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Abstract: The survival of patients with RAS wild-type metastatic colorectal cancer (mMCRC) has improved markedly
since the introduction of cetuximab, which is an anti-epidermal growth factor receptor monoclonal antibody. How-
ever, not all RAS wild-type patients respond to cetuximab treatment. Although some genetic alterations associated
with cetuximab resistance have been identified, they cannot fully explain all cases of cetuximab resistance. Thus, in
this research, we aimed to identify new genetic alterations associated with resistance to this treatment. The study
retrospectively analyzed 70 patients diagnosed with RAS wild-type mCRC at our hospital between November 2009
and July 2018. First, five progression-free survival (PFS)-longest and 5 PFS-shortest tumor deoxyribonucleic acid
were analyzed by whole-exome sequencing (WES) to identify differentially mutated genes. Then, PFS analysis of the
70 patients was used to verify the correlation between the candidate gene and cetuximab sensitivity. Finally, data
from public databases were used to further verify the relationship between the mRNA expression level of the can-
didate gene and cetuximab responsiveness. The WES results indicated REV1: ¢.2108G > A was a candidate gene
mutation related to the effectiveness of cetuximab. Survival analysis suggested REV1: ¢.2108G > A was associated
with rapid disease progression (median PFS time, REV1 mutant vs. REV1 wild-type: 4.4 months vs. 8.7 months, P
= 0.034). Data from the Genomics of Drug Sensitivity in Cancer and the Gene Expression Omnibus databases sug-
gested low REV1 mRNA levels might be related to the poor response of CRC cells and reduced cetuximab efficacy
among MCRC patients. In conclusion, REV1 expression levels and the REV1: ¢.2108G > A mutation may be related
to cetuximab resistance in RAS wild-type mCRC.
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Introduction follow-up [3]. The 5-year survival rate of pa-

tients with metastatic CRC (mCRC) is as low as

Colorectal cancer (CRC) has been identified as
one of the most common gastrointestinal
malignancies worldwide; in fact, it has the third-
highest global incidence rate among malignant
tumors [1]. Metastasis to distant organs is the
main cause of death in patients diagnosed with
CRC, accounting for approximately 90% of CRC
deaths [2]. Because clinical signs and symp-
toms of CRC are non-specific at an early stage,
approximately 25% of patients are diagnosed
at an advanced disease stage, and 40% of
patients will develop metastatic disease during

13.1%, while the rate in patients with non-
mCRC is 90.1% [2, 3].

Cetuximab, which is an anti-epidermal growth
factor receptor (EGFR) monoclonal antibody,
inhibits the growth of cancer cells and pro-
motes apoptosis in tumor cells by competitively
inhibiting EGFR ligand binding and downstream
signaling [4]. Studies have shown that cetux-
imab monotherapy can induce long-lasting res-
ponses in 12-17% of patients with RAS wild-
type mCRC [5] and that the objective response
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rate (ORR) was as high as 72% when cetuxi-
mab is combined with chemotherapy [6]. The
FOLFOX or FOLFIRI chemotherapy regimens
plus cetuximab are currently the standard first-
line treatment regimens for RAS wild-type
mCRC [7].

Despite these advances in RAS-wild-type
mCRC treatment, some initially responsive pa-
tients exhibit resistance within 3-18 months of
starting cetuximab treatment, a situation kn-
own as secondary drug resistance [8, 9]. Other
patients experience rapid (within 3 months) dis-
ease progression after cetuximab treatment,
a situation known as primary drug resistance.
Genetic alterations related to primary cetux-
imab resistance include mutations in the RAS
(KRAS and NRAS), BRAF, and PIK3CA genes
and the amplification of HER2 and MET [10].
Mutations in the EGFR extracellular domain
(S492R), RAS, and BRAF and amplification of
KRAS, HER2, and MET discovered during treat-
ment are associated with secondary resistance
to cetuximab [10]. Mutation in KRAS is a pri-
mary mechanism of cetuximab resistance and
is found in 30-40% of patients with mCRC [11].
The authoritative diagnosis and treatment gui-
delines of NCCN and CSCO all unanimously rec-
ommend that patients with mCRC undergo RAS
(KRAS and NRAS) and BRAF gene testing be-
fore treatment; furthermore, a broad consen-
sus accepts that patients with the above gene
mutations are not recommended for cetuximab
treatment [12, 13]. However, some patients
with cetuximab resistance do not present any
of these genetic alterations suggesting that
other alterations may exist. Therefore, in order
to improve the prognosis of patients with
MCRC, it is of great practical significance that
cetuximab-sensitive patients be screened
more accurately by finding new gene alterations
related to cetuximab resistance.

In this current study, we aimed to identify new
genetic alterations associated with cetuximab
resistance. We screened gene mutations asso-
ciated with sensitivity to cetuximab in RAS wild-
type mCRC by whole-exome sequencing (WES).
Tumor samples and the clinicopathological ch-
aracteristics of patients at our center as well as
data from public databases were used to verify
the correlation between the candidate gene
identified and cetuximab sensitivity as well as
the relationship of this gene with prognosis.
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Alterations in the candidate gene may serve as
a potential new predictive biomarker for cetux-
imab efficacy in patients with RAS wild-type
mCRC.

Method
Patient selection and sample preparation

In this study, 70 patients diagnosed with RAS
wild-type mCRC and treated with cetuximab
combined with chemotherapy at the Second
Affiliated Hospital of Zhejiang University School
of Medicine (China) between November 2009
and July 2018 were retrospectively reviewed.
The inclusion criteria were as follows: (1) pa-
tients histologically confirmed with primary
colorectal adenocarcinoma; (2) distant metas-
tasis was confirmed by imaging examinations
or by pathology assessment; (3) tumor tissue
could be obtained from the tissue bank of the
hospital’'s department of pathology; (4) pati-
ents with measurable lesions according to the
Response Evaluation Criteria in Solid Tumors
(RECIST, 1.1) criteria; and (5) patients with wild-
type RAS (KRAS and NRAS) and BRAF. Me-
anwhile, the exclusion criteria were as follows:
(1) patients with familial adenomatous polypo-
sis; (2) patients with second primary malignant
tumors; and (3) patients with incomplete clini-
cal data or inadequate follow-up information.

Frozen (-80°C) and paraffin-embedded tumor
tissue samples from the 70 included patients
who underwent resection for sporadic CRC
were obtained from the Department of Pa-
thology of the Second Affiliated Hospital of
Zhejiang University School of Medicine. This
study was approved by the ethics committee
of the Second Affiliated Hospital of Zhejiang
University School of Medicine.

Deoxyribonucleic acid extraction and sequenc-
ing

Deoxyribonucleic acid (DNA) was extracted
from the paraffin-embedded and frozen tumor
tissue samples using the QlAamp DNA Tissue
Kit (QIAGEN, Germany), as per the manufactur-
er's protocols. WES was then performed by
Novogene Bioinformatics Technology Co., Ltd.
(Beijing) using DNA extracted from frozen tu-
mor tissue. The sequencing depth was 200x.
Direct Sanger sequencing was performed by
Tsingke Biological Technology Co., Ltd. (Hang-
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zhou) to validate the candidate gene variant
identified by WES using DNA extracted from
paraffin-embedded tumor tissue. The forward
primer sequence was 5-ATGCTTTATAGGTTCT-
GCCGTG-3’, whereas the reverse primer se-
quence was 5-GGCTCTGGGGATACAACAGTTT-
3.

Clinicopathological and follow-up data

Patient demographic characteristics (sex and
age at cetuximab initiation), tumor characteris-
tics (primary tumor site; tumor (T), lymph node
(N), and metastasis (M) stages; histological
type and histological grade), treatment infor-
mation (chemotherapy regimen and line), and
progression-free survival (PFS) data were retro-
spectively reviewed in our hospital using medi-
cal and imaging records. The pathological stag-
es of mCRC were determined according to the
American Joint Committee on Cancer (AJCC;
8™ ed.) TNM staging system and the RECIST
1.1 criteria were applied to assess treatment
response. Two pathologists reviewed all the
pathology results.

Follow-up was conducted primarily through te-
lephone interviews and outpatient clinic visits.
The follow-up data collected included the sur-
vival status, disease status and date of tumor
progression if applicable. The ORR was then
defined as being complete response (CR) +
partial response (PR), while the disease control
rate (DCR) was defined as being CR + PR + SD.
Additionally, PFS was defined as the duration of
cetuximab treatment initiation until disease
progression or death. The final follow-up time
point was November 2019.

Statistical analysis

Data analysis was conducted using the SPSS
Statistics software (21.0) program, and a two-
sided P value < 0.05 was considered statisti-
cally significant. Survival curves were plotted
using the Kaplan-Meier method, and a log-rank
test was performed to evaluate survival in the
different groups. The log-rank test and Cox pro-
portional hazards models were used for univari-
ate and multivariate analyses, respectively,
and variables with P < 0.10 in the univariate
analysis were included in the multivariate anal-
ysis. Subgroup analysis was performed using
the Stata (v.13.0) software. Forest plots of
subgroup analysis data were generated using
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GraphPad Prism (v.7.0). Correlation analysis
was determined by linear fitting. A boxplot of
the differences in the candidate gene’s mRNA
levels among different groups was generated
with package ggplot2 in the R for statistical
computing.

Results

A novel cetuximab resistance-related gene
mutation: REV1: ¢.2108G > A

Identification of cetuximab resistance-related
genes by WES: In total, 70 patients diagnosed
with mCRC and treated with cetuximab and
chemotherapy at our hospital between Nove-
mber 2009 and July 2018 were able to meet
our inclusion criteria. For all patients, the medi-
an follow-up time was 21.5 months (range, 3.1-
106.7 months). The PFS times of the 70 pa-
tients were calculated (median PFS time, 8.6
months; range, 0.7-65.8 months).

We then selected the five patients with the lon-
gest PFS times as the long group (labeled
L1-L5; median PFS, 24.5 months) and the five
patients with the shortest PFS times as the
short group (labeled S1-S5; median PFS, 3.2
months). The DNA extracted from frozen tumor
tissue samples of L1-L5 and S1-S5 was used
for WES. Genes with mutations specific to the
long or short groups were considered candi-
date genes related to cetuximab sensitivity in
RAS wild-type mCRC. First, we looked for mu-
tations in currently known resistance-related
genes in the genomes of patients in the long
and short groups. No currently known genetic
alterations in genes related to cetuximab re-
sistance such as mutations in RAS, BRAF, or
PIK3CA, or amplification of HER2 or MET were
found in these two groups (Figure 1). That is,
no patients in either the long and/or short
group carried a molecular alteration currently
known to be related to cetuximab resistance.

To identify cetuximab-related mutations, we
next compared the WES data between the two
groups of patients and identified differentially
mutated genes. Two gene alterations (in REV1
and PCDH12) were then detected in the short
group but not in the long group, while no gene
alterations were detected in only the long gr-
oup. The gene alteration carried by all patients
in the short group (S1-S5) was a missense
mutation in the REV1 gene (NM_001037872:
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Figure 1. Heat map of known driver genes in the long and the short groups.
Known driver genes of each tumor sample were identified by comparing the
gene alternations detected by WES with known driver genes in the data-
base. No currently known genetic alterations in genes related to cetuximab

the 70 patients diagnosed wi-
th RAS wild-type mCRC and
treated with cetuximab and
chemotherapy. The clinicopa-
thological characteristic and
prognostic data of these 70 pa-
tients were then used to ana-
lyze the correlation between
the candidate gene and cetux-
imab sensitivity and the rela-
tionship of this gene with prog-
nosis. Sanger sequencing re-
sults showed that 10 of the
70 (14.3%) patients carried
REV1: ¢.2108G > A (Figure 3).
The PFS analysis of the 70
patients showed that patients
with the REV1: ¢.2108G > A
mutation had significantly sh-
orter PFS than patients with-
out this mutation (median PFS
time, REV1 mutant vs. REV1
wild-type, 4.4 months vs. 8.7
months, P = 0.034; Figure 4D),
suggesting that REV1:¢.2108G
> A was associated with rapid
disease progression.

The clinicopathological charac-
teristics of the 70 patients with
RAS wild-type mCRC are pre-
sented in Table 1. Among th-
ese patients, the median age
at cetuximab initiation was 58

resistance were found in these two groups.

exonl3, ¢.G2108A: p.R703Q). An additional
gene alteration carried by patients S1, S2, and
S4 was an insertion mutation in the PCDH12
gene (NM_016580: exond, ¢.3526-3544In_
Frame_Ins) (Figure 2). Because the REV1 muta-
tion was present in all five patients, we select-
ed this mutation for further analysis.

Shortened progression-free survival in RAS
wild-type mCRC patients treated with cetux-
imab is associated with REV1 mutation: Up
to this point, our results suggested that the
€.2108G > A mutation in REV1 may be associ-
ated with cetuximab resistance and shorter
PFS in patients treated with this drug. To cor-
roborate these findings we performed direct
Sanger sequencing on genomic DNA from the
paraffin-embedded tumor tissue samples of
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years (range, 39-87 years). The
majority of patients (62.9%)
received an irinotecan-based
chemotherapeutic regimen (FOLFIRI) plus cetu-
ximab; one patient received single-agent fluo-
rouracil, while the remaining 25 patients were
treated with an oxaliplatin-based chemothera-
peutic regimen (FOLFOX) plus cetuximab. Ac-
cording to the RECIST 1.1 criteria, 40 patients
(57.1%) achieved a PR, 20 had SD, and 10 had
progressive disease (PD). The ORR was 57.1%,
and the DCR was 85.7%.

As shown in Table 1, univariate analysis results
suggested that the tumor lymph node stage
(N) (P = 0.030, Figure 4A), tumor metastasis
stage (M) (P = 0.001, Figure 4B), tumor histo-
logical grade (P < 0.001, Figure 4C), and REV1
mutation status (P = 0.034, Figure 4D) were
disease progression-related factors in RAS
wild-type mCRC patients treated with cetux-
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Figure 2. Heat map of the significantly mutated genes in the long and the
short PFS groups. A missense mutation in the REV1 gene (NM_001037872:
exon13 ¢.G2108A: p.R703Q) was carried by all patients in the short group

$3 S5 Cancer (GDSC) and the Gene
Expression Omnibus (GEO) da-
tabases were included in our
study. Because no data on

REV1:¢.2108G > A were found

(S1-S5). An insertion mutation in the PCDH12 gene (NM_016580: exon4

¢.3526-3544In_Frame_Ins) was carried by patients S1, S2, and S4.

imab. Thus, the N and M stages, tumor his-
tological grade, chemotherapy regimen, and
REV1 mutation status were included in the
multivariate analysis. The results of multivari-
ate Cox regression analysis (Table 1) revealed
that the patients carrying mutant REV1 had
shorter PFS times than those with wild-type
REV1 (HR = 3.589, 95% CI, 1.511-8.526, P =
0.004). In other words, REV1 gene mutation
was an independent risk factor for disease pro-
gression in patients with RAS wild-type mCRC
treated with cetuximab.

To explore the effect of REV1 gene mutation on
prognosis in different subgroups with mCRC,
we performed subgroup analyses. As shown
in Figure 5, the patients with mutant REV1
had shorter PFS times than those with wild-
type REV1 in the following subgroups: female
sex (HR = 0.208, P = 0.01), age at cetuximab
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in public databases, only REV1
MRNA levels were analyzed.

Genomics of Drug Sensitivity in Cancer data-
base analysis: To explore the effect of REV1
mMRNA levels on the sensitivity of CRC cells to
cetuximab, we explored the correlation between
the REV1 mRNA level and the inhibitory con-
centration (IC) 50 of cetuximab in CRC cells
based on data for 29 CRC cell lines (SNU-C1,
CL-34, SNU-61, LS-1034, SNU-C2B, SW620,
SK-CO-1, CL-40, HT-29, LS-513, NCI-H508,
MDSTS8, CL-11, KM12, SNU-1040, HCT-116,
SW837, RKO, LS-180, LS-411N, LS-123, NCI-
H747, SW1463, LoVo, CCK-81, COLO-678,
C2BBel, SW1116, and SW48) retrieved from
the GDSC database. We were able to deter-
mine a negative correlation between REV1
MRNA expression levels and cetuximab IC50 in
these cell lines (correlation factor, -0.3725, P =
0.0466, Figure 6). This suggested that low
REV1 mRNA levels may be related to the poor
response of CRC cells to cetuximab.

Am J Cancer Res 2021;11(6):2769-2781
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The 43 patients with wild-type
KRAS were then divided into 2
groups, i.e., the disease con-
trol group (DCG) and the non-
responder group. The DCG in-

cluded patients with PR or
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SD response evaluations, while
the nonresponder group incl-
uded patients with a PD or
UTD response evaluation. As
per our findings, a decreasing

trend can be noted in the REV1
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i WA

A

mRNA level among patients
with PR and nonresponders
(PD + UTD) (Figure 7; Table 2).
The REV1 mRNA levels were
lower in the nonresponder gr-

oup than in the DCG (median

GE oIl I TOoAaAAacC 3
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SR

REV1 mRNA level, 1775.4 vs.
1945.05, P = 0.025, Figure 8).
This suggested that low REV1
MRNA levels may be related to
the poor efficacy of cetuximab.

Additionally, the REV1 expres-
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sion level was not statistically
different in terms of age, sex,
race, puncture site, and effica-
cy evaluation subgroups am-
ong patients with RAS wild-ty-

Figure 3. The DNA sequencing chromatograms of 10 patients with the REV1

pe mCRC in the GSE5851 da-
taset (Table 2).

gene mutation. Ten of the 70 (14.3%) patients carried REV1: ¢.2108G > A.

Gene Expression Omnibus database analysis:
To evaluate whether REV1 expression levels
were associated with responses to cetuximab
monotherapy, we compared the REV1 mRNA
levels in patients from the GSE5851 dataset of
the GEO database classified as PR, SD, and
nonresponders. The GSE5851 dataset was
derived from a phase Il exploratory pharma-
cogenomics study [14] of cetuximab monother-
apy in patients with advanced metastatic CRC.
Transcriptional profiling was then conducted on
RNA from pre-treatment metastatic site biop-
sies to identify genes whose expression corre-
lated best with clinical responses. We then
extracted the data of the 43 KRAS wild-type
patients in this dataset, whose clinical charac-
teristics are shown in Table 2. Five patients
achieved PR, 15 achieved SD, 19 achieved PD,
and 4 patients died before their first response
evaluation; thus, their responses were unable
to be determined (UTD).
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Discussion

The ongoing development of molecular target-
ed therapy provides new options for the per-
sonalized management of advanced solid tu-
mor, including mCRC. Drugs targeting EGFR,
such as cetuximab, are highly important for
improving the survival and prognosis of pa-
tients with RAS wild-type mCRC. However, the
clinical use of cetuximab is limited due to drug
resistance, and the mechanisms underlying
this resistance are yet to be entirely under-
stood. To explore the potential mechanism of
cetuximab resistance, we performed WES and
identified two candidate genes (REV1 and
PCDH12) that may be associated with sensitiv-
ity to cetuximab. We selected REV1 gene muta-
tion for further analysis and exploration.

In the dbSNP database (http://www.ncbi.nim.
nih.gov/projects/SNP), although at least 132
non-synonymous single-nucleotide variants of
REV1 have been described, the functional
effects of these gene variants have not been

Am J Cancer Res 2021;11(6):2769-2781
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Figure 4. Kaplan-Meier survival curves. The tumor lymph node stage (N) stage (A), tumor metastasis stage (

M) stage

(B), tumor histological grade (C), and REV1 mutation status (D) were disease progression-related factors in RAS wild-
type mCRC patients treated with cetuximab (mPFS: median progression-free survival).

described. In existing studies, two single-nucle-
otide polymorphisms (SNPs) in the REV1 gene,
in codons 257 and 373, have also been report-
ed to significantly correlate with cancer risk.
Although the specific mechanisms are not yet
clear, the N373S SNP is associated with an
increased risk of cervical cancer, while the
F257S SNP is associated with a reduced risk of
cervical cancer but an increased risk of lung
cancer in people with severe smoking habits
[15, 16]. Some studies have suggested the
V138M SNP in the REV1 gene to be associat-
ed with poor cisplatin efficacy in patients with
malignant mesothelioma and osteosarcoma
[17, 18]. One of these studies has also revealed
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a link between REV1 gene SNPs and hemato-
toxicity after the administration of cisplatin for
malignant mesothelioma [17]. The above litera-
ture suggests that REV1 SNPs may alter the
function of REV1, thereby altering the individual
risk of cancer and the individual outcomes of
cancer treatment.

In our study, the multivariate analysis suggest-
ed the identified REV1: ¢.2108G > A mutation
as an independent risk factor for disease pro-
gression in patients with RAS wild-type mCRC
treated with cetuximab. This finding suggests
that this REV1 gene mutation is related to
the poor therapeutic efficacy of cetuximab in

Am J Cancer Res 2021;11(6):2769-2781
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Table 1. Clinicopathological characteristics and disease progression-related factors in RAS wild-type
mCRC patients from our center who were treated with cetuximab and evaluated by univariate and
multivariate analyses

o o Number of Univariate analysis Multivariate analysis
Clinical characteristics )
patients (%) mPFS (months) P-value HR 95% Cl P-value
Sex 0.299
Male 48 (68.6%) 8.5
Female 22 (31.4%) 8.5
Age at cetuximab initiation 0.462
< 58 years old 34 (48.6%) 8.7
> b8 years old 36 (51.4%) 8.5
Primary tumor site 0.758
Right colon 19 (27.1%) 7.4
Left colon and rectum 51 (72.9%) 9.0
T stage 0.223
T1 0 (0.0%) - -
T2 3 (4.3%) 16.1
T3 19 (27.1%) 11.5
T4 45 (64.3%) 7.6
Unoperated 3(4.3%) -
N stage 0.030
NO 12 (17.1%) 13.7 Reference 0.129
N1 29 (41.4%) 7.9 1.479 0.657-3.330 0.344
N2 26 (37.1%) 7.2 2.389 0.971-5.873 0.058
Unoperated 3(4.3%) - - - -
M stage 0.001
Mla 36 (51.4%) 10.3 Reference 0.261
M1b 25 (35.7%) 8.0 1.248 0.705-2.210 0.447
Milc 9 (12.9%) 4.9 2.173 0.813-5.812 0.122
Histological type 0.060
Common adenocarcinoma 60 (85.7%) 9.0 Reference
Special adenocarcinoma 10 (14.3%) 5.0 1.074 0.422-2.738 0.880
Histological grade <0.001
G1 3(4.3%) 9.7 Reference 0.007
G2 44 (62.9%) 11.1 0.383 0.094-1.569 0.182
G3 20 (28.6%) 4.9 1.291 0.298-5.592 0.733
Uncertain 3(4.%) - - - -
Chemotherapy regimen 0.092
Irinotecan-based 44 (62.9%) 8.5 Reference 0.207
Oxaliplatin-based 25 (35.7%) 9.0 1.716 0.939-3.136  0.079
Single-agent fluorouracil 1 (1.4%) 3.2 1.432 0.155-13.231 0.752
Line 0.177
First 50 (71.4%) 9.7
Second 19 (27.1%) 6.9
Third 1(1.4%) 5.8
REV1 mutation status 0.034 0.004
Wild-type 60 (85.7%) 8.7 Reference
Mutant 10 (14.3%) 4.4 3.589 1.511-8.526
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No. of patients

Baseline Characteristic REV1 REV1 Forest plot Hazard Ratio for PFS (95% CI) P Value
wild-type mutant

Total 60 10 —a— 0.481 (0.241-0.962) 0.038
Sex

Male 42 6 I = 0.619 (0.256-1.495) 0.286

Female 18 4 —— 0.208 (0.063-0.691) 0.01
Age, years

< 58 31 3 = > 0.717 (0.213-2.410) 0.591

=58 29 ' —a— 0.351 (0.146-0.842) 0.019
Primary tumor location

Right 18 1

Left 42 9 ] 0.489 (0.230-1.040) 0.063
T stage

T2 3 0

T3 15 4 —— 0.367 (0.110-1.228) 0.104

T4 40 5 —a— 0.33 (0.123-0.884) 0.027
N stage

No 10 2 L L > 0.46 (0.089-2.392) 0.356

N1 25 4 —— 0.32 (0.106-0.967) 0.043

N2 23 3 —— 0.213 (0.050-0.904) 0.036
M stage

Mila 29 i —a— 0.232 (0.095-0.570) 0.001

Mib 22 3 L = > 0.705 (0.203-2.453) 0.583

Mic 9 0
Histological type

Commeon adenocarcinoma 50 10 —a— 0.421 (0.207-0.856) 0.017

Special adenocarcinoma 10 0
Histological grade

G1 3 0

G2 38 6 — 0.541 (0.220-1.327) 0.179

G3 16 4 —— 0.282 (0.074-1.073) 0.063
Chemotherapy

Irinotecan-hased 37 7 —— 0.394 (0.170-0.915) 0.03

Ogxaliplatin-baesd 23 2 -—> 0.894 (0.204-3.923) 0.582

Other 0 1
Line

First 44 6 —— 0.395 (0.162-0.959) 0.04

Second 15 4 d > 0.764 (0.244-2.396) 0.645

Third 1 0

I T T 1
0.0 0.5 1.0 1.5 2.0
€ >
REV1 wild-type REV1 mutant
Better Better

Figure 5. Forest plots of subgroup analyses. The patients with mutant REV1 had shorter PFS times than those with
wild-type REV1 in the subgroups of the female sex, age at cetuximab initiation > 58 years, T4, N1-N2, M1a, common
adenocarcinoma, irinotecan-based chemotherapeutic regimen (FOLFIRI) plus cetuximab treatment, and first-line

treatment.
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REV1 mRNA level

Figure 6. Correlation between the
REV1 mRNA level and the IC50
of cetuximab in 29 CRC cell lines
from the GDSC database. The
linear fitting suggests a negative
correlation  (correlation  factor,
-0.3725, P = 0.0466).

patients with RAS wild-type
mCRC. In addition, subgroup
analysis based on REV1 muta-
tion status suggested that the
effect of REV1 gene mutation
on prognosis was determined
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Table 2. General clinical characteristics and REV1 expression lev-
els of patients with RAS wild-type mCRC in the GSE5851 dataset

No. of Mean expression

Clinical characteristics patients of REV1 P value
Age (median age: 61 years) 0.896
<61 years old 22 1763.905
> 61 years old 20 1778.13
NA 1 2085.4
Sex 0.337
Male 25 (58.1%) 1734.688
Female 18 (41.9%) 1838.15
Race 0.601
White 37 (86.0%) 1757.586
African-American 5(11.6%) 1926.22
Asian 1(2.3%) 1792.1
Puncture site 0.397
Liver 36 (83.7%) 1740.481
Lung 1(2.3%) 1940.8
Colon or rectum 2 (4.7%) 1848.7
Others 4 (9.3%) 2039.6
Efficacy evaluation 0.105
PR 5 (11.6%) 2035.74
SD 15 (34.9%) 1858.313
PD 19 (44.2%) 1682.379
UTD 4 (9.3%) 1608.825
3,000 -
N PR
2,500 SD

M Nonresponder

REV1 mRNA level
s
g
o

1,000 4
500 1 ‘
0

Patients

Figure 7. The REV1 mRNA levels in patients with different response evalua-
tions. There is a decreasing trend in the REV1 mRNA level among patients
with a PR to nonresponders (PD + UTD).

tion in RAS wild-type mCRC,
cetuximab should not be rec-
ommended for patients with
the REV1: ¢.2108G > A muta-
tion, particularly for patients
who fall into the above sub-
groups.

There are no reports in the lit-
erature indicating the REV1
gene or REV1: ¢.2108G > A
mutation as being related to
RAS mutation. The patients
from our center that were in-
cluded in this study were all
representative of wild-type KR-
AS, NRAS, and BRAF genes,
indicating that REV1 is a new
potential gene associated with
cetuximab resistance.

The REV1 gene is a member of
the eukaryotic Y-polymerase
family and plays a role in DNA
translesion synthesis (TLS).
REV1 acts as a scaffolding pro-
tein for regulating protein-pro-
tein interactions with prolifer-
ating cell nuclear antigen, pan-
proteins, and other polymers
to coordinate the TLS process
[19-21]. In addition, as a deox-
ycytidyl transferase, REV1 has
intrinsic catalytic activity and
is thus unique among polymer-
ases [22, 23]. The REV1 pro-
tein (1,251 amino acids long)
comprises the catalytic core
(amino acids 330-833), while
the N- and C-terminal regions
include the protein interaction
domains (e.g., BRCT, UBM, and
PID) [23, 24].

Based on the above informa-
tion indicating that the cataly-
tic core of REV1 is located
in amino acids 330-833, the

to be more significant in female patients aged >
58 years at cetuximab initiation, who had stage
T4, N1-N2, or M1a disease, had common ade-
nocarcinoma, were being treated with FOLFIRI
+ cetuximab, or were undergoing first-line treat-
ment. This finding underscores that if this REV1
gene mutation is a cetuximab resistance muta-
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REV1 gene missense mutation (REV1-NM_0O-
1037872: exon13, ¢.G2108A: p.R703Q), identi-
fied by WES in our study, is located in the cata-
lytic core of the REV1 protein (amino acid 703).
Furthermore, the results of a study by Yeom et
al. suggest that the REV1 gene with this mis-
sense mutation encodes a low-activity variant
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) -

1500

REV1 mRNA level

1000

with the REV1 expression level
[27]. In the present study, we
analyzed the relationship bet-
ween the REV1 expression le-
vel and cetuximab sensitivity in
CRC patients and cell lines via
the analysis of data from the
GEO and GDSC databases, re-
spectively. The results of our
GEO GSEb5851 dataset analy-
sis showed that a reduced
mRNA level of REV1 was asso-
ciated with reduced sensitivity
to cetuximab in patients with
RAS wild-type mCRC. The anal-
ysis of CRC cell line data from

M DG

- Nonresponder

T-test, P=0.025

DCG Nonresponder

Figure 8. Differences in REV1 mRNA levels between the DCG and the
nonresponder group. The DCG included patients with PR or SD response
evaluation, while the nonresponder group included patients with a PD or
UTD response evaluation. The REV1 mRNA levels were lower in the nonre-
sponder group than in the DCG group (median REV1 mRNA level, 1775.4

vs. 1945.05, P = 0.025).

protein that significantly weakens the catalytic
activity of REV1. This missense mutation, which
is located in the linker region or the finger
domain of the REV1 protein, results in the loss
of positively charged arginine residue facing or
remote from the sugar-phosphate DNA back-
bone, which may result in a decrease in DNA
binding affinity, thus directly or indirectly affect-
ing the interaction of REV1 with DNA [25]. The
REV1 SNP identified in our study occurred the
same amino acid alteration. We thus speculate
that the REV1 R703Q SNP identified in our
study may have reduced the catalytic activity
of REV1 through the same mechanism, which
affects TLS, DNA damage repair and mutagenic
events in response to cellular DNA damage
[25], thereby influencing an individual’s sensi-
tivity to selected therapies.

To date, studies have suggested that the over-
expression of REV1 can promote the develop-
ment of carcinogenic intestinal adenoma. A
possible mechanism in this context is that
REV1 overexpression promotes mutagenic TLS
to maintain the replication of damaged tem-
plates [26]. In addition, some studies suggest-
ed that the sensitivity of non-small-cell lung
cancer cell lines to some anticancer drugs,
such as MEK and AKT inhibitors, is associated

2779

the GDSC database indicated
that decreasing REV1 expres-
sion among the CRC cell lin-
es correlated with increasing
IC50s for cetuximab, indicating
that a reduced expression le-
vel of REV1 was associated
with reduced sensitivity of CRC
cell lines to cetuximab. Accordingly, these re-
sults suggest that both the mutation affecting
REV1 function and reduced REV1 expression
levels may underlie cetuximab resistance in
RAS wild-type mCRC.

Our study included some limitations. First, this
was a retrospective single-center study, and
due to the limitation of the small sample size,
the study conclusions must be confirmed by
multicenter clinical studies with large sample
sizes. Furthermore, although the combination
of data from our center with public database
data enhanced our analysis, we did not con-
duct in vivo and in vitro validation experiments
to explore the specific molecular mechanisms
by which the REV1 gene caused cetuximab
resistance. In our future studies, a larger sam-
ple size comprising multiple centers will be
incorporated and the REV1: ¢.2108G > A mu-
tant CRC cell lineage will be generated using
CRISPR/Cas9 technology to confirm the roles
of the REV1 gene in resistance and disease
progression. Moreover, the potential explora-
tion of PCDH12 in mCRC cetuximab resistance
also will be conducted.

To the best of our knowledge, this study is the
first to find that the REV1 gene may be a predic-
tive gene in patients with RAS wild-type mCRC
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treated with cetuximab. We speculate that the
G2108A mutation in exon 13 of the REV1 gene
may affect the catalytic activity of the REV1
protein or cause cetuximab resistance by im-
pacting the REV1 mRNA level. The results of
our study reveal that REV1 gene mutation is a
potential new predictive biomarker for cetux-
imab efficacy in patients with RAS wild-type
mCRC.

Conclusion

The REV1 expression levels and the REVI:
€.2108G > A mutation may be related to ce-
tuximab resistance in RAS wild-type mCRC. The
presence of this mutation is associated with
rapid disease progression in these patients.
The REV1 gene mutation is a potential new
predictive biomarker for cetuximab efficacy in
patients with RAS wild-type mCRC. Cetuximab
may thus not be suitable for patients with the
REV1: ¢.2108G > A mutation.
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