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Abstract: Kirsten rat sarcoma virus oncogene homolog (KRAS) is the most frequently mutated
oncogene in human cancer. In colorectal cancer (CRC), KRAS mutations are present in more than 50%
of cases, and the KRAS glycine-to-cysteine mutation at codon 12 (KRAS G12C) occurs in up to 4%
of patients. This mutation is associated with short responses to standard chemotherapy and worse
overall survival compared to non-G12C mutations. In recent years, several KRAS G12C inhibitors
have demonstrated clinical activity, although all patients eventually progressed. The identification of
negative feedback through the EGFR receptor has led to the development of KRAS inhibitors plus an
anti-EGFR combination, thus boosting antitumor activity. Currently, several KRAS G12C inhibitors
are under development, and results from phase I and phase II clinical trials are promising. Moreover,
the phase III CodeBreaK 300 trial demonstrates the superiority of sotorasib-panitumumab over
trifluridine/tipiracil, establishing a new standard of care for patients with colorectal cancer harboring
KRAS G12C mutations. Other combinations such as adagrasib-cetuximab, divarasib-cetuximab, or
FOLFIRI-panitumumab-sotorasib have also shown a meaningful response rate and are currently
under evaluation. Nonetheless, most of these patients will eventually relapse. In this setting, liquid
biopsy emerges as a critical tool to characterize the mechanisms of resistance, consisting mainly
of acquired genomic alterations in the MAPK and PI3K pathways and tyrosine kinase receptor
alterations, but gene fusions, histological changes, or conformational changes in the kinase have also
been described. In this paper, we review the development of KRAS G12C inhibitors in colorectal
cancer as well as the main mechanisms of resistance.

Keywords: KRAS G12C colorectal cancer; liquid biopsy; mechanism of resistance; KRAS inhibitor; pocket

1. Introduction

Kirsten rat sarcoma virus oncogene homolog (KRAS) is the most frequently mutated
oncogene in human cancer. In colorectal cancer (CRC), KRAS mutations are present in more
than 50% of cases [1,2]. The recommended backbone treatment for KRAS-mutant colorectal
cancer included a fluoropyrimidine-based regimen in combination with oxaliplatin and/or
irinotecan and the addition of an anti-VEGF in the first and second line [2]. EGFR inhibitors
are not recommended in RAS-mutant CRC due to their limited clinical activity. Beyond
the second line, trifluridine/tipiracil (-TAS-102-, a combination of trifluridine, a cytotoxic
nucleic acid analogue, and tipiracil, a thymidine phosphorylase inhibitor), regorafenib
(an oral multikinase inhibitor that blocks VEGFR1-3, KIT, RET, RAF1, BRAF, PDGFR, and
FGFR), and recently the combination TAS-102-bevacizumab have demonstrated clinical
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benefit and are considered the standard of care [3–5]. However, not all patients respond to
such treatments in the refractory setting and overall survival remains poor. The prognostic
impact of a RAS mutation is already well-established, demonstrating worse overall survival
compared with those tumors with a RAS/BRAF wild-type profile [6–10]. In colorectal cancer,
the KRAS glycine-to-cysteine mutation at codon 12 (KRAS G12C) occurs in up to 4% of
patients and is associated with poorer overall survival (OS) in the first and second line
when treated with chemotherapy. In addition, in the refractory setting among patients
treated with TAS-102, KRAS G12C mutations were biomarkers for reduced OS benefit from
TAS-102 [11–13]. Indeed, median overall survival (mOS) among patients with KRAS G12C
tumors was 16.1 and 9.7 months in the first and second line, whereas mOS for those patients
with non-G12C KRAS-mutated tumors was 18.3 and 11.4 months in the first and second
line, respectively [12,13].

The most frequent KRAS mutation in colorectal cancer is the G12D mutation that can
be found in up to 42% of colorectal tumors. The G12D mutation has been shown to have an
intermediate intrinsic and GAP-mediated GTP hydrolysis rate compared to other G12 and
G13 mutants, with mutations such as G12A significantly reducing intrinsic hydrolysis, and
G12C exhibiting wild-type levels [14]. KRAS G12D mutations have been shown to elicit
distinct gene and protein expression profiles compared with other KRAS mutations in a
tissue-specific manner [15,16].

Importantly, the KRAS G12C protein cycles between an “on” state, in which a guano-
sine triphosphate (GTP) is attached, and an “off” state in which the GTP loses one phos-
phate, turning into guanosine diphosphate (GDP). In its active state, KRAS increases
downstream oncogenic signaling and cell growth. The G12C mutation impairs GTP hy-
drolysis, which shifts KRAS to the active GTP-binding state, promoting tumorigenesis
and metastases [17,18]. This dynamic conformational change exposes a pocket that can
be targeted with specific inhibitors. Indeed, in the last few years, several KRAS G12C
inhibitors, including adagrasib, sotorasib, and divarasib among others, have been devel-
oped as monotherapy or in combination with anti-EGFR agents, demonstrating meaningful
clinical activity. New combinations that boost antitumor efficacy and overcome acquired re-
sistance are currently being developed. In this paper, we review the development of KRAS
inhibitors in metastatic colorectal cancer, the already described mechanism of resistance,
and novel combinations to overcome such resistances and boost the antitumoral effect.

2. The RAS Pathway and Downstream Signaling

RAS proteins are small, membrane-bound guanine nucleotide-binding proteins in-
volved in several signaling pathways that ultimately regulate cell growth, motility, angio-
genesis, and survival in various cancer types. They are associated with tumor progression
and resistance to targeted therapies. In physiological conditions, RAS shifts between two
conformational states: an active state, where an active guanosine-5′-triphosphate (GTP)
is attached to the RAS protein, and an inactive state, where GTP is processed to become
guanosine diphosphate (GDP). The initial step in RAS activation involves the activation of
several receptor tyrosine kinases (RTKs), induced by ligand binding in the extracellular
domain of RTKs. This leads to RTK dimerization and autophosphorylation. The activated
receptors then interact with the growth factor receptor protein 2 (GRB2), recruiting guanine
nucleotide exchange factors (GEFs), including the Son of Sevenless homolog (SOS). SOS
promotes GDP/GTP exchange, inducing a conformational change that activates the kinase.
This activation triggers different pathways, including RAF/MEK/ERK, PI3K/AKT/mTOR,
and nuclear transcription factors involved in cell survival and metastases. The RAS cy-
cle is ultimately switched off by GTPase-activating proteins (GAPs), which induce GTP
hydrolysis, forming inactive RAS-GDP. The G12C mutation occurs at the 12th position of
the KRAS gene, where glycine (G) is replaced by a cysteine (C) amino acid [17,18]. This
mutation leads to the production of a mutated KRAS protein with altered function, which
remains constitutively active. In this case, an allosteric pocket below the switch II region
of the mutant cysteine was identified by Ostrem et al. [19]. G12C inhibitors preferentially
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bind RAS in the GDP-bound conformation, blocking the exchange with GTP and thus
preventing the activation of the signaling cascade. Figure 1 pictures Ras signaling pathways
and drugs associated with KRAS G12C inhibition.

Figure 1. RAS signaling pathways and drugs associated with KRAS G12C inhibition.

3. Development of KRAS G12C Inhibitors

The emergence of KRAS G12C inhibitors represents a new therapeutic strategy in this
population. In addition to the development of several inhibitors, upfront and acquired
mechanisms of resistance have been identified and some strategies have been developed to
overcome such resistance.

3.1. KRAS Inhibitors in Monotherapy
3.1.1. Sotorasib

After the discovery of compounds that covalently bind to the switch II pocket of
KRAS G12C in its inactive GDP-bound state (off) and the understanding of the mechanism
of KRAS G12C inhibition, sotorasib (AMG510) was developed and entered the clinical
setting in 2018 as the first-in-class anti-KRAS G12C [19–23]. In the phase I/II CodeBreaK
100 trial, 129 patients with previously treated advanced solid tumors harboring the KRAS
G12C mutation were enrolled in the phase I cohort [24]. Among them, 42 were heavily
pretreated. In total, twenty-five patients received the expansion dose of 960 mg qd (from the
Latin “quaque die”, once a day), which was subsequently established as the recommended
phase II trial dose (RP2D). No dose-limiting toxic effects occurred, nor did any treatment-
related adverse event resulting in death. The most common treatment-related adverse
events (TRAEs) were diarrhea, fatigue, nausea, and an increase in aspartate or alanine
aminotransferase, occurring in 30%, 23%, 21%, 13%, and 12% of the total population,
respectively. Regarding anti-tumor activity, three out of 42 mCRC patients (7.1%) responded,
with all responses occurring in the cohort treated with the 960 mg qd dose. The disease
control rate (DCR) was 73.8% in the total mCRC patients and 80% in the 960 mg qd cohort.
The subsequent phase II cohort of the CodeBreaK 100 trial included 62 patients with a
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mean of three previous lines [25]. These patients received sotorasib 960 mg qd. After
almost 2 years, with five patients still on the treatment, the objective response rate (ORR)
was 9.7%, with tumor shrinkage in 66% of patients and a DCR of 82% of patients. The
median progression free survival (mPFS) was 4 months. Grade 3 TRAEs occurred in six
patients (10%); diarrhea, fatigue, nausea, and elevation of transaminases were confirmed as
the most common. The only grade 4 event observed was an increase in blood creatinine
phosphokinase. Apart from being safe and tolerable, sotorasib monotherapy demonstrated
only modest anti-tumor activity in mCRC, especially if compared with other histologies
such as NSCLC, in which sotorasib monotherapy achieved an ORR of 41% and a mPFS
of 6.3 months [26]. Table 1 summarizes clinical trials evaluating KRAS G12C inhibition in
patients with KRAS G12C-mutated colorectal cancer.

Table 1. Key clinical trials targeting KRAS G12C in mCRC, completed or with already published data.

Clinical Trials Targeting KRAS G12C in mCRC, Completed or with Already Published Data

Study Name/ID
Population (n. of Patients) Treatment Regimen

(n. of Patients Treated) Results
Grade 3 or

Higher TRAEsPhase

CodeBreaK 100/NCT03600883 advanced KRAS G12C
mutant solid tumors (124,

including 42 mCRC)
Sotorasib (AMG510)

limited to mCRC treated
with any dose 52.7%, in the

overall
population

Phase I ORR 7.1% (3/42)
DCR 73.8% (31/42)

mPFS 4 mo

CodeBreaK 100 (CRC expansion
cohort)/NCT03600883 advanced KRAS G12C

mutant mCRC (62)
Sotorasib (AMG510) 960

mg qd

ORR 9.7% (6/62)
10% (6/62)DCR 82.3% (51/62)

Phase II mPFS 4 mo

KRYSTAL-1/NCT03785249 advanced KRAS G12C
mutant solid tumors (25,

including 4 mCRC)
Adagrasib (MRTX849)

limited to evaluable
mCRC treated with

600 mg bid 36% (9/25)
Phase I/Ib ORR 50% (1/2)

DOR 4.2 mo

KRYSTAL-1 (monotherapy
arm)/NCT03785249 advanced KRAS G12C

mutant mCRC (44)
Adagrasib (MRTX849)

600 mg bid

ORR 19% (8/43)
34% (15/43)Phase I/II DCR 86% (37/43)

mPFS 5.6 mo

NCT04449874

advanced KRAS G12C
mutant solid tumors (137,

including 55 mCRC)
Divarasib (GDC-6036)

limited to mCRC
population

7% (4/55)
Phase Ib ORR 29.1% (20/55)

mPFS 5.6 mo
limited to mCRC treated

with 400 mg qd
ORR 35.9% (14/39)

mPFS 6.9 mo

pooled analysis of NCT05005234 and
NCT05497336 advanced KRAS G12C

mutant solid tumors,
including 45 mCRC

Fulzerasib (IBI531)

limited to mCRC patients
treated with 600 mg bid 20% (9/32)Phase I ORR 43.8% (14/32)

DCR 87.5% (28/32)

Clinical trials targeting EGFR-KRAS G12C in mCRC, completed or with already published data

CodeBreaK 101/NCT04185883
advanced KRAS G12C

mutant mCRC (48)
Sotorasib (AMG510) +

panitumumab

limited to patients treated
with 960 mg qd

27% (13/48)Phase Ib ORR 30% (12/40)
DCR 92.5% (37/40)

mPFS 5.7 mo

CodeBreaK 101 (subprotocol
H)/NCT04185883 advanced KRAS G12C

mCRC previously treated
≥1 prior treatment (33)

Sotorasib (AMG510)
960 mg qd +

panitumumab + FOLFIRI
(54)

ORR 58.1%

45.5% (15/33)DCR 93.5%
Phase Ib mPFS 5.7 mo
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Table 1. Cont.

Clinical Trials Targeting KRAS G12C in mCRC, Completed or with Already Published Data

Study Name/ID
Population (n. of Patients) Treatment Regimen

(n. of Patients Treated) Results
Grade 3 or

Higher TRAEsPhase

CodeBreaK 300/NCT05198934

advanced KRAS G12C
mutant mCRC (160)

Sotorasib (AMG510)
960 qd mg +

panitumumab (53)
ORR 26.4% DCR 71.7% 35.8% (19/53)

Phase III mPFS 5.6 mo

Sotorasib (AMG510)
240 qd mg +

panitumumab (53)
ORR 5.7% DCR 67.9% 30.2% (16/53)

mPFS 3.9

SOC (54) ORR 0% DCR 46.3% 43.1% (23/54)
mPFS 2.2 mo

KRYSTAL-1 (combination
arm)/NCT03785249

advanced KRAS G12C
mutant mCRC (32)

Adagrasib (MRTX849)
600 mg bid + cetuximab

ORR 46% (13/28)

16% (5/32)Phase I/II DCR 100% (28/28)
mPFS 6.9 mo
mOS 13.4 mo

NCT04449874 (arm C)
advanced KRAS G12C

mutant mCRC (29)

Divarasib (GDC-6036) at
400 mg qd (26) +

cetuximab

limited to KRAS G12C
inhibitor naive population 37.9% (11/29)Phase Ib ORR 62.5% (14/24)

mPFS 8 mo

NCT04585035 advanced KRAS G12C
mutant solid tumors,
including 29 mCRC

Garsorasib (D-1553)
600 mg bid (29) +

cetuximab

ORR 51.7% (15/29)
10.3% (3/29)Phase I/II DCR 93.1% (27/29)

mPFS 7.56 mo

ID: identification number; TRAEs: treatment-related adverse events; Mo: months; DOR: duration of response;
ORR: overall response rate; mPFS: progression-free survival; qd: quaque die (once a day); bid: bis in die (2 times
a day).

3.1.2. Adagrasib

The KRAS G12C inhibitor adagrasib (MRTX849) binds irreversibly and selectively to
KRAS G12C in its inactive state [27]. In the phase I/Ib KRYSTAL-1 trial, where 25 patients
with advanced, previously treated, solid tumors harboring KRAS G12C mutations were
enrolled and treated with various expansion doses, four of them were affected with mCRC,
with two receiving the RP2D of 600 mg bid (from the Latin “bis in die”, two times a day).
A toxicity profile consistent with sotorasib was observed, with nausea (80.0%), diarrhea
(70.0%), vomiting (50.0%), and fatigue (45.0%) being the most prevalent TRAEs in the
cohort treated with the RP2D. The most common grade 3/4 TRAE was fatigue (15.0%). In
terms of pharmacokinetics, adagrasib displayed a longer half-life compared to sotorasib
(23 h versus 5.5 h), along with a higher exposure dose dependency and ability to penetrate
the central nervous system. Notably, one out of the two mCRC patients treated with the
RP2D exhibited a partial response (PR), with a DOR lasting 4.2 months. Additional efficacy
data came from the phase I/II trial KRYSTAL-1, in which 44 patients affected with mCRC
were treated with adagrasib 600 mg bid, with 19% achieving PR, an mDOR of 4.3 months,
and an mPFS of 5.6 months [28].

3.1.3. Divarasib

The clinical development of divarasib (GDC-6036) started in 2020. Compared to its
predecessors, divarasib boasts a potency of five to twenty times greater and a selectivity
of up to 50 times higher [29]. Notably, at equivalent nanomolar concentrations, divarasib
achieves a higher relative alkylation of KRAS G12C compared to sotorasib and adagrasib.
Furthermore, non-KRAS G12C proteins are alkylated at higher concentrations with divara-
sib compared to the other two drugs. In a phase I trial assessing the safety of divarasib, out
of the 137 patients enrolled, 55 were diagnosed with mCRC [30]. Grade 3 or higher TRAEs
were observed in 12% of the total population, including diarrhea, increased aspartate
aminotransferase, nausea, vomiting, and fatigue. A long half-life of 17 h was observed.
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Regarding efficacy in the mCRC population, a complete response (CR) or PR was observed
in 29% of patients, including one CR. Importantly, higher ORR and mPFS of 36% and
6.9 months, respectively, emerged when analyzing only the subset of 39 patients treated
with the RP2D of 400 mg qd. All partial responses were accompanied by a reduction in
circulating tumor DNA (ctDNA) KRAS G12C allele frequency to less than 1% after 2 cy-
cles. Co-occurring mutations in APC and TP53 did not significantly impact the response.
Analysis of pre- and post-treatment ctDNA from 16 responders revealed that at least one
genomic alteration mechanistically linked to KRAS inhibitor resistance developed in nine
patients. These alterations included RAS copy number gain or amplification, non-KRAS
G12C mutations, alterations in receptor tyrosine kinases (RTKs) and mitogen-activated
protein kinase (MAPK) pathway components, including ERBB2 and MET amplifications,
and BRAF mutations, respectively. Conversely, at least one pre-existing mutation in all RAS
genes was found in six out of 25 patients in the total population with progressive disease
(PD) as the best response, including one mCRC patient, with an adaptive increase and
decrease in the allele variant frequency of the non-KRAS G12C and KRAS G12C mutations,
respectively, in three out of these six. Again, a striking difference in efficacy endpoints
between NSCLC and CRC was observed with divarasib, as higher ORR of 53.4% and mPFS
of 13.1 months were achieved in NSCLC patients.

3.1.4. Other Inhibitors

The aggregate data of two phase I trials (NCT05005234, NCT05497336) in which
Fulzerasib (IBI351) has been tested in 45 mCRC patients with KRAS G12C mutations
have been reported. Among the 32 evaluable patients, an ORR of 43.8% (14/32) was
observed. Grade 3 TRAEs occurred in nine patients (20.0%), with no drug-related adverse
events leading to treatment discontinuation or death [31]. Finally, Garsorasib (D-1553)
monotherapy demonstrated deep clinical activity and safety in heavily pretreated patients
with KRAS G12C-mutated CRC. Based on this initial activity, the combination of Garsorasib
and cetuximab was evaluated in a phase II trial [32]. This trial included 40 patients, 80% of
them having received at least two previous lines. ORR was 45% with a DCR of 95%. mPFS
was 7.6 months whereas OS data is still immature. No grade 4/5 TRAEs were reported [29].

3.2. A Step Forward in Boosting Antitumor Activity: Combining KRAS G12C Inhibitors
with Anti-EGFR

From the outset, a notable discrepancy in efficacy emerged between patients with
NSCLC and CRC in the early phases of trials involving sotorasib. Impressively, the best
ORR reported was 41% in NSCLC compared to 9.7% in mCRC (CodeBreaK 100) [25,26].
Amodio et al. uncovered several variances at the cellular level, notably observing that
colorectal cancer lines exhibited a higher basal level of phosphorylated-functional-receptor
tyrosine kinases (RTKs) and maintained responsiveness to further activation of EGFR by
growth factors [33]. In this milieu of concurrent mechanisms, inhibiting KRAS G12C can not
result in quelling cell growth and proliferation. Moreover, a more pronounced rebound of
the MAPK pathway following KRAS G12C inhibition was demonstrated in CRC compared
to NSCLC cell lines. Consequently, the synergistic combination of KRAS G12C inhibitors
and anti-EGFR therapies was investigated both in vitro and in colorectal patient-derived
models, yielding significant tumor regression or even complete remission. Rayan et al.
further explored adaptive resistance to KRAS G12C inhibitors, identifying the rebound of
the MAPK pathway as a principal mechanism [34]. This rebound, characterized by marked
induction of GTP-bound forms of wild-type HRAS and KRAS, which was otherwise
abrogated by the knockdown of HRAS and NRAS, leads to MAPK pathway activation in
a KRAS G12C-independent way, suggesting that it can not be overcome by escalating the
dosage of KRAS G12C inhibitors. Instead, a strategy involving upstream and downstream
inhibition, specifically with SHP2 or MEK inhibitors, resulted in a robust and sustained
inhibition of MAPK signaling in vitro. This study suggested an alternative approach,
consisting of a combination of KRAS G12C inhibitors with compounds targeting RTK
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signaling. These findings paved the way for the combination of KRAS G12C inhibitors with
either panitumumab and cetuximab, and with other inhibitors along the MAPK pathway,
which are currently under investigation in combination with KRAS G12C inhibitors in
ongoing clinical trials [18,35].

3.2.1. Adagrasib Cetuximab

In the phase I/II trial KRYSTAL-1, adagrasib was also tested in combination with
cetuximab in 32 patients [28]. Grade 3 or higher TRAEs were reported in 34% of the
monotherapy group and 16% of the combination therapy group, with no grade 5 adverse
events observed. However, 16% of patients receiving cetuximab discontinued the drug
due to toxicity. The toxicity profile of the combination only differed in cetuximab-related
adverse events, without any synergistic toxic effects observed. Notably, in patients receiv-
ing adagrasib with cetuximab, the ORR increased from 19% to 46%, along with a mPFS
of 6.9 months, compared to adagrasib monotherapy. An exploratory analysis of ctDNA
revealed a higher clearance of the KRAS G12C mutant allele after two cycles in the com-
bination therapy group compared to the monotherapy group (88% vs. 55%), correlating
with the different ORR. No association between response and PI3KCA and TP53 mutations
were identified. The phase III KRYSTAL-10 trial comparing adagrasib plus cetuximab vs.
second-line chemotherapy has completed recruitment.

3.2.2. Sotorasib Panitumumab

The combination of sotorasib and panitumumab has also been investigated [36,37].
The phase Ib trial, CodeBreaK 101, included cohorts specifically focused on mCRC pa-
tients, comprising a dose exploration cohort of eight patients to determine the RP2D of
sotorasib in combination with panitumumab and a dose expansion cohort that included
40 patients [36]. In total, 27% of patients experienced TRAEs of grade ≥3, mostly attributed
to panitumumab, including rash (6%), acneiform dermatitis (4%), and hypomagnesemia
(4%). Panitumumab led to interruption or reduction more often than sotorasib (29% versus
15%), but no discontinuation of any drug due to a treatment-related adverse event was
reported. In the exploratory cohort, which included 63% of patients previously treated with
sotorasib monotherapy, ORR was 12% and the DCR was 80%. Conversely, in the expansion
cohort (anti-KRAS naive), ORR and DCR were higher at 30% and 92%, respectively, with a
mPFS of 5.7 months. Importantly, the study also evaluated the impact of sidedness but no
difference in terms of response based on primary tumor location was observed.

The phase III trial CodeBreaK 300 tested sotorasib in the refractory setting at two
different doses (960 mg and 240 mg qd), both in combination with panitumumab, and
compared the results with the standard of care, consisting of either regorafenib or trifluri-
dine/tiparacil [37]. Despite the RP2D having already been set at 960 mg qd, the alternative
dose of 240 mg qd of sotorasib was tested due to its non-linear pharmacokinetic properties.
The trial reached its primary endpoint by demonstrating the superiority of the combination
of panitumumab and sotorasib at the two doses tested compared to the SOC in terms of
PFS [5.7 versus 2.2 months, HR 0.49 (95% CI, 0.30 to 0.80; p = 0.006) and 3.9 versus 2.2,
HR 0.58 (95% CI, 0.36 to 0.93; p = 0.03), respectively]. A significant difference in terms
of ORR also emerged among the arms, in which CR/PR was achieved in 26%, 5.7%, and
0% of patients treated with sotorasib 960 mg qd and panitumumab, sotorasib 240 mg qd
and panitumumab, and regorafenib or trifluridine/tiparacil, respectively. Data on overall
survival is still immature. Regarding treatment-related events, a grade 3 or higher TRAE
occurred in 35.8%, 30.2%, and 43% of patients treated with the combination of sotorasib
and panitumumab at a dose of either 960 mg qd or 240 mg qd, respectively, and with the
SOC. The most common grade 3 or higher TRAEs of regorafenib-trifluridine/tiparacil were
neutropenia (23.5%), anemia (5.9%), and hypertension (5.9%), whereas for the combinations,
the grade 3 or higher TRAEs were panitumumab-related dermatitis acneiform (11.3%),
hypomagnesemia (5.7%), and rash (5.7%). Finally, sotorasib and panitumumab were also
investigated in combination with FOLFIRI in 33 pretreated mCRC with at least one prior
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line of systemic therapy. ORR was 58%. More grade 3 or higher TRAEs were observed, up
to 45%, mostly dermatologic [38].

3.2.3. Divarasib Cetuximab

Divarasib was also tested in combination with cetuximab in a cohort of 29 patients with
KRAS G12C mutation mCRC, predominantly administrated at the dose of 400 mg qd [39].
Patients had been previously treated with at least two prior lines of systemic therapy,
including KRAS G12C inhibitors in five patients. A similar frequency of grade 3 or higher
TRAEs was observed with the combination and monotherapy (11%). However, a more
complex toxicity profile emerged, as in addition to diarrhea, lipase elevation, hypomagne-
semia, rash, and other anti-EGFR-related toxicities also occurred. Two grade 4 TRAEs were
reported: one case of hypomagnesemia and one neutropenia. Among patients who have
not previously received KRAS G12C inhibitors, the ORR was 62.5% and the mPFS was
8.1 months. Interestingly, three out of five patients pre-treated with KRAS G12C inhibitors
achieved PR. CtDNA analysis revealed a significant and widespread decline in KRAS G12C
variant allele frequency (VAF), with a KRAS G12C VAF below 0.5% after two cycles in
77% of patients, including one patient achieving stable disease (SD). At the time of disease
progression, an acquired genomic alteration potentially related to adaptive resistance was
identified in 13 out of 14 profiled patients; genomic alterations were consistent with those
reported in patients receiving divarasib monotherapy.

3.3. Ongoing Clinical Trials and New KRAS G12C Inhibitors in Colorectal Cancer

Several clinical trials investigating the safety and efficacy of both well-established
and new KRAS G12C inhibitors, alone, in combination with anti-EGFR, or combined with
inhibitors of other upstream/downstream modulators of the MAPK pathway, are ongoing.

A combination of adagrasib and cetuximab is under further investigation in a phase III
trial that compares the combination to chemotherapy in a second-line setting (KRYSTAL-10).
The addition of irinotecan to adagrasib and cetuximab is under evaluation in a phase I
trial, to explore the safety and activity of the combination (NCT05722327). Boosting KRAS
G12C inhibition through targeting upstream/downstream effectors of the MAPK pathway
is also under evaluation. The main MAPK pathway effectors targeted by combination com-
pounds under evaluation include SHP2 (Src homology region 2-containing protein tyrosine
phosphatase 2), a non-receptor-type protein tyrosine phosphatase encoded by the gene
PTPN11 that acts downstream of most receptor tyrosine kinases, and SOS1 (Son of Sevenless
homolog 1), a GEF that switches RAS-GDP to its active conformational status. Simultane-
ous inhibition of SOS1 and KRAS, which was synergistic in preclinical models of KRAS
G12C-mutated cancer cells [40], is now under clinical investigation in KRYSTAL-14 and
other trials (such as NCT05578092). Similarly, the KRYSTAL-2, KontRASt-1, NCT05288205,
and NCT06024174 are currently evaluating concurrent inhibition of KRAS and SHP2, as
it boosted KRAS inhibition in preclinical models [34,41–43]. In addition, adagrasib is also
under investigation in combination with the CDK4/6 (cycline-dependent kinase 4/6) in-
hibitor palbociclib in KRYSTAL-16, as it boosts KRAS inhibition due to the fact that KRAS is
known to mediate cell proliferation partly through the Cyclin D family [44]. The concurrent
inhibition of KRAS and CDK4/6 demonstrated increased antitumor activity in preclinical
models [45]. Another putative target of combinational inhibition under clinical investiga-
tion in combination with garsorasib is the downstream effector of the MAPK pathway FAK
(focal adhesive kinase), a non-receptor tyrosine kinase that promotes tumorigenesis. In
fact, its concurrent blockade was found superior to anti-KRAS monotherapy in preclinical
models [46].
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The combination of divarasib and cetuximab, plus or minus chemotherapy, is under
investigation in the INTRINSIC trial (NCT04929223), an umbrella trial evaluating the safety
and efficacy of diverse targeted therapies in specific subpopulations of patients with mCRC,
including those harboring KRAS G12C.

Several other anti-KRAS G12C compounds have been developed and are now being
tested in phase I trials, mainly in combination with anti-EGFR therapy, anti-SHP2, anti-
SOS1, or a pan RAS inhibitor. Pharmacodynamic and pharmacokinetic differences between
these compounds might translate into differential efficacy. For example, JDQ443 and JNJ-
74699157 interact with a different cysteine residue than other KRAS G12C inhibitors [47].
Thus, this suggests that they may be able to overcome mechanisms of resistance consisting
of target mutations that have already been reported [47–49]. Conversely, RMC 6291 has
a unique and innovative mechanism of action compared to other KRAS G12C inhibitors:
it binds to cylophilin A and forms a binary complex which then blocks KRAS G12C in
its GTP-bound state (on) in a tertiary complex, leading to the disruption of RAS effector
binding and direct extinction of KRAS G12C (on) signaling [50]. Although it outperformed
other anti-KRAS G12C (off) inhibitors in ex vivo models, clinical data are still awaited.
Table 2 summarizes ongoing clinical trials evaluating KRAS G12C inhibition in patients
with KRAS G12C-mutated colorectal cancer, and Table 3 summarizes the most relevant
differences between adagrasib, sotorsaib, and divarsib.

Table 2. Key ongoing clinical trials evaluating KRAS G12C inhibitors, alone or in combination with
other compounds.

Study ID/Name
Treatment Regimen Population

Phase

Ongoing clinical trials evaluating well established anti-KRAS G12C in combination with other compounds

NCT04975256/KRYSTAL 14 Adagrasib (MRTX849) + BI 1701963 (inhibitor of
KRAS and SOS1 interaction) advanced KRAS G12C mutant solid tumorsPhase I/Ib

NCT05578092 Adagrasib (MRTX849) + MRTX0902
(SOS1 inhibitor)

advanced solid tumors KRAS G12C mutant or harboring
any mutations in MAPK pathway effectorsPhase I/II

NCT05178888/KRYSTAL-16 Adagrasib (MRTX849) + palbociclib advanced KRAS G12C mutant solid tumorsPhase I/Ib

NCT04330664/KRYSTAL-2 Adagrasib (MRTX849) + TNO155 (SHP2 inhibitor) advanced KRAS G12C mutant solid tumorsPhase I/II

NCT04793958/KRYSTAL-10 Adagrasib (MRTX849) + cetuximab
vs chemotherapy advanced KRAS G12C mutant mCRCPhase III

NCT05722327 Adagrasib (MRTX849) + cetuximab and irinotecan advanced KRAS G12C mutant mCRCPhase I

NCT06024174 Adagrasib (MRTX849) + BMS-986466 (SHP2
Inhibitor) +/− cetuximab

advanced KRAS G12C mutant NSCLC, PDCA, BTC
and CRCPhase 1/2

NCT04418661 Adagrasib (MRTX849) + RMC-4630 (SHP2
inhibitor) advanced KRAS G12C mutant solid tumorsPhase I

NCT04892017 DCC-3116 (ULK inhibitor) +/− trametinib,
binimetinib, or sotorasib (AMG510)

advanced solid tumors harboring any mutation in
RAS/MAPK pathwayPhase I/II

NCT05480865/Argonaut Sotorasib (AMG510) + BBP-398 (SHP2 inhibitor) advanced KRAS G12C mutant solid tumorsPhase I

NCT04929223/INTRINSIC Divarasib (GDC-6036) + Cetuximab +/− FOLFOX
or FOLFIRI (in KRAS G12C) advanced mutant mCRCPhase I/Ib

NCT05497336 Fulzerasib (IBI351) + cetuximab (phase Ib) and
versus SOC (phase III in mCRC)

advanced KRAS G12C mutant solid tumors (phase Ib)
Phase Ib/III pretreated KRAS G12C mutant mCRC (phase III)

NCT06166836 Garsorasib (D-1553) + ifebemtinib (IN10018)
(FAK inhibitor) advanced KRAS G12C mutant solid tumorsPhase Ib/II
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Table 2. Cont.

Study ID/Name
Treatment Regimen Population

Phase

Ongoing clinical trials evaluating other anti-KRAS G12C inhibitors

NCT04165031 LY3499446 +/− several compounds, based on
histology (cetuximab in mCRC) advanced KRAS G12C mutant solid tumorsPhase I/II

NCT
04956640/LOXO-RAS-2000 LY3537982 +/− several compounds, based on

histology (cetuximab in mCRC) advanced KRAS G12C mutant solid tumors
Phase I/II

NCT04699188/KontRASt-01 Opnurasib (JDQ443) +/− TNO155 (SHP2
inhibitor) + tislelizumab advanced KRAS G12C mutant solid tumorsPhase Ib/II

NCT05358249/KontRASt-03 Opnurasib (JDQ443) + cetuximab (in mCRC) advanced KRAS G12C mutant solid tumorsPhase Ib/II

NCT05002270 Glecirasib (JAB-21822) advanced KRAS G12C mutant solid tumorsPhase I/II

NCT05194995 Glecirasib (JAB-21822) + cetuximab
advanced KRAS G12C CRC, small intestine cancer and

appendiceal cancerPhase Ib/II

NCT05288205 Glecirasib (JAB-21822) + JAB-3312 (SHP2 inhibitor) advanced KRAS G12C mutant solid tumorsPhase I/IIa

NCT04006301 JNJ-74699157 advanced KRAS G12C mutant solid tumorsPhase I

NCT05462717
RMC-6291 advanced KRAS G12C mutant solid tumorsPhase I

NCT06128551 RMC-6291 + RMC-6236 (pan-RAS inhibitor) advanced KRAS G12C mutant solid tumorsPhase Ib

NCT06117371
BEBT-607 advanced KRAS G12C mutant solid tumorsPhase I/Ib

NCT06006793
SY-5933 advanced KRAS G12C mutant solid tumorsPhase I

NCT06006793
BPI-421286 advanced KRAS G12C mutant solid tumorsPhase I

NCT04973163
BI 1823911 advanced KRAS G12C mutant solid tumorsPhase Ia/Ib

NCT05410145
D3S-001 advanced KRAS G12C mutant solid tumorsPhase I

NCT05768321
GEC255 advanced KRAS G12C mutant solid tumorsPhase I

NCT05485974
HBI-2438 advanced KRAS G12C mutant solid tumorsPhase I

FAK: focal adhesion kinase; SHP: Src homology region 2-containing protein tyrosine phosphatase 2; SOS1: Son of
Sevenless homolog 1.

Table 3. Summary of the most relevant differences between adagrasib, sotorsaib, and divarsib.

Main Pharmacokinetics Characteristic of KRAS G12C Inhibitors
Name Sotorasib (AMG510) Adagrasib (MRTX849) Divarasib (GDC-6036)

Mechanism of action covalent inhibitor of KRAS
G12C

covalent inhibitor of KRAS
G12C

covalent inhibitor of KRAS
G12C

Half-life (hours) 5.5 ± 1.8 24 17.6 ± 2.7
Dose 960 mg qd 600 mg bid 400 mg qd
Median time to maximum
concentration (hours) 1 6 2

Other features CNS penetration

qd: quaque die (once a day); bid: bis in die (2 times a day): CNS: central nervous system.
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4. Mechanisms of Resistance
4.1. EGFR-Mediated Adaptive Feedback Reactivation of the RAS-MAPK Pathway

The first clinical results with KRAS G12C inhibitors in monotherapy suggested that
the KRAS G12C inhibition was lineage-specific. Colorectal cancer cell lines have high basal
RTK activation compared to NSCLC cell lines, and in colorectal cancer, G12C inhibition
promotes higher phospho-ERK rebound than in NSCLC. Amodio et al. identified EGFR
signaling as the main mechanism of resistance to KRAS G12C inhibitors, paving the way to
a new strategy of combinatorial targeting of both EGFR and KRAS G12C. This was proven
to be highly effective in patient-derived organoids and xenografts [33]. Figure 2 summarizes
the mechanisms of resistance and proposed therapeutic strategies to overcome it.

Figure 2. Summary of mechanisms of resistance and proposed therapeutic strategies to overcome it.

4.2. Acquired Genomic Events

From the results of paired plasma sample analyses from patients treated with divara-
sib +/− cetuximab, up to 90% had at least one acquired genomic alteration associated with
treatment resistance [30,39]. Most common genomic mechanisms of resistance included
genomic KRAS alterations (including mutations in non-G12C KRAS, BRAF-V600E, HRAS,
MAP2K1, and KRAS, NRAS, and BRAF amplifications) that led to KRAS oncogenic activa-
tion, but also alterations in the PI3K and RTK pathways components, including EGFR, MYC,
and MET amplifications and ALK and RET fusions [30,39]. Similar data has been reported
with adagrasib +/− cetuximab, where genomic acquired mechanisms of resistance were
detectable in more than 70% of the patients, mostly affecting genes coding for MAPK and
PI3K pathway effectors and RTKs [51]. Importantly, responses were observed regardless of
EGFR expression. Among patients treated with sotorasib monotherapy, genomic acquired
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mechanisms were also common (71%), and mostly involved RTK genes (27%), above all
EGFR, ERBB2, and KIT [52]. In fact, more than 30% of the patients had more than three
genomic mechanisms of resistance. New RTK alterations frequently emerged at progression
in CRC, highlighting the potential role of combining KRAS G12C inhibitors with upstream
inhibitors such as SHP2 or EGFR inhibitors. Finally, deep mutational scanning (in sil-
ico) demonstrates drug-specific patterns of resistance, with some mutations conferring
resistance to adagrasib but not to sotorasib, and vice versa [49]. These pieces of evidence
demonstrate the distinctiveness and complexity of the secondary resistance to KRAS G12C
inhibition and pave the way to overcoming it through the development of both novel KRAS
inhibitors with alternative modes of binding and different allele specificities, and effective
combination therapy regimens with inhibitors of other effectors in the MAPK pathway.
Both these strategies are already under investigation [41,47,48,50]. On the contrary, besides
promising pre-clinical evidence of effective concurrent blockading of PI3K/AKT/mTOR
signaling, no clinical trial is currently ongoing to our knowledge [43,53].

4.3. KRAS Switch-II Pocket Mutations

Most of the patients treated with KRAS G12C inhibitors will develop polyclonal ge-
nomic alterations as a central acquired mechanism of resistance. Notably, several KRAS
mutations including R68S, H95R, and Y96D mutations affect the switch-II pocket, to which
KRAS G12C inhibitors bind, conferring resistance to these drugs [49,54]. In patient-derived
KRAS G12C models, a novel functionally distinct tricomplex KRAS G12C active-state in-
hibitor (RM-018) has been tested preclinically and successfully inhibited KRAS G12C/Y96D,
thus overcoming this mechanism of resistance. Collectively, mutations that disrupt covalent
drug binding can lead to clinical resistance to KRAS G12C inhibitors.

4.4. Histological Switch

In two out of ten patients (one patient with CRC and the other with non-small cell
lung carcinoma) treated with adagrasib monotherapy, from whom paired tumor tissue was
available, the histologic transformation from adenocarcinoma to squamous cell carcinoma
was observed without any identifiable genomic mechanism of resistance [49]. Studies in
G12C and G12D KRAS-mutant lung cancer mouse models and organoids treated with
KRAS inhibitors reveal that tumors invoke a lineage plasticity program to switch from
adenocarcinoma to squamous via transcriptomic and epigenomic changes, modulating the
response to KRAS inhibition [55].

5. Discussion

KRAS G12C mutations are present in a small percentage of metastatic colorectal cancer
patients [9]. However, it is associated with a poor response to standard treatments and
shorter overall survival compared with non-G12C mutations [12,13]. Thus, the devel-
opment of targeted agents that can improve these outcomes is paramount. In the last
decade, several KRAS G12C inhibitors have emerged. Nonetheless, the understanding of
the underlying biology of these tumors has also been crucial in identifying and overcoming
mechanisms of resistance. Early on, after the first patients were treated with KRAS G12C
inhibitors, it was observed that, like BRAF-mutated tumors [56,57], when blocking the
KRAS mutation, negative adaptive feedback through the EGFR receptor emerges, leading
to resistance [33]. Thus, subsequent studies included either cetuximab or panitumumab to
overcome this mechanism of resistance. Indeed, with this combination, clinical outcomes
improved as the drugs boost the antitumor effect. In this scenario, adagrasib and sotorasib
are the first inhibitors being developed and the ones that are in a more advanced stage. The
CodeBreaK 300 trial, combining sotorasib and panitumumab, has been the first phase III
randomized trial to demonstrate the benefit of a KRAS inhibitor over standard treatment in
colorectal cancer [38]. Currently, the KRYSTAL-10 trial, a randomized phase III trial com-
paring adagrasib plus cetuximab vs. chemotherapy, has finished recruitment, and results
are awaited in the upcoming months. In addition, new KRAS inhibitors such as divarasib
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or garsorasib have also demonstrated deep clinical activity not only in monotherapy, with
disease control rates of 84% and 95%, respectively, but also in combination with anti-EGFR
agents. When divarasib was combined with cetuximab, the DCR increased to 95.8% [30,39].
However, data from these trials, despite being promising, need to be carefully interpreted
as they come from small, non-randomized phase I and phase II clinical trials. However,
it could be expected that the combination of these new KRAS inhibitors plus anti-EGFR
may improve the patients’ clinical outcomes significantly. Regarding treatment-related
adverse events, the toxicity profile is similar and manageable among different KRAS G12C
inhibitors, mostly low-grade gastrointestinal adverse events and rash.

On the other hand, despite the addition of anti-EGFR to overcome the EGFR-mediated
adaptive feedback reactivation of the RAS-MAPK pathway following KRAS G12C inhibi-
tion, eventually all patients will progress. In this regard, liquid biopsy has been demon-
strated to be a reliable tool in colorectal cancer to monitor response, to forecast prognosis,
and to identify genomic mechanisms of resistance [58–63]. Circulating tumor DNA from
the KRYSTAL-1 and CodeBreaK 100 trials has been demonstrated to be able to identify
multiple acquired pathological genomic alterations among patients treated with KRAS
G12C inhibitors, with or without anti-EGFR, in up to 70% of the patients, but particularly
among patients treated with the combination [51,52]. In addition, through ctDNA, it has
been identified that patients receiving the double combination have larger decreases in
ctDNA, and this was associated with deeper responses. Indeed, those patients with a mu-
tant allele fraction clearance (MAFC) higher than 90% achieve an ORR of 47% and 67% with
adagrasib and adagrasib-cetuximab, respectively, whereas patients with a MAFC lower
than 90% have an ORR of 8% and 33% with adagrasib and adagrasib-cetuximab, respec-
tively [51]. Similar results were also observed in phase 1b, where divarasib and cetuximab
were combined, in which patients with higher MAFC achieve higher ORR compared with
patients with lower MAFC [39]. Based on these results, it is clear that ctDNA can be used
to track tumor dynamics and identify mechanisms of resistance. In this regard, it could
be hypothesized that, similar to the RAS wild-type and BRAF story in which rechallenge
(anti-EGFR and BRAF inhibitor plus anti-EGFR, respectively) guided with liquid biopsy
has been demonstrated to improve clinical outcomes [64–67]. If there is a resistance to
clonal decay, perhaps the reintroduction of KRAS G12C inhibitors may be effective in a
well-selected population. However, liquid biopsy has also highlighted that RTK alterations
are commonly found in this scenario, which opens a window of opportunity to test new
drugs such as SHP2 inhibitors or combinations with immune checkpoint inhibitors. Lastly,
less common but also important mechanisms of resistance need to be discussed, such as
the histological switch after a KRAS inhibitor-based combination or the conformational
changes of the switch-II pocket produced by specific acquired KRAS mutations. The first
scenario highlights the importance of obtaining, when possible, tumor tissue upon pro-
gression, as this tissue can be informative in helping make decisions such as changes to a
specific chemotherapy regimen based on histological differentiation. The second scenario
is also a window of opportunity to test new tricomplex inhibitors that can block KRAS
activation even when conventional inhibitors are not able to because of three-dimensional
structural changes. Finally, the combination of chemotherapy with KRAS G12C inhibitors
has also demonstrated deep clinical responses. The phase 1b CodeBreaK 101 subprotocol
H is currently evaluating the combination of FOLFIRI plus sotorasib plus panitumumab in
the refractory setting with an ORR of 58% and a DCR of 93%, including patients previously
treated with KRAS G12C inhibitors, thus suggesting that rechallenge with KRAS G12C
inhibitors in combination with chemotherapy may lead to responses even among patients
who have previously progressed to a KRAS G12C inhibitor [38].

Finally, many studies have pointed out the role of the gut microbiome as a prognostic
and predictive biomarker in colorectal cancer [68,69]. In colorectal cancer, Fusobacterium
nucleatum has been related to genetic and epigenetic lesions, such as microsatellite insta-
bility, the CpG island methylator phenotype, and genome mutations in colorectal cancer
tissues [70]. Indeed, F. nucleatum could promote proliferation and metabolism, remodel



Int. J. Mol. Sci. 2024, 25, 3304 14 of 18

the immune microenvironment, and facilitate metastasis and chemoresistance in the tu-
morigenesis and development of CRC [68]. In addition, F. nucleatum is enriched in KRAS
G12-mutant CRC tumor tissues and contributes to colorectal tumorigenesis. Thus, per-
sonalized modulation of the gut microbiota may provide a more targeted strategy for
CRC treatment.

All in all, the landscape of KRAS G12C inhibitors in colorectal cancer is changing
faster, and the identification of mechanisms of resistance has been paramount in boosting
the antitumor activity of these combinations. Despite data from randomized phase III trials
still being scarce, data from phase II trials evaluating new molecules are promising.

6. Conclusions

Even though KRAS G12C mutations represent a small percentage of all mCRC (around
4%), the development of KRAS G12C inhibitors has demonstrated meaningful clinical
activity. Currently, there is only one randomized phase III trial demonstrating benefit
over trifluridine/tipiracil, but ongoing trials, combining KRAS inhibitors with anti-EGFR,
show promising results and may increase therapeutic options in different settings in the
upcoming years. In addition, the identification of mechanisms of resistance has led to new
treatment strategies to overcome acquired mechanisms of resistance such as conformational
changes of the switch-II pocket, acquired genomic events, or histological changes. In
this scenario, liquid biopsy may help to track tumor responses, identify mechanisms of
resistance, and track clonal decay to develop new treatment strategies. There are new
arrows in the quiver for KRAS-mutated colorectal cancer.

Author Contributions: Conceptualization J.R. and C.V.; resources, J.R., C.V., I.B., N.S.G., M.R.-C.,
A.G., A.A., F.S., J.T. and E.E.; writing—original draft preparation, J.R. and C.V.; writing—review and
editing, J.R., C.V., I.B., N.S.G., M.R.-C., A.G., A.A., F.S., J.T. and E.E.; supervision, E.E. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: J.R. declares personal financial interests in the form of speaking/travel grants
or accommodation from Amgen, Merck, Pierre-Fabre, Servier, and Sanofi. C.V. declares no conflicts of
interest. N.S.G. declares accommodation and travel expenses from AMGEN and MERCK and personal
speaker honoraria from AMGEN. F.S. reports personal financial interests, honoraria for advisory
roles, travel grants, and research grants (over the past 5 years) from Hoffman–La Roche, Sanofi
Aventis, Amgen, Merck Serono, Servier, and Bristol-Myers Squibb. I.B. has received accommodation
and travel expenses from Amgen, Merck, Sanofi, and Servier; and personal speaker honoraria from
Astra Zeneca. M.R.-C. declares personal speaker honoraria from ROVI and accommodation expenses
from BMS, Amgen, and Merck. A.G. declares no conflicts of interest. A.A. declares no conflicts of
interest. J.T. reports personal financial interest in the form of scientific consultancy roles at Array
Biopharma, AstraZeneca, Bayer, Boehringer Ingelheim, Chugai, Daiichi Sankyo, and F. Hoffmann-La.
E.E. reports roles as a consultant/advisor and/or honoraria, travel grants, and research grants from
Amgen, Bayer, Hoffman-La Roche, Merck Serono, Sanofi, Pierre Fabre, MSD, Organon, Novartis,
and Servier, and reports institutional research funding from Amgen Inc., Array Biopharma Inc.,
AstraZeneca Pharmaceuticals LP, BeiGene, Boehringer Ingelheim, Bristol Myers Squibb, Celgene,
Debiopharm International SA, F. Hoffmann-La Roche Ltd., Genentech Inc., HalioDX SAS, Hutchison
Medi Pharma International, Janssen-Cilag SA, MedImmune, Menarini, Merck Health KGAA, Merck
Sharp & Dohme, Merus NV, Mirati, Novartis Farmacéutica SA, Pfizer, Pharma Mar, Sanofi Aventis
Recherche & Développement, Servier, and Taiho Pharma USA Inc. Roche Ltd., Genentech Inc, Halio
DXSAS, Hutchison Medi Pharma International, Ikena Oncology, Inspirna Inc, IQVIA, Lilly, Menarini,
Merck Serono, Merus, MSD, Mirati, Neophore, Novartis, Ona Therapeutics, Orion Biotechnology,
Peptomyc, Pfizer, Pierre Fabre, Samsung Bioepis, Sanofi, Scandion Oncology, Scorpion Therapeutics,
Seattle Genetics, Servier, Sotio Biotech, Taiho, Tessa Therapeutics, and Thera Myc. Stocks: Oniria
Therapeutics and also educational collaboration with medex/HMP, Medscape Education, MJH Life
Sciences, Peer View Institute for Medical Education and Physicians Education Resource (PER).



Int. J. Mol. Sci. 2024, 25, 3304 15 of 18

References
1. Muzny, D.M.; Bainbridge, M.N.; Chang, K.; Dinh, H.H.; Drummond, J.A.; Fowler, G.; Kovar, C.L.; Lewis, L.R.; Morgan, M.B.;

Newsham, I.F.; et al. Comprehensive Molecular Characterization of Human Colon and Rectal Cancer. Nature 2012, 487, 330.
[CrossRef]

2. Cervantes, A.; Adam, R.; Roselló, S.; Arnold, D.; Normanno, N.; Taïeb, J.; Seligmann, J.; De Baere, T.; Osterlund, P.; Yoshino, T.;
et al. Metastatic Colorectal Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-up ✩. Ann. Oncol.
2023, 34, 10–32. [CrossRef] [PubMed]

3. Mayer, R.J.; Van Cutsem, E.; Falcone, A.; Yoshino, T.; Garcia-Carbonero, R.; Mizunuma, N.; Yamazaki, K.; Shimada, Y.; Tabernero,
J.; Komatsu, Y.; et al. Randomized Trial of TAS-102 for Refractory Metastatic Colorectal Cancer. N. Engl. J. Med. 2015, 372,
1909–1919. [CrossRef] [PubMed]

4. Prager, G.W.; Taieb, J.; Fakih, M.; Ciardiello, F.; Van Cutsem, E.; Elez, E.; Cruz, F.M.; Wyrwicz, L.; Stroyakovskiy, D.; Pápai, Z.;
et al. Trifluridine–Tipiracil and Bevacizumab in Refractory Metastatic Colorectal Cancer. N. Engl. J. Med. 2023, 388, 1657–1667.
[CrossRef] [PubMed]

5. Grothey, A.; Van Cutsem, E.; Sobrero, A.; Siena, S.; Falcone, A.; Ychou, M.; Humblet, Y.; Bouché, O.; Mineur, L.; Barone, C.;
et al. Regorafenib Monotherapy for Previously Treated Metastatic Colorectal Cancer (CORRECT): An International, Multicentre,
Randomised, Placebo-Controlled, Phase 3 Trial. Lancet 2013, 381, 303–312. [CrossRef] [PubMed]

6. Henry, J.T.; Coker, O.; Chowdhury, S.; Shen, J.P.; Morris, V.K.; Dasari, A.; Raghav, K.; Nusrat, M.; Kee, B.; Parseghian, C.; et al.
Comprehensive Clinical and Molecular Characterization of KRAS G12C -Mutant Colorectal Cancer. JCO Precis. Oncol. 2021, 6,
613–621. [CrossRef] [PubMed]

7. Jones, R.P.; Sutton, P.A.; Evans, J.P.; Clifford, R.; McAvoy, A.; Lewis, J.; Rousseau, A.; Mountford, R.; McWhirter, D.; Malik, H.Z.
Specific Mutations in KRAS Codon 12 Are Associated with Worse Overall Survival in Patients with Advanced and Recurrent
Colorectal Cancer. Br. J. Cancer 2017, 116, 923–929. [CrossRef]

8. Lee, J.K.; Sivakumar, S.; Schrock, A.B.; Madison, R.; Fabrizio, D.; Gjoerup, O.; Ross, J.S.; Frampton, G.M.; Napalkov, P.; Montesion,
M.; et al. Comprehensive Pan-Cancer Genomic Landscape of KRAS Altered Cancers and Real-World Outcomes in Solid Tumors.
NPJ Precis. Oncol. 2022, 6, 91. [CrossRef]

9. Nassar, A.H.; Adib, E.; Kwiatkowski, D.J. Distribution of KRAS G12C Somatic Mutations across Race, Sex, and Cancer Type.
N. Engl. J. Med. 2021, 384, 185–187. [CrossRef]

10. Schirripa, M.; Nappo, F.; Cremolini, C.; Salvatore, L.; Rossini, D.; Bensi, M.; Businello, G.; Pietrantonio, F.; Randon, G.; Fucà, G.;
et al. KRAS G12C Metastatic Colorectal Cancer: Specific Features of a New Emerging Target Population. Clin. Color. Cancer 2020,
19, 219–225. [CrossRef]

11. Ciardiello, D.; Chiarazzo, C.; Famiglietti, V.; Damato, A.; Pinto, C.; Zampino, M.G.; Castellano, G.; Gervaso, L.; Zaniboni, A.;
Oneda, E.; et al. Clinical Efficacy of Sequential Treatments in KRASG12C-Mutant Metastatic Colorectal Cancer: Findings from a
Real-Life Multicenter Italian Study (CRC-KR GOIM). ESMO Open 2022, 7, 100567. [CrossRef] [PubMed]

12. Fakih, M.; Tu, H.; Hsu, H.; Aggarwal, S.; Chan, E.; Rehn, M.; Chia, V.; Kopetz, S. Real-World Study of Characteristics and Treatment
Outcomes Among Patients with KRAS p.G12C-Mutated or Other KRAS Mutated Metastatic Colorectal Cancer. Oncologist 2022,
27, 663–674. [CrossRef] [PubMed]

13. Van de Haar, J.; Ma, X.; Ooft, S.N.; van der Helm, P.W.; Hoes, L.R.; Mainardi, S.; Pinato, D.J.; Sun, K.; Salvatore, L.; Tortora, G.;
et al. Codon-Specific KRAS Mutations Predict Survival Benefit of Trifluridine/Tipiracil in Metastatic Colorectal Cancer. Nat. Med.
2023, 29, 605–614. [CrossRef] [PubMed]

14. Zeissig, M.N.; Ashwood, L.M.; Kondrashova, O.; Sutherland, K.D. Next Batter up! Targeting Cancers with KRAS-G12D Mutations.
Trends Cancer 2023, 9, 955–967. [CrossRef] [PubMed]

15. Hammond, D.E.; Mageean, C.J.; Rusilowicz, E.V.; Wickenden, J.A.; Clague, M.J.; Prior, I.A. Differential Reprogramming of
Isogenic Colorectal Cancer Cells by Distinct Activating KRAS Mutations. J. Proteome Res. 2015, 14, 1535–1546. [CrossRef]
[PubMed]

16. Brubaker, D.K.; Paulo, J.A.; Sheth, S.; Gygi, S.P.; Lauffenburger, D.A.; Haigis, K.M. Proteogenomic Network Analysis of Context-
Specific KRAS Signaling in Mouse-to-Human Cross-Species Translation. Cell Syst. 2019, 9, 258–270. [CrossRef]

17. Kwan, A.K.; Piazza, G.A.; Keeton, A.B.; Leite, C.A. The Path to the Clinic: A Comprehensive Review on Direct KRASG12C
Inhibitors. J. Exp. Clin. Cancer Res. 2022, 41, 27. [CrossRef]

18. Ciardiello, D.; Maiorano, B.A.; Martinelli, E. Targeting KRASG12C in Colorectal Cancer: The Beginning of a New Era. ESMO
Open 2023, 8, 100745. [CrossRef]

19. Ostrem, J.M.; Peters, U.; Sos, M.L.; Wells, J.A.; Shokat, K.M. K-Ras(G12C) Inhibitors Allosterically Control GTP Affinity and
Effector Interactions. Nature 2013, 503, 548–551. [CrossRef]

20. Kargbo, R.B. Inhibitors of G12C Mutant Ras Proteins for the Treatment of Cancers. ACS Med. Chem. Lett. 2019, 10, 10. [CrossRef]
21. Lito, P.; Solomon, M.; Li, L.S.; Hansen, R.; Rosen, N. Cancer Therapeutics: Allele-Specific Inhibitors Inactivate Mutant KRAS

G12C by a Trapping Mechanism. Science 2016, 351, 604–608. [CrossRef] [PubMed]
22. Patricelli, M.P.; Janes, M.R.; Li, L.S.; Hansen, R.; Peters, U.; Kessler, L.V.; Chen, Y.; Kucharski, J.M.; Feng, J.; Ely, T.; et al. Selective

Inhibition of Oncogenic KRAS Output with Small Molecules Targeting the Inactive State. Cancer Discov. 2016, 6, 316–329.
[CrossRef] [PubMed]

https://doi.org/10.1038/nature11252
https://doi.org/10.1016/j.annonc.2022.10.003
https://www.ncbi.nlm.nih.gov/pubmed/36307056
https://doi.org/10.1056/NEJMoa1414325
https://www.ncbi.nlm.nih.gov/pubmed/25970050
https://doi.org/10.1056/NEJMoa2214963
https://www.ncbi.nlm.nih.gov/pubmed/37133585
https://doi.org/10.1016/S0140-6736(12)61900-X
https://www.ncbi.nlm.nih.gov/pubmed/23177514
https://doi.org/10.1200/PO.20.00256
https://www.ncbi.nlm.nih.gov/pubmed/34250391
https://doi.org/10.1038/bjc.2017.37
https://doi.org/10.1038/s41698-022-00334-z
https://doi.org/10.1056/NEJMc2030638
https://doi.org/10.1016/j.clcc.2020.04.009
https://doi.org/10.1016/j.esmoop.2022.100567
https://www.ncbi.nlm.nih.gov/pubmed/35994791
https://doi.org/10.1093/oncolo/oyac077
https://www.ncbi.nlm.nih.gov/pubmed/35472176
https://doi.org/10.1038/s41591-023-02240-8
https://www.ncbi.nlm.nih.gov/pubmed/36864254
https://doi.org/10.1016/j.trecan.2023.07.010
https://www.ncbi.nlm.nih.gov/pubmed/37591766
https://doi.org/10.1021/pr501191a
https://www.ncbi.nlm.nih.gov/pubmed/25599653
https://doi.org/10.1016/j.cels.2019.07.006
https://doi.org/10.1186/s13046-021-02225-w
https://doi.org/10.1016/j.esmoop.2022.100745
https://doi.org/10.1038/nature12796
https://doi.org/10.1021/acsmedchemlett.8b00576
https://doi.org/10.1126/science.aad6204
https://www.ncbi.nlm.nih.gov/pubmed/26841430
https://doi.org/10.1158/2159-8290.CD-15-1105
https://www.ncbi.nlm.nih.gov/pubmed/26739882


Int. J. Mol. Sci. 2024, 25, 3304 16 of 18

23. Canon, J.; Rex, K.; Saiki, A.Y.; Mohr, C.; Cooke, K.; Bagal, D.; Gaida, K.; Holt, T.; Knutson, C.G.; Koppada, N.; et al. The Clinical
KRAS(G12C) Inhibitor AMG 510 Drives Anti-Tumour Immunity. Nature 2019, 575, 217–223. [CrossRef] [PubMed]

24. Hong, D.S.; Fakih, M.G.; Strickler, J.H.; Desai, J.; Durm, G.A.; Shapiro, G.I.; Falchook, G.S.; Price, T.J.; Sacher, A.; Denlinger, C.S.;
et al. KRASG12C Inhibition with Sotorasib in Advanced Solid Tumors. N. Engl. J. Med. 2020, 383, 1207. [CrossRef] [PubMed]

25. Fakih, M.G.; Kopetz, S.; Kuboki, Y.; Kim, T.W.; Munster, P.N.; Krauss, J.C.; Falchook, G.S.; Han, S.W.; Heinemann, V.; Muro, K.;
et al. Sotorasib for Previously Treated Colorectal Cancers with KRASG12C Mutation (CodeBreaK100): A Prespecified Analysis of
a Single-Arm, Phase 2 Trial. Lancet Oncol. 2022, 23, 115–124. [CrossRef]

26. Dy, G.K.; Govindan, R.; Velcheti, V.; Falchook, G.S.; Italiano, A.; Wolf, J.; Sacher, A.G.; Takahashi, T.; Ramalingam, S.S.; Dooms, C.;
et al. Long-Term Outcomes and Molecular Correlates of Sotorasib Efficacy in Patients With Pretreated KRAS G12C-Mutated
Non–Small-Cell Lung Cancer: 2-Year Analysis of CodeBreaK 100. J. Clin. Oncol. 2023, 41, 3311. [CrossRef] [PubMed]

27. Ou, S.H.I.; Jänne, P.A.; Leal, T.A.; Rybkin, I.I.; Sabari, J.K.; Barve, M.A.; Bazhenova, L.; Johnson, M.L.; Velastegui, K.L.; Cilliers, C.;
et al. First-in-Human Phase I/IB Dose-Finding Study of Adagrasib (MRTX849) in Patients with Advanced KRAS G12CSolid
Tumors (KRYSTAL-1). J. Clin. Oncol. 2022, 40, 2530–2538. [CrossRef] [PubMed]

28. Yaeger, R.; Weiss, J.; Pelster, M.S.; Spira, A.I.; Barve, M.; Ou, S.-H.I.; Leal, T.A.; Bekaii-Saab, T.S.; Paweletz, C.P.; Heavey, G.A.;
et al. Adagrasib with or without Cetuximab in Colorectal Cancer with Mutated KRAS G12C. N. Engl. J. Med. 2023, 388, 44–54.
[CrossRef]

29. Purkey, H. Discovery of GDC-6036, a Clinical Stage Treatment for KRAS G12C-Positive Cancers. Cancer Res. 2022, 82 (Suppl. S12),
ND11. [CrossRef]

30. Sacher, A.; LoRusso, P.; Patel, M.R.; Miller, W.H.; Garralda, E.; Forster, M.D.; Santoro, A.; Falcon, A.; Kim, T.W.; Paz-Ares, L.; et al.
Single-Agent Divarasib (GDC-6036) in Solid Tumors with a KRAS G12C Mutation. N. Engl. J. Med. 2023, 389, 710–721. [CrossRef]

31. Yuan, Y.; Deng, Y.; Jin, Y.; Pan, Y.; Wang, C.; Wang, Z.; Zhang, Z.; Meng, X.; Hu, Y.; Zhao, M.; et al. Efficacy and Safety of IBI351
(GFH925) Monotherapy in Metastatic Colorectal Cancer Harboring KRASG12C Mutation: Preliminary Results from a Pooled
Analysis of Two Phase I Studies. J. Clin. Oncol. 2023, 41, 3586. [CrossRef]

32. Xu, R.-H.; Xu, Y.; Yan, D.; Munster, P.; Ruan, D.; Deng, Y.; Pan, H.; Underhill, C.R.; Richardson, G.; Nordman, I.; et al. 550O Safety
and Efficacy of D-1553 in Combination with Cetuximab in KRAS G12C Mutated Colorectal Cancer (CRC): A Phase II Study. Ann.
Oncol. 2023, 34, S410–S411. [CrossRef]

33. Amodio, V.; Yaeger, R.; Arcella, P.; Cancelliere, C.; Lamba, S.; Lorenzato, A.; Arena, S.; Montone, M.; Mussolin, B.; Bian, Y.; et al.
EGFR Blockade Reverts Resistance to KRASG12C Inhibition in Colorectal Cancer. Cancer Discov. 2020, 10, 1129–1139. [CrossRef]
[PubMed]

34. Ryan, M.B.; Coker, O.; Sorokin, A.; Fella, K.; Barnes, H.; Wong, E.; Kanikarla, P.; Gao, F.; Zhang, Y.; Zhou, L.; et al. KRASG12C-
Independent Feedback Activation of Wild-Type RAS Constrains KRASG12C Inhibitor Efficacy. Cell Rep. 2022, 39, 110993.
[CrossRef]

35. Nusrat, M.; Yaeger, R. KRAS Inhibition in Metastatic Colorectal Cancer: An Update. Curr. Opin. Pharmacol. 2023, 68, 102343.
[CrossRef]

36. Kuboki, Y.; Fakih, M.; Strickler, J.; Yaeger, R.; Masuishi, T.; Kim, E.J.; Bestvina, C.M.; Kopetz, S.; Falchook, G.S.; Langer, C.; et al.
Sotorasib with Panitumumab in Chemotherapy-Refractory KRASG12C-Mutated Colorectal Cancer: A Phase 1b Trial. Nat. Med.
2024, 30, 265–270. [CrossRef] [PubMed]

37. Fakih, M.G.; Salvatore, L.; Esaki, T.; Modest, D.P.; Lopez-Bravo, D.P.; Taieb, J.; Karamouzis, M.V.; Ruiz-Garcia, E.; Kim, T.-W.;
Kuboki, Y.; et al. Sotorasib plus Panitumumab in Refractory Colorectal Cancer with Mutated KRAS G12C. N. Engl. J. Med. 2023,
389, 2125–2139. [CrossRef]

38. Hong, D.S.; Kuboki, Y.; Strickler, J.H.; Fakih, M.; Houssiau, H.; Price, T.J.; Elez, E.; Siena, S.; Chan, E.; Nolte-Hippenmeyer, J.; et al.
Sotorasib (Soto) plus Panitumumab (Pmab) and FOLFIRI for Previously Treated KRAS G12C-Mutated Metastatic Colorectal
Cancer (MCRC): CodeBreaK 101 Phase 1b Safety and Efficacy. J. Clin. Oncol. 2023, 41, 3513. [CrossRef]

39. Desai, J.; Alonso, G.; Kim, S.H.; Cervantes, A.; Karasic, T.; Medina, L.; Shacham-Shmueli, E.; Cosman, R.; Falcon, A.; Gort, E.; et al.
Divarasib plus Cetuximab in KRAS G12C-Positive Colorectal Cancer: A Phase 1b Trial. Nat. Med. 2024, 30, 271. [CrossRef]

40. Hillig, R.C.; Sautier, B.; Schroeder, J.; Moosmayer, D.; Hilpmann, A.; Stegmann, C.M.; Werbeck, N.D.; Briem, H.; Boemer, U.;
Weiske, J.; et al. Discovery of Potent SOS1 Inhibitors That Block RAS Activation via Disruption of the RAS–SOS1 Interaction. Proc.
Natl. Acad. Sci. USA 2019, 116, 2551–2560. [CrossRef]

41. Negrao, M.V.; Cassier, P.A.; Solomon, B.; Schuler, M.; Rohrberg, K.; Cresta, S.; Dooms, C.; Tan, D.S.W.; Loong, H.H.; Amatu,
A.; et al. MA06.03 KontRASt-01: Preliminary Safety and Efficacy of JDQ443 + TNO155 in Patients with Advanced, KRAS
G12C-Mutated Solid Tumors. J. Thorac. Oncol. 2023, 18, S117–S118. [CrossRef]

42. Ryan, M.B.; de la Cruz, F.F.; Phat, S.; Myers, D.T.; Wong, E.; Shahzade, H.A.; Hong, C.B.; Corcoran, R.B. Vertical Pathway
Inhibition Overcomes Adaptive Feedback Resistance to KrasG12C Inhibition. Clin. Cancer Res. 2020, 26, 1617–1643. [CrossRef]
[PubMed]

43. Matsubara, H.; Miyoshi, H.; Kakizaki, F.; Morimoto, T.; Kawada, K.; Yamamoto, T.; Obama, K.; Sakai, Y.; Taketo, M.M. Efficacious
Combination Drug Treatment for Colorectal Cancer That Overcomes Resistance to KRAS G12C Inhibitors. Mol. Cancer Ther. 2019,
22, 529–538. [CrossRef] [PubMed]

https://doi.org/10.1038/s41586-019-1694-1
https://www.ncbi.nlm.nih.gov/pubmed/31666701
https://doi.org/10.1056/NEJMoa1917239
https://www.ncbi.nlm.nih.gov/pubmed/32955176
https://doi.org/10.1016/S1470-2045(21)00605-7
https://doi.org/10.1200/JCO.22.02524
https://www.ncbi.nlm.nih.gov/pubmed/37098232
https://doi.org/10.1200/JCO.21.02752
https://www.ncbi.nlm.nih.gov/pubmed/35167329
https://doi.org/10.1056/NEJMoa2212419
https://doi.org/10.1158/1538-7445.AM2022-ND11
https://doi.org/10.1056/NEJMoa2303810
https://doi.org/10.1200/JCO.2023.41.16_suppl.3586
https://doi.org/10.1016/j.annonc.2023.09.1741
https://doi.org/10.1158/2159-8290.CD-20-0187
https://www.ncbi.nlm.nih.gov/pubmed/32430388
https://doi.org/10.1016/j.celrep.2022.110993
https://doi.org/10.1016/j.coph.2022.102343
https://doi.org/10.1038/s41591-023-02717-6
https://www.ncbi.nlm.nih.gov/pubmed/38177853
https://doi.org/10.1056/NEJMoa2308795
https://doi.org/10.1200/JCO.2023.41.16_suppl.3513
https://doi.org/10.1038/s41591-023-02696-8
https://doi.org/10.1073/pnas.1812963116
https://doi.org/10.1016/j.jtho.2023.09.151
https://doi.org/10.1158/1078-0432.CCR-19-3523
https://www.ncbi.nlm.nih.gov/pubmed/31776128
https://doi.org/10.1158/1535-7163.MCT-22-0411
https://www.ncbi.nlm.nih.gov/pubmed/36780229


Int. J. Mol. Sci. 2024, 25, 3304 17 of 18

44. Sommerhalder, D.; Thevathasan, J.; Ianopulos, X.; Volinn, W.; Hong, D. Abstract CT242: KRYSTAL-16: A Phase I/Ib Trial of
Adagrasib (MRTX849) in Combination with Palbociclib in Patients with Advanced Solid Tumors with KRASG12C Mutation.
Cancer Res. 2022, 82, CT242. [CrossRef]

45. Hallin, J.; Engstrom, L.D.; Hargi, L.; Calinisan, A.; Aranda, R.; Briere, D.M.; Sudhakar, N.; Bowcut, V.; Baer, B.R.; Ballard, J.A.;
et al. The KRASG12C Inhibitor MRTX849 Provides Insight toward Therapeutic Susceptibility of KRAS-Mutant Cancers in Mouse
Models and Patients. Cancer Discov. 2020, 10, 54–71. [CrossRef] [PubMed]

46. Zhang, B.; Zhang, Y.; Zhang, J.; Liu, P.; Jiao, B.; Wang, Z.; Ren, R. Focal Adhesion Kinase (FAK) Inhibition Synergizes with KRAS
G12C Inhibitors in Treating Cancer through the Regulation of the FAK–YAP Signaling. Adv. Sci. 2021, 8, 2100250. [CrossRef]
[PubMed]

47. Wang, J.; Martin-Romano, P.; Cassier, P.; Johnson, M.; Haura, E.; Lenox, L.; Guo, Y.; Bandyopadhyay, N.; Russell, M.; Shearin, E.;
et al. Phase I Study of JNJ-74699157 in Patients with Advanced Solid Tumors Harboring the KRAS G12C Mutation. Oncologist
2022, 27, 536–553. [CrossRef]

48. Weiss, A.; Lorthiois, E.; Barys, L.; Beyer, K.S.; Bomio-Confaglia, C.; Burks, H.; Chen, X.; Cui, X.; De Kanter, R.; Dharmarajan, L.;
et al. Discovery, Preclinical Characterization, and Early Clinical Activity of JDQ443, a Structurally Novel, Potent, and Selective
Covalent Oral Inhibitor of KRAS G12C. Cancer Discov. 2022, 12, 1500–1517. [CrossRef]

49. Awad, M.M.; Liu, S.; Rybkin, I.I.; Arbour, K.C.; Dilly, J.; Zhu, V.W.; Johnson, M.L.; Heist, R.S.; Patil, T.; Riely, G.J.; et al. Acquired
Resistance to KRAS G12C Inhibition in Cancer. N. Engl. J. Med. 2021, 384, 2382–2393. [CrossRef]

50. Cregg, J.; Nichols, R.J.; Yang, Y.C.; Schulze, C.J.; Wang, Z.; Dua, R.; Jiang, J.; Nasholm, N.; Knox, J.E.; Seamon, K.; et al. Abstract
ND07: Discovery of RMC-6291, a Tri-Complex KRASG12C(ON) Inhibitor. Cancer Res. 2023, 83, ND07. [CrossRef]

51. Pelster, M.S.; Yaeger, R.; Klempner, S.J.; Ou, S.-H.I.; Spira, A.I.; Jänne, P.A.; Uboha, N.V.; Gaffar, Y.A.; Newman, G.; Paweletz, C.P.;
et al. 549O Adagrasib with or without Cetuximab in Patients with KRASG12C-Mutated Colorectal Cancer (CRC): Analysis of
Tumor Biomarkers and Genomic Alterations. Ann. Oncol. 2023, 34, S410. [CrossRef]

52. Prenen, H.; Fakih, M.; Falchook, G.; Strickler, J.; Hindoyan, A.; Anderson, A.; Ang, A.; Kurata, T.; Price, T. SO-39 Evaluation
of Acquired Resistance to Sotorasib in KRAS p.G12C-Mutated Colorectal Cancer: Exploratory Plasma Biomarker Analysis of
CodeBreaK 100. Ann. Oncol. 2022, 33, S373. [CrossRef]

53. Yaeger, R.; Mezzadra, R.; Sinopoli, J.; Bian, Y.; Marasco, M.; Kaplun, E.; Gao, Y.; Zhao, H.; Paula, A.D.C.; Zhu, Y.; et al. Molecular
Characterization of Acquired Resistance to KRASG12C–EGFR Inhibition in Colorectal Cancer. Cancer Discov. 2023, 13, 41–55.
[CrossRef] [PubMed]

54. Tanaka, N.; Lin, J.J.; Li, C.; Ryan, M.B.; Zhang, J.; Kiedrowski, L.A.; Michel, A.G.; Syed, M.U.; Fella, K.A.; Sakhi, M.; et al. Clinical
Acquired Resistance to KRASG12C Inhibition through a Novel KRAS Switch-II Pocket Mutation and Polyclonal Alterations
Converging on RAS–MAPK Reactivation. Cancer Discov. 2021, 11, 1913–1922. [CrossRef] [PubMed]

55. Tong, X.; Patel, A.S.; Kim, E.; Li, H.; Chen, Y.; Li, S.; Liu, S.; Dilly, J.; Kapner, K.S.; Zhang, N.; et al. Adeno-to-Squamous Transition
Drives Resistance to KRAS Inhibition in LKB1 Mutant Lung Cancer. Cancer Cell 2024, 42, 413–428.e7. [CrossRef] [PubMed]

56. Corcoran, R.B.; Ebi, H.; Turke, A.B.; Coffee, E.M.; Nishino, M.; Cogdill, A.P.; Brown, R.D.; Pelle, P.D.; Dias-Santagata, D.; Hung,
K.E.; et al. EGFR-Mediated Reactivation of MAPK Signaling Contributes to Insensitivity of BRAF-Mutant Colorectal Cancers to
RAF Inhibition with Vemurafenib. Cancer Discov. 2012, 2, 227–235. [CrossRef] [PubMed]

57. Prahallad, A.; Sun, C.; Huang, S.; Di Nicolantonio, F.; Salazar, R.; Zecchin, D.; Beijersbergen, R.L.; Bardelli, A.; Bernards, R.
Unresponsiveness of Colon Cancer to BRAF(V600E) Inhibition through Feedback Activation of EGFR. Nature 2012, 483, 100–103.
[CrossRef]

58. Tie, J.; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, I.; Silliman, N.; Tacey, M.; Wong, H.L.; Christie, M.; et al. Circulating
Tumor DNA Analysis Detects Minimal Residual Disease and Predicts Recurrence in Patients with Stage II Colon Cancer. Sci.
Transl. Med. 2016, 8, 346ra92. [CrossRef]

59. Montagut, C.; Dalmases, A.; Bellosillo, B.; Crespo, M.; Pairet, S.; Iglesias, M.; Salido, M.; Gallen, M.; Marsters, S.; Tsai, S.P.;
et al. Identification of a Mutation in the Extracellular Domain of the Epidermal Growth Factor Receptor Conferring Cetuximab
Resistance in Colorectal Cancer. Nat. Med. 2012, 18, 221–223. [CrossRef]

60. Montagut, C.; Argilés, G.; Ciardiello, F.; Poulsen, T.T.; Dienstmann, R.; Kragh, M.; Kopetz, S.; Lindsted, T.; Ding, C.; Vidal, J.;
et al. Efficacy of Sym004 in Patients With Metastatic Colorectal Cancer With Acquired Resistance to Anti-EGFR Therapy and
Molecularly Selected by Circulating Tumor DNA Analyses: A Phase 2 Randomized Clinical Trial. JAMA Oncol. 2018, 4, e175245.
[CrossRef]

61. Ros, J.; Matito, J.; Villacampa, G.; Comas, R.; Garcia, A.; Martini, G.; Baraibar, I.; Saoudi, N.; Salvà, F.; Martin, A.; et al. Plasmatic
BRAF-V600E Allele Fraction as a Prognostic Factor in Metastatic Colorectal Cancer Treated with BRAF Combinatorial Treatments.
Ann. Oncol. 2023, 34, 543–552. [CrossRef] [PubMed]

62. Parseghian, C.M.; Loree, J.M.; Morris, V.K.; Liu, X.; Clifton, K.K.; Napolitano, S.; Henry, J.T.; Pereira, A.A.; Vilar, E.; Johnson, B.;
et al. Anti-EGFR-Resistant Clones Decay Exponentially after Progression: Implications for Anti-EGFR Re-Challenge. Ann. Oncol.
2019, 30, 243–249. [CrossRef] [PubMed]

63. Reinert, T.; Henriksen, T.V.; Christensen, E.; Sharma, S.; Salari, R.; Sethi, H.; Knudsen, M.; Nordentoft, I.; Wu, H.T.; Tin, A.S.; et al.
Analysis of Plasma Cell-Free DNA by Ultradeep Sequencing in Patients With Stages I to III Colorectal Cancer. JAMA Oncol. 2019,
5, 1124–1131. [CrossRef] [PubMed]

https://doi.org/10.1158/1538-7445.AM2022-CT242
https://doi.org/10.1158/2159-8290.CD-19-1167
https://www.ncbi.nlm.nih.gov/pubmed/31658955
https://doi.org/10.1002/advs.202100250
https://www.ncbi.nlm.nih.gov/pubmed/34151545
https://doi.org/10.1093/oncolo/oyab080
https://doi.org/10.1158/2159-8290.CD-22-0158
https://doi.org/10.1056/NEJMoa2105281
https://doi.org/10.1158/1538-7445.AM2023-ND07
https://doi.org/10.1016/j.annonc.2023.09.1740
https://doi.org/10.1016/j.annonc.2022.04.437
https://doi.org/10.1158/2159-8290.CD-22-0405
https://www.ncbi.nlm.nih.gov/pubmed/36355783
https://doi.org/10.1158/2159-8290.CD-21-0365
https://www.ncbi.nlm.nih.gov/pubmed/33824136
https://doi.org/10.1016/j.ccell.2024.01.012
https://www.ncbi.nlm.nih.gov/pubmed/38402609
https://doi.org/10.1158/2159-8290.CD-11-0341
https://www.ncbi.nlm.nih.gov/pubmed/22448344
https://doi.org/10.1038/nature10868
https://doi.org/10.1126/scitranslmed.aaf6219
https://doi.org/10.1038/nm.2609
https://doi.org/10.1001/jamaoncol.2017.5245
https://doi.org/10.1016/j.annonc.2023.02.016
https://www.ncbi.nlm.nih.gov/pubmed/36921693
https://doi.org/10.1093/annonc/mdy509
https://www.ncbi.nlm.nih.gov/pubmed/30462160
https://doi.org/10.1001/jamaoncol.2019.0528
https://www.ncbi.nlm.nih.gov/pubmed/31070691


Int. J. Mol. Sci. 2024, 25, 3304 18 of 18

64. Sartore-Bianchi, A.; Pietrantonio, F.; Lonardi, S.; Mussolin, B.; Rua, F.; Crisafulli, G.; Bartolini, A.; Fenocchio, E.; Amatu, A.;
Manca, P.; et al. Circulating Tumor DNA to Guide Rechallenge with Panitumumab in Metastatic Colorectal Cancer: The Phase 2
CHRONOS Trial. Nat. Med. 2022, 28, 1612–1618. [CrossRef] [PubMed]

65. Ji, J.; Wang, C.; Fakih, M. Rechallenge With BRAF and Anti-EGFR Inhibitors in Patients With Metastatic Colorectal Cancer
Harboring BRAFV600E Mutation Who Progressed on Cetuximab and Encorafenib With or Without Binimetinib: A Case Series.
Clin. Color. Cancer 2022, 21, 267–271. [CrossRef] [PubMed]

66. Ros, J.; Vivancos, A.; Tabernero, J.; Élez, E. Circulating Tumor DNA, and Clinical Features to Guide Rechallenge with BRAF
Inhibitors in BRAF-V600E Mutated Metastatic Colorectal Cancer. Ann. Oncol. 2023, 35, 240–241. [CrossRef] [PubMed]

67. Akhoundova, D.; Pietge, H.; Hussung, S.; Kiessling, M.; Britschgi, C.; Zoche, M.; Rechsteiner, M.; Weber, A.; Fritsch, R.M.
Targeting Secondary and Tertiary Resistance to BRAF Inhibition in BRAF V600E–Mutated Metastatic Colorectal Cancer. JCO
Precis. Oncol. 2021, 5, 1082–1087. [CrossRef]

68. Wang, N.; Fang, J.Y. Fusobacterium Nucleatum, a Key Pathogenic Factor and Microbial Biomarker for Colorectal Cancer. Trends
Microbiol. 2023, 31, 159–172. [CrossRef]

69. Marmorino, F.; Piccinno, G.; Rossini, D.; Ghelardi, F.; Murgioni, S.; Salvatore, L.; Nasca, V.; Antoniotti, C.; Daniel, F.; Schietroma,
F.; et al. Gut Microbiome Composition as Predictor of the Efficacy of Adding Atezolizumab to First-Line FOLFOXIRI plus
Bevacizumab in Metastatic Colorectal Cancer: A Translational Analysis of the AtezoTRIBE Study. J. Clin. Oncol. 2023, 41, 3534.
[CrossRef]

70. Zhu, H.; Li, M.; Bi, D.; Yang, H.; Gao, Y.; Song, F.; Zheng, J.; Xie, R.; Zhang, Y.; Liu, H.; et al. Fusobacterium Nucleatum Promotes
Tumor Progression in KRAS p.G12D-Mutant Colorectal Cancer by Binding to DHX15. Nat. Commun. 2024, 15, 1688. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41591-022-01886-0
https://www.ncbi.nlm.nih.gov/pubmed/35915157
https://doi.org/10.1016/j.clcc.2021.12.001
https://www.ncbi.nlm.nih.gov/pubmed/35039233
https://doi.org/10.1016/j.annonc.2023.10.120
https://www.ncbi.nlm.nih.gov/pubmed/37866812
https://doi.org/10.1200/PO.21.00107
https://doi.org/10.1016/j.tim.2022.08.010
https://doi.org/10.1200/JCO.2023.41.16_suppl.3534
https://doi.org/10.1038/s41467-024-45572-w

	Introduction 
	The RAS Pathway and Downstream Signaling 
	Development of KRAS G12C Inhibitors 
	KRAS Inhibitors in Monotherapy 
	Sotorasib 
	Adagrasib 
	Divarasib 
	Other Inhibitors 

	A Step Forward in Boosting Antitumor Activity: Combining KRAS G12C Inhibitors with Anti-EGFR 
	Adagrasib Cetuximab 
	Sotorasib Panitumumab 
	Divarasib Cetuximab 

	Ongoing Clinical Trials and New KRAS G12C Inhibitors in Colorectal Cancer 

	Mechanisms of Resistance 
	EGFR-Mediated Adaptive Feedback Reactivation of the RAS-MAPK Pathway 
	Acquired Genomic Events 
	KRAS Switch-II Pocket Mutations 
	Histological Switch 

	Discussion 
	Conclusions 
	References

