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Genetic feature diversity of KRAS-mutated
colorectal cancer and the negative
association of DNA mismatch repair
deficiency relevant mutational signatures
with prognosis
KRAS mutations occur in approximately 40% of metastatic
colorectal cancer (CRC), leading to disrupted hydrolysis of
guanosine triphosphate and tumor cell proliferation.1 Ge-
netic features and clinical outcomes of CRCs depend on KRAS
mutation subtypes,2e4 and molecular biomarkers for prog-
nosis prediction are under development. We supposed that
mutational signatures offering an additional layer of
genomic information might aid in understanding the differ-
ences in treatment efficacy among KRAS-mutated CRCs.

In this study, next-generation sequencing was performed
on tumor tissue/liquid biopsies using a panel covering 425
cancer-related genes (Table S1; Supplementary Material
and Methods). A total of 116 CRCs with various KRAS aber-
rations and 73 CRCs without KRAS aberrations were retro-
spectively enrolled at the First Hospital of China Medical
University between March 2017 and August 2022 (Fig. S1A).
The clinical characteristics of KRAS-mutated CRCs are
summarized in Table S2. The diversity of genetic features
was investigated in CRCs with and without KRAS mutations,
and we further developed a mutational signature-based
prognosis indicator for progression-free survival (PFS) and
overall survival (OS) in first-line therapy.

Of 116 KRAS-mutated CRC samples, common KRAS aber-
rations includedKRASG12D (32%),KRASG12V (21%),andKRASG13D

mutations (15%), whereas KRASG12C mutations accounted for
only 7% (Fig. 1A). Their genomic profiles were shown in
Fig. S1B. The prevalence of mutated RAS pathway, defined as
having any altered genes in the RAS pathway except for KRAS,
was less common inKRASG13XCRCs than inKRASG12XCRCs (0.0%
vs. 21.2%, P Z 0.04; Fig. 1B) and in CRCs harboring KRAS al-
terations other than KRASG12X and KRASG13X (the Other
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subgroups) (0.0% vs. 25.0%, P Z 0.03; Fig. 1B). Mutated RTK
pathway was alsomore prevalent in the Other subgroup when
compared with CRCs harboring KRASG12X (72.2% vs. 41.2%,
PZ 0.02; Fig. S1C). The genomic profiles of 73 KRASwild-type
CRCs are shown in Fig. S2A. Mutated RAS pathway was more
prevalent in KRAS wild-type than in KRAS-mutated CRCs
(38.4% vs. 19.8%, P< 0.01; Fig. S2B), due to the enrichedBRAF
mutations in KRAS wild-type CRCs (16.4% vs. 4.3%, P < 0.01;
Fig. S2C). Of 97 KRAS-mutated CRC samples eligible for
mutational signature identification, 62 (63.9%)were detected
with at least one type of DNA mismatch repair deficiency
(dMMR)-related mutational signature (Fig. S3).

Fifty-seven of 116 KRAS-mutated CRCs had available PFS
data for first-line therapy, including 23 and 32 patients who
received chemotherapy and chemotherapy combined with
anti-VEGF agents, respectively (the remaining 2 patients:
unknown). None of the KRASmutation subtypes, concomitant
mutations, or mutated signaling pathways were associated
with PFS in first-line treatment. Mutational signatures 21 and
26 were associated with inferior PFS in both univariate ana-
lyses (signature 21, hazard ratio/HR: 2.36, 95% confidence
interval/CI: 1.12e4.98; signature 26, HR: 2.16, 95% CI:
1.01e4.64; Fig. 1C) and multivariable analyses adjusting for
sex, patient age, KRASmutation subtype, CRC side, first-line
regimen, and conversion surgery (signature 21, HR: 2.30, 95%
CI: 0.87e6.13; signature 26, HR: 2.82, 95% CI: 0.87e9.18;
Fig. 1C). Interestingly, bothsignature21andsignature26were
related to DNA mismatch repair deficiency (dMMR). No sig-
nificant differences in OS were observed across various KRAS
mutation subtypes (Fig. S4A), whereas only signature 15, a
dMMR-related mutational signature, was associated with
worse OS (HR: 2.39, 95% CI: 1.19e4.82; Fig. 1D). However,
signature 6, which was another dMMR-related signature, was
behalf of KeAi Communications Co., Ltd. This is an open access
by/4.0/).
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Figure 1 KRAS aberrations in colorectal cancer and the dMMR signature combination related to prognosis. (A) The proportion of
each KRAS aberration subtype. (B) The prevalence of mutated RAS signaling pathway in patients with KRASG12X, KRASG13X, and KRAS
aberrations other than KRASG12X and KRASG13X (the Other subgroup). (C) The dMMR-related mutational signatures 21 and 26 were
associated with potentially poorer progression-free survival in first-line therapy. (D) The dMMR-related mutational signature 15 was
associated with inferior overall survival. (E) Forty KRAS-mutated patients were identified with the dMMR signature combination of
signature 15, 21, and 26, and patients with multiple dMMR-related mutational signatures were rarely observed. (F) The dMMR
signature combination and mutational signature 15 were enriched in KRASG13X patients, in comparison with patients with KRASG13X

and KRAS aberrations other than KRASG12X and KRASG13X. (G) KRAS-mutated patients with detectable dMMR signature combination
had inferior progression-free survival and overall survival than those without. (H, I) The dMMR signature combination was strongly
associated with inferior progression-free survival and overall survival when adjusting for KRASG12X subtype, sex, patient age,
colorectal cancer side, first-line regimen, and conversion surgery. dMMR, DNA mismatch repair deficiency.
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not significantly associated with PFS (HR: 0.99, 95% CI:
0.56e1.76) or OS (HR: 1.10, 95% CI: 0.57e2.13).

Of 40 patients with detectable prognosis-related dMMR
signatures, patients with more than one dMMR-related signa-
ture were rarely observed (n Z 7, 17%; Fig. 1E). The dMMR
signature combination including signatures 15, 21, and 26was
more prevalent in patients with KRASG13X, when compared
with patients harboring KRASG12X (75.0% vs. 31.8%, P < 0.01;
Fig. 1F) and otherKRAS alterations (75.0% vs. 46.7%, PZ 0.15;
Fig. 1F), due to the higher prevalence of signature 15 in
KRASG13X patients than in KRASG12X patients (50.0% vs. 15.2%,
P< 0.01; Fig. 1F). Additionally, the signaturecombinationwas
more common in KRAS-mutated CRCs with mutated TGFb
pathway than in those without (56.8% vs. 31.7%, P Z 0.02;
Fig. S4B). Compared with 33 KRAS-mutated CRCs without the
dMMR signature combination, 24 KRAS-mutated patients with
the dMMR signature combination had inferior PFS (HR: 2.10,
95% CI: 1.22e3.63) and poorer OS (HR: 1.96, 95% CI:
1.04e3.71) in first-line treatment (Fig. 1G). In the multivari-
able Cox regression models controlling for sex, patient age,
KRAS mutation subtype, CRC side, first-line chemotherapy
regimen, and receiving conversion surgery or not, dMMR
signature combination remained significantly associated with
worsePFS (HR:2.51, 95%CI: 1.20e5.22; Fig. S4C) andworseOS
(HR: 2.73, 95% CI: 1.19e6.27; Fig. S4D).

As KRASG12X patients accounted for approximately 70% of
KRAS-mutated CRCs, prognostic molecular features were
further investigated in three KRASG12X subgroups, including
the KRASG12D subgroup, the KRASG12V subgroup, and the other
KRASG12X subgroup. Our data demonstrated that KRASG12V

patients had poorer OS than KRASG12D patients (HR: 2.51, 95%
CI: 1.08e5.85; Fig. S5A). Under first-line chemotherapy, the
other KRASG12X subgroupmight have worse PFS than KRASG12D

(HR: 4.17, 95% CI: 1.02e17.13; Fig. S5B), whereas significant
differences were not observed in KRASG12X patients receiving
chemotherapy combined with anti-VEGF agents (Fig. S5C).
Prognosis-related signature 15 appeared to be more common
in KRASG12V than in KRASG12D patients while it is not statisti-
cally significant (28.6% vs.9.4%,PZ0.13;Fig. S5D).Compared
with KRASG12X patients without the dMMR signature combi-
nation, those with detectable dMMR signature combination
had significantly inferior PFS (adjusted HR: 7.29, 95% CI:
2.39e22.24; Fig. 1H) and OS (adjusted HR: 3.80, 95% CI:
1.20e12.01; Fig. 1I) in first-line therapy, when adjusting for
KRASG12X subgroup, sex, age, CRC side, first-line chemo-
therapy regimen, and conversion surgery treatment. Never-
theless, among KRAS-mutated patients with non-G12X KRAS
mutations, neither first-line therapy PFS (HR: 0.97, 95% CI:
0.36e2.61; Fig. S6) nor OS (HR: 0.89, 95% CI: 0.31e2.53;
Fig. S6) exhibited significant differences between patients
with and without the dMMR signature combination.

Our data demonstrated the diversity ofmolecular features
among CRCs harboring KRAS aberrations. A dMMR signature
combination of signature 15, 21, and 26 could identify
advanced CRCs with worse first-line PFS and OS, especially in
CRCs with KRASG12X mutations. This study has some limita-
tions. First, this study is a single-center retrospective study
with missing data about CRC position, first-line and subse-
quent treatment regimens, and PFS and/or OS. Thus, our re-
sults should be interpreted with caution, and prospective
studies with larger sample sizes are required to confirm our
findings. In addition, although a large sequencing panel
covering 425 genes was applied in our study, we expected to
use whole-exome sequencing to define mutational signature5

and validate the association between dMMR signature and
prognosis. Moreover, due to the limited sample size of CRCs
with non-G12X KRAS mutations, further studies were war-
ranted, particularly for KRASG13Xpatientswho had a relatively
high prevalence of the dMMR signature combination.
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