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ARID1A mutations confer intrinsic and
acquired resistance to cetuximab
treatment in colorectal cancer

Radia M. Johnson 1 , Xueping Qu 2 , Chu-Fang Lin3, Ling-Yuh Huw2,
Avinashnarayan Venkatanarayan4, Ethan Sokol5, Fang-Shu Ou 6,
Nnamdi Ihuegbu7, Oliver A. Zill 1, Omar Kabbarah2, Lisa Wang3,
Richard Bourgon 1, Felipe de Sousa eMelo 4, Chris Bolen1, AnneleenDaemen1,
Alan P. Venook8, Federico Innocenti9, Heinz-Josef Lenz 10 & Carlos Bais 2

Most colorectal (CRC) tumors are dependent on EGFR/KRAS/BRAF/MAPK sig-
naling activation. ARID1A is an epigenetic regulator mutated in approximately
5%ofnon-hypermutatedCRCtumors.Herewe show that anti-EGFRbutnot anti-
VEGF treatment enriches for emerging ARID1A mutations in CRC patients. In
addition, we find that patients with ARID1A mutations, at baseline, are asso-
ciatedwithworse outcomewhen treatedwith cetuximab- but not bevacizumab-
containing therapies; thus, this suggests that ARID1A mutations may provide
both an acquired and intrinsic mechanism of resistance to anti-EGFR therapies.
We find that, ARID1A and EGFR-pathway genetic alterations are mutually
exclusive across lung and colorectal cancers, further supporting a functional
connection between these pathways. Our results not only suggest that ARID1A
could be potentially used as a predictive biomarker for cetuximab treatment
decisionsbut also provide a rationale for exploring therapeuticMAPK inhibition
in an unexpected but genetically defined segment of CRC patients.

Advances in the treatment of metastatic colorectal cancer (mCRC)
with targeted therapies, including anti-EGFR (e.g., cetuximab) and
anti-VEGF (e.g., bevacizumab) therapy in combination with che-
motherapy, have improved the outcome for CRC patients1. Altera-
tions in genes involved in EGFR/MAPK signaling play an important
role in primary (intrinsic) and secondary (acquired) resistance to
anti-EGFR therapy in RAS/BRAF wild-type (WT) patients as well as
combination therapy with BRAF inhibitors in BRAFV600E patients2,3.
Known mechanisms of resistance to anti-EGFR frequently include
upstreammutations in the extracellular domain of EGFR that directly
confer resistance to antibody blockade4 and also EGFR downstream

signaling reactivation mainly through KRAS, NRAS, and BRAF, acti-
vating mutations5–7, collectively referred to here as extended RAS
(eRAS)/BRAF mutations. Additionally, less frequent genetic
mechanisms of resistance to cetuximab likely through sustained ERK
signaling have been identified, including MAP2K18–10 and NF111,12

mutations andKRAS,MET, and ERBB2 amplification13–15 among others.
Yet, for a number of additional patients, resistance is readily
observed but the underlying mechanisms driving it have remained
poorly defined.

By leveraging the genomic biomarker data collected from con-
senting patients who participated in the Cancer and LeukemiaGroupB
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(CALGB)/SWOG 80405 trial and other relevant CRC datasets, here we
investigate additional mechanisms of resistance to anti-EGFR and anti-
VEGF containing therapies. In this work, we show data to support
ARID1A mutations confer resistance to cetuximab treatment in color-
ectal cancer.

Results
Longitudinal cfDNA analysis of first-line (1L) metastatic CRC
uncovered selected enrichment of ARID1Amutations in patients
treated with cetuximab but not bevacizumab
To investigate treatment-specificmutations that underlie resistance to
treatment with chemotherapy + bevacizumab or cetuximab in 1L
mCRC, we performed targeted sequencing of circulating free DNA
(cfDNA) from available longitudinal plasma samples collected at
baseline (PRE, n = 354), during treatment (OTH, n = 254), and/or at
progression or end of the protocol treatment (EOT, n = 345) from
CALGB/SWOG 80405, a randomized phase III trial in first-line color-
ectal cancer patients evaluating the efficacy of chemotherapy plus
bevacizumab vs chemotherapy plus cetuximab treatment. For this
study and text clarity, bevacizumab and cetuximab will refer to bev-
acizumab + chemotherapy and cetuximab + chemotherapy, respec-
tively. Chemotherapy was a patient/physician choice of fluorouracil,
leucovorin, and oxaliplatin (FOLFOX) or fluorouracil, leucovorin, and
irinotecan (FOLFIRI). The prevalence of mutations detected in the
genes measured in cfDNA of bevacizumab- vs. cetuximab-treated
patients was similar between both arms at each of the 3 time points
evaluated (Supplementary Fig. 1a). Consistent with the literature, we
observed reduced circulating tumor DNA (ctDNA) upon chemother-
apy treatment, with a subsequent increase at progression16,17.

To identify treatment-specific induced mutations, we examined
the change in relative mutation allele frequency (MAF) from baseline
to end of study for 333 patients with samples at both time points.
RelativeMAFwas calculated as the allele frequency of a givenmutation
relative the highest reported MAF, and was used to account for the
variation in the fraction of tumor vs. normal cell DNA in circulation.
Non-synonymous single-nucleotide variants (SNVs) with an increase in
relativeMAF exceeding 25 percentwere considered asmutations likely
selected during the course of treatment. Of the 18 genes with at least
2 selected mutations detected in either treatment arm (Fig. 1a and
Supplemental Data 1), KRAS and ARID1A selected mutations were
significantly enriched in patients treated with cetuximab relative to
bevacizumab (KRAS adj. p =0.004, odds ratio (OR) = 0.14, 95% con-
fidence interval (CI) [<0.01, 0.6], ARID1A adj. p = 0.02, OR =0.09, 95%
CI [ <0.01, 0.7], two-tailed Fisher’s exact test (Fig. 1b and Supplemen-
tary Fig. 1b), while no significant enrichment was observed in bev-
acizumab- relative to cetuximab-treated patients. Selection of KRAS
mutations was expected in cetuximab-treated patients18,19. Most
selected KRAS mutations had a change in MAF between 25–50%,
consistent with its function as a dominant driver mutation, and
included recurrent KRAS variants such as G12A/D/V, G13D, A146T
(Fig. 1b and Supplementary Fig. 1c, d). Moreover, KRAS selected
mutations not previously detected in tissue were observed in cfDNA at
both baseline (low MAF) and progression (higher MAF) in 9/10
cetuximab-treated patients. One patient had an acquired KRAS A146T
mutation with a concurrent loss of a pre-existing KRAS G12Dmutation
at progression (Supplementary Fig. 1d), suggesting that most KRAS
emerging mutations are present at low frequency in these KRAS WT
patients at trial registration/randomization (likely highly subclonal)
and are then expanded post-EGFR therapy.

In contrast to KRAS, the enrichment of ARID1A alterations at end
of study was unexpected as ARID1A mutations have thus far not been
reported as a resistancemechanism to EGFR blockade inCRC patients.
For patients with selected ARID1A mutations, the absolute change in
MAF exceeded 50 percentage points for 6/7 patients (Fig. 1b), con-
sistent with ARID1A being a tumor suppressor20,21 and likely requiring

biallelic loss to confer resistance. Among the 6 cetuximab-treated
patients with selected ARID1A mutations: two patients (SAARSX and
SAANSJ) had a mutation that was already detected (at a lower MAF) at
baseline (Fig. 1c and Supplementary Fig. 2); for three patients
(SAASGM, SAAAUP, SABCZU) ARID1A mutations were undetected at
baseline (Fig. 1d and Supplementary Fig. 2); and the remaining patient
(SAANDA) had 2 selected ARID1A mutations (Fig. 1d), with one variant
present at baseline (ARID1A exon 20, D1850fs) and the other first
detected on treatment (ARID1A Q309*). In contrast, the only
bevacizumab-treated patient (SAAAKR) with a selected ARID1A muta-
tion had an ARID1A exon 7 Q758fs, exon 20 G2069fs, and exon 20
I907fs alteration detected at baseline with only the ARID1A exon 20,
G2069fs detected at higher MAF at progression (Supplementary
Fig. 2). Additional clinical information including RECIST at restaging
and time between sample collections are available in Supplemental
Table 1.

Intrinsic ARID1A mutations in CRC have commonly been asso-
ciated with microsatellite instability-high (MSI-H) and right-sided
tumors22. Innocenti and colleagues previously reported that MSI-H
patients have a shorter OS in the cetuximab arm compared to patients
with microsatellite stable (MSS) or microsatellite instability-low (MSI-
L) tumors23. Intriguingly, we observed 4/6 cetuximab-treated patients
with acquired ARID1A mutations were initially diagnosed with left-
sided tumors, with all 4 beingMSS (Fig. 1c), suggestingMSS/MSI-H and
sidedness are not a confounding factor for ARID1A mutations as a
mechanism of acquired resistance to cetuximab treatment.

Taken together, these data indicate that KRAS and ARID1A muta-
tions are enriched in patients treated with cetuximab but not bev-
acizumab, suggesting ARID1A mutations may also confer resistance to
anti-EGFR therapy in 1 L mCRC patients treated with cetuximab.

ARID1Amutation is a negative biomarker of anti-EGFR response
To further investigate the potential relevance of ARID1Amutations to
the resistance to anti-EGFR therapies, we evaluated the association
between pretreatment (intrinsic) ARID1A mutational status and out-
come in cetuximab- vs. bevacizumab-treated patients. Available
archival tissue from 562 participants of the CALGB/SWOG
80405 study were profiled with the FoundationOne® targeted
assay24. We first corroborated that the biomarker evaluable popula-
tion (BEP) is comparable to the intention to treat (ITT) population in
terms of known baseline characteristics and outcome (Supplemen-
tary Table 2 and Supplementary Fig. 3a). Next, we examined overall
survival (OS) and progression-free survival (PFS) for patients with
pretreatment ARID1A alterations with known or likely functional
impact (mutant) vs. ARID1A WT patients. Only the 429/562 patients
with clinical data and at least one alteration detected in the tissue
processed by Foundation Medicine (FMI) were considered for this
analysis as reported previously24. Of these patients, 41/429 (9.5%) had
known or likely pathogenic ARID1A alterations. This prevalence is
consistent with the ~10%prevalence fromprevious reports of ARID1A
mutation prevalence in mCRC25,26. ARID1A-mutant patients exhibited
shorter OS when treated with cetuximab relative to bevacizumab
(Log-Rank OS padj = 0.001, Fig. 2a; PFS padj = 0.5, Supplemental
Fig. 3b). The interaction effect between ARID1A mutation status and
treatment group was significant (OS, p = 0.004; PFS, p = 0.02) with
the difference being observed in a multivariable model with adjust-
ment for established clinical variables, PCR-based eRAS/BRAF
mutation status, and chemo protocol (FOLFOX vs. FOLFIRI) (see
methods) for OS (Supplemental Fig. 4, nARID1A_mutant = 41, multi-
variable OS p = 0.002, hazard ratio (HR) 3.3, 95% confidence interval
(CI) [1.6–6.8]) and for PFS (Supplemental Fig. 5, p = 0.004, HR 2.7 CI
[1.4, 5.5]). In contrast, no difference was observed in OS and PFS for
ARID1A-WT patients treated with cetuximab relative to bevacizumab
[OS, multivariable p = 0.74, HR 1.0 (0.83–1.3), PFS, multivariable
p = 0.14, HR 1.2 (0.95–1.5)].
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To assess the association between ARID1A intrinsicmutations and
worse outcome in anti-EGFR vs. bevacizumab-treated patients in an
independent “real-world” dataset, we investigated the relationship
between ARID1A mutational status and outcome in anti-EGFR (cetux-
imab or panitumumab)- vs. bevacizumab-treated patients from the
nationwide (US-based) de-identified Flatiron Health-Foundation

Medicine CRC clinico-genomic database (FH-FMI CGDB)27–29. The de-
identified data originated from approximately 280 US cancer clinics
(~800 sites of care). For consistency with CALBG80405, we defined
anti-EGFR patients as those who received cetuximab or panitumumab
but no bevacizumab at 1 L (i.e., excluding combo treatment patients)
vs. bevacizumab-treated patients as those who received bevacizumab
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Fig. 1 | ARID1A and KRAS mutations are enriched in patients treated with
cetuximab. a Number of patients with genomic alterations at either timepoint per
treatment arm. Genomic alterations include non-synonymous single-nucleotide
variants (SNV), indels, and gene rearrangements. Layered above the red bar is the
corresponding percentage of patients with selected alterations, defined as an
increase by 25 percentage points in the normalized MAF, calculated relative the
highest reportedMAF, betweenpairedbaseline andendof studycfDNA from333 1L
mCRC patients treated with either bevacizumab or cetuximab in combination with
chemotherapy in the CALGB/SWOG 80405 trial. Asterisks indicate statistically

significant differences (FDR p-value < 0.2) by two-tailed Fisher’s exact test, restric-
ted to 18geneswith at least 2 selectedalterations in either arm.bDistributionof the
% change in relative MAF between baseline and end of study for all KRAS and
ARID1A alterations detected in all patients. Dashed line represents 25% threshold
used to call tumorswith selectedmutations. cClinical information for patients with
selected ARID1A and/or KRAS alterations. d Representative mutation evolution
maps for cetuximab-treated patients with selected ARID1A mutations. The max-
imumobserved %MAF is shown at the bottom for each timepoint. PRE, at baseline;
OTH, on treatment; EOT, at progression or end of study.
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without any anti-EGFR at 1 L. By looking at the effect of ARID1A
mutation status on the unadjusted OS estimates of eRAS/BRAF WT
patients, we found ARID1A mutants have a median OS of 16 months
when treated with cetuximab or panitumumab relative to 41 months
when treated with bevacizumab (Supplemental Fig. 6a). Although the
interaction effect between the treatment group and ARID1A mutation
was not significant (p =0.5), themain effect of ARID1Amutation status
on anti-EGFR treatment groupwas significant. The forest plot confirms
the worse outcome for patients without any of known KRAS, NRAS, or
BRAF mutation but with ARID1Amutant patients compared to ARID1A
WT on cetuximab or panitumumab when controlling for confounding
factors, including age, gender, and MSI/MSS status [p = 0.04, HR 2.2
(1.0–4.8), Supplemental Fig. 6b].

ARID1A mutant-like transcriptional signature enriches for
mutations in SWI/SNF complex
In addition to mutations, ARID1A function can be inactivated or
impaired by diverse alternative mechanisms such as inhibition of
transcription by promotermethylation30 or bymutations in other SWI/
SNF complex components21. To investigate the potential role of
ARID1A deficiency phenotype beyond mutations in resistance to
cetuximab therapy, we developed an ARID1A mutant-like signature in
an attempt to capture the transcriptional profile characteristic of
patients with mutant/deficient ARID1A activity. This was derived from
the list of differentially expressed genes between ARID1A mutant and
WT tumors in TCGA colorectal cohort (see methods). Since ARID1A
mutations are enriched in BRAF-mutant tumors22, we accounted for
eRAS/BRAF status in our test for differentially expressed genes by
adding eRAS/BRAF status and the interaction between eRAS/BRAF and
ARID1A mutation status as covariates in our model. This enabled us to
focus on genes with changes in expression between ARID1A-mutant
and WT tumors that were independent of eRAS/BRAF status, and to
capture ARID1A-specific changes that may only occur in the eRAS/
BRAF-WT group. This analysis revealed 8 genes that are significantly
higher expressed and 56genes that are significantly lower expressed in
ARID1A-mutant tumors (FDR <0.05; Supplemental Data 2).

An ARID1A mutant-like signature score was then calculated for
each patient in both the TCGA dataset (discovery cohort) and the
CALGB/SWOG 80405 study (validation cohort) as the reverse sign of
the first principal component of the scaled expression value of these
64genes, with expression shown in Fig. 2b for 337 patients in the TCGA
cohort, ordered by the ARID1A (TCGA derived) mutant-like signature
score. ARID1A-mutant tumors from the discovery TCGA cohort had
significantly higher signature scores than ARID1A-WT tumors
(p < 0.0001, Wilcoxon rank sum test; Fig. 2c, left) with ARID1Amutants
beingmost enriched in the topquartile of the signature scores in TCGA
(Supplemental Fig. 7a) and CALGB/SWOG 80405 (Fig. 2d). Further, we
confirmed our signature’s ability to detect ARID1A mutant subjects in
the 297 patients from the CALGB/SWOG 80405 cohort with both
RNAseq and FMImutation calls available (p <0.001; Fig. 2c, right). This
difference was also observed in tumors when stratified by eRAS/BRAF
status (CALGB/SWOG 80405 ANOVA p <0.0001, F-value = 17.7,
degrees of freedom (df) = 3, ARID1A mutant vs. wt in eRAS/BRAF WT
padj = 0.0007 and eRAS/BRAF-mutant padj = 0.0002; TCGA ANOVA
p <0.0001, F-value = 37.3, df = 3, ARID1A mutant vs. wt in eRAS/BRAF
WT padj = 0.5 and eRAS/BRAF-mutant padj < 0.0001, Supplementary
Fig. 7b). However, the distribution of these scores was in general
higher in eRAS/BRAF-mutant patients, suggesting partial shared sig-
naling between ARID1A-mutant and eRAS/BRAF-mutant tumors.

We also evaluated the relationship between the ARID1A mutant-
like signature and other CRC features including MSI status and CMS
subtype. The main difference between the two cohorts was lower
frequency of MSI tumors in CALGB/SWOG 80405 (23 of 286) com-
pared to TCGA (64 of 337) cohorts (Supplemental Fig. 8a, b, left). In
TCGA patients, we observed higher ARID1A mutant-like signature

scores in ARID1A mutant vs. WT tumors in both MSI and MSS sub-
groups (ANOVA p <0.0001, F-value = 18.1, df = 3; wt_MSS-mut_MSS
padj < 0.0001, wt_MSI-mut_MSI padj = 0.1; Supplemental Fig. 8a, b, right).
In contrast, although CALGB/SWOG 80405 showed a similar trend of
higher ARID1Amutant-like signature scores in ARID1Amutants vs. WT,
these were not statistically significant when grouped by MSI status
(ANOVA p < 0.0001, F-value = 41.2, df = 3; wt_MSS-mut_MSS padj = 0.5,
wt_MSI-mut_MSI padj = 0.8) possibly due to the low number of MSI
tumors in the CALGB/SWOG 80405 cohort.

In contrast, theprevalenceof eachCMS subtypeprofiledusing the
CMScaller (version 0.99.2)31 was comparable between both cohorts
(Supplemental Fig. 9a, b), with higher ARID1A mutant-like signature
scores observed in CMS subgroups with higher prevalence of ARID1A
mutations (CMS1, CMS3, and CMS4). There was also no impact of
chemo protocol (FOLFOX vs FOLFIRI) on the ARID1A mutant-like sig-
nature despite 10/66 ARID1A mutant tumors were treated with FOL-
FOX vs 17/210 treated with FOLFIRI (Supplemental Fig. 10).

We subsequently assessed the ARID1A mutant-like signature in
the context of functional alterations in other SWI/SNF complex
members with selected functional events available fromMina et al.32.
We detected higher signature scores in patients from both cohorts
whose tumor was mutant for SWI/SNF complex members (p < 0.001,
Wilcoxon rank sum test; Supplementary Fig. 11a). These included
ARID2, PBRM1, SMARCA4, and ARID1B, in the TCGA cohort (Supple-
mentary Fig. 11b). Altogether, SWI/SNF-mutant tumors had sig-
nificantly higher signature scores than SWI/SNF-WT tumors.
Therefore, these data indicate that the ARID1A mutant-like signature
enriches for not only ARID1Amutations, but also for other mutations
that affect the integrity and biological function of the SWI/SNF
complex, suggesting that the transcriptional impact of mutations in
the SWI/SNF complex beyond specific ARID1A mutations is effec-
tively captured by our signature.

ARID1A mutant-like signature enriches for a transcriptional
program consistent with high EGFR-pathway activity and loss of
SWI/SNF activity
To further evaluate the transcriptional changes affected by ARID1A
deficiency, we calculated the ARID1A mutant-like signature for each
sample and correlated these scores with the computed per-sample
signature scores for all oncogenic signatures (C6) signatures from the
Molecular Signature Database33, in the TCGA (n = 337) cohorts. The
curated C6 gene-set collection represents signatures of cellular path-
ways derived from perturbation experiments with genes often dysre-
gulated in cancer. Two of the oncogenic signatures associated with the
ARID1A mutant-like signature included genes upregulated by EGFR
activity in MCF-7 breast cells stably overexpressing ligand-activatable
EGFR34 and genes upregulatedupon the loss of SWI/SNF activity in SNF5
knockout murine embryonic fibroblast (MEF) cells35, both correlated
with the ARID1A mutant-like signature regardless of eRAS/BRAF muta-
tion status in TCGA and CALGB/SWOG 80405 cohorts (padj < 0.0001,
Pearson correlation >0.4; Supplementary Fig. 12a, b). Beyond these
gene expression signature correlates, ARID1A mutations were enriched
in patients with ARID1A mutant-like signature group (Q4, top quartile
enriched in ARID1A mutants) vs WT-like signature group (Q1–Q3) in
both the TCGA (Supplementary Fig. 12c) and CALGB/SWOG 80405
cohort (Fig. 2e). Taken together, these results suggest the ARID1A
mutant-like signature captures not only transcriptional gene expression
changes consistent with the expected loss of SWI/SNF function but also
with active EGFR signaling and downstream cell proliferation.

ARID1A mutant-like transcriptional signature predicts reduced
efficacy in cetuximab-treated patients and patient-derived
xenograft models
After having identified a signature that captures defects in the SWI/
SNF complex, we sought to assess the predictive value of this
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signature for response to cetuximab compared to bevacizumab.
Since eRAS/BRAF-mutant patients are expected to respond poorly to
cetuximab6,36, we evaluated clinical outcome by signature group
defined by ARID1A mutant-like signature scores stratified by quartile
(Q4, ARID1A mutant-like; Q1–Q3, WT-like) in the eRAS/BRAF WT
patients from the CALGB/SWOG 80405 study. Similar to ARID1A-
mutant tumors in Fig. 2a, the 25 ARID1A mutant-like eRAS/BRAF WT
patients had shorter OS when treated with cetuximab compared to
bevacizumab (OS, Fig. 3a; PFS, Supplemental Fig. 13). The interaction
effect between ARID1A mutation signature and treatment group was
significant (OS, p = 0.007; PFS p = 0.001) with the difference being
observed in a multivariable model adjusting for clinical covariates
and chemo protocol [nARID1A_mutant-like = 25, OS, Supplemental Fig. 14,
multivariable p = 0.001, HR 5.0 (1.9–13); PFS, Supplemental Fig. 15,
p = 0.007, HR 3.4 (1.4–8.3)]. Patients with ARID1Amutant-like tumors
were also less likely to respond (complete or partial confirmed best
response) than patients with WT-like tumors when treated with
cetuximab, and the proportion of overall confirmed best response
rate (ORR) was significantly lower in the ARID1A mutant-like vs. WT-
like group (Fisher exact p = 0.006, ORR = 44% vs. 89%, respectively;
Fig. 3b). There was no significant difference in the ORR between the
ARID1A mutant-like and WT-like groups for bevacizumab (Fisher
exact p = 0.5, ORR = 50% vs. 63%, respectively). These data are con-
sistent with the concept that the ARID1A mutant-like signature pre-
dicts resistance to cetuximab but not bevacizumab.

We further evaluated the ability of the ARID1A-mutant-like sig-
nature to predict decreased sensitivity to anti-EGFR treatment in an
independent cohort of 244 cetuximab-treated patient-derived xeno-
grafts (PDX) with available response and gene expression data37. Since
ARID1A genetic or mutation status was not available, we assigned an
ARID1A mutant-like signature score to each PDX tumor, and stratified
the 132 eRAS/BRAF WT tumors into an ARID1A mutant-like vs. WT-like
group based on the top quartile as previously described in Supple-
mentary Fig. 7a. Consistent with our previous observations, for eRAS/
BRAFWTPDX tumors, ARID1Amutant-like tumors were less responsive
to cetuximab than the ARID1AWT-like group as evidenced by a greater
tumor volume increase observed at 3 weeks post-treatment (Wilcoxon
rank sum p<0.01, Fig. 3c), as well as by a lower fraction of responder
cases (PR, SD-PR) in the ARID1A mutant-like group compared to the
ARID1A WT-like group (Fisher exact p=0.05, ORR= 11% vs. 36%,
respectively, Fig. 3d). As a positive control, similar observations were
made in cetuximab-resistant KRASmutant tumors, as seen by a greater
tumor volume increase observed at 3 weeks post-treatment (p <0.001,
Fig. 3e), as well as by a lower fraction of responder cases (PR, SD-PR) in
the KRAS mutant-like group compared to the KRAS WT-like group
(Fisher exact p <0.0001, ORR= 2% vs. 28%, respectively, Fig. 3f).

ARID1A mutations and EGFR/MAPK-pathway alterations are
mutually exclusive in lung cancer and CRC patients
To gain further pathway and functional insight into possible genetic
interactions underlying ARID1A deficiency-driven resistance to anti-
EGFR therapy, we next searched for oncogenic dependencies ormutual
exclusivities betweenARID1Amutations and other alterations in cancer.
We utilized the FoundationCORE® database38 with targeted DNA
sequencing data on 16,931 CRC tumors to identify othermutations that
are either mutually exclusive or co-occurring with ARID1A mutations.
We applied the SELECT algorithm32 to all reportedmutations and copy-
number alterations with known or likely oncogenic significance, andwe
adjusted for MSI status to remove its effect on the prevalence of
detected alterations. Since EGFR is infrequently mutated in treatment-
naïve CRC (0.5%)25, we also performed this analysis in the 29,757
FoundationCORE® lung cancer samples, a tumor type where EGFR and
ARID1A mutations are more frequently detected at baseline39.

Patterns of co-occurrence in large patient cohorts often reflect
functional synergies or evolutionary dependencies, whereas mutually

exclusive events are likely functionally redundant or, less frequently,
examples of synthetic lethality32,40,41. The SELECT algorithm revealed
23 genes in CRC and/or lung with alterations that were significantly
mutually exclusive or co-occurring with ARID1A mutation (Fig. 4a).
Strikingly, EGFR short variant (SV) was the top mutually exclusive
alteration with ARID1A mutations in lung cancers (Fig. 4b). Of 5980
lung cancer patients with ARID1A and/or EGFR SVs, only 100 patients
(1.7%) had both SVs (Fig. 4c). Most of the EGFR SVs in the Founda-
tionCORE® lung data were activating mutations known to confer
increasedproliferation through sustained EGFR signaling (Fig. 4d, top).
Furthermore, we also observed significant mutually exclusivity
between EGFR amplification and ARID1A mutations in lung (FDR <0.1;
Fig. 4b, top) and a tendency for mutually exclusivity between ARID1A
mutations and EGFR amplification (0.92%) in CRC (FDR <0.1; Fig. 4b,
bottom). No association with EGFR mutations was observed in CRC,
likely due to low detection power given its low prevalence in this
cohort (0.5%). Other co-occurring and mutually exclusive signaling
pathwaygenes inCRC includedBRAF, KRAS, SMAD4, AMER1,MEN1, and
TERT (Fig. 4a). Other altered genes in Fig. 4a were enriched for WNT
signaling in CRC, and for receptor tyrosine kinases that can cause
overactivation of MAPK or PI3K pathways in lung cancer (hypergeo-
metric test q <0.05; Supplementary Data 3 and 4). Therefore, these
data suggest that ARID1A mutations may be functionally redundant
with MAPK and EGFR signaling in lung cancers and CRC.

Discussion
In CRC, baseline pre-existing KRAS mutations provide intrinsic resis-
tance to anti-EGFR containing therapies6,36. During treatment, the
selective pressure induced by EGFR blockade also promotes acquired
resistance, through expansion of tumor clones with mutations in
KRAS18,19, EGFR (extracellular domain, ECD)3, and less frequently
alterations in NRAS, BRAF, MEK1, and NF18,42 in addition to other lower
prevalence alterations.

In this study, by analyzing cfDNA at baseline and end of treat-
ment from the CALGB/SWOG 80405 study, we found that KRAS and
ARID1A mutations were positively selected in a subset of the
patients treated with cetuximab- but not bevacizumab-containing
regimens. These observations may be explained by: (i) evaluation of
a broader set of actionable mutations including ARID1A beyond
canonical alterations downstream of EGFR such as KRAS/BRAF/
NRAS/PI3K, (ii) the large number of patient samples analyzed to
detect a low prevalent acquired mechanism of resistance such as
ARID1A, and (iii) the ability to compare with a control arm (CALGB/
SWOG 80405 was a randomized study). The reasons for not
detecting other known prevalent emerging mutations such as EGFR
(ECD) in this study are unclear, but could be related to the relative
limited genomic heterogeneity and tumor burden in first-line (this
study) compared to later lines of treatment as EGFR ECD mutations
are thought to take typically longer than KRAS mutations to
emerge17 and are not likely to be founding clonal events3,4. We also
did not identify mutations preferentially enriched in the
bevacizumab-treated patients. The limited number of genes cov-
ered on the mutational panel coupled with the bias toward action-
able pan-cancer targets may also have limited our ability to discover
novel bevacizumab resistance mutations.

Intrinsic ARID1A mutations are typically seen in right-sided CRC
tumors and associated with MSI-H status and BRAF mutations. In
contrast, the acquired ARID1A mutations detected in this study were
mainly from patients with left-sided (4/6), MSS (5/6) primary tumors,
and were not associated with BRAF alterations (6/6). This “unex-
pected” high proportion of left-sided ARID1A secondary mutations is
consistent with the known increased efficacy (and stronger selective
pressure) of EGFR blockade in left-sided tumors (CALGB data, NCI
guidelines). Finally, we did not observe co-occurrence of ARID1A
cetuximab-selected mutations with KRAS or other alterations known
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Fig. 3 | ARID1Amutant-like signature enriches for cetuximab-resistant patients
in eRAS/BRAF WT tumors. a Kaplan–Meier curves showing OS in n = 162 eRAS/
BRAF WT patients stratified by ARID1A signature group (mutant-like vs. WT-like),
using the signature score Q4 cutoff, and by treatment arm with p-values from log-
rank test shown. b Clinical response (best RECIST) to cetuximab (top) and bev-
acizumab (bottom) was stratified by ARID1A mutant-like signature group for the
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RNAseq and FMI alterations data available. PD, progressive disease; SD, stable
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BRAF WT PDX models shown by ARID1A signature group (c), and for all 244 PDX
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outliers shown). d, f Cetuximab response by ARID1A signature group in the eRAS/
BRAF WT population (d; n = 121) and by KRAS status in the full PDX cohort
(f; n = 192).
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to cause resistance to cetuximab treatment. Hence, progression on
cetuximab in patients with a selectedARID1Amutation is unlikely to be
attributed to co-mutation in other known resistance mechanisms, and
thus ARID1A selected mutations may independently contribute to
resistance to anti-EGFR therapy.

ARID1A is the most frequently mutated subunit of the SWI/SNF
chromatin remodeling complex in cancer43 and is frequently altered in
CRC, non-small cell lung cancer (NSCLC), clear cell ovarian cancer,
hepatocellular carcinoma, and endometrial cancer amongother tumor
types44–49. ARID1Amutations have been previously implicated in tumor
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progression, chemoresistance, metastatic spread and activation of
oncogenic signaling pathways such as PI3K and MAPK. The vast
majority of mutations in ARID1A are truncating mutations50, which are
thought to promote cancer by destabilizing the SWI/SNF complex to
facilitate cell growth51. Since the SWI/SNF complex modulates DNA
accessibility for cellular processes involved in chromatin structure
including transcription, DNA replication and repair, loss of ARID1A is
thought to globally deregulate and impact gene transcription52,53. The
specificmolecularmechanismsbywhichARID1Amutations contribute
to cancer are likely to be complex and remain an area of active
investigation. In this context, the emergence of ARID1A mutations in
cetuximab-treated patients indicates a previously unsuspected func-
tional link between EGFR signaling and ARID1A/SWI/SNF effectors in
CRC patients. Although the biological convergence between these two
pathways is not necessarily evident a priori, a recent functional genetic
screen in a NSCLC cell line identified loss of function ARID1A and other
SWI/SNF components as important mechanisms of resistance to EGFR
inhibition in vitro54. Our paper shows that thismechanismof resistance
mediated by ARID1A/SWI/SNF loss that was initially uncovered by
functional genetic screens in vitro is likely to be relevant in human
patients treated with agents that inhibit EGFR signaling.

If secondary ARID1A mutations are indeed a mechanism of
acquired resistance to cetuximab then intrinsic mutations in this gene
may also predict primary resistance to anti-EGFR treatment. By per-
forming correlative analysis between ARID1A status at diagnosis in
tissue and outcome in CALGB/SWOG80405 wewere able to show that
patients with known or likely intrinsic mutations in ARID1A have
indeed worse overall survival on cetuximab (independently of MSI or
eRAS/BRAF status) than bevacizumab while this differential outcome
was not observed in ARID1A WT patients. We confirmed these obser-
vations using real-world data. One possible limitation for this inter-
pretation is that, given its low prevalence in CRC, the number of
ARID1A mutants included in these correlative analyses is relatively
small. Together these findings suggest that both primary and sec-
ondary ARID1A mutations can compensate for the lack of EGFR sig-
naling. Although the prevalence of ARID1A in CRC is relatively low
(~5–11%)25,55, this finding, if validated in a prospective study, may have
important clinical implications. Our data suggest that ARID1A mutant
patients could be potentially excluded from cetuximab treatment.
However, ARID1Amutation by itselfmaybe an imperfect biomarker, as
ARID1A downstream function can be impaired by other mechanisms
besides mutation.

In an attempt to more broadly characterize these downstream
biological consequences at the transcriptional level, we leveraged
genomic and gene expression data to discover and validate an ARID1A
loss of function-like gene expression signature that not only identifies
ARID1Amutant tumors but alsomore broadly other tumors with likely
impairment of the SWI/SNF complex. By applying this signature, we
found that ARID1A mutant-like tumors were less responsive to anti-
EGFR treatment than the ARID1A WT-like group in CALGB/SWOG
80405. This was also confirmed in eRAS/BRAF WT PDX tumors. Thus,
the downstream biological consequences of ARID1A loss of function
can also be defined at the phenotypic/transcriptional level. Our data
suggest that CRC tumors with functional impairment of ARID1A
function (as defined by the ARID1A signature) may also be resistant to
anti-EGFR therapies, thus indicating that the prevalence of this phe-
notype may be broader than what ARID1A genomic mutation data
would suggest.

Our data showing that the ARID1A mutant-like signature enriches
in transcriptional programs consistent with active EGFR and loss of
SWI/SNF activity, suggests that the ARID1A/SWI/SNF complex nega-
tively modulates transcription of EGFR downstream effectors. EGFR
signaling is known to promote sensitivity to anti-EGFR therapies8,56–58.
However, the role of the EGFR pathway in the context of loss of
ARID1A/SWI/SNF activity has not been characterized in these studies.

The transcriptional convergence between EGFR activation and ARID1A
loss provides a likely mechanistic explanation for the contribution of
ARID1A mutations to the resistance to anti-EGFR therapy. A detailed
molecular characterization of the interaction between these two
pathways is beyond the scope of the present manuscript but warrants
further investigation.

In CRC patient tumor genomic data, we were able to detect a
trend toward a mutually exclusive interaction between ARID1A and
rare baseline EGFR amplifications, as well as significant mutually
exclusive interactions between ARID1A and BRAF andKRAS, two genes
that are downstreamof EGFR signaling and known to confer resistance
to anti-EGFR therapy. Data from NSCLC patients, in which both EGFR
and ARID1A are frequently mutated, confirmed the relevance of this
mutually exclusive genetic interaction between these two genes in the
context of EGFR dependent tumors. Thus, the mutual exclusive
interaction described here provides additional independent con-
firmation of the relevance of the functional link between ARID1A and
EGFR/MAPK-pathway during tumor progression in CRC and NSCLC
patients that are EGFR signaling dependent that is consistent with
previously published genetic data in NSCLC cell lines.

The data presented in this manuscript add to the large and
growing body of clinical evidence indicating that most CRCs are
addicted, in one way or another, to EGFR/MAPK activation. This is
evidenced by the efficacy of cetuximab in WT patients, by the sec-
ondary mutations in this pathway emerging in response to anti-
EGFR blockade, by the high prevalence of KRAS mutations, and by
the sensitivity of BRAF V600E mutations to combinations of
cetuximab and BRAFV600E inhibitors. Our results not only indicate
that ARID1A could be potentially used, if further confirmed, as a
predictive biomarker for excluding patients from cetuximab treat-
ment but also provide a rationale for exploring therapeutic MAPK
inhibition in a previously unsuspected genetically defined segment
of CRC patients.

Methods
The presented research complies with all ethical regulations. Institu-
tional review board approval was required at all participating centers,
which are listed at https://clinicaltrials.gov/ct2/show/NCT00265850,
and all participating patients provided written informed consent.
Patients were enrolled at centers across the National Cancer Trials
Network in the United States and Canada. CALGB is now part of the
Alliance for Clinical Trials in Oncology. The study was conducted in
accordance with recognized ethical guidelines of the Declaration of
Helsinki, CIOMS, Belmont Report, and the U.S. Common Rule. The
clinical trial number for this trial is NCT00265850.

CALGB/SWOG 80405 study design, patient cohort, and
response assessment
Samples for this analysiswere collected from theCALGB/SWOG80405
trial, which was a phase III trial designed to determine whether the
addition of cetuximab compared to bevacizumab to chemotherapies
was superior asfirst-line treatment in advanced ormetastatic CRC. The
study design, patient eligibility, and clinical outcome of this trial have
been reported previously23,59. Additional information about the study
is available at ClinicalTrials.gov identifier: NCT00265850. Best clinical
response was determined according to RECIST 1.1 (Sum of the longest
diameters of the target lesions on CT scans). The number of patients
enrolled in the trial and the blood samples used for analysis are
reported in Supplementary Fig. 16. Informed consent was obtained
from all patients for analysis conducted in this study.

Nucleic acid sample preparation
The pathologic diagnosis of each case was confirmed by review of
hematoxylin and eosin (H&E) stained slides. Tumors marked by a
pathologist based on H&E images were macro-dissected for DNA and
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RNA extraction. Tumor DNA was extracted by QIAamp DNA formalin-
fixed, paraffin-embedded tissue kits (QIAGEN, Hilden, Germany). Total
RNA was isolated using Roche High Pure FFPE RNA Micro Kit (Roche
Applied Science, Mannheim, Germany).

Mutation profiling (FoundationOne® and allele-specifc PCR)
DNA extracted from 562 patients was submitted to Foundation Med-
icine (Cambridge,MA) for targeted next-generation sequencing (NGS)-
based genomic profiling following standard procedure as previously
described60,61. Adaptor-ligated DNA underwent hybrid capture for
coding exons of 395 cancer-related genes plus select introns from 31
genes frequently arranged in cancer FoundationOne® panel as pre-
viously reported24. In addition, mutation hotspots in AKT, APC, BRAF,
CTNNB1, EGFR, FBXW7, HRAS, KRAS, NRAS, PIK3CA, and TP53 were
detected by allele-specific PCR from 843 patients, and the detected
mutations in those genes have been previously reported23. Unless
otherwise indicated, FoundationOne®-basedmutations were used. For
some analyses, KRAS, NRAS and BRAF hotspot mutations from addi-
tional sampleswere included, as indicated. In addition, comprehensive
genomic profiling (CGP) was carried out for 16,931 CRC and 29,757
lung tumors in a Clinical Laboratory Improvement Amendments
(CLIA)-certified, CAP (College of American Pathologists)-accredited
laboratory (Foundation Medicine Inc., Cambridge, MA, USA) on all-
comers during the course of routine clinical care. Approval was
obtained from the Western Institutional Review Board (Protocol No.
20152817). Hybrid capture was carried out for coding exons from at
least 324 cancer-related genes plus select introns from up to 31 genes
frequently rearranged in cancer. We assessed all classes of genomic
alterations (GA) including short variant (SV), copy-number (CN), and
rearrangement alterations62.

Gene expression profiling
Whole-transcriptome profiles were generated for 578 patients using
TruSeq RNA Access technology (Illumina®). RNAseq reads were first
aligned to ribosomal RNA sequences to remove ribosomal reads. The
remaining reads were aligned to the human reference genome (NCBI
Build 38) using GSNAP version “2013-10-10”, allowingmaximumof two
mismatches per 75 base sequence (parameters: ‘-M 2 -n 10 -B 2 -i 1 -N 1
-w 200000 -E 1–pairmax-rna=200000–clip-overlap). To quantify gene
expression levels, the number of reads mapped to the exons of each
RefSeq gene was calculated in a strand-specific manner using the
functionality provided by the R package GenomicAlignments13 (Bio-
conductor). RNAseq analysis was performed in R using limma (version
3.53.5) Bioconductor package. Heatmaps were generated with Com-
plexHeatmap (version 2.13.0) Bioconductor package.

cfDNA analysis
For all patients who enrolled in the CALGB80405 study and consented
to have their blood be kept for future unknownuse in research to learn
about, prevent, treat or cure cancer, one 5mL citrate tube and three
5mL EDTA tube were drawn prior to the initiation of protocol therapy
(baseline), at first restaging (8 weeks, during treatment), and at the
discontinuation of protocol therapy. After centrifuging for 10 to 15min
at 1300 x g (or in accordance with collection tube manufacturer’s
instruction), plasma samples were aliquoted into 1.8mL cryovials at
0.5mLper vial, thenwereprocessed and frozenwithin 3 hof collection
and stored at −80 °C. For cfDNA analysis, a total of 953 EDTA or
citrated plasma specimens (1–2mL) from the CALGB/SWOG
80405 study collected at different time points (baseline: 354; during
treatment: 254; at the end of protocol therapy: 345) were analyzed
using the Guardant 360 cfDNA assay. The Guardant 360 assay is a
Clinical Laboratory Improvement Amendments (CLIA)-certified tar-
geted digital sequencing panel designed to detect SNVs, as well as
selected insertions/deletions, amplifications, and fusions. cfDNA iso-
lation and sequencing were performed by Guardant Health using

previously described methodology63–65. Briefly, blood was processed
upon receipt to isolate plasma by centrifugation at 1600 × g for 10min
at 4 °C. Plasma was immediately aliquoted and stored at −70 °C. Cell-
freeDNAwasextracted from1mLaliquots of plasmausing theQIAamp
circulating nucleic acid kit (Qiagen), concentrated using Agencourt
Ampure XP beads (Beckman Coulter), and quantified by Qubit fluo-
rometer (Life Technologies, Carlsbad, CA, USA). All cfDNA sequencing
and analysis was performed at Guardant Health (Redwood City, CA,
USA). Illumina sequencing reads were mapped to the hg19/GRCh37
human reference sequence, and genomic alterations in cfDNA were
identified from Illumina sequencing data by Guardant Health’s pro-
prietary bioinformatics algorithms. These algorithms quantify the
absolute number of unique DNA fragments at a given nucleotide
position, thereby enabling circulating tumor DNA to be quantitatively
measured as a fraction of total cfDNA.

Real-world data analysis
The data presented in Supplementary Fig. 6 was derived from Fla-
tiron (FH) and FMI, this is an observational, non-interventional
cohort study. Retrospective longitudinal clinical data were derived
from electronic health record (EHR) data, comprising patient-level
structured and unstructured data, curated via technology-enabled
abstraction, and were linked to genomic data derived from FMI
comprehensive genomic profiling (CGP) tests in the FH-FMI CGDB by
de-identified, deterministic matching28. Genomic alterations were
identified via comprehensive genomic profiling (CGP) of >300
cancer-related genes on FMI’s next-generation sequencing (NGS)
test, i.e., FoundationOne® CDx, FoundationOne® or FoundationOne
Liquid®62. Our study cohort includes 5511 CRC patients in the disease-
specific FH-FMI CGDB who: (a) are in the Q3 2020 release; (b) have a
metastatic CRC diagnosis (may be de novo metastatic or have pro-
gressed to metastatic disease from early stage CRC diagnosis). The
primary endpoint for the Kaplan–Meier Analysis was OS, which is
defined as the length of time (in months) from the start of the first-
line of therapy (as the index date) until death from any cause or
censoring date (we use the end of treatment date). Our analysis was
restricted to patients with FMI CGP testing before start of treatment
(1 L) for both alteration and WT cohorts. We compared anti-EGFR
(cetuximab or panitumumab) treated patients to anti-VEGF therapy
(bevacizumab) for patients with ARID1A mutation status available.
ARID1A patients with short variant alterations annotated as known
and likely were defined as ARID1A mutant positive. For the analysis,
Cox proportional hazards (PH) regression models was applied for
multivariable analyses to obtain the hazard ratio (HR) and 95% con-
fidence intervals (CIs) while controlling for confounding factors,
including age, gender, and MSI status, within the KRAS/NRAS/BRAF
(known/likely) WT cohort. Based on the Schoenfeld residuals test
results of each comparison group, the PH assumption holds and we
donot need to stratify any covariates. KMcurves showunadjustedOS
with log-rank test used to assess differences between the groups.
Multivariate Cox PH models were used to evaluate cetuximab or
panitumumab compared to bevacizumab and the interaction with
ARID1A status (mutant vs.wildtype) adjusted for confounding factors
of age, gender, MSI status, and KRAS/NRAS/BRAF mutation status.
We present the forest plot that shows HR (exp(coef) or the instan-
taneous relative risk) for patients receiving Cetuximab or Panitu-
mumab from the Cox PH models.

ARID1A mutant-like signature generation
TheARID1Amutant-like transcriptional signaturewas derived from the
list of differentially expressed genes between ARID1A mutant and WT
tumors in TCGAcolorectal tumors. To enrich formutations thatwould
impact the function of the protein, TCGAmutant tumors were defined
as those with alterations annotated as selected functional events (SFE)
by Mina et al.32. These alterations were curated from the thousands of
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observed copy-number alterations (CNAs) and somatic mutations
observed in the TCGA cohort to enrich for potential driver
mutations32,41. Transcriptional profiles of the 28ARID1Amutant tumors
(with SFE) were compared to the 309 ARID1A-WT tumors (i.e., without
SFE) using the limma voom function in R, with eRAS/BRAF status and
the interaction between eRAS/BRAF and ARID1A mutation status
included as covariates, and geneswith and FDR >0.05were selected as
the mutant-like signature.

ARID1A mutant-like signature validation
The ARID1A mutant-like signature comprises the differentially expres-
sed genes between the ARID1Amutant andWT sampleswithMSI status,
eRAS/BRAF status and the interaction between eRAS/BRAF and ARID1A
status added as covariates (FDR<0.05) with the voom function imple-
mented in the limmaRpackage. ARID1Amutation status,MSI andeRAS/
BRAF status were all derived from the FMI targeted panel. ARID1A
mutation status for TCGA CRC patients was obtained from the Pan-
can23 genomic alterationmatrix of selected functional events available
at http://ciriellolab.org/select/select.html32. The ARID1A mutant-like
signature score was calculated as the reverse sign of the first principal
component of the z-score transformed expression of each gene in the
signature. For the PDX cohort, we calculated the ARID1A mutant-like
signature score from the gene expression data available at GSE7640258.
GEO data was downloaded using the GEOquery (version 2.65.2) Bio-
conductor package. In both cohorts, tumorswere stratified into ARID1A
mutant-like and WT-like groups based on quartile (Q4, mutant-like;
Q1–Q3,WT-like). eRAS/BRAF status in the PDX cohort was based on the
mutation calls reported for KRAS, BRAF and NRAS58.

SELECT and Gene-set enrichment analysis
The SELECT algorithm was used to look for co-occuring and mutually
exclusive mutations in FoundationCore database. A copy of the algo-
rithm can be downloaded from the Ciriello lab [http://ciriellolab.org/
select/select_1.0.tar.gz]. The select algorithm (version 1.0)32 was
applied to the known and likely mutation calls from the FMI founda-
tion core database for lung cancer and CRC patients. The hypergeo-
metric test was used to compare the significance of the overlap
between the genes identified by SELECT for CRC and lung, and Path-
way Commons pathways. Enrichment p-values were corrected for the
number of pathways tested using the Benjamini and Hochberg pro-
cedure. Complete results from the enrichment analyses are reported in
Supplementary Data 3 and 4.

Statistical analysis
The distribution of time-to-event end points was estimated by
Kaplan–Meier curves. Associations with OS and PFS were tested
using the log-rank test. Pairwise comparisons were corrected for
multiple testing using the Benjamini & Hochberg method. A multi-
variable stratified Cox model was used to identify the association
between a biomarker and time-to-event end points. Models were
adjusted for age, treatment arm, sex, ECOG score, synchronous vs.
metachronous metastases, number of metastatic sites, primary
tumor location (right, transverse, left), MSI status, and eRAS/BRAF
(KRAS, BRAF, and/or NRAS mutant vs. WT), while stratifying for
prior adjuvant chemotherapy and prior radiation. For Cox models
testing the effect of MSI status on ARID1A-mutant patients OS and
PFS, models were adjusted for the clinical variables that were sig-
nificant in univariable models: age, number of metastatic sites, side,
and eRAS/BRAF mutation status (KRAS, NRAS, BRAF). All other sta-
tistical analysis and figures were generated in Rstudio IDE with R
version 4.2.0.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The TCGA publicly available RNAseq data used in this study are
available in the Firebrowse portal (version 2016 01 28) http://
firebrowse.org/. TCGA gene expression raw counts for colorectal
cancer are available for download from https://gdac.broadinstitute.
org/. The selected functional event mutation annotations for TCGA
tumors are available from theCiriello lab32 http://ciriellolab.org/select/
pancan23_dataset.zip. The PDX gene expression data used in this
study are available in the GEO database under accession code
GSE7640258. The CALGB/SWOG 80405 RNAseq data previously gen-
erated and used in this study are available in the GEO database under
accession code GSE196576. The CALGB/SWOG 80405 ctDNA data
generated in this study have been deposited in the dbGAP database
under accession code phs002941. The data is available under restric-
ted access due to themcontaining information that could compromise
research participant privacy/consent. Access can be obtained by
submitting a request to Xueping Qu (qu.xueping@gene.com).
Individual-level data from the genotyped cohorts will be made avail-
able to researchers for academic purposes only following an approved
analysis proposal for 1 year. Review timelines may vary but once
approved access should be granted within a week. Real-world data in
this study refers to observational data generated during routine clin-
ical practice and collected outside regulated clinical trials by Flatiron
Health and Foundation Medicine clinic-genomic database. Restric-
tions apply to the availability of the real-world data underlying the
analysis for Foundation Medicine, Inc and Flatiron Health-Foundation
Medicine CRC clinico-genomic database. For further details on
Roche’s Global Policy on the Sharing of Clinical Information, and how
to request access to related clinical studydocuments, see https://www.
roche.com/research_and_development/who_we_are_how_we_work/
clinical_trials/our_commitment_to_data_sharing.htm. The remaining
data are available within the Article, Supplementary Information or
Source Data file. Source data are provided with this paper.
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