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ways in colorectal cancer.

The intestinal epithelium acts as a physical barrier that separates the intestinal microbiota from the host and is critical
for preserving intestinal homeostasis. The barrier is formed by tightly linked intestinal epithelial cells (IECs) (i.e. entero-
cytes, goblet cells, neuroendocrine cells, tuft cells, Paneth cells, and M cells), which constantly self-renew and shed.
IECs also communicate with microbiota, coordinate innate and adaptive effector cell functions. In this review, we
summarize the signaling pathways contributing to intestinal cell fates and homeostasis functions. We focus especially
on intestinal stem cell proliferation, cell junction formation, remodelling, hypoxia, the impact of intestinal microbiota,
the immune system, inflammation, and metabolism. Recognizing the critical role of KRAS mutants in colorectal
cancer, we highlight the connections of KRAS signaling pathways in coordinating these functions. Furthermore, we
review the impact of KRAS colorectal cancer mutants on pathway rewiring associated with disruption and dysfunc-
tion of the normal intestinal homeostasis. Given that KRAS is still considered undruggable and the development of
treatments that directly target KRAS are unlikely, we discuss the suitability of targeting pathways downstream of KRAS
as well as alterations of cell extrinsic/microenvironmental factors as possible targets for modulating signaling path-
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Background

The intestinal epithelium

The large intestine, also known as colon or large bowel,
is one of the fundamental parts of the gastrointestinal
digestive tract. It acts as a filter, facilitating the uptake
of food-derived nutrients, water, electrolytes, and vita-
mins from the intestinal lumen. The inside surface of the
colon or mucosa is made of columnar epithelial cells and
unlike in the small intestine, intestinal villi are absent
[1]. The intestinal epithelial cells (IECs) shape multitu-
bular invaginations that form crypts, which increase the
absorption surface of the tissue. At the base of the crypts,
the intestinal stem cell (ISC) niche enables the constant
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regeneration of the intestinal lining (e.g. enterocytes,
endocrines, or goblet cells). These cells can proliferate,
differentiate and move upwards, where they are replaced
every five to seven days in the human colon [2] (Fig. 1).
The IECs form a continuous epithelium of cells that
are tightly linked by different types of cell-cell junc-
tions that assist in maintaining the integrity of the barrier
[3]. In this way, the IECs have a dual role in controlling
dynamic interactions occurring between the two dis-
tinct environments they physically separate. On the one
hand, IECs regulate the absorption of water, nutrients,
and electrolytes from the external environment (i.e. con-
tents of the lumen). On the other hand, IECs act as a bar-
rier to protect the host tissue from commensal bacteria
(microbiota) by preventing the entry of harmful agents
or substances (e.g. toxins, microorganisms, etc.). There-
fore, IECs are important mediators of homeostasis to
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Fig. 1 Components of the large intestine/colon. The large intestine is composed of intestinal epithelial cells, which arise from the intestinal

stem cells localised at the bottom of the crypts and differentiate into several cell types such as goblet cells, enteroendocrine cells, tuft cells or
enterocytes. All of them are playing a role in the homeostasis state of the single layer of the intestinal epithelium to maintain the barrier function.
This barrier separates the external (e.g. microbiota) from the internal environment (immune system) which together contribute to the preservation
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enable the establishment of an immunological environ-
ment permissive to colonization by commensal bacteria
[1]. Notably, IECs are also subject to low oxygen levels
due to the proximity of the oxygen-depleted gut lumen,
thus experiencing relative hypoxia, or “epithelial hypoxia’,
even in the “physiologically” healthy state [4]. This par-
ticular environment is essential to the intestinal epithe-
lial barrier function and immune cells activity. Intestinal
homeostasis depends on a tightly regulated crosstalk
among commensal bacteria, mucosal barrier, immune
cells and IECs [5]. However, this homeostasis state can
be impaired during inflammation, caused e.g. by bacteria
or food, which can promote the development of diseases
such as inflammatory bowel disease (IBD) or colorectal
cancer (CRC).

The Ras superfamily and KRAS in colon homeostasis

The RAS superfamily of small GTPases [6] (with RAS,
Rho/Rac, Arf and Rab subfamilies) are critical regulators
of intestinal epithelial homeostasis and barrier function
[7]. At the molecular level, RAS proteins cycle between
an inactive state, where they are bound to guanosine
diphosphate (GDP), and an active state, bound to guano-
sine triphosphate (GTP). The transition between the two
states is regulated by two main protein families, GTPase-
activating proteins (GAPs), which catalyse the hydrolysis
of GTP and guanine nucleotide exchange factors (GEFs),

which catalyse the exchange of GDP with GTP [8]. The
RAS oncoprotein members of the Ras subfamily (HRAS,
NRAS and KRAS with its two isoforms, 4A and 4B) are
membrane-associated proteins that play a fundamental
role in cell signaling. RAS loaded with GTP can interact
with multiple effectors such as RalGDS, phosphoinositide
3-kinase (PI3K) or Raf kinase, which are able to control
cellular processes such as polarization, adhesion and pro-
liferation [9, 10] (Fig. 2).

KRAS proteins are the predominant isoforms expressed
in the colon, in a proportion of~88% (against~4%
and~8% for HRAS and NRAS, respectively) [11, 12].
Previously, we generated a quantitative computational
model that linked KRAS to downstream effector path-
ways in colon context [13]. We predicted that Raf effec-
tors are the main effector family in complex with RAS
[13], which induce proliferation/self-renewal and dif-
ferentiation of ISCs [14]. Further, the effectors RalGDS/
RalGDS-like, the RASSF family, afadin (AFDN), and the
RIN family of effectors were predicted to form significant
amounts of complexes with RAS in physiological normal
intestinal epithelium [13]. RalGDS and the activation of
Ral GTPases have been shown to be critical for the regen-
eration of intestinal stem cells [15]. The RASSF-MST-
LATS pathway coordinates intestinal regeneration by
means of cell proliferation, apoptosis and differentiation
functions [16]. AFDN is involved in formation of cell—cell
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Fig. 2 RAS-effector signaling pathways relevant in colon context. Effector proteins are grouped according to functional classes (see [13]).
Effectors coloured in red indicate that a significant amount of effector (> 5%) is found in complex with RAS-GTP in normal colon context (based on
computational models by Catozzi et al,, in press). Effectors in blue indicate that context-dependent membrane recruitment of additional effectors
present in effector pathways are needed in order to be significantly in complex with RAS GTP (see Catozzi et al,, in press). Effectors are named
following their official gene symbol

junctions, and thereby controls adhesion between differ-
ent IECs [17].

Molecular carcinogenic pathways and subtypes in CRC

CRC is a very heterogeneous disease with differ-
ent genetic signatures and molecular carcinogenesis
pathways linked to various subtypes [18]. CRC arises
though multiple genetic events and, historically, at least
three molecular pathways are involved in the devel-
opment and progression of CRC, which are the (1)

Chromosomal Instability; (2) Microsatellite Instability;
and (3) CpG Island Methylator phenotypes [19]. This
classification is mainly based on the molecular driv-
ers (e.g. mutations and amplifications) of the different
tumor types, such as KRAS mutants, BRAF V600E, and
HER?2 amplifications [20, 21]. The heterogeneity of the
disease significantly affects the response to targeted
treatments of CRC. For example, tumors with muta-
tions in KRAS, NRAS, BRAF, or right-sided tumors do
not show any anti-EGFR treatment benefit [18]. Indeed,
right side tumors, which more frequently contain KRAS
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and BRAF mutants compared to left-sides tumors,
denote an overall worse prognosis for patients [22].

In 2015, the Colorectal Cancer Subtyping Consortium
used a combination of multi-omics (e.g. transcriptomics)
and clinical data to define four consensus molecular sub-
types (CMSs), which is considered the most robust CRC
classification to date [23]. These are: (1) CMS1 (associ-
ated with microsatellite instability and upregulation of
immune genes, 14%); (2) CMS2 (defined by the canoni-
cal ‘adenoma-carcinoma sequence’ with mutations in
adenomatous polyposis coli (APC), p53, and RAS, 37%);
(3) CMS3 (associated with metabolic dysregulation, i.e.
increased glutaminolysis and lipidogenesis, 13%); and (4)
CMS4 (associated with epithelial-mesenchymal transi-
tion, 23%) [23]. CMS3 is particularly relevant for this
review as it shows a clear overrepresentation of KRAS
mutations (80%) [24].

KRAS in colorectal cancer and context-dependent
signaling
Among the three human RAS oncogenes (KRAS, NRAS
and HRAS), KRAS is the most frequently mutated iso-
forms in pancreas, lung, and colorectal cancer. Approxi-
mately 45% of CRC harbour KRAS mutations, most
commonly in the hotspot codons 12, 13 or 61 [25].
Oncogenic mutations render KRAS insensitive to GAP-
mediated GTP hydrolysis and lock KRAS in an active
GTP-bound conformation; hence this causes disruptive
activation of downstream pathways by recruiting spe-
cific effectors mediated by KRAS mutant proteins [26].
According to the COSMIC database, KRAS mutations
are dominated by G to A transitions at the second base of
codons 12 and 13 which give the G12D and G13D muta-
tions (43%) respectively, the G to T transversions at the
second base of codon which give the G12V and also the
G12C mutations when it occurs at the first base of the
codon. The nucleotide to which G is mutated (e.g. G to A)
differentially impacts the activity of the protein and the
prognosis as well as responses to epidermal growth fac-
tor receptor (EGFR)-mediated therapy in CRC patients
[27, 28]. In addition, it has been shown that there are iso-
forms-specific patterns of codon mutations even within
the same tissue [29]. In fact, some studies suggest that the
position and type of amino-acid exchange influence the
transforming capacity of KRAS mutant proteins [27, 30].
As shown earlier, changes in the relative abundances
of the RAS binding effectors can cause network rewir-
ing and alterations in downstream signaling responses
[13]. Furthermore, for some effectors, the formation
of Ras-effector complexes at the plasma membrane
(PM) is predicted to greatly increase in response to
specific conditions (i.e. inputs/stimuli/growth factors)
by recruitment to the PM through other domains [31]
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(Fig. 3). Therefore, rewiring in cancer is proposed to be
not only the outcome of a constitutive activation of the
Raf- mitogen-activated protein kinase (MAPK) path-
way, but the result of all competing interactions that
are modulated by signals (e.g. microenvironment) of
the tumor. Understanding the cell fates triggered as a
result of both, the (micro)-environment/conditions and
the type of KRAS mutations, is crucial to better char-
acterize diseases of the intestinal tract, such as inflam-
matory bowel disease and CRC. Indeed. IECs require
a high level of coordination to undergo a series of cell
fate decisions during their lifetime, some of which are
coordinated by the small GTPase KRAS. In this review,
we provide a comprehensive overview on how the
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environment, stimuli, and growth factors are involved
in the intestine physiology and pathophysiology. We
highlight—whenever is known—about their link to
KRAS-mediated signaling pathways.

Maintenance of the IECs and role of KRAS signaling
in physiological conditions

Intestinal stem cells and maintenance of intestinal
homeostasis

Every five to seven days, the intestinal epithelium is
regenerated by cell division and proliferation of ISCs,
which differentiate into all intestinal lineages, such as
Goblet cells, Paneth cells, endocrines and enterocytes.
This rapid turnover maintains the epithelial barrier and
homeostasis of the epithelium. ISCs were identified by
Barker and colleagues in the small intestine and colon
by the marker gene leucine rich G-proteins-coupled
receptor 5 (Lgr5+) [32]. Two types of stem cells have
been reported at the crypt level: the homeostatic stem
cells that generate new progenitors to renew the epithe-
lium, and the likely quiescent stem cells, which provide a
reserve of stem cells in case of injury [33, 34]. The rapidly
proliferating stem cell population, that expresses Lgr5+-,
is regulated by several pathways such as the wingless-
related integration site (Wnt) and Notch pathways. A
major role is also played by the MAPK pathway that is
activated in response to EGF [35] (Fig. 4a). Indeed, EGE,
which is produced by Paneth cells and located in the stem
cell niches (where EGF receptors are highly expressed),
and others such as signaling molecules found in the envi-
ronment can control the activity of ISCs [36]. Further-
more, it is well known that mutations in proteins of the
MAPK pathway, such as BRAF or KRAS, are involved in
the initiation and progression phases of colorectal cancer
[37, 38].

ISCs are proposed to be the cells-of-origin for CRC
[39, 40], although this ‘stem cell hypothesis’ is still con-
troversially discussed (see [41] for an up-to-date review
on this topic). KRAS mutant proteins have a major role
in stem cell activities. For example, Le Rolle and col-
leagues demonstrated that oncogenic KRAS can induce
an embryonic “stem cell-like program” to enhance CRC
progression from adenoma to carcinoma [42]. Another
study showed that oncogenic KRAS can activate can-
cer stem cell properties in APC-mutated cells (loss-of-
function mutations that occur during initiation stages of
CRCs) [43]. In conclusion, KRAS is a key player involved
in the maintenance of intestinal homeostasis, on one
hand, and in driving CRC progression, on the other hand.
Hence, through the activation of the MAPK pathway in
homeostasis state and the presence of specific mutations
in cancer, KRAS seems to be at the interplay between the
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controlled and the uncontrolled regulation of prolifera-
tion in stem cells, possibly leading to cancer.

Role of cell-cell junctions for intestinal homeostasis

The intestine epithelium is formed by a continuous
monolayer of IECs with columnar shape that maximizes
surface area for absorption [44]. IECs are tightly linked
to maintain a functional and robust barrier integrity
between the internal environment (immune system/tis-
sue) and the external environment (microbiota/lumen)
[17]. The linkage is mediated by three types of cell—cell
junctions: tight junctions (TJs), adhesion junctions (AJs)
and desmosomes. These junctions are involved in the
maintenance of homeostasis by regulating multiple pro-
cesses such as the diffusion of ions and solutes, the con-
finement of bacteria to the lumen, the establishment of
cell polarity, and the regulation of intestinal cell prolif-
eration and migration (Fig. 4b). Cell-cell junctions act
as signaling hubs at the PM and are part of an intercon-
nected protein—protein interaction network of adhesion
complexes [45]. These complexes are enriched in sign-
aling molecules such as small GTPases, their regulators
and effectors, and thereby act as the starting point from
which multiple intracellular signaling pathways are trig-
gered [46]. Members of the RAS subfamily are known
to regulate cell proliferation, polarization and survival
[47], however, compared to other RAS superfamily mem-
bers, such as the Rho family of small GTPases, which is
well studied in intestinal homeostasis, the role of RAS
GTPase signaling in maintaining tissue barrier integrity
is not well established yet. Nevertheless, there is evidence
that members of the RAS subfamily, such as (K)RAS, are
important signaling molecules of epithelial junctions [7].
Indeed, many RAS oncoprotein effectors are proposed to
converge on output responses such as cell adhesion, cell
junction, or barrier function, e.g. mediated by RAP sign-
aling, RAC-PAK-RHO signaling, actin-nectin-cadherin
signaling, etc. [13]. Overall, cell-cell junctions contribute
to the intestinal homeostasis by promoting barrier integ-
rity. Under physiological conditions, other families than
the RAS subfamily of small GTPases are mainly respon-
sible for direct maintenance of the barrier integrity with
cell—cell junctions, yet, alterations in these junctions can
lead to tissue abnormalities that can disrupt homeostasis
and promote cancer.

Hypoxia-driven epithelial homeostasis

Due to the specific physiological organization of the
gastrointestinal tract, oxygen levels fluctuate along the
crypt-villus axis [4]. In the colon, IECs experience a
relatively low-oxygen tension (<10 mm Hg), which is
called “physiological hypoxia” [48, 49]. This environment
depends on multiple factors such as blood exchange,
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oxygen demands, and metabolism. It favours the devel-
opment of ISCs, the survival of commensal bacteria and
controls the innate and adaptive immunity. At the cel-
lular level, the response to hypoxia is mediated by the
hypoxia-induced transcription factor hypoxia-inducible
factor 1 (HIF-1) that itself regulates the expression of
specific genes (Fig. 4c). HIF-1 is composed of two sub-
units, HIF-1la and HIF-1pB, and can activate hypoxia-
responsive element-dependent gene expression. Under
normoxic conditions, HIF-1« is rapidly degraded, while
under hypoxic conditions, HIF-1a is stabilized and then
translocated into the nucleus where it can bind to the co-
activators CREB-binding protein (CBP) and p300. The
resulting complex can target specific genes involved in
different biological pathways connected to low-oxygen
levels. The most well-characterized targets are involved
in the maintenance of ISCs [50], in metabolic reprogram-
ming [51-53], in the regulation of oxygen supply, and
in angiogenesis [54]. Different studies have shown that
the activation of HIF-1 plays a major role in the mainte-
nance of colon homeostasis [49-57]. First, Karhaussen
and colleagues demonstrated that epithelial HIF-1 has a
protective effect in murine colitis and the loss of HIF-1
results in the loss of barrier function during colitis in vivo
in mice [49]. Cummins and colleagues also reported the
protective role of HIF-1 in in vivo mice model of colonic
inflammation by showing that the protection from coli-
tis is associated with reduced apoptosis of colon epithe-
lial cells when HIF-1 is activated [55]. Moreover, Sun and
colleagues showed that IEC-derived HIF-1 contributes
to the maintenance of mucosal homeostasis by inducing
interleukin (IL-33) expression in IBD [56], and later the
same group showed that IECs-derived HIF-1 is essential
for the homeostasis of intestinal intraepithelial lympho-
cytes and intestinal microbiota [57]. Altogether these
findings suggest that HIF-1 is essential not only for the
IECs but also for the maintenance of the colon environ-
mental homeostasis balancing the microbiota and the
immune cells.

The PI3K-AKT and MAPK pathways have been
described to regulate HIF-la activity by controlling
HIF-1a synthesis. These pathways can all signal through
RAS (including KRAS) and can be activated by growth
factors [58-60] (Fig. 4c). Therefore, the activation of
extracellular-signal-regulated kinase (ERK) can induce
the phosphorylation of multiple downstream partners.
The last step of this cascade is the phosphorylation of the
eukaryotic translation initiation factor 4E (eIF-4E) which
regulates the protein synthesis of HIF-1 via the increase
of HIF-1 mRNA translation [61, 62]. Moreover, ERK is
involved in HIF-1 synthesis and the transcriptional acti-
vation through phosphorylation of the coactivator CBP/
p300, which leads to an increase of the HIF-1a/p300
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complex, hence stimulating the transcriptional activation
function [61]. To summarise, in physiological context and
under hypoxic conditions, HIF-1a is stabilised and this
mechanism can trigger the expression of target genes
to adapt to the new hypoxic environments and main-
tain intestinal homeostasis. However, the expression of
HIF-1a can also be regulated independently of the oxy-
gen level. Certain signaling pathways which require the
activation of ERK to synthesise and stabilise HIF-1a can
be stimulated thanks to the presence of growth factors
that activate RAS.

Role of the gut microbiota in intestinal homeostasis

The colon forms a dynamic and complex barrier that sep-
arates the host immunity from the lumen where the com-
mensal flora resides. The human intestine is colonised
by a dynamic and diverse population of more than 100
trillion bacterial cells which have developed a beneficial
relationship with the host immune system [63]. This sym-
biosis has been implicated in multiple functions such as
immunity, nervous system, metabolism, and colonisation
resistance, all known to play a role in intestinal homeo-
stasis [64, 65] (Fig. 4d). The beneficial effect of the micro-
biota depends on its composition and its dysbiosis (e.g.
imbalance in function or structures of gut microbiota)
can lead to human disorders and diseases. In fact, an
increasing number of studies have shown that microbiota
dysbiosis is likely related to metabolic and inflammatory
diseases, such as obesity or IBD [66], which are enhanced
by external factors (e.g. antibiotics, dietary components
and/or stress). In the context of CRC, bacteria have
been shown to play a role in cell signaling [67-69]. The
host genetic variation (e.g. single nucleotide polymor-
phisms) as well as environmental factors (e.g. diet, stress)
are known to impact the composition of the microbi-
ome [70], although this interplay still awaits to be fully
elucidated.

In a KRAS-specific context, the role of KRAS signaling
on the microbiome, or vice versa, still need to be eluci-
dated, even though, it is accepted that the exposure to
bacterial can shape the development of CRC [71, 72] of
which KRAS can be one major player. Nevertheless, in
KRAS-driven CRCs, it has been shown that genotoxic
stress and some other factors, including metabolites pro-
duced by the microbiota, can facilitate genetic and epige-
netic changes leading to carcinogenesis [73].

Role of the immune system and control of the gut
inflammation in intestinal homeostasis

As described above, the colon is a unique part of the
gastrointestinal tract, which is constantly exposed to
antigens derived from food and from the microbiota.
Antigens present in the lumen influence the development
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and the maturation of intestinal tissue, as well as immune
cells by training the immune system to tolerate the
commensal microbiome, through the intestinal barrier
[74-76] (Fig. 4e). This tolerogenic response enables the
maintenance of a homeostatic balance against commen-
sal antigens while avoiding to trigger an inflammatory
reaction [77]. First, there is the physical barrier formed by
IECs with TJs and mucus secretion, which separates the
microbiota from the immune cells. Further, there is a bio-
logical control that is carried out by the secretion of anti-
bacterial molecules and an intense trafficking of immune
cells, which is described as “physiological inflammation”.
However, these mechanisms are not sufficient to provide
full protection. For example, in case of a disruption of the
microbiota symbiosis, or a damage of the intestinal bar-
rier, or the presence of antigens in restricted sites [78], an
inflammatory response can be triggered.

The innate immunity is the first line of defence in the
body to recognise pathogens and maintain homeostasis.
Toll-like receptors (TLRs) are key innate immune sen-
sors of the microbiota and are expressed in IECs and
immune cells (e.g. dendritic cells (DCs), macrophages).
Their activation induces several downstream signaling
cascades resulting in the production of cytokines among
other genes involved in the resolution of inflammation.
The main signaling pathway leads to the activation of the
transcription factor nuclear factor-kappa B (NF-«B) and
the MAPKs p38 and JNK, which results in an increased
expression of many pro-inflammatory cytokines. Addi-
tionally, TLRs stimulate the activation of the adaptive
immune system such as the regulations and maturation
of DCs, and the proliferation and differentiation of lym-
phocytes. The inflammatory response is also modulated
by several other key players of the immune system such
as lymphocyte T regulators (LTregs), macrophages, and
IL-10, which are all involved in the resolution of the
inflammation. The anti-inflammatory cytokine, IL-10,
produced by immune cells (i.e. DCs, macrophages, neu-
trophils) but also by epithelial cells in the intestine, play
an important role in limiting host immune response to
prevent intestinal damage due to the inflammation. Upon
activation, IL-10 receptor signal through the Januse
kinase (JAK)/signal transducer and activator of tran-
scription (STAT) 3 pathway and activates specific anti-
inflammatory genes to suppress cytokine production and
maintain intestinal homeostasis. IL-10 is also known to
maintain the expression of LTregs to decrease the activa-
tion of immune cells for resolving the inflammatory state
[79, 80]. Impaired resolution of inflammation can cause
diseases like Crohn’s disease or cancer. In particular,
long-term intestinal inflammation has an increased risk
of colitis-associated cancer, especially CRC [81]. Inflam-
matory mediators present in CRC such as IL-10, TGEF-p,
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LTregs or tumor-associated macrophages are known
to play a critical role in the initiation, maintenance, and
development of CRC [82].

There is growing evidence that supports the idea of a
tissue-based model of carcinogenesis [83]. This theory
proposes that epithelial cells with driver mutations cause
uncontrolled proliferation in a cell-autonomous way, but
that the tumor-microenvironment (TME) is part of the
carcinogenesis process by, among others, maintaining an
inflammatory environment, favouring the evasion from
the immune system. Indeed, oncogenic KRAS is pro-
posed to play a central role in both processes: as a media-
tor of sustained proliferation (via the MAPK pathway)
and as a mediator of immune modulatory effects (via the
activation of STAT3, the production of IL-6, the activa-
tion of the NLRP3 inflammasome and the release of
chemokines) [84]. In summary, the immune system con-
tributes to intestinal homeostasis by maintaining a tight
regulation of inflammation and the integrity of the intes-
tinal barrier. Inflammation can be triggered by abnormal
environmental factors, commensal microbiota and by the
immune system itself. Long-term intestinal inflammation
has an increased risk of colitis-associated cancer, espe-
cially CRC [81].

The central role of the metabolism in intestinal
homeostasis
IECs need energy (like all cells) to grow, occasionally to
proliferate, to absorb and digest molecules and also to
adapt their metabolic rate in response to environmen-
tal cues (e.g. signals for cell fates) and nutrient availabil-
ity [85]. Under physiological conditions, cells produce
energy through the catabolism of food, which is mainly
composed of carbohydrates, proteins, and fats. They are
then broken down into glucose, amino acids, and glyc-
erol/fatty acids respectively, and converted to pyruvate
and acetyl co-enzyme A (Co-A) (Fig. 4f). Co-A is an
intermediate molecule metabolised through the tricarbo-
xylic acid pathway into energy, in the form of adenosine
triphosphate (ATP) during oxidative phosphorylation
(OXPHOS) into mitochondrial respiration. All these
metabolic pathways are carried out in the presence of
oxygen, however, if the oxygen level is low or absent, the
cells will then use anaerobic respiration. In this case, the
pyruvate will then be transformed into lactic acid, in a
process called anaerobic glycolysis. This ability of cells to
metabolize pyruvate to lactate in the presence or absence
of oxygen is known as the Warburg effect [86]. It is often
associated with proliferating cells as well as cancer cells,
although it does not seem to have the same goal in both
cases [87].

Regarding IECs, it has been shown that the energy
metabolism along the crypt-villus axis in the small
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(See figure on next page.)

regulation

Fig. 5 Schematic illustration of the impact of KRAS oncogenic mutations on intestinal homeostasis. a Oncogenic KRAS can regulate HIF-1a at the
transcriptional level to induce multiple signaling processes including angiogenesis, but it can also regulate pro-angiogenic factors through the
HIF-independent regulation of angiogenesis to enhance tumor growth. b Oncogenic KRAS supports cancer cells growth by enhancing metabolic
pathways via transcriptional regulation of HIF-1a and macropinocytosis. € The accumulation of reactive oxygen species (ROS) in KRAS-driven
cancer favours cancer initiation and progression through different pathways. d Autophagy in oncogenic KRAS-driven CRC supports tumor growth
by increasing glucose metabolism, favouring access to nutrients, and decreasing inflammatory mediators. e Oncogenic KRAS confers apoptosis
resistance through the up-regulation of Bcl-xL but also through TRAIL signaling rewiring. f The colon tumor microenvironment (TME) and
oncogenic KRAS work together to promote tumor progression through, e.g. cancer-associated fibroblast (CAFs) as well as cytokines production and

intestine is changing [66]. This allows us to speculate
that depending on the anatomical localisation and nutri-
ent availability in the intestine, cells do not have the same
metabolic program. Indeed, it seems to be correlated to
the phenotypes, type, and differentiation state of cells,
such as ISCs compared to enterocytes. In particular, ISCs
are of interest (especially the Lgr5+stem cells popula-
tion in the crypt base), which appear to be continually
proliferative [88]. In fact, most proliferative cells rely on
aerobic glycolysis (Warburg effect) in contrast to differ-
entiated cells which rely mainly on oxidative phosphoryl-
ation. There are two types of Lgr5+1SCs, the quiescent
cells and the proliferative that will give rise to progeni-
tor cells that are being differentiated [89]. For example,
the proliferative Lgr5+ SCs, in order to proliferate, are
limiting OXPHOS by downregulating the mitochondrial
pyruvate carrier (MPC), which prevent cells from achiev-
ing an efficient pyruvate uptake into the mitochondria
[90] (Fig. 4f). Fan and colleagues also demonstrate that
those same cells (Lgr5+ proliferative ISC) exhibited a
Warburg-like metabolic profile in epithelial hypoxia [91].
In fact, based on the hypothesis that ISCs Lgr5+-are
cells at the origin of CRC [2], and that multiple meta-
bolic pathways for ISCs function during homeostasis and
tumorigenesis have been identified [92], many features
of stem cells metabolism are similar to the “ cancer stem
cells” observed in cancer [93]. Studies suggest that the
modulation of glucose determines ISC self-renewal and
proliferation (probably being highly glycolytic) [90, 94].
Lipids and cholesterol are involved in the regulation
of ISC activity [95] and proliferation [96]. Thus, it has
been suggested that metabolic reprogramming could be
defined as a driver of stemness (self-renewal and pro-
liferation) and tumorigenesis [97]. Rewiring of cellular
metabolism is one of the main hallmarks of most can-
cer cells, which allow energy production and biomass
production for their sustained high rates of cell division
[98]. Reprogramming metabolism has been shown to be
associated with oncogenic mutations such as KRAS [99],
but also with proliferation of non-transformed tissues.
Indeed, metabolic changes can occur in cells that are
induced to proliferate such as activated T lymphocytes

or ISCs [100]. Highly proliferative cells, like ISCs, need to
support high proliferation rates due to their role in the
regeneration of the intestinal epithelium, and thus dif-
fer from quiescent cell metabolism whose metabolism is
characterized by high glycolysis, lactate production, bio-
synthesis of lipids and other macromolecules.

Signaling pathways that regulate metabolism of prolif-
erating cells require glucose as well as growth factors to
activate (K)RAS and the MAPK pathways to trigger the
proliferative/survival phenotype. However, KRAS is often
mutated leading to its hyperactivation in cancer, thereby
mediating activation of multiple effectors/pathways like
the PI3K/AKT and MAPK pathways, which both, can
increase glycolysis and are involved in lipid biosynthe-
sis. In conclusion, as mucosal development is dominated
by self-renewal, proliferation and differentiation of epi-
thelial cells, metabolic pathways during differentiation
need to be adapted to the situation and environment to
maintain intestinal function and homeostasis. Therefore,
energy homeostasis requires a constant coordination
between nutrient availability, cell fates and the regulation
of energy.

Selected examples of KRAS oncogenic mutations
impacting intestinal homeostasis

CRC and hypoxia

The colon is already exposed to “physiological hypoxia”
when a tumor starts to increase in size, as such it cre-
ates an increasingly hypoxic environment, where nutri-
ents and oxygen supply become limited [101]. Hypoxic
conditions put cancer cells under selective pressure. In
response to cellular adaptation, the angiogenesis is stim-
ulated via the induction of vascular endothelial growth
factor (VEGF) and HIF-1a is known to be a key mediator
of this process, which enhances the survival of the tumor
under hypoxia (Fig. 5a). The hypoxic tumor environment
together with the ability of cancer cells to survive has
been suggested to be associated with drug resistance to
therapy [102], poor prognosis and several signaling path-
way activations such as PI3K/AKT, MAPK and NOTCH
signaling pathways [103, 104]. Each have been linked to
KRAS, suggesting that KRAS plays a key role in hypoxia
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in cancer. Indeed, it has been demonstrated that KRAS
oncogenic (especially KRAS2Y) can induce/up-regulate
VEGF in hypoxia via HIF-1-independent mechanisms

in colon cancer cells [105]. Signaling through the acti-
vation of PI3K/Rho/ROCK and c-myc signaling is an
alternative to HIF-la for the induction of VEGF and
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oncogenic KRAS can further enhance signaling through
these pathways in CRC [106]. However, HIF-1a can also
be directly regulated by oncogenic KRAS. As a matter
of fact, HIF-1a is induced by KRASC™?V at transcrip-
tion level and overexpression of HIF-1la under hypoxia
could increase KRASS'?Y activity and triggers its down-
stream signaling in colon cancer cells through a positive
feedback loop [107]. Knowing the proliferation role of
KRASS'? as well as hypoxia-induced resistance to ther-
apy, after inhibition of EGF receptors (KRAS pathway)
and HIF-1 s, a decrease in proliferation was observed.
Therefore, the two signals seem to work together to pro-
mote cell proliferation and enable cancer cells to escape
from EGFR-inhibitor treatment. Another study con-
tradicts these results and shows that hypoxia increases
the activity of KRASY™T but not KRASMYT [108]. This
divergence could be explained by the processing time to
simulate hypoxia in the cells, 4 h [108] compared to 24 h
[107] and also by an adaptation mechanism which would
depend on the period of time required to induce/increase
KRASS?Y activity. Experiments carried out in colon can-
cer cell lines (DLD1 and HCT-116) mutated for KRAS
have shown that a knock-out or -down of KRASMYT cells
impaired the hypoxic induction of HIF-1a. In addition, it
has been shown that oncogenic KRAS is capable of regu-
lating HIF-1a and not HIF-2« at the level of translation
[109].

To summarise, oncogenic KRAS in CRC can regulate
HIF-1a at the translational level but is also able to regu-
late angiogenesis via the HIF-1-independent regulation
of angiogenesis by enhancing the PI3K-Rho-ROCK and
c-myc signaling induced hypoxia. KRAS mutants in CRC
play a role via hypoxia to enhance the accessibility of
nutrients for cancer cells (tumor) by creating new vessels.

CRC and metabolism

Oncogenic KRAS is involved in mitochondrial metabo-
lism through HIF-1a, as demonstrated in human colon
cancer cells [110]. In line with the hallmarks of cancer
described by Hanahan and Weinberg [111], RAS trans-
formed cells undergo significant metabolic adapta-
tions [112]. Chun and colleagues [110] showed that, as
described previously, HIF-1a is activated in cancers due
to the dysregulation of RAS signaling. They also showed
that the induction of HIF-1a induces the expression of
glucose transporter and glycolytic enzymes in hypoxic
and normoxic conditions [113, 114] that promote glu-
cose uptake and glycolysis and enhance the prolifera-
tion of colon cancer cells [115] (Fig. 5b). Moreover, Chun
and colleagues suggest that CRC (HCT116) cells with
oncogenic KRAS mutations and expressing HIF-1a can
maintain ATP production (increasing mitochondrial res-
piration efficiency) and decrease or prevent toxic reactive
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oxygen species (ROS) generation (both via the regulation
of the exchange of cyclooxygenase (COX) 4 and also via
the induction of enzymes important for mitochondrial
cardiolipin synthesis) [110]. ROS as well as ATP produc-
tion seem to contribute to carcinogenesis through the
induction of HIF-1a in glycolysis and aerobic respiration
via oncogenic KRAS in CRC context.

To support cancer cell growth, particularly the needs
for increased biomass, RAS-driven cancers are using
macropinocytosis [116]. This mechanism allows cancer
cells to recover materials from their surrounding/extra-
cellular environment (e.g. fatty acids, glutamine, amino
acids). Macropinocytosis stimulation can occur in the
context of RAS transformation and can be enhanced
by growth factors stimulation via the activation of ras-
related C3 botulinum toxin substrate 1 (Racl) and Cdc42
followed by the stimulation of p2l-activated kinase 1
(Pakl) to induce actin polymerization which leads to
increased membrane ruffling and macropinocytosis
[117] (Fig. 5b). First, macropinocytosis has been shown
in human pancreatic tumors, a cancer which features a
near-universal mutation in KRAS [118]. Further, it has
been demonstrated that oncogenic KRAS can mediate
activation of canonical Wnt signaling to support tumor
growth by promoting macropinocytosis [119], along with
the induction of metabolic reprogramming (Warburg
effect). It is interesting to mention that intestinal stem
cells at the bottom of the crypt harbor a high glycolytic
metabolism and high Wnt signaling levels [120], which
are both involved in cancer hallmarks. Taken together,
these studies support that oncogenic KRAS, as well as
Wnt signalling are contributing to macropinocytosis in
CRC.

CRC and ROS

ROS are natural products formed by the partial reduc-
tion of oxygen such as superoxide anion (O2—), hydro-
gen peroxide or hydroxyl radicals (HO) or nitric oxide
(NO) [121]. ROS have important roles in cell physiology
(signaling) to maintain homeostasis, all at low concentra-
tion. Different levels of ROS can induce various cell fates.
Low levels are able to induce proliferation, differentiation
and stress response activation, whereas high levels lead
to DNA, protein and lipid damage which is able to result
in senescence, cell death, malignant transformation or
metastasis [122, 123]. Two varieties of ROS are distin-
guished. There is an exogenous source of ROS such as
ultraviolet exposure and an endogenous source of ROS
which generates cellular ROS as in the process of mito-
chondrial respiration (oxidative phosphorylation) or the
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX), which is mainly a response to stress.
Under pathological conditions, high concentration of
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ROS is cytotoxic due to its deleterious potential to cre-
ate damage as a result of oxidative stress occurring when
cells can no longer produce an effective antioxidant
response. This unbalanced situation can promote dif-
ferent types of diseases such as cancers including CRC
[124]. Indeed, many risk factors associated with CRC
are known to increase ROS generation such as smok-
ing, alcohol consumption, or IBD [125], but it also has
been shown that the oxidation process begins to develop
in the polyps stage of colorectal adenocarcinoma [126]
(reviewed in [127]).

The accumulation of ROS is understood as an essen-
tial mediator of RAS-induced transformation and tum-
origenesis [128]. More recently, Lim and colleagues
reviewed the roles of oncogenic RAS in ROS generation
(on redox balance) with signaling pathways and mecha-
nism driving oncogenic (K)RAS induction of cellular
prooxidant and antioxidant programs for cancer develop-
ment [129]. The authors proposed a model in which the
cellular redox balance/homeostasis is linked to mutant
RAS-mediated tumor initiation and progression. During
tumor transformation and initiation RAS mutants can
activate antioxidant programs to adapt to the high ROS
production, leading to proliferation, and transformation
(Fig. 5¢). Additionally, mutant RAS during tumor pro-
gression can promote prooxidant programs too, which
contributes to genetic instability, differentiation, or
proliferation.

In CRC, apart from the oxidation of EGFR by ROS
(EGER cys797), ROS can also oxidize other components
of the MAPK pathway. ROS can also be produced by spe-
cialized enzymes, the NADPH or NOX1 oxidases of the
NOX family, located at the PM (Fig. 5¢). High expression
along epithelial surfaces exposed to the external environ-
ment was found, where NOX1 is located on apical cell
surfaces and released ROS into extracellular environ-
ments. Oxidases are also induced by immune cytokines
(e.g. interferon gamma (IFNy), IL-4 and 13). It has been
shown that NOX1 is expressed in normal colon epithelial
cells and in CRC cells and that NOX-generated ROS can
induce the activation of RAS by S-glutathionylation on
cys118 [130]. Moreover, after inhibition of NOX1 expres-
sion, the production of superoxide is strongly attenuated
and prevents oncogenic RAS-transformed phenotypes,
such as anchorage-independent growth and morphologi-
cal changes [105]. Another study suggested that NOX1
(over)expression was correlated with KRAS mutations
(G12Cys, G12Asp, G13Asp, G12Val, G60Gly, Q61Lys,
Q61His) in human colon tumors and in KRASS'?Y trans-
genic mice in the intestine compared to adjacent nor-
mal colon tissue [131]. These studies suggest that NOX1
plays an important role in CRCs and indeed it has been
shown that the expression of NOX1 induces mitogenesis

Page 12 of 22

as well as angiogenesis, inhibition of apoptosis. There-
fore, aberrant expression of NOX1 could contribute to
the development of CRC enhanced by KRAS mutations.
In support of the previous assumption, it has been shown
that oncogenic KRAS promotes ROS generation in colon
cancer cells (HCT116 KRASSP and SW480 KRASS'?Y)
through the signalling cascade p38/PDPK1/PKCd/
p47Ph/NOX1 [132].

Another important source of ROS in the colon are
cyclooxygenases, in particular COX-2. Evidence supports
a critical role for COX-2 during colorectal tumorigene-
sis [133-135] due to its role in producing prostaglandin
E2 (PGE,). COX-2 is an enzyme that releases PGE, and
produces ROS (e.g. H,0,) [136]. It is an early response
to inflammation induced by pro-inflammatory cytokines
(e.g. IL-1a/b, IFNy and tumor necrosis factor (TNF)-a)
or KRAS oncogenic proteins [137, 138]. Thus, mutation
resulting in aberrant RAS signaling have been implicated
in COX-2 up-regulation as well as hypoxia through HIF
(Fig. 5¢). Indeed, KRAS can regulate COX-2 specifically
and an over-expression of COX-2 is linked to an increased
production of PGE, that mediates cell proliferation. Stud-
ies have shown that KRASS'?V-induced ROS generation
led to a significant increase in DNA single-strand breaks
in a COX-2-dependent manner in mouse peripheral lung
epithelial cells (E10 cells). It is particularly of interest
because aberrant expressions of COX-2 in CRC seem to
play an important role during CRC development [127,
139] by promoting cell growth and survival. Moreover, it
has been shown that PGE, enhances intestinal adenoma
growth via the activation of the RAS-MAPK cascade in
mice [140] in the same manner that constitutively active
RAS does in murine intestinal adenoma. In addition, dur-
ing hypoxia, COX-2 up-regulation results in a high level
of PGE, which promotes CRC cell survival via oncogenic
RAS. However, PGE, also enhances HIF-1 transcrip-
tional activity and VEGF induction (angiogenesis) under
hypoxic conditions [141] and normoxic conditions due
to the activation of HIF-1a by oncogenic KRAS. Thus,
the activation of oncogenic KRAS pathway is acting as a
positive feedback loop to maintain an active pro-survival
COX-2/PGE, pathway during hostile microenvironmen-
tal conditions [141].

CRC and autophagy

Autophagy is an important transformational mechanism
in CRC that occurs when a colon cell shifts from normal
to malignant. However, autophagy has a dual and con-
tradictory role. On the one hand, in physiological con-
text, autophagy helps to protect damaged cells and act
as a surveillance mechanism [142]. On the other hand,
it has been shown that autophagy supports tumor for-
mation and that the survival of RAS-driven cancer cells
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requires autophagy by promoting access to nutrients
that are critical to metabolism and tumor growth [143].
During the early stages of CRC, it has been reported that
autophagy functions as a suppressor, compared to the
later stages, where autophagy seems to act as a promot-
ing factor [144]. Moreover, Guo and colleagues showed
that activated RAS requires autophagy to maintain oxi-
dative metabolism and tumorigenesis [145]. The authors
showed that the expression of KRASS!?Y up-regulates
basal autophagy and that, after down-regulation of essen-
tial autophagy proteins, tumor growth was impaired (as
well as energy metabolism) in different human cancer
cell lines bearing different RAS mutations such as the
HCT116 colorectal carcinoma cell lines which expresses
the KRAS®P mutation (Fig. 5d).

Deficiency in autophagy can cause impairment in
tumor growth but also deregulation of amino acid lev-
els and depletion of key substrates in mitochondrial
metabolism which leads to abnormality in mitochon-
drial respiration mostly found in RAS-driven lung can-
cer [145-147]. In addition, it has been demonstrated that
autophagy can remodel the majority of the cellular pro-
teome for cell survival [148] (Fig. 5d). Indeed, autophagy
is a selective mechanism that can target specifically
critical signaling pathways involved in RAS-driven can-
cer to preserve cellular survival function. Moreover, the
authors also suggested that autophagy may suppress the
anti-tumor immune response in (K)RAS-driven cancer
(HRASS2Y and KRASS!?P) by an autophagic degradation
of inflammation mediators. This mechanism could partly
explain how autophagy supports RAS-driven tumor
growth. Another aspect has been proposed by Lock and
colleagues who demonstrated a connection between
autophagy and glucose metabolism which seems to be
driven by oncogenic KRAS [149]. They showed that gly-
colysis is increased in autophagy-competent cells versus
autophagy-deficient cells harbouring KRAS mutations
and that this process facilitated RAS-mediated adhe-
sion-independent transformation in RAS-driven tumor
growth. This observation is in line with the well-known
Warburg effect or metabolic shift found in tumor cells
where critical components of glycolysis are upregulated,
resulting in an enhanced glucose uptake and higher gly-
colysis rates). In conclusion, autophagy is required for
robust KRAS-driven CRC transformation by supporting
tumor growth through increased glucose metabolism
that specifically targets survival pathways.

CRC and resistance to apoptosis: increase of anti-apoptotic
B-cell ymphoma-extra-large (BCL-XL)

In physiological context, programmed cell death or
apoptosis, serves as a security mechanism against tum-
origenesis. Cancer cells develop mechanisms to escape
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apoptosis, such as deficiency in pro-apoptotic proteins
(regulation, degradation) or overexpression of anti-
apoptotic proteins, as well as p53 mutations or caspase
activations, which results in therapy resistance in colon
cancer [150]. KRAS mutant proteins in CRC have been
associated with decreased apoptosis and treatment
resistance due to defective apoptotic signaling and gen-
eral regulation of these signals. For example, the level
of BCL-XL protein, an anti-apoptotic protein, has been
shown to be higher in KRASMYT tumors compared to
KRASYT tumors [151]. Human cancer cells are com-
monly resistant to apoptosis due to the overexpression of
anti-apoptotic Bcl-2 family (e.g. Bcl-2, Mcl-1 and Bcl-xL)
or alternatively, due to down-regulation of pro-apoptotic
BH3-only proteins (e.g. Noxa, Bik or Puma) [152]. This
phenomenon could be explained by an increase in pro-
teasomal activity [153] which in the homeostatic normal
state is essential for the degradation and regulation of
proteins. In cancers, proteasomal activity targets proteins
which are involved in apoptosis and cell cycle regulation
as well as in tumor progression in order to degrade them
and escape cell death at the same time [154]. Indeed,
KRASMYT can upregulate anti apoptotic Bcl-xL expres-
sion in CRC cell lines (KRAS®'?Y and KRAS®'3P) with
a suggested role of ERK [155] or signal transducer and
activators of transcription 3 (STAT3) transcription fac-
tor [156] in mediating Bcl-xL upregulation by KRASMUT,
KRASMYT can activate p-STAT3 (Tyr’®) in the absence
of interleukin-6 (IL-6) secretion which is normally a
known regulator of STAT3, in order to upregulate Bcl-xL
(transcriptional level) and confers apoptosis resistance in
an IL-6 independent manner [156] (Fig. 5e).

CRC and resistance to apoptosis: induction of tumor
necrosis factor-related-inducing ligand (TRAIL)-induced
apoptosis
The cytokine TNF-related apoptosis-inducing ligand
(TRAIL or Apo2L) and CD95L/FasL are involved in
the initiation of apoptosis through the activation of
their death receptors (TRAIL-R1 (DR4) and TRAIL-
R2 (DR5)), TNF-R1, and CD95 (Fas/APO1). Binding of
TRAIL triggers receptors and leads to the activation of
caspases cascades, resulting in apoptotic cell death [157].
TRAIL can selectively induce apoptosis in cancer cells
in vivo but not in normal cells [158, 159]. As a result, the
development of TRAIL-based cancer therapy has been
promoted. However, many tumor cells are resistant to
TRAIL-induced apoptosis, and TRAIL-TRAIL-R bind-
ing can also induce non-apoptotic signalling via activa-
tion of nuclear factor-xB (NF-kB), p38, ERK, SRC and
RACI [160] (Fig. 5e).

In normal colon mucosa TRAIL and TRAIL-R2 are
expressed mostly at the top of the epithelium, whereas
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TRAIL-R1 is detected all along the crypt axis. In car-
cinoma, TRAIL and TRAIL receptor expression are
variable and did not correlate with disease-free survival
[161]. However, KRAS mutations render CRC cells more
resistant to CD95L/FasL (ligand of TNF receptor fam-
ily such as TRAIL) and TRAIL-induced apoptosis, but
also convert the respective ligand-induced signals into a
migration-activating signal [162]. In addition to CRC, it
has been demonstrated in non-small-cell lung carcinoma
and pancreatic ductal that human receptor TRAIL-R2 is
able to promote tumor growth, migration, invasion and
metastasis. In particular, it was shown that the endog-
enous expression of the equivalent receptor in mice
(mTRAIL-R) promotes KRAS-driven growth and metas-
tasis by activating the small GTPase Racl in vivo [160].
Later, the same group shed light on Racl and KRAS
involvement. They showed that KRAS is involved in the
induction of migration through the TRAIL-TRAIL-R2
signaling pathway. However, this same pathway leads
to autocrine stimulation of Rac-1-independent migra-
tion. Generally, the Rac-1 activity is inhibited by Rho-
associated protein kinase (ROCK). However, oncogenic
KRAS inhibits ROCK, thereby releasing Rac-1 to be fully
activated by TRAIL-R2 and induce migration instead of
apoptosis [160, 163].

CRC and the TME

Cancer cells are subjected to a constant assault of signals
that comes from the tumor itself but also from its sur-
rounding environment. Indeed, the TME is crucial for
cancer progression, aggressiveness, changes in tumor
cells expression profile, escaping from the immune sys-
tem or maintaining tumor-promoting inflammation [84].
The TME is mainly composed of different cell types such
as immune cells, cancer-associated fibroblast (CAFs),
cancer associated macrophages (mostly in M2 pheno-
type; [164]), adipocytes and pericytes but also non cel-
lular components such as the extracellular matrix (ECM)
and cytokines. All components of the TME form a
dynamic environment and cooperate and communicate
together with tumor cells to promote cancer progression.
Targeting the TME is currently a promising path which
aims to suppress the support of the TME to the tumor
cell with the hope of enhancing an immune response or
chemotherapy against the tumor. It is important to keep
in mind that all components of the TME are intercon-
nected and regulate each other’s properties. Therefore,
we can speculate that by affecting one of the components,
KRASMYT cancer cells are likely affecting the entire TME
behaviour. The TME is regulating CRC cells/tumors but
KRASMYT tumors also are involved in the recruitment of
specific populations [165].
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CAFs in TME. Among TME components, CAFs are the
most dominant cellular constituents of the stroma and
are linked with primary and metastatic CRC [166, 167].
Due to their plasticity, CAFs can be activated through
the interaction with tumor cells and are thereby able to
enhance tumor initiation and progression, migration,
invasion, and are modulators of the immune system as
well as regulators of ECM remodelling, and angiogenesis
[168, 169]. Thus cancer cells can modulate the proper-
ties of fibroblasts and influence the TME. In CRC con-
text, a crosstalk between KRASMYT cells and CAFs has
been suggested [170]. Moreover, overexpression of fibro-
blast activation protein (FAB), a surface glycoprotein
expressed almost exclusively expressed on CAFs, has
been shown to promote growth in animal models [171].

Despite the lack of direct evidence that CAFs can be
associated with oncogenic KRAS, a study found a cor-
relation between somatic mutations and CAF markers
[172]. The authors demonstrated differential expression
levels of ACTA2 (CAFs marker) among tumors with dif-
ferent KRAS mutation status suggesting that CAFs may
play a role in selecting tumor cells with specific driver
mutations [172]. To support this hypothesis, it was dem-
onstrated that colon CAFs can secrete many growth fac-
tors including EGF, HGF, insulin growth factor (IGF)1/2,
PGE-2, PDGF, FGF-1 and VEGF [173, 174]. All these fac-
tors act through the activation of the MAPK and PI3K/
AKT pathways downstream of KRAS, and promote
proliferation, cell survival, protein synthesis, cytoskel-
etal rearrangements or invasion and which could be
enhanced in the presence of KRASMYT,

CAFs are also known to secrete cytokines, including
IL-6, which is a molecule found to be significantly ele-
vated in CRC tissues [175-177] (Fig. 5f). The production
of IL-6 in fibroblasts has been shown to be regulated by
KRAS in a paracrine fashion in pancreatic cancer cells.
The induction of sonic hedgehog (SHH) by KRAS in
cancer cells triggers the expression of the transcription
factor GLI1 in fibroblasts [178, 179]. As a result, IL-6 is
produced and secreted into the TME. The loss of GLI1
has been shown to impair KRAS-induced pancreatic car-
cinogenesis. IL-6 can also be produced directly by cancer
cells, such as in basal cell carcinoma (nonmelanoma skin
cancer) where IL-6 is secreted through the HH/ GLI1
pathway via STAT3 activating IL-6 [180]. Thus, it can be
speculated that the mechanism described above may be
similar in KRAS-driven CRC, especially because almost
all pancreatic ductal adenocarcinoma harbour mutations
within the KRAS gene. Nevertheless, HH signaling is not
fully understood in CRC and the potential benefits of
IL-6 inhibition in CRC are still unknown [181].

It has been suggested that oncogenic signals such as
KRAS may affect HH signaling because both aberrant
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activation of HH signaling and RAS mutations, are found
in colon cancers [182] (Fig. 5f). Briefly, the canonical
activation of HH-GLI pathway occurs through binding of
HH ligands to the protein patched homolog 1 (PITCH1)
receptor, which derepresses the SMO protein which leads
to the final effectors: GLI transcription factor activation
of the HH-GLI pathway. In contrast, the non-canonical
ways of GLI activation occurring in cancers are SMO-
independent. Indeed, in CRC, previous attempts to block
HH signaling at the level of SMO, induced only moder-
ate cytotoxicity [183], compared to the inhibition of GLI
directly in human colon cancer cells [184]. Moreover,
the HH signaling is activated in CRC by ligand-depend-
ent mechanisms with overexpression of SHH [185, 186],
as well as the SHH-GLI1 pathway [187] but both path-
ways, canonical and non-canonical can co-exist in cancer
context. In addition, GLI1 activity can be enhanced in a
dose-dependent manner in different colorectal cancer
cells (KRASS'?V luciferase reporter) by RAS, mitogen-
activated protein kinase kinase (MEK) and AKT [188].
Although, GLI1 could be enhanced indirectly through
the upregulation of B-catenin by oncogenic KRAS and
loss of p53 as well as inactivation of PTEN [189, 190]. In
summary, GLI1 activity is boosted by oncogenes, such as
KRAS and loss of tumor suppressors (p53, PTEN) which
are all characteristics of CRC progression. In addition, it
has also been suggested that multiple crosstalk points are
possible between both the Wnt/p-catenin and Hedgehog/
Gli signaling pathways in colon cancer [191]. Both path-
ways can be promoted/enhanced by oncogenic KRAS
due to the fact that KRASMYT has been shown to activate
the Wnt/p-catenin pathway in the context of intestinal
tumor formation and progression [189].

Immune infiltrations and cytokines production in
CRC TME. Positive immune infiltration used as a prog-
nostic value in CRC has been first demonstrated with
tumor-infiltrating lymphocytes [192]. Indeed, the anti-
tumoral immune surveillance is realised by several play-
ers. Here, we focus on lymphocytes and IFNy, which are
both promoting the host response to primary tumors.
In CRC context, some studies demonstrated that onco-
genic KRAS is able to reduce the expression of IFNy
targeted genes in KRASMYT tumor cells (HCT-116 cells
with KRASSP), including STAT1 and MHC-IL. STAT1
expression is stimulated by IFNy and leads to the expres-
sion of MHC-II at the tumor cells surface which are mol-
ecules presenting tumoral antigens to the host immune
system. The downregulation of this pathway (IFNy-
STAT1-MHC-II) drastically reduces the ability of tumoral
cells to stimulate lymphocytes to induce cell death. As a
consequence, it is also promoting tumoral immune eva-
sion [193-195]. Additionally, the same mechanism has
been reported by Lal and colleagues in RAS mutant CRC
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cells, where KRAS mutations were shown to strongly
impact tumor immune infiltration compared to KRASWT
samples [195]. The authors observed that samples with
KRAS mutations were associated with a down regulation
of the IFNy pathway and with a reduced infiltration of
Th1/cytotoxic T cells immunity in CRC. This is consist-
ent with the CMS where KRASMYT tumors are described
as poorly immunogenic [23].

Among the cytokines detected in CRC, here we are
focusing on those having a link or correlation with
KRAS-driven CRC. To note, not only tumor cells produce
cytokines to maintain a pro-inflammatory TME, but also
stromal cells of the TME can release cytokines which in
turn can act on CRC tumor cells to secrete cytokines and
favour a TME. CRC KRAS mutated cells show a higher
expression at basal level of pro-angiogenic chemokines
such as CXCL1 and 8, and a low basal expression of
inflammatory cytokines compared to KRASW' cells
[196]. Furthermore, IL-22 has been shown to promote
tumor progression in murine models of CRC [197-199]
and to play a role in promoting CRC stemness [200]. A
link between IL-22 signaling and KRAS-driven CRC has
been demonstrated [201]. The authors suggested that
IL-22 and KRASMYT cooperatively enhance prolifera-
tion. This could be explained, in part, by an augmenta-
tion of the Myc pathway and its targeted genes, which are
known to be involved in cell proliferation, metabolism,
and cellular growth. Another interesting interleukin,
IL-6, because of its similarity with IL-22 can trigger the
expression of STAT3 (cytokine production) and is a key
regulator of CRC development [202].

Another cytokine, granulocyte—macrophage colony-
stimulating factor (GM-CSF), has been shown to be
upregulated in CRC patients and in particular in those
harbouring KRASMYT [203]. Additionally, in CRC con-
text, it has been demonstrated that KRASG12D was able
to suppress the expression of interferon regulatory fac-
tor 2 (IRF2), which is a negative regulator of the CXCL3
chemokine [204]. CXCL3 facilitates the recruitment of
activated T cells, tumor-associated macrophages (TAMs)
as well as myeloid-derived suppressor cells (MDSCs)
among others. The authors have further shown that this
mechanism leads to a decreased response to immune
checkpoint blockade (ICB) with anti-programmed
death (PD-1). IL-17 expression levels were also higher in
KRASMYT positive CRC tissue [203]. IL-17 is known to
be secreted by T-helper cell 17 (Th17), a pro-inflamma-
tory subset of Th cells, which were shown, to accelerate
tumor formation in lung cancers [205]. Moreover, human
CRC also exhibits up-regulation of IL-23 [206], a pro-
inflammatory cytokine. IL-23 is known for enhancing the
expression of Th17 cells, inducing immune cell activation
aggravates gut inflammation and promoting CRC tumor
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growth and progression via Th17 cells [206, 207]. Some
cytokines are also involved in the regulation of inflamma-
tion that are promoting angiogenesis (stromal response).
For example, RAS-induced IL-8 secretion has been
shown to play a critical role in tumor growth and angio-
genesis (neovascularization) by being a transcriptional
target of RAS signaling (including constitutively active
KRASS'?Y) [208].

Conclusions

KRAS is a critical signaling protein that is central to
both, the maintenance of intestinal homeostasis and CRC
development and progression. However, despite multiple
evidences that KRAS is involved in those (patho)physi-
ological processes, the actual downstream networks and
pathway are still not clearly defined. Network-centric
approaches to drug development and cancer treatment
have become essential in recent years. The mapping of
protein—protein interaction networks is a powerful tool
to study molecular mechanisms of signal transduction
and its aberrations in diseases, such as cancer [209-211].
However, until now most of the interaction screenings
have been performed in cell lines that are limited in terms
of capturing network functions arising from the biologi-
cal context of a three-dimensional tissue organisation
[211, 212]. Henceforth, to understand context-specific
network rewiring and, importantly, link network states
to specific phenotypes, will require mapping of (KRAS-
mediated) cellular networks in (patho)physiologically
relevant model systems (e.g. transwell and co-culture
systems). This will enable to experimentally mimic dif-
ferent microenvironmental and TME contexts. Further,
this should include a basic change in paradigm, from cells
being cultured in non-physiological conditions, such as
high glucose and high oxygen, to more physiologically
relevant growth conditions.

Cancer is a global health burden [213] and indeed
the combat against cancer is one of the EU research
priorities (“EU cancer mission”; https://ec.europa.eu/
info/horizon-europe/missions-horizon-europe/cance
r_en). CRC is one of the most frequent cancers, and in
particular for KRAS mutant CRC no targeted thera-
pies are available that can successfully treat this type
of tumor. KRAS itself remains undruggable despite
advances in inhibitors for the KRASS'?C mutation
that demonstrated anti-tumor activity in clinical trials
[214]. Therefore, understanding networks downstream
of KRAS and how they link to the cancer phenotype is
a key future goal. Still, the immense obstacle of tumor
heterogeneity among CRC patients persists and, even
with current subtyping of CRC, it is likely that no
drug regime will work for a specific CRC subtype [215,
216]. Indeed, personalized medicine approaches for

Page 16 of 22

CRC that build on multiple ‘omics’ data and the use of
patient-obtained biopsies are a promising way forward
[215, 216]. As a major step forward, recently a person-
alized medicine pipeline was developed, where patient-
matched cell lines were used to identify new therapies
and pathways to treat metastatic CRC [217].

Within the personalized medicine approach, another
important path to pursue is incorporation of quantita-
tive data (e.g. quantitative proteomics; [218]) and the
development of computational predictive models [219].
Those models are expected to not only help to better
understand the underlying cancer biology, but to greatly
assist in predicting tumour responses, toxicity, and the
optimal drug treatment regime. Of note, already in 1865
Claude Bernard formulated his vision of quantitative
biology [220]: “Although the application of mathemat-
ics to every aspect of science is its ultimate goal, biology
is still too complex and poorly understood. Therefore, for
now the goal of medical science should be to discover all
the new facts possible. Qualitative analysis must always
precede quantitative analysis” 150 year later it is clear
that we have accumulated sufficient qualitative data to
now proceed to the next step: the acquisition of quanti-
tative data in (patho) physiological relevant systems and
the generation of computational models for cell signaling
networks. Ultimately, when applied to CRC biopsies, this
is expected to enormously benefit patient treatment and
survival.
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