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ABSTRACT

Objective Circulating tumour DNA (ctDNA) sequencing
is increasingly used in the clinical management of
patients with colorectal cancer. However, the genomic
heterogeneity in ctDNA during treatments and its impact
on clinical outcomes remain largely unknown.

Design We conducted a prospective cohort study
(NCT04228614) of 171 patients with unresectable
metastatic colorectal cancer (nCRC) who underwent
first-line treatment and prospectively collected blood
samples with or without tumour samples from patients
at baseline and sequentially until disease progression or
last follow-up.

Results The RAS/BRAF alterations in paired baseline
tissue and plasma samples from 63 patients displayed a
favourable concordance (81.0%, 51/63). After a period
of first-line treatment (median time between baseline
and last liquid biopsy, 4.67 months), 42.6% (26/61) of
RAS-mutant patients showed RAS clearance and 50.0%
(5/10) of BRAF-mutant patients showed BRAF clearance,
while 3.6% (3/84) and 0.7% (1/135) of patients showed
new RAS or BRAF mutations in ctDNA. Patients with
plasma RAS/BRAF clearance showed similar progression-
free survival (PFS) and overall survival (OS) with patients
who remained RAS/BRAF wild-type, while much better
outcomes than those who remained RAS/BRAF mutant.
Patients who gained new RAS/BRAF mutations showed
similar prognosis as those who maintained RAS/BRAF
mutations, and shorter PFS and OS than those who
remained RAS/BRAF wild-type.

Conclusion This prospective, serial and large-scale
ctDNA profiling study reveals the temporal heterogeneity
of mCRC-related somatic variants, which should be given
special attention in clinical practice, as evidenced by the
finding that the shift in plasma RAS/BRAF mutational
status can yield a drastic change in survival outcomes.

INTRODUCTION

Colorectal cancer (CRC) is the second leading cause
of cancer-related death worldwide, and its incidence
rates are increasing in many countries.! > Along
with the progress of drug development, chemo-
therapy, targeted agents (ie, anti-epidermal growth
factor receptor (EGFR) and anti-vascular endothe-
lial growth factor (VEGF) therapy) and immune

Significance of this study

What is already known about this subject?

» The treatment strategies of metastatic
colorectal cancer (mCRC) develop as the
molecular diagnostics improve, and the failure
of first and later lines of therapy may be caused
by the molecular heterogeneity within patients
over time.

» Plasma RAS mutation clearance in mCRC is
increasingly used as a biomarker for selecting
patients eligible for anti-EGFR rechallenge.

» Further exploration of the temporal
heterogeneity of mCRC-related somatic variants
in circulating tumour DNA (ctDNA) is needed.

What are the new findings?

» After a period of first-line treatment, plasma
RAS and BRAF clearance rates are 42.6%
and 50.0%, respectively, while RAS and BRAF
acquisition rates are 3.6% and 0.7% in ctDNA.

» The shift in plasma RAS or BRAF mutational
status correlates with the drastic change in
survival outcomes.

» ERBB2 amplification, NTRK fusion and other
actionable targets for clinical trials, including
KRASE'2C, BRAF™"V6% PTEN, NF1, MTOR, MET,
CDK12, CDKN2A, FGFR1/2/3, remain consistent
over time in most patients.

How might it impact on clinical practice in the

foreseeable future?

» This prospective, serial and large-scale ctDNA
profiling study reveals the genomic temporal
dynamics and heterogeneity of mCRC and
provides solid evidence and insights to support
the use of ctDNA sequencing in capturing the
dynamic somatic mutational spectrum and
predicting the prognosis of patients with mCRC.

checkpoint inhibitors have largely reshaped the
treatment of metastatic CRC (mCRC), which
requires the precise stratification of patients
according to their molecular features.>™

In recent years, the rapid development of next-
generation sequencing (NGS) technology has made
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it feasible for clinical application. The detection of actionable
or prognostic somatic variants by NGS is important for guiding
treatment decision-making for CRC.® For instance, somatic RAS
mutation is an indicator of primary resistance to anti-EGFR
therapy and predicts poor survival outcomes.” Somatic BRAFY¢%°F
mutation is also a poor prognostic factor and the approved indi-
cation for triplet combination therapy (BRAF inhibitor, MEK
inhibitor and anti-EGFR monoclonal antibody).® Although the
treatment strategies of mCRC develop as the molecular diag-
nostics improve, the resistance to first and later lines of therapy
are caused by the molecular heterogeneity within patients over
time.” '

The main obstacles to answering these questions are the unfea-
sibility of repeated tissue biopsy and the spatial and temporal
heterogeneity of tumour tissue.!'’ ' Liquid biopsy allows the
examination of circulating tumour DNA (ctDNA), which is
released into the bloodstream due to the breakdown of tumour
cells.’® After much research, liquid biopsy can now be applied
in clinical practice.'* '* The US Food and Drug Administration
recently approved Guardant360 CDx, an NGS liquid biopsy
panel, as the first liquid biopsy NGS companion diagnostic test
for metastatic non-small-cell lung cancer.'® This marks a new era
for mutation testing using liquid biopsy.

Emerging studies have shown that ctDNA analysis has the
potential to be applied in the whole-course management of
patients with CRC, including early diagnosis, minimal residual
disease assessment, actionable target detection and treatment
response monitoring in metastatic settings.'* '’ For instance, we
recently reported that ctDNA methylation profiles could be used

in CRC screening.'® Several groups have also provided evidence
supporting that ctDNA could reflect the existence of minimal
residual disease postoperatively.”* ! Moreover, the serial ctDNA
testing may help monitor treatment efficacy, with the early
change in ctDNA serving as a marker of clinical response.” **
And ctDNA could track RAS clones to monitor drug resistance
or the potential to receive anti-EGFR rechallenge.”* However,
studies on the evolution of somatic mutations of CRC in c¢tDNA
under systemic therapy and its clinical significance are still
lacking.

We conducted a prospective and observational study by
enrolling patients with systemic therapy-naive mCRC and
employing serial ctDNA testing to monitor the temporal hetero-
geneity of somatic variants during first-line treatment and to
investigate the potential correlations with clinical outcomes.

RESULTS

Patient characteristics at baseline

The study flow chart is presented in figure 1. In total, 171 patients
with unresectable mCRC were enrolled. The clinical character-
istics of the patients at baseline are listed in online supplemental
table S1. Baseline RAS and BRAFY**°F mutations were detected
in ctDNA from 74 (43.3%) and 11 (6.4%) patients, respectively.
For first-line treatment, 94 (55.0%) patients received chemo-
therapy plus bevacizumab, 51 (29.8%) patients received chemo-
therapy only, 25 (14.6%) patients received chemotherapy plus
cetuximab and only 1 (0.6%) patient with confirmed high micro-
satellite instability status received immunotherapy. A strong

Liquid biopsy of 223 mCRC patients under 1st-line chemotherapy (CT) until
disease progression (PD) or last follow-up from April 12th, 2018 to January 16th, 2020

\ 4

Excluded

Patients who received curative
resection or ablation during
1st-line treatment and
achieved NED status (n =52)

171 mCRC patients with baseline (BL) plasma samples
159 mCRC patients with post-CT plasma samples

!

ctDNA detection of somatic variants by a 378-gene panel

!

Comparison with paired BL
primary tumor tissue mutation
detected by WES (n = 63)

|

Compare mCRC-related
targets between BL
and last plasma samples
before PD
(n =145)

Figure 1
disease; WES, whole-exome sequencing.

|

Compare mCRC-related
targets between BL
and plasma samples

after PD
(n =20)

|

Explore potential
mechanisms of
resistance to
anti-EGFR

(n=6)

Flowchart of study design and patient selection. ctDNA, circulating tumour DNA; mCRC, metastatic colorectal cancer; NED, no evidence of
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Figure 2 Concordance analysis of baseline mutations in paired plasma and tumour tissue samples among 63 patients. (A) Genomic profiling

of some high-frequency mutations between baseline tissue samples and plasma samples (nonsynonymous single-nucleotide variants and indels).
The top bar represents the number of mutations a patient carried; the side bar represents the number of patients who carried a certain mutation.
(B) Correlation analysis between mutation frequencies of 378 genes from the NGS panel in circulating tumour DNA (ctDNA) samples versus tissue
samples (Spearman'’s rank correlation). (C) Comparison of RAS and BRAF'®**t mutations in tissue samples and plasma samples. MUT, mutant; P,

plasma; T, tissue; WT, wild type.

correlation between the site of metastasis and baseline ctDNA
levels was observed (online supplemental figure S1). The median
maximum variant allele frequency (VAF) (maximum somatic
allele frequency (MSAF)) was significantly higher in patients
who had only liver (29.6%; IQR, 12.4%-48.1%) or lymph node
(41.6%; IQR, 20.3%-56.1%) metastasis site, compared with
those who had only lung (1.2%; IQR, 0%-4.7%) or non-liver-
lung (1.1%; IQR, 0.7%-2.1%) metastasis site.

Mutational concordance in paired baseline plasma and tissue
Among 63 patients with paired baseline plasma and tissue
samples, we compared the consistency of somatic variants
(nonsynonymous single-nucleotide variants (SNVs) and indels)

between ctDNA samples (detected by NGS) and corresponding
tissue samples (whole-exome sequencing, WES) (figure 2A;
online supplemental table S2). Further analysis indicated that
the prevalence of SNVs/indels among the 378 tumor-related
genes (online supplemental table S3) included in the NGS panel
of ctDNA was positively correlated with that observed in tumour
tissues at baseline (R*=0.91; p<0.001; figure 2B). The RAS
mutation rate was 46.0% in tumour tissue (n=29) and 47.6%
in ctDNA (n = 30), and the BRAFV**® mutation rate was 9.5%
in tumour tissue (n=6) and 7.9% in ctDNA (n=35). Hence,
the overall agreement of RAS/BRAFY"’F status between plasma
and tissue was 81.0% (51/63), with 17.5% (11/63) and 1.5%
(1/63) disagreement in RAS and BRAFY®"E status, respectively

Wang F, et al. Gut 2021;0:1-10. doi:10.1136/gutjnl-2021-324852
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(figure 2C). Furthermore, among the patients with only liver
metastasis, RAS concordance rate was 90.0% (18/20). And the
RAS concordance rate was 79.1% (34/43) in the patients with
extrahepatic lesions (online supplemental figure S2). These data
displayed favourable gene-level concordance between tumour
tissue samples and ctDNA samples but showed some discordance
in RAS and BRAFY***F mutations.

Genomic evolution in plasma ctDNA under first-line
treatment

To investigate genomic evolution under first-line treatment, we
collected serial plasma samples and referred to the Oncology
Knowledge Base (OncoKB), which offers evidence-based thera-
peutic implications of cancer alterations, and generated a picture
of actionable targets in CRC (figure 3A). Among the cohort of
145 patients with sequential plasma samples before progressive
disease (PD), the median time from baseline ctDNA collection
to the last liquid biopsy sample collection before PD was 4.67
months (range, 1.40-14.50 months; figure 3B).

A comprehensive comparison of the top mutant genes and
CRC-related actionable variants between baseline and last
liquid biopsy before PD showed the overall decline in mutation
frequencies in most genes after a period of treatment (figure 3C).
For standard-of-care (SOC) targets, 42.6% (26/61) of patients
with RAS mutations showed RAS mutation clearance and 5
of them (5/61, 8.2%) showed RAS clearance with detectable
ctDNA. 50.0% (5/10) of patients with BRAF mutations showed
BRAF mutation clearance, while 3.6% (3/84) and 0.7% (1/135)
of patients showed new RAS or BRAF mutations, respectively
(figure 3D). Of note, the alterations in RAS status during first-
line treatment were fairly stable in our cohort (online supple-
mental figure S3), suggesting that the dynamic genetic change
was a steady event for individual patients. In addition, one of
three patients lost ERBB2 amplification after treatment, while
none of the patients acquired new ERBB2 amplification. Unlike
SOC targets, actionable variants for clinical trials, including
KRASC?¢, BRAF™"V¢°E  PTEN, NF1, MTOR, CDK12,
CDKN2A, FGFR1/FGFR2/FGFR3 alterations, changed in
12.49% (18/145) of patients but remained consistent over time in
most (127/145, 87.6%) patients (figure 3E). No NTRK fusions
were detected at baseline or after treatment.

Clinical outcomes according to shift in plasma RAS and
BRAF600E

To further evaluate the importance of RAS and BRAF mutations
in reflecting prognosis, we analysed the association between the
dynamic changes in RAS and BRAF status shown in figure 3D
and clinical outcomes.

Of note, in our cohort, ctDNA levels were positively correlated
with tumour burden during first-line treatment (online supple-
mental figure S4A, B). Furthermore, the median ctDNA level
was 14.0% (IQR, 2.0%-47.4%) at baseline, which was signifi-
cantly higher than that of 0.5% (IQR, 0%-4.0%) at last biopsies
before PD among 145 patients (p<0.001, online supplemental
figure S4C), revealing a significant decline in ctDNA levels after
a period of treatment. So, changes in ctDNA levels were adjusted
when survival analyses were performed.

The median progression-free survival (mPFES) of patients with
RAS or BRAF clearance were 12.8 months (95% CI 10.2 to not
reached (NR)) and NR (95% CI 18.9 to NR), respectively, which
were similar to the mPFS of 13.2 months (95% CI 10.8 to 16.4;
p=0.980) and 11.5 months (95% CI 10.4 to 13.3; p=0.196) in
patients who remained free of RAS or BRAF mutation but were

significantly better than the mPFS of patients who remained RAS
mutant (7.9 months; 95%CI 5.1 to 10.9; p=0.002) or BRAF
mutant (6.4 months; 95%CI 3.2 to NR; p=0.002; figure 4A,
table 1). Similarly, patients with RAS or BRAF clearance showed
a similar median overall survival (mOS) versus patients who
remained RAS wild-type (NR (95%CI 22.7 to NR) versus
31.4 (95% CI 26.0 to NR); p=0.906) or BRAF wild-type (NR
(95% CI 20.8 to NR) versus 26.7 months (95% CI 22.7 to NR);
p=0.869), whereas patients who maintained RAS or BRAF
mutations had a shorter mOS of 14.5 months (95% CI 12.7 to
NR; p=0.006) and 11.4 months (95%CI 5.6 to NR; p=0.022),
respectively (figure 4B, table 1).

In contrast, the mPFS in patients with new RAS or BRAF
mutations was 6.1 months (95% CI 2.2 to NR) and 8.7 months
(95% CI NR to NR), respectively, which were similar to the
mPFS of patients who maintained RAS or BRAF mutations (7.9
months, p=0.350; 6.4 months, p=0.774) and were numerically
shorter than the mPFS of patients who remained RAS or BRAF
wild-type (13.2 months, p=0.014; 11.5 months, p=0.179;
figure 4A, table 1). There were no differences in the mOS of
patients with RAS or BRAF acquisition (15.0 months (95% CI
11.3 to NR); NR (95%CI NR to NR)) compared with those
who remained RAS or BRAF mutations (14.5 months, p=0.262;
11.4 months, p=0.996). However, patients who acquired RAS
mutations showed a shorter mOS than those who remained RAS
wild-type (31.4 months, p=0.003; figure 4B).

Genomic evolution in plasma ctDNA after disease progression
Faced with second-line clinical decisions, we tracked the clinical
variant dynamics of mCRC in 20 patients from whom plasma
samples were obtained after PD (median time interval since
baseline, 6.57 months; range, 1.07-12.20 months) following
first-line therapies (figure SA). For SOC targets, 44.4% (4/9) of
patients with RAS mutations showed RAS clearance, and none
of the patients showed BRAF clearance, while 27.3% (3/11)
and 5.3% (1/19) of patients showed new RAS or BRAF muta-
tions, respectively. ERBB2 remained wild-type in all 20 patients
after PD (figure 5B). Moreover, for clinical-trial variants, only 1
patient obtained a new NF1 mutation, whereas 95.0% (19/20)
of patients exhibited no changes over time (figure 5C).
Meanwhile, ctDNA levels at best response (median MSAF,
0.1%; IQR, 0%-1.0%) during treatment were significantly
lower than that at the baseline (median MSAF, 8.5%; IQR,
2.7%-55.9%; p<0.001) and the disease progression (median
MSAF, 10.4%; IQR, 0.7%-27.9%; p=0.002). The ctDNA levels
decreased in patients with partial response or stable disease and
increased when PD was observed, allowing the use of ctDNA
detection in response evaluation (online supplemental figure S5).
Furthermore, to identify potential mechanisms of resistance
to EGFR antibody (EGFR-Ab) treatment, we analysed the
genetic changes between baseline and PD plasma samples of six
patients who received EGFR-Abs as a first-line regimen (online
supplemental figure S6). Compared with baseline samples, PD
samples from four patients exhibited the most peculiar genetic
alterations in genes involved in the RTK-RAS pathway and
PI3K pathway, including mutations of RAS, BRAF, ALK, HGF,
NF1, and PIK3CG and amplification of MET. We also detected
the acquisition of several genetic alterations that likely confer
EGFR-Ab resistance, as described in recent studies,”* such as
mutations of ATM, SMAD2 and CCNE1 amplification. GATA2,
a necessary transcription factor for RAS-mutant non-small-cell
lung cancer cells,”’ was detected in one patient at PD. New muta-
tions in SYNE1, IKZF1 and TERT amplification were observed
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Figure 3  Genomic temporal heterogeneity in plasma circulating tumour DNA under first-line treatment among 145 patients. (A) Evidence-based
actionable targets in colorectal cancer (CRC) referring to the Oncology Knowledge Base database. The outer ring represents the different levels of
evidence for the actionable targets, and the inner part represents the different treatments according to the corresponding targets. (B) Time from
baseline plasma sample collection to the last liquid biopsy before progressive disease (PD). (C) Genomic profiling of the most commonly mutated
genes and actionable targets in CRC between baseline and post-chemotherapy (postCT) plasma samples. The top bar represents the number of
mutations a patient carried; the side bar represents the number of patients who carried a certain mutation; and the bottom bar represents patient
characteristics, including age, sex, smoking history, tumour location, metastatic site at baseline, best response and first-line chemotherapy regimen.
(D) The clearance and acquisition rates of standard-of-care targets and top mutant genes after treatment. (E) The shift of actionable targets for clinical
trials after treatment. amp, amplification; BL, baseline; CR, complete response; MSI, microsatellite instability; NE, not evaluable; PR, partial response;
SD, stable disease; TMB, tumour mutation burden.
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Figure 4 Kaplan-Meier estimates of progression-free survival (PFS) (A) and overall survival (OS) (B) in patients stratified according to different
changes in plasma RAS status under first-line treatment Statistical significance was determined by Wald test of the multivariable Cox models. The
change in the circulating tumour DNA (ctDNA) fraction of cfDNA, estimated by maximum somatic allele frequency, was included as a variable. mPFS,
median progression-free survival; mOS, median overall survival; MUT, mutant; ref, reference; WT, wild-type.

in patients who showed resistance to EGFR-Abs. Collectively,
these results indicate that the mechanisms of anti-EGFR drug
resistance might be complex and probably cannot be explained
by the presence of a single genetic alteration. A larger cohort of
patients is needed to verify these potential mechanisms.

DISCUSSION

In the current study, we observed good concordance of somatic
mutations detected by tumour tissue samples and matched plasma
ctDNA samples, showing the reliability ctDNA in the detection
of somatic variants during systemic therapy for mCRC. Strickler
et al showed that ctDNA profiling of CRC can be used to detect
somatic mutations at frequencies comparable to those observed
by tumour sample sequencing in other independent cohorts." In
this study, we provide more solid evidence to show that ctDNA
profiling can be used as an alternative to tissue profiling and can
accurately capture the somatic mutational spectrum of primary
tumours. These results indicate that for patients with mCRC,
ctDNA profiling could be a reliable option to gain insight into
the somatic mutational landscape to guide treatment decision-
making. Furthermore, repeated tissue biopsy for genomic

profiling is impractical. Thus, subsequent treatment decision-
making must rely on archival tumour tissues, which are unable
to reflect the dynamic evolution of the primary tumour and
metastatic lesions.’*>? The good concordance of tumour tissue
sequencing and ctDNA profiling also indicates that the latter is
reliable and can be used in dynamic and real-time testing during
the clinical course of disease, especially when the patients face
treatment failure and require further treatment.

Based on serial ctDNA profiling, we thoroughly analysed
the temporal heterogeneity of CRC-related somatic variants
under first-line systemic therapy until PD, depicting the land-
scape of somatic variant shifts, and their association with treat-
ment outcomes and implications for clinical practice. Notably,
during first-line therapy, a significant shift in the somatic muta-
tion status of recurrently mutated genes in CRC was observed,
supporting that dynamic and real-time ctDNA profiling are
needed to capture the real somatic mutational spectrum when
making treatment decisions, which would benefit patients more
than a static view of this spectrum.'! '?

Recently, clearance of plasma RAS mutations in mCRC was
used as a biomarker for selecting patients eligible for anti-EGFR

Table 1  Estimates of progression-free survival (PFS) and overall survival (0S) in patients with different changes in BRAFY*"F under first-line
treatment

mPFS, 95%Cl moOS, 95% Cl
BRAFV60% No. Events (months) HR p* Events (months) HR p*
Remained 5 5 6.4,3.2to NR ref 0.002 3 11.4,5.6 to NR ref 0.022
MUT
Clearance 5 2 NR, 18.9 to NR 0.07 2 NR, 20.8 to NR 0.09
Remained 134 97 11.5,10.4 10 133 ref 0.179 55 26.7,22.7 o NR ref 0.99
wr
Acquisition 1 1 8.7, NR to NR 3.95 0 NR, NR to NR <0.01

*Statistical significance was determined by Wald test of the multivariable Cox models. The change in the ctDNA fraction of cfDNA, estimated by MSAF, was included as a variable.
mOS, median overall survival; mPFS, median progression-free survival; MUT, mutant; NR, not reached; ref, reference; WT, wild-type.
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Figure 5 Genomic temporal heterogeneity under a period of first-line regimen after progressive disease among 20 patients. (A) Genomic profiling
of the top mutant genes and actionable targets in colorectal cancer between baseline and progressive disease plasma samples. The top bar represents
the number of mutations a patient carried; the side bar represents the number of patients who carried a certain mutation; and the bottom bar
represents patient characteristics, including age, sex, smoking history, tumour location, metastatic site at baseline, best response and first-line
chemotherapy regimen. (B) The prevalence of clearance and acquisition of standard-of-care targets and the top mutant genes after progression. (C)
The shift of actionable targets for clinical trials after progression. CR, complete response; PD, progressive disease; PR, partial response; SD, stable

disease.

rechallenge, and this change occurs at a highly variable rate
ranging from 2% to 45%.%77 However, RAS reversion in
mCRC before disease progression has rarely been investigated.
In this study, we paid close attention to the reversion of genetic
mutation status in ctDNA before PD, and our data showed a
relatively high rate of RAS clearance before PD (42.6%, 26/61).
Notably, taking presence of c¢tDNA into consideration, 34.4%
of patients had complete ctDNA clearance and only 8.2%
of patients showed RAS clearance with detectable ctDNA.
In addition, the stability of the shift of RAS mutational status
during treatment was observed by serial ctDNA testing (online
supplemental figure S3); the evidence supported the existence
of positive or negative selection of RAS-mutated clones rather
than technical errors. In this aspect, more data are warranted to
reflect the effects of RAS clearance, along with complete ctDNA
clearance or not, on the future therapeutic implication, such as
anti-EGFR rechallenge.

The most interesting and clinically relevant finding was that
the shift of somatic mutational status of plasma RAS or BRAF
genes was accompanied by a drastic change in clinical outcomes,
with improved efficacy and survival in patients whose pheno-
type shifted from RAS/BRAF-mutant to wild-type. These obser-
vations indicated that the initial somatic mutational status may

not always be reliable in prognostic stratification and treatment
decision-making. Instead, subsequent and real-time mutational
status may have greater impacts on treatment efficacy and
patient survival. Nevertheless, the change in ctDNA fraction in
cell-free DNA (cfDNA) was taken into consideration by calcu-
lating the MSAF when we investigated the impact of a shift in
RAS/BRAF status on prognosis, which further supported the
strong correlations between plasma RAS/BRAF dynamics and
clinical outcomes.

Likewise, we observed significant changes in the somatic
mutational landscape at the time of treatment failure of first-line
systemic therapy. This could partially explain the reason for treat-
ment failure and provide us with more information to determine
the subsequent treatments. For example, in six patients treated
with anti-EGFR therapy, new somatic alterations emerged after
the failure of anti-EGFR therapy. Most of these alterations were
involved in RTK-RAS and PI3K pathway, which could be the
potential resistance mechanisms to EGFR therapy. However,
more detailed verifications of these alterations are expected to
reveal the acquired resistance mechanisms to EGFR therapy.
Besides, changes in clinical targets, especially RAS and BRAF,
also have implications for decision-making regarding subsequent
lines of treatment. These results emphasise the importance of
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dynamic monitoring using ctDNA profiling, especially at the
time of treatment failure, for determining the best treatment
options.

Several limitations should be acknowledged in this study.
First, the ctDNA/tumour RAS discordance rate was 17.5% at
baseline. The most plausible cause of this discordance is that
somatic mutations were not detected in baseline plasma samples
of a small proportion of patients (16.4%), which is in consist
with previous studies.” ** ** The median MSAF of the RAS-
concordant subgroup was significantly higher than that of the
RAS-discordant subgroup (27.3% vs 1.5%), which supported this
speculation to some extent. Besides, the ctDNA/tumour discor-
dance level was reported to differ by metastatic sites.*’ In our
cohort, RAS concordance rate was 90.0% among patients with
only liver metastasis, while the rate of patients with extrahepatic
lesions was down to 79.1%. To increase the sensitivity for muta-
tion detection in the ctDNA, further technical improvement in
mutation detection is needed. Second, as the somatic mutational
rate of BRAF is rather low, the actual number of patients who
present with a shift in somatic mutational status is also not suffi-
cient for statistical testing. Thus, the prognostic impact of the
shift in BRAF somatic mutational status still warrants further
confirmation, as well as its predictive implication for BRAF
inhibitors. Third, although the PFS data are mature in the study,
an extended long-term follow-up is needed to confirm the OS
findings.

In conclusion, this prospective, observational and large-scale
ctDNA profiling study provided further and solid evidence to
support the use of ctDNA sequencing in capturing the dynamic
somatic mutational spectrum of mCRCs. More importantly, we
revealed the temporal heterogeneity of mCRC-related somatic
variants by serial ctDNA profiling, which should be given special
attention in clinical practice, as evidenced by the finding that the
shift in plasma somatic mutational status of the RAS or BRAF
genes was accompanied by a drastic change in survival outcomes.

MATERIALS AND METHODS

Patients and samples collection

A prospective cohort study (ClinicalTrials.gov identifier:
NCT04228614) was designed and implemented in the Sun Yat-
sen University Cancer Center (Guangzhou, China). A total of
171 patients with unresectable mCRC under first-line treatment
between April 2018 and January 2020 were enrolled. Patient
blood samples with or without primary tumour samples were
sequentially collected at baseline and every 6-8 weeks with
response evaluation until PD or last follow-up. Clinical response
and tumour burden were evaluated by the investigators according
to the Response Evaluation Criteria in Solid Tumours, V.1.1. The
inclusion criteria for the patients were as follows: (1) the patients
were diagnosed with mCRC by histopathology or cytology by
qualified pathologists from Sun Yat-sen University Cancer
Center; (2) the patient who had not received first-line treatment
before baseline sample collection; and (3) the patients who had
qualified baseline and serial plasma samples (at least 20 ng DNA
yielded) or patients who had only baseline plasma samples but
had paired qualified primary tumour tissue (at least 50 ng DNA
yielded). The patients who received curative resection or abla-
tion of the metastatic lesions during the first-line treatment and
achieved no evidence of disease were excluded from the final
analysis. All patients consented to an institutional review board-
approved protocol for prospective tumour genomic profiling.
This study was approved by the Institutional Review Board of
Sun Yat-sen University Cancer Center and complied with the

ethical standards of the institutional and/or national research
committee and with the Declaration of Helsinki.

Patient and public involvement

It was not appropriate or possible to involve patients or the
public in the design, or conduct, or reporting, or dissemination
plans of our research.

DNA extraction, library construction and targeted sequencing
The details of DNA extraction, library construction and targeted
sequencing, including NGS of cfDNA and WES of tissue tumour
DNA, were described in the online supplemental methods.

Raw data processing and alignment

Raw sequencing data were preprocessed by fastp V.0.18.0;
preprocessing included adaptor trimming, removal of the reads
in which the N base reached a certain percentage (default length
of 5bp) and reads that contained low-quality bases (default
quality threshold value <20) above a certain portion (default
409%), and sliding window trimming.*' Clean reads were aligned
to the hg19 genome (GRCh37) using Burrows-Wheeler Aligner
V.0.7.15-r1140 with the default settings.** GenCore V.0.12.0
was used to remove duplicate reads.” Samtools V.0.1.19 was
applied to generate pileup files for properly paired reads with
mapping quality =60.*

Mutation calling, filtering and annotation

After removing duplicate reads, the mean coverage depth was
1000x for the whole blood control samples, 250 for tumour
tissues and 2000 for cfDNA samples. For ctDNA-NGS, SNVs
and shortinsertions/deletions (indels) were identified by VarScan2
V.2.3.8; the minimum read depth was 200, and the VAF threshold
was set to 0.19%.% Somatic variants (SNVs or indels) presenting
at least five unique reads, with at least one on each strand, and
with a mutant allelic frequency less than 0.5% in the paired
normal sample (peripheral blood lymphocytes) were retained.
Additionally, we excluded any SNVs by background polishing
using cfDNA samples from healthy subjects (online supple-
mental methods). A manual visual inspection step was applied to
further remove artefacts by GenomeBrowse (http://www.gold-
enhelix.com). For tissue WES, somatic variants identified by at
least two out of the three callers (VarScan2,” TNscope*® and
Mutect2’) were selected and then filtered with three criteria:
(1) VAF =8%; (2) sequencing depth in the region =8; and (3)
sequence reads in support of the variant call =2. All SNVs/indels
were annotated using ANNOVAR (Annotate Variation, V.2018-
04-16)." CNVkit V.0.9.3 was used for copy number variation
(CNV) detection of the ctDNA samples*’; EXCAVATOR2
V.1.1.2 was used for CNV analysis,’” and GeneFuse V.0.6.1 was
applied for structural variation detection.®!

Selection of genomic alterations

Somatic variants (SNVs or indels) were included for the compar-
ison of mutational concordance between tumour tissue and
plasma ctDNA. To explore genomic evolution under treatment
in CRC, gene alterations were filtered for oncogenic variants
using the OncoKB, a comprehensive and curated database that
offers detailed, evidence-based information about individual
somatic mutations and structural alterations with potential clin-
ical actionability that are present in patient tumours.’* Targets
with level one or two evidence, including KRAS, NRAS and
BRAFY?® mutations as well as NTRK fusion and ERBB2 ampli-
fication, were defined as SOC actionable variants. Targets with
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level four evidence, including KRAS“'?¢, BRAF™"V¢%E (G464,
G469A, G469R, G469V, K601, L597), PTEN, NF1, MTOR,
CDK12, CDKN2A, and FGFR1/FGFR2/FGFR3 alterations as
well as MET fusion, were adopted as variants for clinical trials
(figure 3A). To investigate the potential resistance mechanisms of
EGFR antibodies, all new genetic alterations were noted.

Statistical analysis

The analysis of concordance between plasma and primary tumour
mutational status for each gene was based on overall percent
agreement, sensitivity (positive percent agreement), and speci-
ficity (negative percent agreement). The MSAF was calculated
for each case and used to provide an estimate of the ctDNA frac-
tion in the blood.”® PFS was defined as the time from enrollment
to disease progression, death, or the end of follow-up, which-
ever came first. OS time was measured from the date of diag-
nosis of stage IV disease until the date of death or last follow-up.
For survival tests, PFS and OS were analysed using the Kaplan-
Meier method. For comparison of PFS or OS between different
groups, the log-rank test was used. A multivariable Cox propor-
tional hazards model was established to adjust for the impact of
changes in the ctDNA fraction of cfDNA. Correlations between
variables were assessed using Spearman’s rank correlation coef-
ficient. A two-tailed p<0.05 was considered to be statistically
significant. Statistical analysis was performed with R (V.4.0.1).
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Supplemental Methods

Circulating cell-free DNA (cfDNA) extraction from peripheral blood samples

Blood samples were collected with tubes containing EDTA and centrifuged within 2 hours of collection. Then,
matched peripheral blood lymphocyte (PBL) debris and plasma were separately harvested and stored.
Genomic DNA from matched PBLs was extracted using the RelaxGene Blood DNA System (Tiangen Biotech,
Beijing, China), and circulating cfDNA was extracted from at least 2 mL of plasma using the QIAamp
Circulating Nucleic Acid kit (Qiagen, Germany). Extracted DNA was then quantified with a Qubit 3.0
fluorometer (Thermo Fisher Scientific, MA, USA).

Genomic DNA extraction from primary tumor tissue samples

Genomic DNA from formalin-fixed paraffin-embedded (FFPE) primary colorectal tumor samples that
contained >30% tumor content, and patient-matched normal adjacent tissues (NATs) was extracted using the
QIAamp DNA FFPE tissue kit (Qiagen, Germany). Extracted DNA was then quantified with a Qubit 3.0
fluorometer (Thermo Fisher Scientific, MA, USA).

Library construction

Genomic DNA and cfDNA were sheared by dsDNA Fragmentase. Size selection of the DNA fragments (150-
250 bp) was then performed using AMPure XP beads (Beckman Coulter, CA, USA). Genomic DNA fragments
and cfDNA were used for library construction using the KAPA Library Preparation kit (Kapa Biosystems, MA,
USA) according to the manufacturer’s protocol. Agencourt AMPure XP beads (Beckman Coulter, CA, USA)
were used for all clean-up steps. The purity and concentration of the DNA fragments were assessed with a
Qubit 2.0 fluorometer (Thermo Fisher Scientific, MA, USA) and a Qubit dsDNA HS Assay kit (Agilent, CA,

USA). End repair and 3’-end A-tailing were performed following DNA fragmentation.
Targeted next-generation sequencing (NGS) of ¢cfDNA

Targeted capture was performed using a custom set of biotinylated DNA probes (HapOncoCDx) that contained
378 cancer-related genes encompassing 1.15 Mb (HaploX Biotechnology, Shenzhen, China). An upgraded
NGS panel consisting of 464 genes was employed since August 2018. We only took the genes included in the

original panel for downstream analysis, with a total of 378 genes (supplemental Table S3). Hybridization of
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the amplified sample libraries and the SeqCap EZ Library was conducted according to the manufacturer’s
protocol, and PCR was subsequently performed. The reactions were then pooled and purified with Agencourt
AMPure XP beads (Beckman Coulter, CA, USA). The target-enriched libraries were then pooled and

sequenced on an [llumina NovaSeq 6000 NGS platform (Illumina, USA).

Whole-exome sequencing (WES) of tissue tumor DNA

Exonic regions of DNA were enriched with the WESPlus gene panel, which is an upgraded version of the
standard WES panel (HaploX Biotechnology, Shenzhen, China), and 150-bp paired-end sequencing was
performed on a NovaSeq 6000 system (Illumina, USA).

Background polishing of ctDNA mutation calling

As to plasma variant calling, the dataset used for background polishing is the targeted-sequencing results of
cell-free DNA (cfDNA) samples for 46 healthy donors who were recruited after a health evaluation. The
relevant procedures of cfDNA extraction, library construction, targeted capture and sequencing, and mutation
calling were described in the Method section. Mutations that were supported by >3 reads were included in the

background polishing data sets and filtered out in the following analysis of cfDNA.
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Fig S1. The association between baseline ctDNA levels and site of metastasis in the full cohort. The

black point depicts the median at the middle line, with the lower and upper lines at the first and third

quartiles, respectively. Non-liver-lung metastatic sites include peritoneum, bone, ovary and uterus. MSAF,

maximum variant allele frequencies; LN, lymph node; ns, not significant; IQR, Inter-Quartile Range.
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RAS concordance in 63 paired tumor tissue and ctDNA

90.0
75
S
<
£ 501
Q
[eN
o
[a )
€
g 25-
©
o
10.0
1B
1

88.0

Liver (+)

90.0
B Plasma only
[l Tissue only
50.0 [ Concordant
37.5
12.0 10.0 2=
I 1 I

Liver (+) Liver (-) Liver (-)

Other sites (-) Othersites (+) Lung (-) Lung (+)

Metastatic sites Plasmaonly  Tissueonly Concordant n

Liver (+) Other sites (-) 2 ‘ 0 ‘ 18 ‘ 20
Tlver () otherstes (0 |3 1o 2 s
"""" lver(lung) . o 1 9 10
”””” Liverlung®) | 1 . 4 3 | 8
I s | s £ e

Fig S2. Analysis of concordance in the RAS mutational status between paired ctDNA and tumor tissue

according to metastatic sites. Plasma only, RAS was only detected by ctDNA; Tissue only, RAS was only

detected by tissue; LN, lymph node.
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Fig. S3. The detailed dynamic changes in RAS status under first-line treatment before progressive

disease among 145 patients. The red dot represents mutant-type, and blue triangle dot represents wild-type.

MUT, mutant; WT, wild-type.
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Fig S4. The dynamics in ctDNA levels and the association with tumor load.

(A) MSAF in ctDNA correlated with treatment response and tumor load in four patients;

(B) Radiographic evaluation in patient D used RECIST V1.1;

(C) Changes in ctDNA levels in 145 patients between baseline and last biopsy before progression. The black
point depicts the median at the middle line, with the lower and upper lines at the first and third quartiles,
respectively.

MSAF, maximum variant allele frequencies; BL, baseline; PR, partial response; SD, stable disease; PD,

progressive disease.
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Fig. SS. Dynamic changes in ctDNA levels correlated with efficacy evaluation before, during, and after
first-line therapy in 20 patients. The black point depicts the median at the middle line, with the lower and
upper lines at the first and third quartiles, respectively. MSAF, maximum variant allele frequencies; BL,

baseline; PD, progressive disease.
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Fig. S6. Exploration of the potential mechanisms of acquired resistance to anti-EGFR-Abs in six
patients who received cetuximab during first-line treatment. SNV, single nucleotide variants; INDEL,

short insert and delete mutation; AMP, amplification; Acq.Resistant, acquired resistant. PR, partial response;
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Supplemental Table 1. Clinical characteristics of 171 patients with mCRC at baseline

Characteristics No. (%)
All Patients, No. 171
Age (median, range) 56 (27,78)
Gender
Female 61 (35.7)
Male 110 (64.3)
Smoking History
Yes 46 (26.9)
No 125 (73.1)
Primary Tumor Location
Left-sided 116 (67.8)
Right-sided 55(32.2)
Metastatic sites
Liver alone 46 (26.9)
Lung alone 12 (7.0)
Distant lymph node alone 52.9)
Other sites alone* 13 (7.6)
Multiple (> 2) metastases 95 (55.6)
RAS/BRAFVYSE Status in Plasma
RAS mutant 74 (43.3)
BRAFYS"E mutant 11 (6.4)
RAS & BRAFYOE wild 86 (50.3)
First-line Regimen
Chemotherapy plus bevacizumab 94 (55.0)
Chemotherapy only 51 (29.8)
Chemotherapy plus cetuximab 25 (14.6)
Immunotherapy only 1(0.6)

*Other metastatic sites include peritoneum, bone, ovary and uterus.
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Supplemental Table 2. Mutational landscape in paired ctDNA and tumor tissue among 63 patients

Mutated in | Mutated in I.V[u?ated l.Vlu?ated Co- Tissue ctDNA C.o- Cog:oerr(;‘al\lnce Sensitivity | Specificity
Gene ctDNA ctDNA in tissue in tissue mutated only only wild JOPA /PPA /NPA
(No.) (%) (No.) (%) (No.) (No.) (No.) (No.) (%) (%) (%)
TP53 43 68.25 46 73.02 36 10 7 10 73.02 78.26 58.82
APC 40 63.49 32 50.79 30 2 10 21 80.95 93.75 67.74
KRAS 27 42.86 26 41.27 21 5 6 31 82.54 80.77 83.78
SMAD4 10 15.87 15 23.81 7 8 3 45 82.54 46.67 93.75
SYNE1 11 17.46 12 19.05 5 7 6 45 79.37 41.67 88.24
PIK3CA 9 14.29 8 12.7 6 2 3 52 92.06 75.00 94.55
BRAF 5 7.94 6 95 5 1 0 57 98.41 83.33 100.00
V600E
FBXW7 4 6.35 5 7.94 4 1 0 58 98.41 80.00 100.00
CARDI11 4 6.35 4 6.35 4 0 0 59 100.00 100.00 100.00
PIK3CG 4 6.35 4 6.35 3 1 1 58 96.83 75.00 98.31
PTEN 4 6.35 4 6.35 3 1 1 58 96.83 75.00 98.31
RET 4 6.35 4 6.35 3 1 1 58 96.83 75.00 98.31
EP300 3 4.76 4 6.35 3 1 0 59 98.41 75.00 100.00
NF1 3 4.76 4 6.35 2 2 1 58 95.24 50.00 98.31
PIK3R1 3 4.76 4 6.35 3 1 0 59 98.41 75.00 100.00
WRN 3 4.76 4 6.35 2 2 1 58 95.24 50.00 98.31
ESR1 2 3.17 4 6.35 2 2 0 59 96.83 50.00 100.00
ATM 6 9.52 3 4.76 3 0 3 57 95.24 100.00 95.00
CREBBP 5 7.94 3 4.76 3 0 2 58 96.83 100.00 96.67
KMT2C 5 7.94 3 4.76 1 2 4 56 90.48 33.33 93.33
ALK 4 6.35 3 4.76 2 1 2 58 95.24 66.67 96.67
KMT2D 4 6.35 3 4.76 0 3 4 56 88.89 0.00 93.33
AR 3 4.76 3 4.76 1 2 2 58 93.65 33.33 96.67
CDH1 3 4.76 3 4.76 3 0 0 60 100.00 100.00 100.00
MED12 3 4.76 3 4.76 1 2 2 58 93.65 33.33 96.67
MTOR 3 4.76 3 4.76 3 0 0 60 100.00 100.00 100.00
NRAS 3 4.76 3 4.76 3 0 0 60 100.00 100.00 100.00
SETD2 3 4.76 3 4.76 3 0 0 60 100.00 100.00 100.00
ABL1 2 3.17 3 4.76 2 1 0 60 98.41 66.67 100.00
CADM2 2 3.17 3 4.76 2 1 0 60 98.41 66.67 100.00
KDM6A 2 3.17 3 4.76 2 1 0 60 98.41 66.67 100.00
SMARCA4 2 3.17 3 4.76 2 1 0 60 98.41 66.67 100.00
TGFBR2 2 3.17 3 4.76 2 1 0 60 98.41 66.67 100.00
FOXP2 1 1.59 3 4.76 1 2 0 60 96.83 33.33 100.00
KDR 1 1.59 3 4.76 1 2 0 60 96.83 33.33 100.00
MET 1 1.59 3 4.76 0 3 1 59 93.65 0.00 98.33
MLH3 1 1.59 3 4.76 1 2 0 60 96.83 33.33 100.00
PTPRD 1 1.59 3 4.76 0 3 1 59 93.65 0.00 98.33
NRG1 0 0 3 4.76 0 3 0 60 95.24 0.00 100.00
CTNNB1 3 4.76 2 3.17 1 1 2 59 95.24 50.00 96.72
FGF9 3 4.76 2 3.17 2 0 1 60 98.41 100.00 98.36
MKI67 3 4.76 2 3.17 0 2 3 58 92.06 0.00 95.08
NTRK3 3 4.76 2 3.17 1 1 2 59 95.24 50.00 96.72
PTPRT 3 4.76 2 3.17 1 1 2 59 95.24 50.00 96.72
ARID1B 2 3.17 2 3.17 1 1 1 60 96.83 50.00 98.36
AXIN2 2 3.17 2 3.17 0 2 2 59 93.65 0.00 96.72
BCL6 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
BLM 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
BRCA2 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
CSF1R 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
DDR2 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
FGFR3 2 3.17 2 3.17 1 1 1 60 96.83 50.00 98.36
LATS2 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
MAP2K1 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
MSH6 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
NKX2-1 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
NSD1 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
PGR 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
RAD21 2 3.17 2 3.17 1 1 1 60 96.83 50.00 98.36
RECK 2 3.17 2 3.17 0 2 2 59 93.65 0.00 96.72
SMAD3 2 3.17 2 3.17 2 0 0 61 100.00 100.00 100.00
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BRD4 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
BUBI1 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
CD274 1 1.59 2 3.17 0 2 1 60 95.24 0.00 98.36
ERBB4 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
FAT1 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
FLT3 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
HIF1A 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
HOXB13 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
HSP90AA1L 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
IFNLR1 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
JAK3 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
MITF 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
NTRK1 1 1.59 2 3.17 0 2 1 60 95.24 0.00 98.36
ROS1 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
SETD7 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
TOP1 1 1.59 2 3.17 1 1 0 61 98.41 50.00 100.00
MSTIR 0 0 2 3.17 0 2 0 61 96.83 0.00 100.00
RNF43 0 0 2 3.17 0 2 0 61 96.83 0.00 100.00
ARID2 5 7.94 1 1.59 1 0 4 58 93.65 100.00 93.55
ARIDIA 3 4.76 1 1.59 0 1 3 59 93.65 0.00 95.16
CEBPA 3 4.76 1 1.59 1 0 2 60 96.83 100.00 96.77
CHEK2 3 4.76 1 1.59 0 1 3 59 93.65 0.00 95.16
DICERI1 3 4.76 1 1.59 1 0 2 60 96.83 100.00 96.77
MSH3 3 4.76 1 1.59 0 1 3 59 93.65 0.00 95.16
NOTCH3 3 4.76 1 1.59 1 0 2 60 96.83 100.00 96.77
PIK3R2 3 4.76 1 1.59 1 0 2 60 96.83 100.00 96.77
POLE 3 4.76 1 1.59 1 0 2 60 96.83 100.00 96.77
TET1 3 4.76 1 1.59 1 0 2 60 96.83 100.00 96.77
ASXL1 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
ATR 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
B2M 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
CBL 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
FLT1 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
FLT4 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
GATA3 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
GEN1 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
INPP4B 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
MAPKBP1 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
NBN 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
NOTCH2 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
PARP1 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
RECQLA4 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
RIF1 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
RIT1 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
SELL 2 3.17 1 1.59 1 0 1 61 98.41 100.00 98.39
ADHIB 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
AKT1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
AKT3 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
ASPH 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
BARD1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
BRCAl 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
BTK 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
CBLB 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
CD79B 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
CDK12 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
CDKN1C 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
CHEK1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
CIC 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
CSF3R 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
CTCF 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
EGFR 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
ELAC2 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
EPHA3 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
ERBB3 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
ETV1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
ETV6 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
FGF3 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
FGF5 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
FLCN 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
GMEB1 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
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HNF1B 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
HRAS 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
IGFIR 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
IKZF1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
IL7R 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
KCNJ5 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
KDMS5C 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
KIF1B 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
KIT 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
KMT2A 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
KRT5 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
LARP4 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
MAP2K4 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
MAPK1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
MDM2 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
MDM4 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
MEN1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
MTUSI1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
MYC 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
NOVA1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
NPM1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
PALB2 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
PAX3 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
PBRM1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
PDGFRA 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
PDGFRB 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
PIM1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
PRSS1 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
RADS0 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RAD51B 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RADS1D 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RAF1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RARA 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RB1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RHEB 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RICTOR 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
RNASEL 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
SETBP1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
SLX4 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
SMAD2 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
SMO 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
SRC 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
STAG2 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
STK11 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
TET2 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
VEGFA 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
WT1 1 1.59 1 1.59 0 1 1 61 96.83 0.00 98.39
XPO1 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
ZBTB16 1 1.59 1 1.59 1 0 0 62 100.00 100.00 100.00
ANXAS 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
ATRX 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
CAPN2 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
CCND2 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
CDKNI1B 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
ERCCS 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
ERG 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
FGF6 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
FGFR1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
FOXP1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
GNAQ 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
GNAS 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
HSD17B3 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
IDH2 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
IGF2 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
KLF4 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
MAP3K1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
MAPK3 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
MAX 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
MEF2B 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
MLH1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
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MSH2 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
MYCL 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
MYCN 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
PALLD 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
PAX7 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
PDPK1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
POLD1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
PPP2RI1A 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
PRKACB 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
PTPNI11 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
RAD54L 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
RECQL 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
SF3B1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
STAT3 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
TNFRSF19 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
TRAF1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
YES1 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
ZNF717 0 0 1 1.59 0 1 0 62 98.41 0.00 100.00
DNMT3A 4 6.35 0 0 0 0 4 59 93.65 100.00 93.65
CHD4 3 4.76 0 0 0 0 3 60 95.24 100.00 95.24
AREG 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
DDX51 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
EPCAM 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
ERBB2 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
FANCA 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
FGF10 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
FGF7 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
FGFR4 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
HSD3B2 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
JAK1 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
JAK2 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
PAXS 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
SH2B3 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
SUZ12 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
TERT 2 3.17 0 0 0 0 2 61 96.83 100.00 96.83
ALDH2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
BCOR 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
CAMTA1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
CDC73 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
CDK4 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
CFD 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
CXCR4 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
EXT1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
EXT2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
FANCB 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
FANCL 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
FGF4 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
FGFR2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
FOXK2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
FOXL2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
GAB2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
GATA1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
GEMING6 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
GLIPR1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
HFE2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
KRT15 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
LBR 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
LRIG3 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
MPL 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
MREI11A 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
MUTYH 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
MYOD1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
NF2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
NOTCH1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
PAK1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
PAXS 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
PIK3CB 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
PMS1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
PMS2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
PPP2R2A 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41

Wang F, et al. Gut 2021;0:1-10. doi: 10.1136/gutjnl-2021-324852



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

placed on this supplemental material which has been supplied by the author(s)

Gut

PTCH1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
PTN 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
REL 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41

RHOA 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
RILP 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41

RPS6KBI1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41

SDHC 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
TSC2 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
TSHR 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41
YAP1 1 1.59 0 0 0 0 1 62 98.41 100.00 98.41

ACTL6A 0 0 0 0 0 0 0 63 100.00 100.00 100.00
AKT2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
ARAF 0 0 0 0 0 0 0 63 100.00 100.00 100.00
ASNS 0 0 0 0 0 0 0 63 100.00 100.00 100.00

AURKA 0 0 0 0 0 0 0 63 100.00 100.00 100.00
BAP1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
BCL2 0 0 0 0 0 0 0 63 100.00 100.00 100.00

BCORL1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
BMPRI1A 0 0 0 0 0 0 0 63 100.00 100.00 100.00

BRD2 0 0 0 0 0 0 0 63 100.00 100.00 100.00

BRIP1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CALR 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CASP8 0 0 0 0 0 0 0 63 100.00 100.00 100.00
CBFB 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CCL18 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CCND1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CCND3 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CCNE1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CD79A 0 0 0 0 0 0 0 63 100.00 100.00 100.00
CDK6 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CDKNI1A 0 0 0 0 0 0 0 63 100.00 100.00 100.00
CDKN2A 0 0 0 0 0 0 0 63 100.00 100.00 100.00
CDKN2B 0 0 0 0 0 0 0 63 100.00 100.00 100.00
CDKN2C 0 0 0 0 0 0 0 63 100.00 100.00 100.00

CRLF2 0 0 0 0 0 0 0 63 100.00 100.00 100.00

DDX3X 0 0 0 0 0 0 0 63 100.00 100.00 100.00

ERCC1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

ERCC2 0 0 0 0 0 0 0 63 100.00 100.00 100.00

EREG 0 0 0 0 0 0 0 63 100.00 100.00 100.00
ETV4 0 0 0 0 0 0 0 63 100.00 100.00 100.00

EWSR1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
EZH2 0 0 0 0 0 0 0 63 100.00 100.00 100.00

FAM175A 0 0 0 0 0 0 0 63 100.00 100.00 100.00

FANCC 0 0 0 0 0 0 0 63 100.00 100.00 100.00

FANCG 0 0 0 0 0 0 0 63 100.00 100.00 100.00

FANCI 0 0 0 0 0 0 0 63 100.00 100.00 100.00
FGF1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
FGF2 0 0 0 0 0 0 0 63 100.00 100.00 100.00

FGF23 0 0 0 0 0 0 0 63 100.00 100.00 100.00
FGF8 0 0 0 0 0 0 0 63 100.00 100.00 100.00
FH 0 0 0 0 0 0 0 63 100.00 100.00 100.00

FOXA1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

FOXM1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

GATA2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
GK5 0 0 0 0 0 0 0 63 100.00 100.00 100.00

GLRX 0 0 0 0 0 0 0 63 100.00 100.00 100.00

GNA11 0 0 0 0 0 0 0 63 100.00 100.00 100.00

GREM1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
HGF 0 0 0 0 0 0 0 63 100.00 100.00 100.00

HNF1A 0 0 0 0 0 0 0 63 100.00 100.00 100.00
IDH1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

IFNL2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
JUN 0 0 0 0 0 0 0 63 100.00 100.00 100.00

KEAP1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

KLLN 0 0 0 0 0 0 0 63 100.00 100.00 100.00

KMT2B 0 0 0 0 0 0 0 63 100.00 100.00 100.00

KRT14 0 0 0 0 0 0 0 63 100.00 100.00 100.00

LATS1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

MAP2K2 0 0 0 0 0 0 0 63 100.00 100.00 100.00

MCL1 0 0 0 0 0 0 0 63 100.00 100.00 100.00

Wang F, et al. Gut 2021;0:1-10. doi: 10.1136/gutjnl-2021-324852



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

placed on this supplemental material which has been supplied by the author(s)

Gut

MYDS88 0 0 0 0 0 0 0 63 100.00 100.00 100.00
NFE2L2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PIK3CD 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PLAUR 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PLIN2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PPIB 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PRDM1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PRKARIA 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PRKCI 0 0 0 0 0 0 0 63 100.00 100.00 100.00
PSME2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
RAC1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
RADS1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
RADS1C 0 0 0 0 0 0 0 63 100.00 100.00 100.00
RBM10 0 0 0 0 0 0 0 63 100.00 100.00 100.00
RUNX1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SBDS 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SDHA 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SDHAF2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SDHB 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SDHD 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SHOX 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SMARCBI1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SOCS6 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SOX2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SPINK1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SPOP 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SRDSA2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SRSF2 0 0 0 0 0 0 0 63 100.00 100.00 100.00
SYK 0 0 0 0 0 0 0 63 100.00 100.00 100.00
TMEM127 0 0 0 0 0 0 0 63 100.00 100.00 100.00
TNFSF8 0 0 0 0 0 0 0 63 100.00 100.00 100.00
TSC1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
U2AF1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
UGT1A1 0 0 0 0 0 0 0 63 100.00 100.00 100.00
VHL 0 0 0 0 0 0 0 63 100.00 100.00 100.00
WAS 0 0 0 0 0 0 0 63 100.00 100.00 100.00
ZNF367 0 0 0 0 0 0 0 63 100.00 100.00 100.00

OPA, overall percent agreement; PPA, positive percent agreement; NPA, negative percent agreement.
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Supplemental Table 3. 378 tumor-related genes contained in the NGS panel.

ABLI1 BTK CSF3R FGF1 GREM1 KRTI15 MYOD1 PMS2 RIF1 SYK
ACTL6A BUBI1 CTCF FGF10 HFE2 KRT5 NBN POLD1 RILP SYNEI1
ADHI1B CADM2 CTNNB1 FGF2 HGF LARP4 NF1 POLE RIT1 TERT
AKT1 CALR CXCR4 FGF23 HIF1A LATS1 NEF2 PPIB RNASEL TET1
AKT2 CAMTAL DDR2 FGF3 HNFIA LATS2 NFE2L2 PPP2R1A RNF43 TET2
AKT3 CAPN2 DDX3X FGF4 HNF1B LBR NKX2-1 PPP2R2A ROS1 TGFBR2
ALDH2 CARDI1 DDX51 FGF5 HOXB13 LRIG3 NOTCH1 PRDM1 RPS6KB1 TMEMI127
ALK CASP8 DICER1 FGF6 HRAS MAP2K1 NOTCH2 PRKACB RUNX1 TNFRSF19
ANXAS CBFB DNMT3A FGF7 HSD17B3 MAP2K2 NOTCH3 PRKARIA SBDS TNFSF8
APC CBL EGFR FGF8 HSD3B2 MAP2K4 NOVAL PRKCI SDHA TOP1
AR CBLB ELAC2 FGF9 HSP90AA1  MAP3KI1 NPMI1 PRSS1 SDHAF2 TP53
ARAF CCL18 EP300 FGFR1 IDH1 MAPK1 NRAS PSME2 SDHB TRAF1
AREG CCND1 EPCAM FGFR2 IDH2 MAPK3 NRG1 PTCHI1 SDHC TSC1
ARIDIA CCND2 EPHA3 FGFR3 IFNL2 MAPKBP1 NSD1 PTEN SDHD TSC2
ARID1B CCND3 ERBB2 FGFR4 IFNLR1 MAX NTRK1 PTN SELL TSHR
ARID2 CCNE1 ERBB3 FH IGF1R MCL1 NTRK3 PTPN11 SETBP1 U2AF1
ASNS CD274 ERBB4 FLCN IGF2 MDM2 PAK1 PTPRD SETD2 UGT1A1
ASPH CD79A ERCC1 FLT1 IKZF1 MDM4 PALB2 PTPRT SETD7 VEGFA
ASXL1 CD79B ERCC2 FLT3 IL7R MED12 PALLD RAC1 SF3B1 VHL
ATM CDC73 ERCC5 FLT4 INPP4B MEF2B PARP1 RAD21 SH2B3 WAS
ATR CDH1 EREG FOXA1 JAK1 MEN1 PAX3 RADS0 SHOX WRN
ATRX CDKI12 ERG FOXK2 JAK2 MET PAXS RADS1 SLX4 WT1
AURKA CDK4 ESR1 FOXL2 JAK3 MITF PAX7 RADS51B SMAD2 XPO1
AXIN2 CDK6 ETV1 FOXM1 JUN MKI67 PAXS8 RADS51C SMAD?3 YAP1
B2M CDKNI1A ETV4 FOXP1 KCNJ5 MLHI1 PBRM1 RADS1D SMAD4 YESI
BAPI1 CDKNI1B ETV6 FOXP2 KDMS5C MLH3 PDGFRA RADS4L SMARCA4  ZBTBI16
BARDI CDKNI1C EWSRI1 GAB2 KDM6A MPL PDGFRB RAF1 SMARCB1 ZNF367
BCL2 CDKN2A EXT1 GATALl KDR MRE11A PDPK1 RARA SMO ZNF717
BCL6 CDKN2B EXT2 GATA2 KEAPI MSH2 PGR RBI SOCS6
BCOR CDKN2C EZH2 GATA3 KIF1B MSH3 PIK3CA RBM10 SOX2
BCORLI1 CEBPA FAMI175A  GEMING6 KIT MSH6 PIK3CB RECK SPINK1
BLM CFD FANCA GEN1 KLF4 MSTIR PIK3CD RECQL SPOP
BMPRIA CHD4 FANCB GK5 KLLN MTOR PIK3CG RECQLA4 SRC
BRAF CHEK1 FANCC GLIPR1 KMT2A MTUS1 PIK3R1 REL SRD5A2
BRCAL1 CHEK2 FANCG GLRX KMT2B MUTYH PIK3R2 RET SRSF2
BRCA2 CIC FANCI GMEB1 KMT2C MYC PIM1 RHEB STAG2
BRD2 CREBBP FANCL GNALl KMT2D MYCL PLAUR RHOA STAT3
BRD4 CRLF2 FATI GNAQ KRAS MYCN PLIN2 RICTOR STK11
BRIP1 CSFIR FBXW7 GNAS KRT14 MYD88 PMS1 RIF1 SUZ12
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