q-CROC-01 and Q-CROC-06 sequential clinical trials and profiled samples. Q-CROC-01 and Q-CROC-06 clinical trials
enrolled mCRC patients at the same sites. In Q-CROC-01, pre- (baseline) and post-treatment (at clinical resistance) samples of liver metastasis
lesions were profiled using WES and RNA sequencing. In Q-CROC-06, pre-second-line treatment samples of liver metastatic lesions were
analyzed using the same platforms and were grouped with Q-CROC-01 post-samples in subsequent pre- versus post-group comparison
analysis. When possible, lesion specific responses were measured using RECIST v.1.0 and PFS were collected for patients enrolled in
Q-CROC-01 trial. LM: liver metastasis; Tx: treatment; #: number; Pre: pre-treatment, Post: post-treatment; beva: bevacizumab

2.6 RNA sequencing and integration
with copy number aberrations data

RNA samples (RIN > 3) were sequenced in four batches.
RNA sequencing was performed using Illumina TruSeq
Stranded mRNA or Illumina TruSeq stranded total RNA
with RiboZero library preparation and sequenced on Illu-
mina HiSeq 2500 or HiSeq 4000 (See Supplemental Meth-
ods for quality-control metrics). Significant CNA regions
from group comparisons and PFS analysis were selected
to perform integration with expression data. Fold change
(FC), p value (negative binomial test), and false dis-
covery rate (FDR) were computed between the samples
with the event and the ones without the event. Concor-
dance between copy number and gene expression was
considered true if the average and median gene expres-
sion minimal value were >1 RPKM, FC >1.5, and the
FDR <0.1.

3 RESULTS

3.1 Cohort characteristics, clinical data,
and sample analysis

Samples were collected from 136 mCRC patients enrolled
on the observational Q-CROC-01 trial (Figure S1), with
a median PFS of 9.7 months. Known clinical prognostic
parameters were tested for PFS associations and only dis-
ease stage IVb was identified as a poor prognostic marker
compared to stage IVa (p = 0.03; Table S1). A sequential
second-line trial, Q-CROC-06, enrolling mCRC patients,
with who had progressed on the very same standard first-
line therapies, that is, essentially identical clinical cohort
(Figure 1), was leveraged to increase the post first-line
sample cohort size by 19 additional liver metastatic post-
biopsy samples. After passing all quality control criteria,
our standardized collection of longitudinal livermetastatic
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F IGURE 2 CNA profiles of CRC liver metastatic lesions and influence of chemotherapy treatment. (A) Aberration frequency plot of 119
liver metastatic lesions from 119 patients. y Axis shows frequency of gains (above 0 in blue) and losses (below 0 in red) and are shown as a
function of chromosome region (x axis). (B) Among the 119 patients, 21 had paired pre- and post-liver metastatic samples profiled. The CNA
landscape of pre- and post-liver metastatic lesions was compared using 119 samples (1 sample per patient and unmatched 76 pre- and 43
post-samples). (C) CNA region showing significantly different frequencies between unmatched pre- and post-treatment metastatic samples.
In bold: genes showing a correspondence between CNA and gene expression. (D) Correspondence between copy number change and gene
expression in 6 genes on chr18p11.32 is shown on box plots inferred from RNAseq data (count value). p*: FDR-adjusted p value. (E) CNA
frequency differences (y-axis) between pre- and post-samples are plotted as a function of chromosome region (x-axis). Top and middle panels
show CNA (gains in red, losses in blue) enriched in pre- and post-samples, respectively. Bottom panel shows p values of frequency difference
of gains and losses between the two groups as a function of chromosome region (x-axis). Pre: pre-treatment, Post: post-treatment

samples comprised 140 samples profiled by WES (97
at baseline, pre-samples, and 43 at progression, post-
samples), and 103 profiled by RNA sequencing (62 pre-
samples, 41 post-samples) (Figures 1 and S1).

3.2 Copy number variation landscape of
liver metastasis samples

We inferred the genome-wide CNA landscape of all
metastatic samples profiled by WES. We first validated
our CNA inference workflow by applying it to previously
reported SNPs19,26 and CGH array5 datasets, and verified
that our workflow reproduced the frequencies reported
(Figure S2A). Next, we compared the performance of
WES to the widely used CytoScan HD platforms for CNA
inference, which we generated from a subset of 45 liver
metastatic DNA samples, obtaining a similar CNA land-
scape and an equivalent percentage of genome change
(Figures S2B-H). Overall, CNA analysis from theWES data
were concordant with the gold standard SNP-array tech-

nology and provided better coverage for the coding region
of the genome. Thus, we proceeded to analyze the rest of
the cohort using WES data.
Overall, at the chromosomal arm level, the CNA land-

scape matched those reported by the TCGA6 and the
CAIRO5 studies for primary CRC samples and also by
Sveen et al19 for liver metastatic samples (Figure 2A). We
identified 30 significant (Q-bound < 0.05) focal aberra-
tions using the GISTIC method24 (Figures S3A and Table
S2). Eight and 10 out of these 30 CNA regions overlap
with GISTIC-significant aberrations found in CAIRO2 and
TCGA cohorts, respectively. Seventeen focal aberrations,
including a CN gain covering the protooncogene MET on
chr 7q31.2, are unique to our cohort (Figure S4).

3.3 Liver metastases CNA landscape
and influence of standard chemotherapy

CNA divergence between pre- and post-treatment
metastatic samples was evaluated to assess the impact
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of chemotherapy exposure on these lesions, regardless
of documented response of the lesions to treatment.
Matched and unmatched pairs were analyzed separately
(Figure 2B). The GISTIC method was applied to the
samples in both pre- and post-groups to identify recurrent
CNA regions within each group, and the difference in fre-
quencies between the two groups was assessed. Matched
pair analyses showed no significant differences between
pre- and post-samples (n = 21, McNemar’s test). On the
other hand, the analysis of unmatched pairs revealed
a unique region of gain on chr18p11.32 containing 10
genes, significantly enriched in the post-treatment group
compared to pre-treatment samples (27.9% in post- vs
1.3% in pre-samples; FDR corrected p < 0.05, test of equal
proportions; Figure 2C). Six of these showed significant
association between transcriptional expression level and
CNA (USP14, THOC1, C18orf56, TYMS, ENOSF1, and
YES1), indicating a possible direct effect of CNA on the
transcriptome (negative binomial test, fold change > 1.5,
FDR-adjusted p < 0.1, Figure 2D), which provides some
validation of the significance of these findings. These
results are consistent with previous findings showing that
copy number variation mechanisms led to the regulation
of TYMS expression level,27 a well-characterized gene
involved in 5-FU resistance.28 The GISTIC method, which
is very conservative, limited the number of focal regions
tested in this analysis to 63 through the entire genome.
We thus expanded our investigation with an alterna-
tive approach, identifying all focal CNA regions in the
unmatched cohort using the SNP-FASST2 Segmentation
Algorithm in Nexus Copy Number Software (n = 29,736).
We used the group comparison tool based on a two-
tailed Fisher’s Exact test to identify differences in CNA
frequencies between unmatched pre- and post-samples
(Figure 2E). To control our family-wise error rate at 5%,
the Bonferroni threshold for the number of CNAs tested
would have required a significance level of 1.7E-6, and we
did not achieve this significance level at any CNA. The
sample size of this study, though larger than most that
have been generated in a defined therapeutic setting, was
still too small to achieve statistical significance. For exam-
ple, for a 30% difference in the rate of observing a CNA
(10% vs 40%), to have 80% power we would need over 260
patient samples (see Supplementary Methods for Bonfer-
roni threshold and sample size calculation for subsequent
group comparison). We thus chose to report results for
CNA region frequencies that we identified as different at
unadjusted p thresholds of 0.005 on a two-tailed Fisher’s
exact test. We do recognize that all these results must be
interpreted cautiously and will require future independent
validation, but the challenge of obtaining uniformly man-
aged biopsies over time makes it important to report these
findings to stimulate further work. Using this statistical

approach, we found that 28 CN gains and 16 CN loss
regions, containing a total of 437 genes, showed significant
differences in frequencies between unmatched pre- and
post-treatment samples (unadjusted p ≤ 0.005, Figure 2E
and Table S3). The gain region on chr18p11.32 identified
using the GISTIC method was also found more frequently
in post- versus pre-samples in this comparison (22.3% in
post vs 1.2% in pre, unadjusted p = 0.00058). At the gene
level, we found a positive concordance between CNA
and gene expression for 49 genes, including genes known
or predicted to interact with drugs based on the Drug-
Gene Interaction database (DGIdb29) such as SMAD2,
PGF, TGFB3, ESR2, LAMA1, USP14, TYMS, and YES1.
This provides validation that the CNAs are expressed
and therefore clinically relevant and also reinforces our
analytic approach to this data. The list of 231 classic
cosmic genes (https://cancer.sanger.ac.uk/cosmic) was
also interrogated for significant differences (Fisher’s test,
FDR corrected p < 0.05) in CNA frequencies between
the two groups and 16 genes were identified (BRCA2,
CDKN2A, RB1, FOXA1, GNAS, HIF1A, MAX, NT5C2,
RAD21, SIX1, GATA3, SUFU, TSHR, MMYOD1, PAX5, and
WT1) (Table S4). A CN gain covering TSHR exhibited a sig-
nificantly higher frequency in post-samples compared to
pre-samples, with a significant overexpression in patients
harboring the aberration, again providing evidence that
the CNA results in altered expression, at least at the tran-
scriptional level. Overall, this genome-wide comparison
of the CNAs in liver metastases, before and after a clinical
exposure to chemotherapy, allowed us to identify genomic
variations having a direct impact on the transcriptome.
Somatic mutation profiles of pre- and post-treatment
metastatic samples were also compared but revealed no
significant change in variant frequency between the two
groups, which confirms the results already reported in
the literature suggesting that FOLFOX regimen does not
induce or select for new driver mutations30 (Table S5).

3.4 Copy number variation association
with lesion objective response

Lesion-specific objective responses (OR) were assigned
to a subset of samples (Figure 3A), given that “mixed
response,” where one lesion might grow while another
shrink in response to treatment, is more common than
generally thought.31–33 We looked at both the lesion-
specific response and also overall patient’s response and
found that the lesion responses correlated with overall
clinical outcomes based on PFS, with a significant differ-
ence between the lesions that were responding to treat-
ment and each of the three other response groups (sta-
ble, intrinsic resistant, and acquired resistant) (Figure 3A).

https://cancer.sanger.ac.uk/cosmic


GAMBARO et al. 9 of 18

F IGURE 3 Copy number variation association with lesion specific objective response. (A) Lesion-specific ORs were available for a
subset of pre- and post-samples allowing subsequent group comparisons and Kaplan-Meier curves of patient PFS by lesion-specific ORs. (B)
CNA frequency differences (CNA enriched in IRES on the top panel; CNA enriched in PR samples on the middle panel) or p values of the
frequency differences (lower panel) between IRES and PR pre-samples. (C) CNA frequency differences (CNA enriched in post resistant on the
top panel; CNA enriched in pre-samples on the middle panel) or p values of the frequency differences (lower panel) between post IRES and
ARES samples versus all unmatched pre-treatment samples. (D) CNA frequency differences (CNA enriched in post PR on the top panel; CNA
enriched in pre-samples on the middle panel) or p values of the frequency differences (lower panel) between post PR samples and all
pre-treatment samples. Horizontal yellow line represents the significance threshold (p < 0.005). In all graphs, vertical dotted lines represent
chromosomes boundaries. OR: objective response; Pre: pre-treatment, Post: post-treatment; LM: liver metastasis; PT: primary tumor; PR:
partial responder; ARES: acquired resistance; IRES: intrinsic resistance; SD: stable disease

To identify CNA associated with therapeutic response,
CNA profiles of lesions at baseline that responded to treat-
ment (partial responder or PR lesions)were comparedwith
the lesions that demonstrated intrinsic resistance (IRES
lesions, no response), andCNA frequency differenceswere
assessed (Figure 3B). While only one CN loss region was
uniquely detected in PR samples, with a frequency of
76.6%, a larger number of CNAs were enriched in tumors
that were intrinsically resistant (IRES lesions) (Table S6).
Thirty-two CN losses and one CN gain, harboring a total
of 396 genes, showed higher frequencies in IRES lesions
(63.5% in average) compared to lesions that responded to
treatment (4.3% in average) (unadjusted p < 0.005; Fig-
ure 3B and Table S6). Among these genes, seven are classi-
fied as clinically actionable29 (HRAS,WT1, PALB2, CBFB,
CDH1, FANCA, and TUBB3).
CNAs at resistance were investigated by comparing the

profile of post-samples that were or had become resistant
to therapy (IRES andARES ) to all unmatched pre-samples

(Figure 3C). Thirty-five CN gains and 51 CN losses, har-
boring a total of 634 genes, were more frequently observed
in post-treatment resistant tumors (49.2% in average) com-
pared to unmatched pre-treatment samples (6.3% in aver-
age) (unadjusted p< 0.005; Figure 3C and Table S7A). One
CN gain and one CN loss, harboring a total of five genes
were more frequently found in pre-treatment (85.6% and
56.7%, respectively) compared to post-treatment resistant
samples (37.5% and 0%, respectively; unadjusted p< 0.005,
Table S7A). Overall, the expression of 54 genes were
found significantly impacted by the genomic aberrations,
including SSTR1, LGALS3, RDH11, COQ6, PGF, RPS6KL1,
KCNK10,CALM1,TDP1, LGMN,TYMS, andUSP14, all cov-
ered by CN gains enriched in post resistant-samples, and
classified as druggable according to the Drug-Gene Inter-
action database (DGIdb).29 In contrast, the comparison of
post-treatment samples that were actually still respond-
ing to chemotherapy to all unmatched pre-samples, only
showed three CN gain regions, distinct from the regions
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F IGURE 4 Copy number variation association with PFS. Permutated p value of CN gains (positive value) or CN losses (negative values)
(y-axis) derived from log-rank tests are plotted as a function of chromosomal position (x-axis). Horizontal yellow lines represent the
significance threshold (permutated p < 0.005) and vertical dotted lines represent chromosomes boundaries.

previously identified (unadjusted p< 0.005, Figure 3D and
Table S7B), and none of the genes present on these regions
exhibited a dysregulation of the expression consistent with
the CN aberration.
Within the cohort of the matched pairs, seven patients

exhibited a chemotherapy resistant (five ARES and two
IRES) post-treatment lesion, which did not allow the
identification of significant differences between post-
resistant and matched pre-lesions. Nonetheless each pair
was interrogated for the presence of the CNA identified
in unmatched pairs analysis and revealed 57 aberrations
(66.3%) consistently found present in the pre- or the post-
lesion in at least 1 of the matched pairs (Table S7A), which
although small numbers, providing supporting evidence
that these aberrations are to be found in resistant tumors
post-treatment.
Overall, our results revealed CNA variations after treat-

ment that are specific to resistant lesions. These regions
harbored genes already known in chemotherapy resis-
tance, such as TYMS, but also genes that have not yet been
described in this context that warrant further validation
and investigation.

3.5 Copy number variation association
with progression-free survival

We investigated whether novel CNAs associated with
patient outcome could be identified in these metastatic
samples, andwhether these regions overlapwith those pre-
viously reported in primary tumors associating PFS. Out of
the 28,401 regions tested in pre-treatment liver metastases,
we identified 90 losses and 57 gains showing a significant

association with PFS (log-rank test, permutated p ≤ 0.005,
Figure 4 and Table S8). Among the 1005 genes carried on
these CNA regions, 61 (6.1%) showed a concordant and
significant gene expression dysregulation in samples bear-
ing the aberration (negative binomial test, FC > 1.5, FDR-
adjusted p < 0.1; Table S8).
In order to validate the association with treatment

response of these CNA regions, we interrogated the Sveen
et al. cohort, which is the only publicly available cohort
of metastatic CRC samples with clinical data from 45
patients.19 Nine CN losses and 9 CN gains (12.2%) were
consistently and significantly associated with a shorter
PFS in both our and the Sveen cohorts, including the CN
gain covering ETV5, classified as clinically actionable in
the DGIdb (Table S8). We interrogated our cohort of pri-
mary FFPE tumor samples to validate the aberrations iden-
tified in the liver metastatic sample cohort. This cohort
displays a lower quality (robust variance quality score of
0.042 on average in liver metastases vs 0.086 on average
in primary tumors), and thus CNAs consistently associ-
ated with PFS in both cohorts despite the technical dif-
ferences would represent strong biomarker candidates. Six
CNA regions (4.1%) were found associated with a shorter
PFS in both cohorts. Among these regions, a CN loss
spanned chr17q12 with six members of the chemokine
CCL family (Table S8). The previously published CAIRO2
CRC sample cohort of 133 primary tumors was interro-
gated as well, and only 9 aberrations (6.1%) were over-
lapping with CNA regions identified in liver metastases.
Two regions were shared by the two cohorts of primary
tumors (Q-CROC-01 and CAIRO2), including the loss on
chr17q12. No common CNA segments were found signif-
icantly associated with PFS in any the four cohorts of
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F IGURE 5 Kaplan-Meier analyses for CN gains versus no gains of chr3q27.1-q27.2 and CN loss versus no loss of chr18q11.2-12 in
Q-CROC-01, Sveen et al, and CAIRO2 cohorts. CN gain of chr3q27.1-27.2 was tested for PFS association in (A) Q-CROC-01 liver metastasis
(n = 94), (B) Sveen et al liver metastasis cohort (n = 45), (C) CAIRO2 primary tumor samples (n = 133), and (D) Q-CROC-01 CRC primary
tumors (n = 44). CN loss of chr18q11.2-12.1 association with a longer PFS was tested in (E) Q-CROC-01 CRC primary tumors (n = 44), (F)
Q-CROC-01 CRC primary tumors from the sub-group of patients treated with bevacizumab (n = 33), (G) Q-CROC-01 liver metastasis (n = 94),
(H) Q-CROC-01 liver metastases from patients treated with bevacizumab (n = 74), and (I) Sveen et al liver metastases cohort (n = 45)

CRC, either of primary tumors and liver metastasis, which
were interrogated. However, three CN losses, on chr16q21,
chr17q25.3, and chr17q24.3-q25.3, were found significantly
associated with a shorter PFS in the two liver metastasis
cohorts and in the CAIRO2 primary tumor cohort (Table
S8). Fifteen CNAs (10.2%) were found significantly asso-
ciated with a shorter PFS in both cohorts of metastatic
samples, but not in the two primary tumor cohorts, which
represents an important discovery that molecular charac-
terization of metastases can provide additional genomic
aberrations with prognostic information. Chr3q27.1-q27.2
CN gain is one of these metastatic-specific CNA candi-
dates (Figures 5A-5D) and is particularly interesting as
this region harbors the IGF2BP2, SENP2, and ETV5 genes,
overexpressed in samples carrying the gain, that were pre-
viously reported to have a pro-oncogenic role in many
types of cancers.34–36
Overall, these analyses identified 147 CNA regions sig-

nificantly associated with PFS in metastatic lesions of
CRC patients. The association with PFS of 18 (12.2%) of
these regions was validated in an independent cohort of
metastatic samples, and themajority of these CNAs (15 out
of 18) did not show association with PFS in the CAIRO2
cohort of primary tumors. While CNAs have been associ-
ated with patient outcome in the case of primary tumors
(for review37), in the case of metastatic lesions, to our

knowledge, these results provide the first evidence that
new CNAs associated with patient outcome can be iden-
tified specifically in metastatic lesions, and this highlights
the relevance of analyzing these lesions. Afterall, most new
therapeutics are tested in metastatic patients, so under-
standing any specificities of this molecular context could
be critical to evaluate these new agents, and potentially to
better select patients for specific drug trials.

3.6 Copy number variation association
with progression-free survival in
bevacizumab-treated patients

As the majority (73%) of the patients in this study
were treated with bevacizumab as part of their first-
line metastatic therapy (Table 1), we investigated whether
CNAs that have shown strong association with PFS in the
primary tumors of patients treated with bevacizumab are
associated with outcome in the metastatic setting. CN loss
of chr18q11.2-q12.1 was previously reported to be associ-
ated with a prolonged PFS in three independent cohorts
of primary tumors frommCRC patients treated with beva-
cizumab including the CAIRO2 cohort.5,38 In our cohort
of primary samples, we confirmed the association with a
prolonged PFS (Kaplan-Meier, p = 0.036), and observed a
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stronger association when only patients treated with beva-
cizumab were considered (Kaplan-Meier, p= 0.0104) (Fig-
ures 5E and 5F). In contrast, we found that this loss is no
longer associated with a prolonged PFS in metastatic sam-
ples. Indeed, we did not observe association in our liver
metastasis samples, neither in the whole cohort (Kaplan-
Meier, p = 0.664), nor in the subset of patients who had
been treated with bevacizumab (Kaplan-Meier, p = 0.754)
(Figures 5G and 5H). Furthermore, this loss was also found
not to be associated with PFS in the Sveen et al cohort of
liver metastases19 (p = 0.38) (Figure 5I). Thus, our data
confirms that this aberration is only associated with clin-
ical outcome in primary tumors, where bevacizumab is
not in use, on the basis of large adjuvant trials of unse-
lected patients.39,40 This result therefore reinforces the crit-
ical importance of examining the tumor tissue that is actu-
ally being treated, which for bevacizumab is only in the
metastatic setting, and not a more convenient surrogate
(ie, primary tumor) in identifying and validating predictive
biomarkers and therapeutic targets.
The entire CNA landscape of liver metasttic samples

from patients treated with bevacizumab was also interro-
gated for association with PFS. Sixty-six CNA segments
harboring 61 genes, includingCDH1 and SMARCA2, show-
ing a significant gene expression dysregulation in sam-
ples harboring the aberration were identified and listed
in Figure S3B and Table S9. Since our cohort does not
have adequate sample power to detect an association for
the patients not receiving bevacizumab, at this point we
present these candidates for further validation in a larger
cohort.

3.7 Druggable candidate genes within
functional CN gains enriched after or
associated with chemotherapy treatment

To prioritize candidates for further validation studies or
functional experiments, we selected genes categorised
as druggable genome in DGIdb,29 within functional CN
gain regions enriched in post-treatment samples or in
intrinsically resistant lesions in this study, or those found
to be significantly associated with PFS in both cohorts
of liver metastatic lesions which we and Sveen et al have
interrogated. Thirty-three genes met the selection criteria
and are listed in Table 2. The association between CNA
and gene expression of these candidates is shown in Figure
S5. Of interest, the CN gain covering the gene ETV5, as
well as its high level of expression, are associated with a
shorter PFS in our cohort (Kaplan-Meier, p = 0.03; Figure
S6A). Furthermore, the association of mRNA levels with
overall survival or relapse-free survival was also confirmed
in a publicly available dataset of rectum adenocarcinomas

using Kaplan-Meier Plotter online tool41 forCOQ6, GSTZ1,
LGMN, RDH11, TGFB3, ETV5, PARP2, LGMN, TWSG1 and
for TSHR, SSTR1, CACNA1A, KCNK10, respectively (Fig-
ures S6B-N). Taken together our results revealed novel
CN aberrations and genes, including ETV5 as our top can-
didate, in liver metastatic lesions associated with clinical
outcome in mCRC patients and highlights the need for
profiling larger metastatic lesion cohorts to clarify the
therapeutic and prognostic implication of each candidate.

4 DISCUSSION

In this study, we explored the genomic landscape of CRC
liver metastatic lesions at the copy number level, from
baseline pre-treatment to the appearance of clinical resis-
tance, by collecting biospecimens and associated detailed
clinical parameters. To the best of our knowledge, this
represents the largest CRC liver metastatic sample set
with associated treatment and outcome data profiled by
next generation sequencing (WES), providing an unprece-
dented view of the aberrations acquired at baseline, over
time of treatment, and at resistance. Larger mCRC sam-
ple collections have been analyzed by whole genome
sequencing without specific reference to any therapeutic
event or treatment response.42 The MSK-impact cohort
was profiled using a capture-based NGS targeted panel
of less than 500 genes, to characterize tumor mutations
only.43
Our analysis of CNA landscapes betweenpaired pre- and

post-treatmentmetastatic samples did not show significant
divergences, perhaps because the sample size may still not
be large enough. Obtaining serial biopsies from patients
with metastatic disease is a monumental challenge, espe-
cially when the second biopsy is in the setting of disease
progression and a change in therapy, which is likely why
little of this sort of work has been done previously. In any
case, the catalogue we are reporting here can serve in the
future as a basis for studies with larger cohorts. Emerg-
ing technologies that facilitate collection of patient sam-
ples, such as cfDNAmay facilitate this endeavor. While we
acknowledge that an unmatched design has limitations,
we believe it has important utility and relevance to iden-
tify frequent genomic variations induced by chemother-
apy treatment that are common across different individ-
uals with different genetic backgrounds. Our assumption
is supported by the fact that our unmatched analysis iden-
tified a more frequent gain of TYMS in postsamples, that
was previously reported in several independent studies to
be amplified in CRC after 5-FU treatment and also asso-
ciated with a resistant phenotype, which was also cap-
tured by our analysis of unmatched samples. We identified
one unique CN gain on chr18p11.32, containing the gene
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TYMS, that was significantly more frequently observed
after treatment compared to baseline metastatic samples
in unmatched pairs. Both amplification and overexpres-
sion of TYMS have been previously reported in primary
tumors44 and liver metastases45 after 5-Fluorouracil-based
chemotherapy, supporting the relevance of our cohort to
study treatment response biology in mCRC. In addition
to this region, we report additional CNA differentially
enriched between the two groups, which warrant further
validation in a larger sample set.
One particular strength of this study lies in the associ-

ation of genomic changes with phenotypic features at the
level of the lesion. Heterogeneous response to treatment
in lesions within different metastatic sites or within the
same organ has been reported in CRC and other types of
cancers.31–33,46 Since the homogeneity in phenotype is cru-
cial in association studies, we used a RECIST-based lesion
specific OR to increase the quality and level of detail of
phenotypic annotations. It provided an accurate insight
into drug response at the level of the lesion and strati-
fied the samples into phenotypic homogeneous subgroups.
Despite the limitation resulting from generating smaller
groups, this approach revealed CNAs at baseline enriched
in intrinsically resistant tumors (IRES) compared to those
that responded (PR), and we did identify CN differences
after treatment in resistant lesions. As far as we know, this
is the first attempt to associate focal CNA in CRC liver
metastasis lesions with lesion OR and PFS, that resulted in
the identification of promising candidates. Another poten-
tial confounding feature of this study is the fact that a small
proportion of patients were treated with FOLFIRI (22%),
not unlike many of the other studies cited, which might
have complicated the investigation of the specific impact of
each element of the backbone chemotherapy regimens on
the CNA landscape. It may be also argued that in vitro vali-
dation of our candidate genes or regions should be present
in this initial paper describing our work. Focusing on the
characterization of the CNA landscape ofmetastases along
with treatment response, our approach is novel as far as
we know. We agree that ultimately these newly identified
variants must be studied functionally, and at the protein
level, ideally in a larger cohort that would provide suf-
ficient power. Our efforts toward validation of our find-
ings included both an orthogonal validation of CNA can-
didates using transcriptomic analysis on the same sample
set and an external validation in an independent cohort
of liver metastases as well as cross validation in a public
database. Given the real-world clinical challenges of col-
lecting a large sample set of well-annotated liver metas-
tases at different times with respect to treatment, we feel
it is an important accomplishment.
Extensive efforts to identify CNA of prognostic value

of drug response in primary tumors have been previously

made and led to the discovery of chr18q11.2-q21.1 loss asso-
ciatedwith a prolonged PFS inmCRCpatients treatedwith
bevacizumab.5,38 In patients treated with bevacizumab in
our cohort, this loss was significantly associated with a
longer PFS only in primary tumor samples, which in fact is
what has been demonstrated previously, but was no longer
observed in liver metastatic samples, where this observa-
tion would have clinical meaning. This observation sup-
ports the notion thatmetastatic lesions aremolecularly dif-
ferent from primary tumors and extrapolating one from
the other for biomarker or therapeutic target identification
may not be advised.
We reported thatCN loss ofCDH1 andSMARCA2 in liver

metastatic samples were associated with PFS in the subset
of patients treated with bevacizumab. Loss of CDH1 (E-
Cadherin) was previously associated with invasiveness,47
disease progression,48 and shorter survival49 in CRC; how-
ever, the mechanisms of downregulation in CRC involved
transcriptional and post-transcriptional modifications.50,51
The loss of chr 9p, the SMARCA2 gene location, was
associated with aggressiveness in clear cell renal carci-
noma and is used as a prognostic marker.52,53 Validation
of these candidates in an independent liver metastasis
cohort remains to be investigated since Sveen et al did not
include patients treated with bevacizumab. The loss of
CDH1 being observed in a unique sample in the CAIRO2
cohort, association with patient outcome could not be
confirmed in primary samples either. SMARCA2 loss
was observed in 12 samples in the CAIRO2 cohort but no
significant association with PFS was observed (data not
shown). The Sveen et al cohort of CRC liver metastases
provided an important resource and allowed validation of
certain regions associated with PFS, yet, with the limited
sample size and treatment regimen being different (no
bevacizumab), many candidates remain to be confirmed.
In total, we selected 33 genes within the druggable genome
category, targeted by a genomic aberration associated with
drug response. Recent studies revealed the role of ETV5,
our top candidate gene, in promoting CRC proliferation
and angiogenesis in vitro and in vivo by inducing VEGFA
expression, supporting ETV5 as a prognostic biomarker
and potential anti-angiogenic therapeutic option
in CRC.54,55
Overall, the availability of this large amount of high-

quality globalmolecular data associatedwith detailed clin-
ical parameters (available in Table S10) provides impor-
tant biological data and will help future efforts in validat-
ing biomarkers in metastatic disease. Our study demon-
strates that this collection of serial CRC metastatic sam-
ples during standard chemotherapy helped define impor-
tant candidates by capturing the rapidly evolving CNA
landscape. While the clinical feasibility of serial biopsies
is not simple, such studies are critical to guide in the
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identification of genomic targets that could be more eas-
ily identified in liquid biopsies. Indeed, this systematic
biospecimen collection, taken in a specific clinical context,
has seeded a variety of studieswith both technical and clin-
ical implications,56–60 including emerging proteogenomic
analyses.

5 CONCLUSION

By assessing copy number differences over time in
metastatic lesions of patientswithCRC,we identified alter-
ations associated with therapeutic response. Orthogonal
validation of expression changes and interrogation of inde-
pendent cohorts revealed strong gene candidates, includ-
ing ETV5. This study highlights the relevance of investi-
gating metastases to identify novel genomic targets and
biomarker candidates that are of likely clinical relevance
for the treatment of metastatic disease, where most novel
therapeutics are studied.
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