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Precision Therapy
in RAS Mutant
Colorectal Cancer
at sarcoma virus (RAS) repre-
Rsents the most frequently
mutated oncogene family across all
malignancies and has therefore moti-
vated decades of research aimed at
understanding and targeting aberrant
signaling elicited by oncogenic gain-of-
function mutations. Of the 3 RAS genes
(KRAS, NRAS, and HRAS), KRAS is most
commonly mutated in pancreatic,
colorectal, and lung adenocarcinomas,
whereas NRAS and HRASmutations are
mostly found in selected hematologic
malignancies, melanomas and thyroid
cancers.1 In colorectal cancer (CRC),
activating missense mutations in KRAS
and NRAS have been reported at
frequencies of approximately 40% and
4%, respectively, with more than 95%
of mutations occurring in 1 of 3 major
hotspots (residues G12, G13, and Q61).
Non-G12 KRAS mutations are enriched
in tumors of the right side of the colon,
in those with microsatellite instability
(MSI) and high tumor mutational
burden.2 Interestingly, the overall fre-
quency of KRAS mutations increases
with age in microsatellite stable (MSS)
CRC, particularly in males. In contrast,
a reduced prevalence of KRAS muta-
tions is observed in MSI/high
mutational burden tumors in the
elderly population.2

RAS family proteins act as molecu-
lar switches that function to govern a
variety of intracellular signaling net-
works controlling cell proliferation,
migration, differentiation, senescence,
and apoptosis, among others.1 Onco-
genic RAS mutations result in a shift
from the inactive guanosine
diphosphatase-bound state toward
active guanosine triphosphatase (GTP)
via disruption of the normal RAS gua-
nine nucleotide exchange factors and
GTPase activating proteins. Wild-type
KRAS dimerization with KRAS mu-
tants seems to be critical for full onco-
genic activity, particularly the KRAS
G12D and/or G12V isoforms.3

Furthermore, RAS proteins become
active and engage with downstream
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effectors only when interacting with
the plasma membrane, a process facil-
itated by farnesyltransferase and the
chaperone protein phosphodiesterase-
d. RAS is a member of the mitogen-
activated protein kinase (MAPK)
signaling pathway (RAS/RAF/MEK/
ERK), which is activated by ligand
binding to a receptor tyrosine kinase
such as epidermal growth factor
receptor (EGFR) and ERBB2. Mutant
RAS activates an array of other down-
stream cascades, including PI3K/AKT/
mTOR, as illustrated in Figure 1.1

Patients whose colorectal tumors
harbor RAS mutations frequently
exhibit poorer clinical outcome than
RAS wild-type counterparts, particu-
larly in the metastatic setting.4–6

Aberrant RAS pathway activation
interrupts upstream signal regulation
and confers resistance to receptor
tyrosine kinases inhibitors, which
limits targeted treatment options in
RAS-mutant CRC.7 Current treatment
for RAS-mutant metastatic CRC is pri-
marily based on combinations of
5-fluorouracil with oxaliplatin or iri-
notecan and antiangiogenic agents
bevacizumab and aflibercept in the
first- and second-line settings. Upon
progression, which occurs within
2 years of diagnosis of metastases in
more than 90% of cases, systemic
therapies offer very limited benefit.6

RAS mutations not only confer upfront
resistance to EGFR blockade, but also
arise de novo upon targeted treatment
pressure. Indeed, subclonal RASmutant
populations have the potential to
“contaminate” the broader tumor
environment and confer a predomi-
nantly RAS mutant phenotype in
response to anti-EGFR intervention.7

The same phenomenon may help to
explain the primary resistance of RAS
mutant mCRC to double HER2 blockade
in the setting of ERBB2 amplifications.8

Failures and Promises of
RAS Targeting in CRC

Initial strategies to down-regulate
the MAPK pathway in RAS mutant
cancers focused on agents targeting
post-translational modifications of
RAS, such as farnesyltransferase
inhibitors or allosteric MEK inhibitors.9

Different drugs were investigated in
metastatic CRC, but none showed
clinical efficacy in patients with KRAS-
mutant tumors. Farnesyltransferase
inhibitors decrease tumor growth in
preclinical models of HRAS-driven
cancers. Indeed, tipifarnib is in phase II
clinical development in this genomic
subset of squamous cell carcinomas
and hematologic malignancies. MEK
inhibitors have shown minor activity
as monotherapies in KRAS mutant CRC,
but their efficacy is limited by rapid
development of resistance and dose-
limiting toxicities.9 Promising activity
of MEK inhibitors has been seen in
KRAS mutant low-grade serous ovarian
cancers and histiocytic neoplasms.

In the last decade, knowledge gaps
in RAS targeting have begun to be filled
following new insights into the specific
vulnerabilities of RAS mutant cancers
and availability of agents targeting key
downstream MAPK pathway effectors.
Synthetic lethal screens have identified
different cellular processes as potential
sensitizers to MEK or ERK inhibition in
KRAS mutant cancers, such as regula-
tors of cell cycle and apoptosis, meta-
bolism, receptor tyrosine kinase
signaling, chromatin state, and tran-
scription factors.9 Some of these hits
have already moved to clinical devel-
opment, with negative results of early
trials such as double EGFR/ERBB3
blockade plus MEK inhibition.10 There
are ongoing trials looking at alternative
combinations with promising
preclinical data, such as CDK4/6
inhibitors plus MEK or ERK inhibitor in
KRAS mutant CRC (Table 1). In an anti-
EGFR refractory setting, with acquired
KRAS mutant subclones, vertical inhi-
bition of EGFR andMEK pathway is also
under investigation. In contrast, given
known signaling cross-talks and adap-
tive feedback loops, horizontal dual
inhibition of PI3K and MEK signaling
pathways has been extensively studied.
Disappointingly, different regimens
showed no antitumor activity in KRAS
mutant CRC patients, in part related to
poor pharmacodynamic effects and
high toxicity.9

The limited efficacy observed with
these MAPK-targeting combination
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Figure 1.Rat sarcoma virus (RAS) signaling, impact within the tumor microenvironment (TME) and associated therapeutic
approaches. Overview of aberrant intracellular RAS signaling and its effects within the TME. Oncogenic RAS mutations result
in a constitutively activated state whereby RAS proteins are no longer self-inhibited by normal GTPase activity. Approaches to
inhibit mutant RAS signaling include single or dual targeting of RAS itself, the RAS-RAF-MEK-ERK axis, the PI3K-AKT-mTOR
axis, CDK4/6 signaling, RAS membrane binding capacity, phosphodiesterase activity, and anti-programmed death-1 and anti-
programmed death ligand 1 approaches.
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strategies are in line with preclinical
data that support a cytostatic effect in
most RAS-mutant cancer models,
without induction of cell death11 RAS-
mutant models remain resistant to
apoptosis and became largely arrested
in proliferation. KRAS expression
levels, the ratio of mutant to normal
transcripts and copy number
imbalance—arising from either the
amplification of the mutant allele or
loss of the wild-type allele—have
been shown to modulate MAPK
pathway dependence in CRC and may
help to understand the lack of
response to downstream in-
hibitors.3,12 Of note, the pattern of
allelic imbalance is linked to specific
KRAS mutations in CRC. Although
mutations in residue G12 are often
copy number neutral, amplification of
the mutant allele is enriched in rare
codons, such as A146.2 In addition,
coexisting genomic alterations have
been shown to affect response to
MEK inhibitor combinations in pre-
clinical models of CRC, including
TP53 and PIK3CA mutations.
Apoptosis may be unleashed upon
treatment with MEK and SRC
inhibitors only in double KRAS/
PIK3CA-mutant CRC, for example.13

Attempts to identify small molecules
to antagonize GTP binding have failed
owing to the picomolar affinity of RAS
for GTP and high cellular concentrations
of GTP. Also contributing to this failure
is the lack of well-defined hydrophobic
pockets on the surface of RAS proteins.
Of late, there has been renewed interest
in the field of RAS targeting, following
the discovery of a plethora of small
molecules directly interacting with
mutant KRAS. The KRAS G12C mutant
protein differs from other mutant vari-
ants as it can actively cycle between the
guanosine diphosphatase-bound and
the GTP-bound states. The thiol group in
the cysteine residue is an attractive
target for covalent inhibitors located
next to the nucleotide-binding pocket
and the switch I/II domains, which
govern the interactions with both gua-
nine nucleotide exchange factors and
downstream effectors. This difference
enables specific inhibition of the KRAS
G12C protein, locking it in the inactive
conformation.9 In preclinical models,
direct KRAS G12C inhibitors induce tu-
mor shrinkage linked to increased
apoptosis specifically of G12C-
containing cancer cell lines.14 In the
clinic, the compound AMG-510 has
shown remarkable single-agent activity
in KRAS G12C mutant lung cancer, with
50% of the patients achieving partial
807



Table 1.Selected Ongoing Clinical Trials in Ras Mutated Metastatc Colorectal Cancer

Direct KRAS inhibitors

AMG510 Direct KRAS G12C inhibitor NCT03600883 Phase 1
JNJ-74699157 Direct KRAS G12C inhibitor NCT04006301 Phase 1
MRTX849 Direct KRAS G12C inhibitor NCT03785249 Phase 1
TNO155 Direct KRAS G12C inhibitor NCT03114319 Phase 1

Apoptotic, cell cycle and DNA damage pathways
ABBV-621 + FOLFIRI + bevcizumab TRAIL receptor agonist + Chemotherapy +

anti-VEGF therapy
NCT03082209 Phase 1/2

Onvansertib + FOLFIRI + bevcizumab PLK1 inhibitor + Chemotherapy +
anti-VEGF therapy

NCT03829410 Phase 1/2

AZD1775 + Irinotecan Wee 1 inhibitor + Chemotherapy NCT02906059 Phase 1
Palbociclib + Binimetinib CDK4/6 inhibitor + MEK inhibitor NCT03981614 Phase 2
HDM201 + Trametinib MDM2 inhibitor + MEK inhibitor NCT03714958a Phase 1

Metabolic pathway
TVB2640 FASN enzyme inhibitor NCT02980029 Phase 1
Vitamin C + FOLFOX � bevacizumab GAPDH enzyme inhibitor + Chemotherapy �

anti-VEGF therapy
NCT02969681 Phase 3

Immunotherapy combinations
Binimetinib + Nivolumab � Ipilimumab MEK inhibitor + anti-PD1 therapy �

anti-CTLA4 therapy
NCT03271047 Phase 1/2

Utolimumab + Cetuximab + Irinotecan 4-1BB/CD137 agonist + anti-EGFR therapy +
Chemotherapy

NCT03290937 Phase 1/2

Hu5F9-G4 + Cetuximab anti-CD47 therapy + anti-EGFR therapy NCT02953782 Phase 1/2

aTP53 wild-type tumor is also mandatory
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tumor response.15 However, the efficacy
of this compound is not so encouraging
in CRC, with <5% of evaluable patients
reaching major tumor shrinkage, and
one-third having disease stabilization as
best response. Moreover, given that
KRAS G12C mutation is seen in only 4%
of CRC, as compared with 13% in lung
cancer, the use of these compounds will
be limited to small populations, likely in
combination regimens.2
Complexity of Molecular
and Immune Subtypes of
RAS Mutant CRC

Colorectal carcinogenesis develops
as a result of genomic, transcriptomic,
epigenomic and metabolomic alter-
ations, which synchronize with tumor
microenvironment (TME) components
to result in the heterogeneity which de-
fines this disease. The consensus mo-
lecular subtypes (CMS) of CRC solved
major inconsistencies among previously
reported transcriptomic subtyping
frameworks of primary tumors.16 The
marked interconnectivity between in-
dependent gene expression classifiers
gave rise to the 4 CMS groups, which not
only reflect cancer cell phenotypes, but
808
alsomicroenvironment features present
in bulk tumor tissue samples. CMS1 tu-
mors (MSI immune, 14%) present as
predominantly MSI, with high muta-
tional burden, hypermethylated, and
with strong cytotoxic immune activa-
tion; CMS2 (canonical, 37%) have
epithelial markers and marked WNT
and MYC signaling activation and EGFR
expression; CMS3 (metabolic, 13%)
exhibit epithelial features with promi-
nent metabolic pathway dysregulation,
are enriched for RAS mutations and
sometimes present with hypermutated/
hypermethylated phenotype; and finally
CMS4 tumors (mesenchymal, 23%) are
characterized by strong transforming
growth factor-b activation, stromal
invasion and angiogenesis.16 Most CMS2
and CMS3 tumors exhibit low immune
and inflammatory signatures, and lack
tumor-infiltrating lymphocytes and
immune-regulatory cytokines in the
microenvironment.17

With regard to RASmutations across
CMS subtypes, despite enrichment in the
CMS3 metabolic subtype (80%), muta-
tions can additionally be found in up to
40% of tumors from other CMS groups.
In another CRC classifier derived from
patient-derived xenograft (PDX) gene
expression data to distinguish between
cancer cell–specific (human) versus
stromal (mouse) transcripts, KRAS mu-
tations were enriched in an MSI-like
subtype also displaying secretory traits,
glycolytic metabolism and an inflam-
matory phenotype.18 A similar spread of
RAS mutations has also recently been
described across a chromosomal insta-
bility dependent CRC classification
method predictive for bevacizumab
response in the metastatic CRC.19

When exploring transcriptomic
markers as predictors of drug response,
it is important to highlight that pathway
addictions defined by gene expression
signals are not a simple on–off phe-
nomenon, and there are no targetable
alterations that represent hallmarks of
a single CRC molecular subtype. Inter-
estingly, data have now begun to
emerge that demonstrate a role for
transcriptomic differences in thera-
peutic response of RASmutant CRC cell
lines. The combination of a MEK inhib-
itor plus neratinib (EGFR/HER2 inhib-
itor) effectively reduced cell viability in
nonmesenchymal subtypes, showing
synergistic activity in a CMS1 xenograft
model independent of KRAS status.20 In
contrast, an ERK inhibitor proved syn-
ergistic with neratinib in CMS4 cell
lines. It is very unlikely that these



Figure 2. Integrative systems medicine framework for precision treatment in mutated rat sarcoma virus (RASmt) colorectal
cancer (CRC). Omics data are collected from genomic, proteomic, metabolomic, epigenomic, immunomic and transcriptomic
analyses. Machine learning and artificial intelligence (AI) methods support the clustering, classification and integration of
‘omics and clinical data resulting in the generation of personal prediction profiles. This novel systems biomedicine framework
will identify new actionable pathways, biomarkers, and therapeutic targets across CRC subtypes. Thus, within COLOSSUS
new RASmt specific molecular subtypes with unique signaling dependences will be identified through a multi-omics ap-
proaches. Subsequently, a novel systems modelling and network analysis framework will be used to identify new actionable
pathways, biomarkers, and therapeutic targets across subtypes. These therapeutic targets and novel combinatorial ap-
proaches will be interrogated in state-of-the-art patient derived organoid (PDO), patient-derived xenograft (PDX), and hu-
manized PDX (HuPDX) models.
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associations will be validated in pro-
spective clinical trials.20

Information on the TME in RAS
mutant CRC may guide new directions
for the application of immunotherapy
approaches in MSS tumors. Using the
microenvironment cell populations
counter computational tool to assess
the TME cellular composition and
functional orientation, RAS mutant and
wild-type tumors have been shown not
to differ significantly, excluding a trend
toward lower neutrophil and endothe-
lial cells in mutant tumors.17 Never-
theless KRAS mutations are known to
be at least partially responsible for the
induction of an immunosuppressive
TME through a series of complex
adaptive mechanisms, including
induced secretion of IL-10 and trans-
forming growth factor-b, subsequent
activation of suppressive regulatory T
cells, immune checkpoint protein
expression, and various cell-extrinsic
mechanisms that prevent tumor
recognition by the immune system.21

KRAS mutations decrease the expres-
sion of the immune modulator IRF2,
which normally functions to repress
CXCL3 expression, thereby driving
myeloid-derived suppressor cell infil-
tration into the TME via CXCR2 inter-
action.22 Indeed, signatures reflecting
interferon gamma pathway and Th1-
centric coordinate immune response
cluster are significantly reduced in
KRAS mutant CRC as compared with
wild type, particularly in CMS2 tumors.
These data suggest that the immune
status of RAS mutant CRC may vary
according to transcriptional context.23

Targeting the MAPK signaling axis
was expected to improve response to
immune checkpoint inhibitors in CRC.
Despite early signals of antitumor
activity in a phase I clinical trial
combining the MEK inhibitor cobime-
tinib plus the anti-programmed death
ligand 1 agent atezolizumab in KRAS
mutant metastatic CRC, a randomized
phase III study comparing this targeted
immunotherapeutic combination with
standard regorafenib in unselected
patients with refractory disease did
not show survival differences between
the regimens.24
Future of Precision
Oncology in RAS Mutated
CRC: A Research
COLOSSUS

As described, because RAS muta-
tions are present across subtypes that
differ in cancer cell pathway
dependencies and immune–stromal
contextures, we propose an integrated
discovery strategy incorporating multi-
omics profiling and computational
models to advance and extend upon
recent learnings in the field (Figure 2).
Single cell sequencing technologies will
support an improved understanding of
howmutant RASmay impact the cellular
809
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landscape and how cancer cells and the
TME reciprocally shape tumor progres-
sion and resistance to therapy.25 This
integration and combined biomarker
identification using machine learning
models is expected to improve the po-
wer of capturing different hierarchies of
heterogeneity in RAS-mutant CRC and
interactions between the genome, tran-
scriptome, epigenome, metabolome, and
immunome. These computational ap-
proaches serve 2 purposes: (1) classifi-
cation and integration of large amounts
of diverse datasets, and (2) mechanistic
analysis using fine-grained models that
simulate biochemical pathways and
allow prediction of new drug targets
and novel drug combinations.

To better exploit molecular
subtypes for therapy selection and
optimize the use of existing drugs, we
should exit the paradigm of “one
marker fits one targeted drug
regimen.” We are actively working to
refine the molecular stratification of
RAS mutant CRC from a functional
perspective, applying a systems
approach for identifying targetable
contexts of vulnerabilities that will be
validated in state-of-the-art preclinical
models. In a fully integrated bench-to-
beside-to-bench approach, the
recently commenced European
Commission–funded cross-sectoral
research network “COLOSSUS” (www.
colossusproject.eu) will (1) conduct
in-depth biological interrogation and
refinement of CRC subtypes in the MSS
RAS mutant CRC setting and (2) search
for a targetable set of driver alterations
that will guide novel-novel drug com-
binations (Figure 2). Agents targeting
rewired metabolic or apoptotic path-
ways in RAS mutant CRC are of highest
interest.26 In parallel, we will imple-
ment high-fidelity pharmacogenomic
screens in a large series of human
cancer specimens cultured ex vivo
(patient-derived organoids) or directly
transplanted into mice (PDXs), to
assess treatment with targeted agents
(“xenopatients”) in molecularly
defined study populations. The
absence of many components of the
immune system in PDX models, and
loss of endogenous human immune
cells upon propagation of the human
tumor tissue over multiple passages,
limit the usefulness of such models to
810
explore the role of the TME in cancer
progression.27 Therefore an important
added value of the COLOSSUS xen-
opatient platform is the availability of
humanized mouse models with func-
tional human immune system to test
novel immune-oncology therapeutic
regimens in MSS RAS mutant cohorts
displaying signs of strong immune
dependence.

Targeting RAS-driven CRC remains
one of the most difficult challenges in
oncology today owing to several ob-
stacles, including the pervasiveness of
RAS-mediated signal transduction
feedback loops with compensatory
significance, the difficulty in coping
with pathway redundancy, the effects
of tumor heterogeneity on the positive
selection of drug-resistant subclones,
and interactions with immunosup-
pressive microenvironment cells. It is
thus essential to comprehensively un-
derstand the functional relationships
and genetic interactions of the signaling
circuits operational in RAS-mutant CRC
to develop more effective therapies.
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