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Colorectal cancer has served as a genetic and biological
paradigm for the evolution of solid tumors, and these
insights have illuminated early detection, risk stratifica-
tion, prevention, and treatment principles. Employing
the hallmarks of cancer framework, we provide a concep-
tual framework to understand how genetic alterations in
colorectal cancer drive cancer cell biology properties and
shape the heterotypic interactions across cells in the
tumor microenvironment. This review details research
advances pertaining to the genetics and biology of colorec-
tal cancer, emerging concepts gleaned from immune and
single-cell profiling, and critical advances and remaining
knowledge gaps influencing the development of effective
therapies for this cancer that remains a major public
health burden.

Colorectal cancer (CRC) is the second most common
adult cancer in women and the third most common in
men, and it is the fourth leading cause of cancer death, ac-
counting for 9.2% of deaths worldwide (Bray et al. 2018;
Dekker et al. 2019). The 5-yr and 10-yr survival rates are
65% and 58%, respectively (Siegel et al. 2017), and inci-
dence and mortality rates are 25% higher in men than
in women (Dekker et al. 2019). CRC incidence and mor-
tality rates also vary by race and ethnicity, being highest
in non-Hispanic blacks and lowest in Asian Americans/
Pacific Islanders (Siegel et al. 2017). In recent years, the
overall incidence of CRC, particularly rectal and distal co-
lon cancers, has declined in individuals older than 50 yr
but increased in those younger than 50 yr (Siegel et al.
2017). Extensive CRC screening has substantially reduced
incidence and mortality by enabling early detection and
removal of precancerous adenomas (Wolf et al. 2018). Al-
though increased nonsystematic screening of young
adults may be contributing to increased incidence (Siegel
et al. 2017), multiple pervasive instigators may drive ear-
ly-onset CRC (in patients <50 yr old), including global
adoption of a westernized diet, chronic stress, and wide-
spread use of antibiotics with alteration of the gut micro-
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biota (Hofseth et al. 2020). Moreover, 10%-20% of all
patients with CRC possess a positive family history (Dek-
keretal. 2019), and ~5% of all cases of CRC are linked to a
known hereditary CRC syndrome detectable by germline
testing (Dekker et al. 2019). Finally, increased sporadic
CRC incidence is associated with longstanding inflamma-
tory bowel disease (Dekker et al. 2019) and variable life-
style factors such as physical inactivity, unhealthy diet,
smoking, obesity, and heavy alcohol consumption (Chan
and Giovannucci 2010; Doubeni et al. 2012), which can
be reduced dramatically with improved disease manage-
ment and implementation of wellness programs.
Intriguingly, differences in clinical outcomes and drug
responsiveness are dependent on the location of cancer
along the colon and rectum. Relevant contributing factors
include their distinct physiological functions, gut micro-
biome (Tropini et al. 2017), regionally resident immune
cell types (Stenstad et al. 2007; Lee et al. 2015; Agace
and McCoy 2017), dietary carcinogens (McMichael and
Potter 1985; West et al. 1989), timing of disease detection,
and ontogeny factors (lacopetta 2002). With respect to in-
testinal development, the proximal (right) large intestine
(cecum, ascending colon, and the transverse colon) derives
from the embryonic midgut, whereas the distal (left) large
intestine (splenic flexure, descending colon, sigmoid co-
lon, and rectum) derives from the embryonic hindgut
(LaPointe et al. 2008). These ontogenetic differences are
associated with differential gene expression patterns
along the proximal-distal axis (LaPointe et al. 2008). Prox-
imal sporadic colon tumors, more frequently diagnosed in
women (51 %-62% of cases) (Hansen and Jess 2012) and in
African-Americans (Augustus and FEllis 2018), show a
higher TNM stage at first diagnosis, display a pattern
with high levels of genome-wide promoter hypermethyla-
tion referred to as CpG island methylator phenotype
(CIMP), exhibit microsatellite instability (MSI) due to de-
ficient DNA mismatch repair mechanisms (AMMR), are
more frequently mutated in KRAS and BRAF and have a
worse prognosis in terms of survival (Dienstmann et al.
2017; Venook et al. 2017; Dekker et al. 2019). In contrast,
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distal colorectal tumors are more likely to present with
chromosomal instability (CIN) (Iacopetta 2002) and
show a more favorable prognosis (Loupakis et al. 2015).
A few studies have suggested that proximal or distal colo-
rectum favors different levels of constitutive p-catenin sig-
naling controlled by retained p-catenin binding affinity in
truncated APC (Albuquerque et al. 2011). An increased
number of retained 20-amino-acid p-catenin binding re-
peats in truncated APC is correlated with AMMR, suggest-
ing the potential mechanisms for these regional
differences in the occurrence of MSI (Albuquerque et al.
2011; Leedham et al. 2013), while additional studies are
needed to understand the mechanisms of regional differ-
ences in the occurrence of CIN and CIMP.

The normal colon epithelium contains crypts that are
comprised of a variety of cells. At the crypt bottoms, there
are rapidly cycling colonic stem cells. The colonic stem
cells express a variety of markers such as LGR5 (Barker
et al. 2007; Zeki et al. 2011) and OLFM4 (Zeki et al.
2011). The colonic stem cells reside at the base of the co-
lonic crypts, “stem cell niche,” and are supported by peri-
cryptal myofibroblasts producing signaling factors that
maintain the stemness of the colonic stem cells (Zeki
et al. 2011). The colonic stem cells generate precursor
cells that differentiate into cells with specialized physio-
logical functions: enterocytes for nutrient uptake, goblet
cells for mucus production, and enteroendocrine cells
for hormone production (Vermeulen and Snippert 2014).
Some characteristics of colonic stem cells are shared by
CRC stem cells (Dalerba et al. 2011; Li et al. 2017a). The
concept that CRC may originate from CRC stem cells
arises from the longevity and self-renewal of stem cells en-
abling accumulation and propagation of oncogenic muta-
tions (Zeki et al. 2011). Limiting dilution transplantation
experiments show that only a subset of CRC cancer cells
possesses tumor-initiating potential (O’Brien et al. 2007);
moreover, a single CRC cell can produce various differen-
tiated colon epithelial lineage types (Kirkland 1988), fur-
ther supporting the existence of cancer cells with stem
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cell-like properties in CRC tumors. These CRC cancer
stem cells show increased chemotherapy resistance (Dal-
las et al. 2009), underscoring the importance of better de-
fining markers, signaling circuits, and therapeutic targets
that differentiate normal versus neoplastic stem cells for
improved CRC therapy (Nakanishi et al. 2013).

The highly chronicled evolution of CRC reveals its ori-
gin first as an aberrant crypt that evolves into a benign ad-
enomatous polyp, which ultimately transforms into
sporadic CRC over a long period of time of ~10-15 yr
(Dekker et al. 2019). This conventional adenoma-carcino-
ma-metastasis model occurs in most cases of CRC (70%-—
90%) (Fig. 1). These phenotypic transitions are associated
with the accumulation of specific signature genetic
events of “APC-KRAS-TP53,” known as the Vogelstein
model (Fearon and Vogelstein 1990). Emerging data from
the TCGA, mouse genetic models, and clinic-pathological
correlations have revised the sequence of gene events as
“APC-TP53-KRAS” (see “CRC Immunity” and “Activat-
ing Invasion and Metastasis”) (Boutin et al. 2017; Liao
etal. 2019). Asillustrated in Figure 1, adenoma emergence
coincides with inactivating mutation or deletion of APC
(Fearon and Vogelstein 1990), adenocarcinoma sustains
inactivating mutations or deletion of TP53 (which may
be dispensable [Janssen et al. 2006]) with telomere dys-
function and double-stranded DNA breakage driving
CIN (Rudolph et al. 2001), and invasive/metastatic dis-
ease often shows activating mutations in KRAS (Boutin
et al. 2017). Alternatively, ~10% of CRCs can evolve
along a so-called serrated neoplasia pathway featuring
one of two progression presentations: (1) a sessile serrated
pathway, in which a microvesicular hyperplastic polyp
progresses to a sessile serrated adenoma and then to either
MSI or microsatellite stable (MSS) carcinoma, or (2) a tra-
ditional serrated pathway, in which a goblet cell-rich hy-
perplastic polyp progresses to a traditional serrated
adenoma and then to MSS carcinoma (Snover 2011; Rash-
tak et al. 2017). These serrated neoplasms exhibit a higher
frequency of activating mutations in BRAF and KRAS,
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Figure 1. Colorectal cancer “conventional adenoma-carcinoma-metastasis” model and corresponding cancer hallmarks.
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increased CIMP (Dekker et al. 2019), hypermutation rates,
but rarely APC mutations (Rashtak et al. 2017; Chang
et al. 2018). Another specific form of CRC, the colitis-
associated cancer (CAC), most frequently appears in pa-
tients with inflammatory bowel disease (IBD). CAC ac-
counts for about 2% of CRC. Compared with the
sporadic/familial CRC, it shares similarities but also pre-
sents distinct features in terms of etiology, genetic alter-
ations, and treatment interventions, as comprehensively
reviewed elsewhere (Shalapour and Karin 2020).

In addition to the CRC signature mutations of APC,
TP53, and KRAS, in-depth genomic and transcriptomic
profiling has revealed disease heterogeneity reflected by
numerous lower-frequency mutations and transcriptional
profiles, classified into four consensus molecular subtypes
(CMS). CMSI1 features hypermutation, MSI, and an active
immune response. CMS2 presents with epithelial features
and significant activation of Wnt and Myc signaling.
CMS3 exhibits epithelial features and metabolic dysregu-
lation. CMS4 possesses strong TGF-p activation, stromal
invasion, and angiogenesis (Guinney et al. 2015). The
CMS classification provides a framework for prognostica-
tion and improved assignment of targeted therapies in pre-
cision trials (Dekker et al. 2019).

The versatile features of CRC subtypes are captured by
a diverse array of models, including chemically induced
and genetically engineered mouse models, as comprehen-
sively discussed elsewhere (Heyer et al. 1999; Mouradov
etal. 2014; McIntyre et al. 2015; Medico et al. 2015; Brown
et al. 2016; Biirtin et al. 2020), as well as patient-derived
cell lines, organoids, and xenografts. Each model system
offers unique experimental merits. With respect to genet-
ically engineered mouse models, the first CRC model,
Apc™™/* "was developed in 1990 (Moser et al. 1990; Su
et al. 1992). This model expresses truncated APC protein
and is largely used to model human familial adenomatous
polyposis and CRC. Of note, tumors developed in the
Apc™™/* mouse are restricted to the small intestine,
which is rare in humans. This caveat of the Apc™™* mod-
el has been overcome by the generation of mouse models
with gene recombination driven by CDX2-Cre, or particu-
larly Villin-Cre induced by tamoxifen enema, which are
more specific for colonic epithelium and develop mostly
CRC (el Marijou et al. 2004; Hinoi et al. 2007). One such
example is the recently generated iKAP model that har-
bors the three major signature mutations (Apc/Trp53/
Kras) induced by Villin-Cre, recapitulates CRC progres-
sion, and serves as a platform to understand the biological
functions of specific genetic mutations as well as dissect
the cellular interactions operating in the tumor microen-
vironment (TME) (Boutin et al. 2017; Liao et al. 2019).
Moreover, one of the most popular mouse models of
CRC is based on a combination of dextran sulfate
sodium-induced experimental colitis with carcinogen
(azoxymethane) exposure, which researchers have used
for studying CAC.

More recently, three-dimensional “organoid” model
systems have been developed via genetic editing of normal
intestinal epithelium, summarized in Table 1, and appear
to mirror well the complex genetic and transcriptomic
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features of various CRC subtypes. CRC tumor organoids
derived from human or mouse tumors are also being es-
tablished and used increasingly to understand the genetic
bases of response to therapies (Calon et al. 2015; Vlacho-
giannis et al. 2018; Ganesh et al. 2019; Ooft et al. 2019;
Arena et al. 2020; Yao et al. 2020), profile genomic alter-
ations (Bolhaqueiro et al. 2019) and intratumoral heteroge-
neity (Roerink et al. 2018; Bruun et al. 2020), and create
organoid-xenografts for realistic disease modeling (Roper
et al. 2017). In addition, patient-derived tumor organoids
may also serve as avatar systems for ex vivo testing of
drug regimens with the goal of guiding personalized clin-
ical treatment (Narasimhan et al. 2020). An important en-
hancement in organoid modeling has been the tumor
organoid-T-cell coculture systems using tumor tissues
from CRC patients and immune cells, particularly T cells
derived from autologous peripheral blood lymphocytes
(Cattaneo et al. 2020). In these models, the autologous T
cells react to tumor organoids but not healthy organoids
or tissue (Dijkstra et al. 2018). As such, these models
may facilitate the investigation of immune therapies in
defined genetic contexts as well as determine adaptive
and resistance mechanisms to immune and targeted ther-
apies. Moreover, the tumor-reactive T cells derived from
these coculture models may illuminate potential adoptive
T-cell transfer therapies.

In summary, major progress across multiple fronts has
positioned the field to make a decisive assault on one
of the most prevalent and lethal cancers. This review
provides an extensive summary of signature genetic alter-
ations and epigenetic alterations (such as DNA methyla-
tion, histone modification, and co-/post-transcriptional
regulation of RNA expression), refined molecular classifi-
cation of disease subsets, and a maturing pipeline of im-
mune and targeted therapies coupled with immune and
molecular profiles of treated human tumors. The next sub-
section details some of the prominent genetic and biolog-
ical features of CRC in the framework of hallmarks of the
cancer paradigm (Hanahan and Weinberg 2011).

The hallmarks of CRC

Genome instability and mutation

Comprehensive genomic profiling of CRC has revealed
significant intratumoral and intertumoral heterogeneity
resulting from the accumulation of genetic mutations
and chromosomal aberrations during disease initiation
and progression. Genomic instability in CRC presents as
one of two major forms: CIN and MSI (Lengauer et al.
1998). The CRCs lacking CIN or MSI are classified as ge-
nome stable (GS) (Liu et al. 2018b). In GS CRC, the DNA
repair genes and tumor suppressors are likely to be tran-
scriptionally silenced through CIMP, though a large pro-
portion of MSI CRCs and a small population of CIN
CRCs are also CIMP-positive, and about 10% of CRCs
are negative for CIN, MSI, or CIMP (Simons et al. 2013).

Chromosome instability (CIN) CIN is characterized by
chromosomal numerical alterations (aneuploidy) and
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structural alterations (somatic copy number alterations,
deletions, insertions, amplifications, or loss of heterozy-
gosity) (Nguyen et al. 2020), occurring in 65%-70% of
sporadic CRCs. Nearly all CIN tumors show activated
Wnt signaling, and 80% harbor mutational inactivation
of APC, a negative regulator of the Wnt pathway (Nguyen
et al. 2020). Mutational inactivation/deletion of TP53 oc-
curs in 60% of CIN tumors (Nguyen et al. 2020), and p53
loss of function (1) directly drives CIN and (2) provides a
permissive context for genome instability mechanisms.
With respect to genome instability, combined telomere
dysfunction and p53 deficiency is a major CIN mecha-
nism, as revealed by the occurrence of anaphase bridges
in early-stage carcinomas of human CRC (Rudolph et al.
2001) and spontaneous CRC occurrence in telomerase-de-
ficient p53 mutant mice (Artandi et al. 2000). Aneuploidy
may also result from defects in mitotic checkpoints, mi-
crotubule attachment, centrosomes, mitotic spindles,
and chromosome cohesion, resulting in errors in chromo-
some partitioning during cell division. For example,
microdeletions in the MACROD2 gene, present in one-
third of sporadic CRCs, interrupts the transferase catalyt-
ic activity of PARPI, leading to DNA repair deficiency
during mitotic entry, spindle checkpoint relaxation, and
aneuploidy (Sakthianandeswaren et al. 2018). Tolerance
of aneuploidy-induced cell death in CRC has been attrib-
uted to BCLIL deficiency and subsequent reduced basal
caspase-2 levels and insufficient cleavage of MDM2 and
BID death agonist (Lopez-Garcia et al. 2017).

Microsatellite instability (MSI) Microsatellites are
DNA sequences containing repetitive motifs that tend
to accumulate higher mutation rates than other genomic
regions. MSI is the phenotypic manifestation of dAMMR re-
sulting from mutational inactivation of MMR genes, in-
cluding MLH1, MSH2, MSH3, MSH6, and PMS2. MSH2
forms heterodimers with MSH6 or MSH3 and regulates
mismatch recognition and repair initiation (Li 2008).
Loss of the MMR gene function results in genetic hyper-
mutation, fueling CRC development. In sporadic CRC,
MLH1 promoter hypermethylation leading to gene silenc-
ing is the most common cause of MSI (Cunningham et al.
1998). In some Lynch syndrome patients, hypermethyla-
tion of the MSH2 promoter is caused by a transcriptional
read-through due to the germline deletion of its direct up-
stream gene, TACSTD1 (encoding EPCAM) (Ligtenberg
et al. 2009). MSH3, responsible for the repair of mismatch-
es in dinucleotides and tetranucleotides, is repressed or
mislocalized by hypoxia, inflammation (Tseng-Rogenski
et al. 2015), and cellular stress (Sereide et al. 2016) in
CRC. MSI-high (MSI-H) tumors possess many point muta-
tions that create abundant neoantigens that can engender
an inflammatory phenotype characterized by dense infil-
tration of lymphocytes, and this phenotype shows more
frequent and robust responses to immune checkpoint in-
hibitor therapies approved by the US Food and Drug Ad-
ministration (FDA) (see “CRC Immunity”; Willis et al.
2020).

In summary, CRC genome instability mechanisms, pre-
senting as CIN or MS], contribute to tumor heterogeneity
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but with distinct genetic and biological features. These
designations have important diagnostic and therapeutic
implications for patients with CRC.

Telomere dysfunction and telomerase reactivation

Telomeres, along with the shelterin complex, protect and
maintain chromosomal integrity (van Steensel et al. 1998;
de Lange 2005). The pathogenetic relevance of telomere
dysfunction in CRC was reinforced further by studies in
the telomerase-deficient Apc™™* mouse model (Rudolph
etal. 2001). Correspondingly, in humans, progressive telo-
mere erosion occurs in the intestinal epithelium during
aging (O’Sullivan et al. 2006), and telomere dysfunction
(anaphase bridging) has been documented in the adeno-
ma-to-carcinoma transition, indicating that a telomere-
based crisis plays a role in driving CIN in the early stages
of human CRC (Fig. 1; Rudolph et al. 2001). Finally, cancer
progression is associated with telomerase reactivation,
which is present in 85%-90% of all cancer types, includ-
ing CRC (Tang et al. 1998).

Beyond CIN, telomere biology may contribute to key
processes governing carcinogenesis, such as inflamma-
tion, which is a well-known instigator of colon cancer.
Patients with IBD, particularly ulcerative colitis (UC),
are at high risk for CRC development (Eaden et al.
2001; O’Sullivan et al. 2002; Jess et al. 2005; Risques
et al. 2008). In UC, the cumulative risk of CRC is 2%,
8%, and 18% after 10, 20, and 30 yr, respectively, of dis-
ease duration (Eaden et al. 2001). Accelerated telomere at-
trition has been documented in the colon of UC patients,
supporting the hypothesis that resultant CIN contributes
to increased CRC occurrence (O’Sullivan et al. 2002; Ris-
ques et al. 2008). Interestingly, age-dependent telomere
attrition in the intestinal epithelium could also be a pri-
mary cause of late-onset IBD and may also contribute to
disease recurrence. Specifically, telomere dysfunction
can activate ATM/cABL, which phosphorylates and acti-
vates YAPI, resulting in up-regulation of prointerleukin
(IL)-18 (Chakravarti et al. 2020). In the colon, the gut
microbiome-activated inflammasome-mediated caspase-
1 cleaves pro-IL-18 into mature IL-18, resulting in inflam-
mation. As a result, increased intracellular ROS levels ac-
celerate telomere damage and attrition, generating a feed-
forward loop of telomere dysfunction-inflammation,
which could fuel genomic instability and ultimately can-
cer (Jurk et al. 2014). In addition to the IL-18 mechanism,
extrachromosomal telomere fragments present in cells
undergoing crisis can induce the cGAS/STING pathway
(Nassour et al. 2019), which induces chronic inflamma-
tion through a type I interferon-mediated pathway.
Thus, the telomere-cGAS/STING connection could po-
tentially be another driver of cancers associated with in-
flammation and form the basis of novel therapeutic
interventions.

Another important intersection of telomeres and other
CRC hallmarks relates to mitochondrial biology and oxi-
dative defense. Specifically, telomere dysfunction acti-
vates p53, which in turn represses PGC1l-a and PGC1-§,
the master regulators of genes for mitochondrial
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biogenesis and oxidative defense. Telomere dysfunction-
induced ROS and reactive nitrogen species (Valko et al.
2007) damage lipids, proteins, and DNA. ROS can oxidize
lipids known as polyunsaturated fatty acids and produce
other free radicals and substances such as malondialde-
hyde, conjugated dienes, hydroperoxides, lipoperoxides,
and toxic aldehydes (Marnett 1999; Cejas et al. 2004). Lip-
id peroxidation in turn can change membrane fluidity and
increase membrane permeability, leading to defects in sig-
naling as well as inflammation. Protein oxidation can im-
pair protein function, which could impact the fidelity of
polymerases and DNA repair enzymes (Shringarpure and
Davies 2002) as well as the proteasome system responsi-
ble for clearing misfolded and damaged proteins (Shringar-
pure and Davies 2002; Grune et al. 2003). This
accumulation of damaged proteins can drive several dis-
eases, including CRC (Marnett 2000). Finally, high ROS
levels can increase the oxidization of DNA nucleotides
(adenine, guanine, cytosine, and thymine), which is muta-
genic by itself and is present in several types of cancers, in-
cluding CRC (Bjelland and Seeberg 2003). Another
interesting aspect is that high ROS states, brought about
by telomere dysfunction driving inflammation, elevate
expression of cyclooxygenase enzyme-2 (COX2) (Uchida
2017), which catalyzes the conversion of arachidonic
acid to prostaglandins. The role of this axis in CRC was
validated in prevention trials for patients with familial ad-
enomatous polyposis, as well as multiple coclinical trials
with different murine models, which demonstrated that
COX2 inhibitors were efficacious in reducing tumor mul-
tiplicity and size, leading to the initial approval by the
FDA. However, cardiovascular safety concerns prompted
the withdrawal of the indication (Koehne and Dubois
2004; Ricciardiello et al. 2016).

The relevance of telomerase reactivation in CRC
pathogenesis is evident on several levels. First, telome-
rase reverse transcriptase (TERT) levels and telomerase
activity increase during adenoma-carcinoma progression
(Tatsumoto et al. 2000; Terrin et al. 2008), and high lev-
els of telomerase correlate positively with poor progno-
sis (Bertorelle et al. 2013). This correlation may relate
directly to procarcinogenic activities of TERT and/or re-
flect the level of MYC or WNT, which can up-regulate
TERT gene transcription. Although TERT gene promot-
er mutations are common in many cancer types (up to
80% in some cancers [Killela et al. 2013]), such muta-
tions occur in only 10% of cases of CRC (Siraj et al.
2020). Because these somatic mutations augment
TERT transcription via enhanced ETS transcription fac-
tor binding (GAPB) to the newly formed ETS binding
motifs (Bell et al. 2015; Stern et al. 2015), it is tempting
to speculate that this low frequency reflects the high c-
MYC levels in CRC, which induces TERT transcription
via conserved E-boxes in the TERT gene promoter (Wu
et al. 1999). Similarly, in high Wnt signaling, p-catenin
interacts with KLF4 to engage four conserved TCF4
binding sites in the TERT gene promotor (Hoffmeyer
et al. 2012).

In summary, telomere dysfunction and telomerase reac-
tivation play pivotal roles in adenoma-to-carcinoma pro-
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gression through a variety of mechanisms, including
CIN. Moreover, telomere dysfunction itself can drive in-
flammation and decrease ROS defense, thereby promoting
carcinogenesis on multiple levels.

Sustaining proliferative signaling

Somatic genetic alterations activate key signal transduc-
tion pathways that endow cancer cells with a proprolifer-
ative state. In CRC, the major proproliferative signaling
pathways are the EGFR-RAS and WNT-f-catenin
pathways.

EGFR signaling EGFR activation triggers downstream
RAS/RAF/MEK/ERK and PI3K/AKT signaling cascades.
These signaling components are frequently mutated in
CRC (Fig. 2). The exception is EGFR itself, which is rarely
mutated (1% of cases of CRC [Barber et al. 2004]) and in-
stead shows overexpression in ~80% of CRCs (Spano
et al. 2005). Enhanced EGFR activation can occur via
post-translational modifications involving methylation
of R198 and R200 by protein arginine methyltransferase
1 (PRMT1), which enhances its binding to EGF and conse-
quent signaling activation, even in the presence of the
EGFR inhibitor (Liao et al. 2015). Moreover, consistent
with the receptor tyrosine kinase (RTK) coactivation hy-
pothesis (Stommel et al. 2007), the MET receptor could
substitute for EGFR signaling. Specifically, HGF, the
MET receptor ligand secreted by cancer-associated fibro-
blasts (Woolston et al. 2019), can fully replace EGF in driv-
ing normal intestinal stem cells into intestinal organoids
and promoting the expansion of Apc mutant mouse orga-
noids, findings consistent with the ability of MET to by-
pass EGFR inhibition in CRC (Joosten et al. 2017, 2019).
HER2/ERBB2 activation can also activate EGFR down-
stream signaling. Notably, HER2 somatic mutations
and gene amplifications occur in 7% of cases of CRC
and activating mutations of HER2 endow anchorage-inde-
pendent growth in colon epithelial cells (Fig. 2; Kavuri
et al. 2015).

The clinical effectiveness of EGFR blockade is dictated
by the mutational status of its downstream signaling com-
ponents (Di Nicolantonio et al. 2008); specifically, gain-of-
function mutations in RAS, RAF, MEK, or ERK can main-
tain cancer cell proliferation and survival upon EGFR in-
hibition. Activating mutations in KRAS, NRAS, or
HRAS are collectively present in ~50% of cases of CRC;
these mutations involve codons 12 or 13 (Vaughn et al.
2011) and, less frequently, codons 61, 117, or 146 (Edkins
et al. 2006). Such mutations increase the stability of the
KRAS-GTP complex resulting in constitutive activation
of KRAS (Boguski and McCormick 1993). Recent studies
have shown that oncogenic KRAS, long considered
undruggable, can be inhibited by small molecules that co-
valently bind to the less common GI2C variant
(KRASS!'2C) (Canon et al. 2019). Such inhibitors have
shown antitumor activity in early-stage clinical trials,
with most of the success in non-small cell lung cancers
and less so in CRC (Hong et al. 2020). In these trials, the
lack of responses or resistance may relate to several
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Figure 2. Growth signaling and their interconnection in CRC.

mechanisms, including (1) a high level of basal RTK acti-
vation and phospho-ERK signaling rebound, which sug-
gests that combining EGFR and KRASS'?€ inhibitors
could potentially overcome resistance (Amodio et al.
2020); (2) the coactivation of multiple RTKs, as observed
in other cancers (Stommel et al. 2007); and (3) the possibil-
ity that oncogenic KRAS plays a role in sustaining metas-
tases rather than primary tumor growth, as suggested by
preclinical models (Boutin et al. 2017; Liao et al. 2019).
With respect to the RAS pathway in CRC, the RAS ef-
fector, BRAF, is mutated in 10%-15% (Davies et al.
2002; Rajagopalan et al. 2002; Vaughn et al. 2011) of ear-
ly-stage CRC and around 5% in stage IV CRC, in the hot-
spot codon 600 (V60OE) (Vaughn et al. 2011), and is
mutually exclusive of RAS mutations (De Roock et al.
2011). BRAF mutation is a negative prognosis factor for
CRC (Sanz-Garcia et al. 2017). BRAFVO9E activates
MEK-ERK, which in turn activates transcription factors
such as MYC (Meyer and Penn 2008) and NF-kB (Suh
et al. 2008). The inhibition of BRAF alone showed limited
activity in metastatic BRAFV®°° CRC owing to EGFR-
mediated reactivation of MAPK signaling (Corcoran
et al. 2012), leading to the approval of combinations of
EGFR inhibitors with BRAF and MEK inhibitors that
have now become the standard of care in patients with
metastatic BRAF mutant tumors. In addition, the clinical
application of specific RAS pathway inhibitors should be
mindful of the impact of the drug on host components

in the TME. Along these lines, it is worth noting that
MEK inhibitors inhibit both cancer cells and T cells, di-
minishing antitumor immunity, whereas the KRASSG!>¢
inhibitor would have an advantage because it is specific
to cancer cells and spares T cells (Canon et al. 2019). It
is also worth noting that oncogenic KRAS up-regulates cy-
tokines, which recruit immunosuppressive myeloid cells
to impair responses to immunotherapy (see “CRC
Immunity”).

With respect to the PIBK/AKT/mTOR pathway in CRC,
avariety of activating mechanisms can target its signaling
components, such as activating mutations in the PI3K reg-
ulatory p85 subunit (Cantley 2002) (8% of cases [Luo et al.
2003; Jaiswal et al. 2009]), amplification of AKTI (6%)
(Yaeger et al. 2018), and loss of heterozygosity (23%—
35%) or epigenetic silencing (19%) (Zhang et al. 2011) of
PTEN, the negative regulator of PI3K signaling (Fig. 2).
PIK3CA mutations often coexist with KRAS mutations
(Haigis 2017), and mutant KRAS can also activate PI3K
signaling via direct interaction (Rodriguez-Viciana et al.
1994; Gupta et al. 2007). The PI3K/AKT/mTOR signaling
pathway responds to both intracellular (stress and energy)
and extracellular (growth factor and hormone) signals
(Francipane and Lagasse 2014). Activation of mTOR leads
to increased S6K1 and eIF4E activity to promote protein
translation and cell growth in terms of both size and pro-
liferation (Fingar et al. 2002). Accordingly, therapeutic in-
hibition of PIK3CA and mTOR individually and
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collectively has shown antitumor activity in preclinical
models in CRC (Foley et al. 2017). However, this is not
recapitulated in clinical trials, suggesting a highly com-
plex signaling network in vivo that dampened the antitu-
mor activity of single agents and the necessity of
combinatorially targeting multiple components of the
main pathway and the alternative feedback loops.

Wnt/B-catenin signaling Wnt/p-catenin signaling main-
tains normal and cancer cell stemness and chronic Wnt ac-
tivation promotes CRC. The level of B-catenin in the
cytoplasm is controlled by the destruction complex, con-
sisting of AXIN, APC, CK1, and GSK3. The accumulation
of Wnt ligands causes p-catenin to dissociate from the de-
struction complex and migrate to the nucleus. Coupled
with TCF or LEF, p-catenin activates many genes enabling
tumor growth, including TERT, as mentioned earlier
(Hoffmeyer et al. 2012). Wnt itself can be epigenetically ac-
tivated by lysine demethylase 3 (KDM3) (Li et al. 2017b) or
by DNA hypermethylation (Tao et al. 2019). Wnt signaling
activating mutations can be divided into ligand-indepen-
dent alterations of the intracellular signal transduction
proteins, such as APC and p-catenin, and ligand-dependent
mutations, which amplify endogenous Wnt signal trans-
membrane transduction, such as R-spondin (RSPO) fu-
sions (Fig. 2). Significantly distinct transcriptional,
epigenetic, morphological, and clinical characteristics
have been identified in CRCs with ligand-dependent or li-
gand-independent Wnt activation (Kleeman et al. 2020).
Tumors with ligand-dependent Wnt activation remain
sensitive to Wnt ligand inhibition (Kleeman et al. 2020).
Ligand-independent Wnt signaling activation is most
frequently driven by alterations in APC and CTNNBI1
(the gene encoding p-catenin), occurring in 80% and 5%
of cases of CRC, respectively (The Cancer Genome Atlas
Network 2012). In mouse models of intestinal cancer en-
gineered with loss of Apc and Trp53 and oncogenic Kras
activation, genetic restoration of Apc resulted in cancer
cell differentiation, tumor regression without relapse,
and re-establishment of normal crypt-villus morphology,
indicating that Wnt signaling serves a role in tumor
maintenance and therefore represents a prime target for
intervention (Dow et al. 2015). Besides mutational inacti-
vation, loss of APC can result from degradation by lyso-
somes due to enhanced vesicular trafficking induced by
B-catenin through positive feedback regulation (Jung
et al. 2018a). Of note, APC also regulates other B-cate-
nin-independent signaling, such as binding to actin to reg-
ulate cell migration and chromosomal fidelity (Jung and
Park 2020) and binding to MINKI1 to regulate CRC cell
proliferation (Popow et al. 2019). Conversely, CRC can
down-regulate Wnt signaling repressors that trap B-cate-
nin in inactive complexes (Jung et al. 2018b) and promote
p-catenin degradation (Zhang et al. 2016a; Yuan et al.
2017). In CRC, B-catenin’s transcription transactivation
potential can be enhanced by phosphorylation induced
by RTK (van Veelen et al. 2011) and up-regulation of coac-
tivator proteins interacting with the p-catenin/TCF4 com-
plex (Takada et al. 2012; Hua et al. 2019). For example,
increased H3K9me3 demethylase JMJD2D interacts
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with B-catenin to up-regulate target gene transcription
(Fig. 2; Peng et al. 2019). Even though loss of function of
APC and gain of function of B-catenin could activate
Wnt signaling independent of the Wnt ligands, it has
been shown that CRC cells with these mutations remain
responsive to Wnt ligands blockade (He et al. 2005;
Voloshanenko et al. 2013; Jung and Park 2020). Targeting
B-catenin is challenging because of its intracellular loca-
tion and absence of enzymatic activity. A recent study
demonstrated the efficacy of direct pharmacological inhi-
bition of p-catenin with RNA interference in a preclinical
model, shedding light on further mechanistic study and
clinical trials (Ganesh et al. 2016). In addition, targeting
downstream genes of p-catenin through inhibition of the
precursor mRNA splicing enzyme, CDC-like kinase
(CLK), has shown potent antitumor effects in gastrointes-
tinal tumors in xenograft mouse models and is currently
being tested in solid tumor in clinical trials (Tam et al.
2020).

Ligand-dependent Wnt signaling is initiated by Wnt li-
gands binding to the seven-pass transmembrane frizzled
(Fz) receptor and its coreceptors, LRP5 and LRP6 (Mac-
Donald et al. 2009). Norrin and RSPO act through the Fz/
LRP complex as potent Wnt agonists (Clevers and Nusse
2012). The Wnt ligands secretion is dependent on their pal-
mitoylation by Porcupine (PORCN/). PORCN is now spot-
lighted as a target in several clinical trials for CRC (Jung
and Park 2020). RSPO, feeding into the canonical Wnt
pathway, strongly promotes intestinal crypt proliferation.
The receptor for RSPO, LGR5, is a marker for intestinal
stem cells and is a Wnt target gene in CRC. LGR5 physical-
ly resides within the Fz/LRP complex and mediates RSPO
engagement of the canonical Wnt pathway (MacDonald
et al. 2009). LGR5" stem cells appear to be the preferred
cells of origin for intestinal cancer (Barker et al. 2009;
Schepers et al. 2012) even though CRC is speculated to
have multiple cell of origin lineages, such as LRIG1 + intes-
tinal stem cells (Powell et al. 2012), an area that may ben-
efit from in-depth single-cell omics studies. Besides their
essentiality in primary CRC growth, LGR5+ stem cells
also appear critical for the long-term growth of CRC liver
metastasis (de Sousa e Melo et al. 2017; Fumagalli et al.
2020). In CRC, LGR5 could be degraded by E3 ligases
NEDD4 and NEDDA4L, the loss of which (occurring in
5% of CRC cases) enhances intestinal stem cell prolifera-
tion, induces high-grade dysplasia, and accelerates CRC
progression (Novellasdemunt et al. 2020). In tumors with-
out APC mutation or downstream Wnt pathway muta-
tions, up-regulation of RSPO induced by EIF3E-RSPO2
and PTPRK-RSPO3 chromosome rearrangements (10%
of cases of CRC) (Seshagiri et al. 2012) can initiate Wnt-de-
pendent hyperplasia and tumor development and syner-
gize with mutant KRAS (Han et al. 2017; Hilkens et al.
2017). RSPO fusion also sensitizes CRC cells to asparagi-
nase therapy by inhibiting GSK3 and limiting protein deg-
radation and free asparagine generation (Hinze et al. 2020).
Of note, in a subset of stromal-rich CRC, desmoplastic
stromal expression of RSPO ligands could compensate
for the absence of epithelial mutation (Kleeman et al.
2020). Cell-surface transmembrane E3 ubiquitin ligase



ZNRF3 (deleted in 0.5% of cases of CRC) and its functional
homolog RNF43 (mutated in ~18% of CRC) (Hao et al.
2016a) can negatively regulate Wnt signaling by promoting
the turnover of cell membrane Fz and LRP6. Specifically,
the two recurrent hotspot mutations in RNF43 in CRC
and endometrial cancer are G659fs and R177fs. Both muta-
tions are close to MSI loci, which may explain the high fre-
quency (79.7%) of RNF43 mutations in MSI CRC (Hao
et al. 2016a). The membrane clearance of ZNRF3/RNF43
induced by RSPO results in membrane accumulation of
Wnt receptors and activation of Wnt signaling (Fig. 2;
Hao et al. 2012).

In summary, the EGFR and Wnt/p-catenin pathways
sustain genetic and epigenetic alterations in virtually all
CRCs and play central roles in driving cancer cell prolifer-
ation, as well as other tumor biological hallmarks, as de-
tailed in the following subsections. Moreover, an
understanding of the circuitry of these pathways has yield-
ed meaningful therapeutic advances, and the elucidation
of resistance mechanisms continues to illuminate novel
strategies for improved management via combination
therapies.

Evading growth suppressors

Cancer cells overcome growth constraints operative in
normal cells via deactivation of cell cycle checkpoints,
tolerance of DNA damage, and override of senescence.
The mechanisms underlying the genetics and biology of
evasion of growth suppression in CRC are as follows.

Bypassing cell cycle checkpoints Regulation of cell cy-
cle phases—GO0/G1, S, G2, and M—involves the orches-
trated actions of cyclin-dependent kinases (CDKs),
checkpoint kinases, aurora kinases, and Polo-like kinases
(PLKs). In concert with activating cyclins, CDKs are a fo-
cal point for cell cycle control and receive activating sig-
nals originating from mitogenic pathways such as RAS
and inhibitory signaling from DNA damage-sensing
checkpoint molecules such as p53 (Otto and Sicinski
2017). The GI cyclin/CDK complex phosphorylates and
inactivates Rb to unleash E2F transcription factor activity
to up-regulate genes promoting progression to later phases
of the cell cycle. The progression through S phase and the
transition from G2 to M phases are controlled by cyclin—
CDK complex, PLK1, and aurora A/B (Otto and Sicinski
2017). The up-regulation of aurora A kinase in CRC in-
creases microtubule assembly rates and causes transient
abnormalities in mitotic spindle geometry, which pro-
motes the generation of lagging chromosomes and aneu-
ploidy (Ertych et al. 2014). Inhibiting aurora A kinase
alone in CRC patients showed no significant response in
a phase I clinical trial (Cervantes et al. 2012). However,
a recent study showed that the tumor suppressor
ARIDI1A, a component of the SWI/SNF chromatin remod-
eling complex, is synthetically lethal with up-regulated
aurora A in CRC. Inhibiting aurora A activity in
ARID1A-deficient cells significantly increases G2/M ar-
rest and induces cellular multinucleation and apoptosis
(Wu et al. 2018), suggesting an increased efficacy of aurora
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A kinase inhibition in stratified CRC patients with
ARIDI1A-deficiency. PLK1 reactivates CDK1 after cells re-
cover from DNA damage (Otto and Sicinski 2017). In
CRC, inhibition of PLK1 causes prometaphase accumula-
tion and subsequent death of KRAS mutant cells, indicat-
ing that a synthetic lethal relationship exists between
PLK1 and mutant KRAS (Luo et al. 2009).

Tolerating DNA damage As noted above, CRC cells in-
cur genetic mutations driven by mutagenic mechanisms
and unrepaired DNA damage. The conventional DNA
damage response (DDR) initiates with “damage sensing”
by DDR sensors specific to DNA double-strand breaks
(DSBs), including MRN, and by sensors specific to sin-
gle-strand DNA (ssDNA) damage, including RPA. The sig-
nals are then transduced by ATM for DSBs and ATR for
ssDNA damage (Mirza-Aghazadeh-Attari et al. 2018)
and amplified by phosphorylation of DDR mediators
CHK2 and CHKI1 (Liu et al. 2006), respectively. As the
downstream effector of CHK1 and CHK?2, p53 plays a cen-
tral role in DDR, determining the fate of damaged cells:
cell cycle arrest, senescence, or apoptosis, aligning with
its frequent mutation in CRC. Both p53 deletion and in-
creased p53 degradation by MDM2 contribute to unre-
paired DNA damage and promotion of tumorigenesis.
p53 degradation by MDM?2 is inhibited by ARF encoded
by the Ink4a/Arf tumor suppressor locus (Pomerantz
et al. 1998; Zhang et al. 1998). Telomere-dysfunctional
p53 mutant mice develop epithelial cancers, including
CRC, whereas telomere-dysfunctional Ink4a/Arf’" mice
do not, underscoring the role of p53-dependent DNA dam-
age signaling in dictating whether telomere dysfunction
can serve as a mutational mechanism driving carcinomas
(Khoo et al. 2007).

Beyond loss of p53, other DNA damage tolerance mech-
anisms have been detected in CRC. For example, the effi-
cacy of irinotecan, the topoisomerase I (TOP1) inhibitor,
which traps TOP1 on DNA and generates protein-linked
DNA breaks that trigger cell death in CRC, is compro-
mised by the fast repair of protein-linked DNA breaks me-
diated by faster recruitment or retention of 53BP1 at the
DNA damage site due to a loss of H4K16 acetylation. Ac-
cordingly, histone deacetylase (HDAC) inhibitors can sen-
sitize CRC cells to irinotecan (Meisenberg et al. 2017).
Especially in MSI CRC, mutations in a microsatellite
tract of MRE11, a component of the MRN complex, lead
to a truncated MRE11 protein and deficient DSB repair.
This deficiency sensitizes MSI CRC to PARP-1 inhibition
in a synthetic lethality manner (Vilar et al. 2011). Along
this line, MMR deficiency also showed a synthetically le-
thal relationship with PTEN-induced putative kinase 1
(PINK1) inhibition (Martin et al. 2011) or DNA polymer-
ase POLG inhibition (Martin et al. 2010).

Overriding senescence Cell senescence is induced by ei-
ther a cell division counting mechanism termed “replica-
tive senescence” or stress signaling brought about by
DNA damage, oncogenic activation, or oxidative stress,
termed “premature senescence” (Holliday 1983). Prema-
ture senescence protects cells from tumorigenesis. p53/
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p21 signaling-dependent senescence (Roninson 2003) is
compromised by p53 degradation by MDM2, p53 inactiva-
tion via loss of acetylation (Wang et al. 2014), and muta-
tion that impairs the formation of senescence-associated
heterochromatin foci (de Barrios et al. 2017). In addition,
p21 expression in CRC is inhibited by up-regulated
TRIB2 (Hou et al. 2018) and LRH-1 (Kramer et al. 2016).
CRC cell senescence, however, is also paradoxically asso-
ciated with inflammation, which can promote tumorigen-
esis. CKla down-regulation induces a senescence-
associated inflammatory response, leading to loss of
growth control capacity in the absence of p53 and acceler-
ation of cancer cell growth and invasiveness (Pribluda
et al. 2013).

In summary, multiple reinforcing genetic events neu-
tralize diverse growth suppressor mechanisms linked to
the cell cycle, genomic instability, and senescence. These
mechanisms are governed by the orchestrated actions of
components of cancer-relevant pathways of p53/MDM2
and Rb/CDK. As these pathways are universally deregu-
lated in CRC, a deepening understanding of these circuit-
ries and their interconnectedness could yield novel targets
and synthetic lethal insights with therapeutic potential.

Resisting cell death

Cancer cells circumvent cell death mechanisms triggered
by diverse stresses stemming from DNA damage, limited
nutrients and oxygenation, and various anticancer treat-
ments. Apoptosis resistance is the most prominent sur-
vival strategy adopted by cancer cells, and this strategy
can also involve mechanisms of resistance to nonapop-
totic forms of cell death such as necrosis and ferroptosis,
as well as induction of prosurvival mechanisms such as
autophagy.

Resisting intrinsic and extrinsic apoptosis The major
forms of apoptosis are broadly categorized as “intrinsic”
or “extrinsic” pathways of apoptosis. The “intrinsic path-
way” is regulated by Bcl-2 family proteins, which are ei-
ther apoptosis promoters (e.g., BAX and BAK) or
inhibitors (e.g., BCL-2 and BCL-XL) (Youle and Strasser
2008). Activation of the intrinsic apoptotic cascade initi-
ates with antiapoptotic Bcl-2 proteins inhibition and
BAX and BAK activation by BH3-only proteins such as
PUMA and NOXA, followed by outer mitochondrial
membrane permeabilization and subsequent release of cy-
tochrome C. Cytochrome C activates the caspase-9—cas-
pase-3 cascade, resulting in cleavage of a series of
substrates, activation of DNase, and dismantling of dying
cells (Youle and Strasser 2008). In CRC, hypoxia-induced
YAP activation up-regulates its target gene BCL2L1 (en-
coding for BCL-XL) to protect cancer cells from apoptosis
during oxygen deprivation (Greenhough et al. 2018). In the
intestine, procarcinogenic signals can also emanate from
dysregulated gut microbiota, which up-regulates IL-17C
in intestinal epithelial cells, leading to induction of
BCL-2 and BCL-XL to promote cell survival and tumori-
genesis (Song et al. 2014). The “extrinsic pathway” is
also operative in CRC pathogenesis. This pathway bypass-
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es the mitochondrial step and instead uses cell surface
death receptors, such as FAS and TNF receptor, which
directly activate the central initiator of apoptosis, cas-
pase-8, leading to caspase-3 activation and cell demolition
(Youle and Strasser 2008). In CRC cells, FAS mutation im-
pairs the formation of the death-inducing signal complex,
which normally sensitizes cells to FAS ligand (Leon-Bol-
lotte et al. 2011). Germline mutation in a FAS signaling
component, FAF1, results in unstable FAF1 and is linked
to hereditary CRC (Bonjoch et al. 2020).

p53 and cell death p53 stands at the nexus of intrinsic
and extrinsic pathways by activating transcription of com-
ponents in both pathways, including PUMA, NOXA, FAS,
and other death receptors (Aubrey et al. 2018). It is worth
noting that p53 itself can directly evoke apoptosis via its
translocation to mitochondria, the process of which is
constrained by TRAF6-mediated ubiquitination of p53
in CRC (Zhang et al. 2016b). p53 degradation by MDM2
can be suppressed by mutant KRAS-induced LATS]1 acti-
vation; however, wild-type KRAS counteracts this process
(Matallanas et al. 2011). MYC is another context-specific
regulator of p53-mediated apoptosis. In normal cells,
MYC amplifies DNA damage-induced apoptosis by inhib-
iting BCL-XL and BCL-2 and activating BAK, BAX, and
BH3-only proteins (Hoffman and Liebermann 2008), and
MYC sensitizes cells to death ligands, including TNF,
FAS ligands, and TRAIL (Hoffman and Liebermann
2008). In CRC cells, the loss of APC increases MYC
(Schmidt et al. 2019) in the context of p53 loss of function,
resulting in proliferation, survival, and malignant trans-
formation (McMahon 2014). Moreover, p53 is also in-
volved in other processes integral to cell survival such
as autophagy, the process of removing damaged organ-
elles, which prevents necrosis in apoptosis-deficient cells,
thereby reducing inflammation (Mokarram et al. 2017). In
CRC, the balance between apoptosis and autophagy is
maintained by a complex composed of HMGBI and p53,
which regulates cytosolic localization of the reciprocal
binding partner (Livesey et al. 2012b). p53 loss leads to cy-
tosolic accumulation of HMGBI1, which increases autoph-
agy and decreases apoptosis, whereas HMGBI loss
increases cytosolic p53, resulting in increased apoptosis
and decreased autophagy (Livesey et al. 2012a). Beyond
its control of cancer cell survival, autophagy impacts oth-
er cancer hallmarks, including tumor immunity via degra-
dation of MHC-I (Yamamoto et al. 2020) and cancer
metabolism via its scavenging of nutrients.

Resisting nonapoptotic cell death Other forms of cell
death, such as necrosis and ferroptosis, are also deactivat-
ed in CRC cells. Necrosis is observed in 96% of cases of
CRC and correlates positively with higher tumor stages
(Pollheimer et al. 2010) and intestinal inflammation.
CRC cells can resist necroptosis, a programmed form of
necrosis, through elevated HGF-MET signaling, which re-
duces the level of necroptosis mediator RIPK1 (Senevir-
atne et al. 2015). In a caspase-8-deficient CRC mouse
model, high levels of RIP3 sensitized cancer cells to sec-
ond mitochondria-derived activator of caspase (SMAC)



mimetic-induced necroptosis, pointing to a potential clin-
ical strategy for patients with caspase-8 deficiency (He
et al. 2017a). Finally, ferroptosis, the iron-dependent oxi-
dative cell death, can be suppressed by phospholipid gluta-
thione peroxidase GPX4 (Sui et al. 2018). Accordingly, a
small molecule inhibitor of GPX4 (RSL3) induces ferrop-
tosis in CRC (Sui et al. 2018).

In summary, CRC cells use various mechanisms to
deactivate cell death programs via alterations in key regu-
lators (e.g., p53 and MYC) and effectors (e.g., Bcl-2 family
and FAS) of the apoptosis machinery. Activation of the
death resistance strategies is critical for cancer cells to sur-
vive under various stresses. The universal activation of
these mechanisms underscores their importance as thera-
peutic targets across diverse cancer types, genotypes, and
etiologies.

Deregulating cellular energetics and metabolism

Normal cells primarily use oxidative phosphorylation
(OXPHOS) to meet energy demands, and under low-oxy-
gen conditions, normal cells undergo anaerobic glycoly-
sis, which produces abundant lactate and limited ATP
(Vander Heiden et al. 2009). Cancer cells have elevated re-
quirements and needs for the nutrient to maintain their
increased demand for energy. Therefore, extracellular
and available nutrients regulate cancer cell proliferation
and differentiation. However, unlike normal cells, cancer
cells can adapt to nutrient conditions due to their greater
metabolic plasticity. For example, cancer cells undergo
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metabolic reprogramming known as “aerobic glycolysis”
or “the Warburg effect,” generating lactate even in the
presence of oxygen. Glycolysis generates metabolic inter-
mediates serving as the building blocks for biosynthesis
(Vander Heiden et al. 2009; Liberti and Locasale 2016).
In addition to aerobic glycolysis, CRC cell growth is also
supported by enhanced glutamine utilization, lipid me-
tabolism, one-carbon metabolism, and short-chain fatty
acids metabolism. Of note, CMS3 epithelial CRCs show
prominent activation of multiple metabolism signatures
(Guinney et al. 2015). Therefore, manipulation of meta-
bolic pathways will be targeting specifically this CRC sub-
type. Moreover, cancer cells can also regulate and reshape
TME and its metabolic milieu, which also profoundly af-
fects the function of diverse host cell types of the tumor.

Aerobic glycolysis In CRC, cancer cell metabolic repro-
gramming reflects the impact of signature genetic alter-
ations, which regulate key metabolic enzymes and
mechanisms (Fig. 3). For example, Wnt signaling drives
glycolysis via up-regulation of PDK1, which inhibits pyru-
vate flux to support mitochondrial respiration (Pate et al.
2014). Similarly, the frequent loss of p53 function in CRC
reflects the neutralization of p53’s induction of TIGAR,
which normally restricts glycolytic flux (Bensaad et al.
2006), and loss of p53’s up-regulation of SCO2, which nor-
mally drives OXPHOS and mitochondrial respiration
(Wang et al. 2018a), thus collectively facilitating the shift
to glycolysis (Matoba et al. 2006). Moreover, CRC stem
cells have elevated LDHA levels, enhancing glycolysis

Lactate

Kynurenine

Tryptophan

@ activation mutation,
amplification,
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loss-of-function
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Figure 3. Aerobic glycolysis and metabolic remodeling of the tumor microenvironment in colorectal cancer.
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(Ji et al. 2017). In early stages of CRC development, the
Warburg effect can be reinforced by deletion or underex-
pression of mitochondrial pyruvate carrier (MPC) result-
ing from mitochondrial DNA truncating mutations
(Bensard et al. 2020; Yuan et al. 2020). Accordingly, re-ex-
pressing MPC increases mitochondrial pyruvate oxida-
tion and impairs anchorage-independent growth of CRC
cells (Schell et al. 2014). Finally, CRC cells are known to
display metabolic heterogeneity in the TME; i.e., some
cancer cells show anaerobic glycolysis with low MPC
while others use OXPHOS with high MPC to generate
ATP (Brown et al. 2018). Such heterogeneity enables sym-
biotic metabolic exchange across cancer cells and host
cells in the tumor ecosystem, as reviewed elsewhere
(Dey et al. 2021).

In TME, nutrient deprivation dampens cytotoxic
T lymphocyte (CTL) mTOR activity, glycolytic capacity,
and IFN-y production, which impairs antitumor activity
(Chang et al. 2015); and, notably, checkpoint inhibitors
can reverse the CTL metabolic profile and restore antitu-
mor immunity. Conversely, in CRC cells, checkpoint
blockade inhibits glycolysis via down-regulation of gly-
colysis enzymes, thereby increasing glucose availability
in the TME and aiding CTL (Chang et al. 2015). Interest-
ingly, immunosuppressive regulatory T cells (Tregs) rely
on folic acid oxidation (Kinoshita et al. 2012) and
OXPHOS and thus can thrive in the low-glucose condi-
tions of the TME (He et al. 2017b; Wang et al. 2017). More-
over, the abundant lactate in the TME is profoundly
immunosuppressive, that is, this oncometabolite stimu-
lates immune suppressor cells (Tregs, myeloid-derived
suppressor cells [MDSCs], and M2 macrophages) and in-
hibits antitumor immune cells (natural killer cells [NKs]
and CTLs) via epigenetic mechanisms involving histone
lactylation (Fischer et al. 2007; Husain et al. 2013; Hob-
son-Gutierrez and Carmona-Fontaine 2018; de la Cruz-
Lopez et al. 2019; Zhang et al. 2019). Along these lines,
in CRC, the highly glycolytic cancer cells and fibroblasts
up-regulate MCT4 to export high intracellular lactate into
the TME (Brown et al. 2018; Fisel et al. 2018). Meanwhile,
extracellular lactate is imported via up-regulated MCT1
in some cancer cells and LGR5™ intestinal stem cells to re-
plenish the TCA cycle and sustain OXPHOS (Fig. 3; Fu
et al. 2017; Rodriguez-Colman et al. 2017; Brown et al.
2018).

Glutamine, lipid, and one-carbon metabolism In gluta-
mine metabolism, the anaplerotic entry (to replenish in-
termediates of a metabolic event) of glutamine into the
TCA cycle is supported by GLUDI, which is activated
by overexpressed mitochondrial SIRT5 (Wang et al.
2018b), and reinforced by up-regulated GPT2, which is in-
duced by PIK3CA mutations (Hao et al. 2016b). In lipid
metabolism, CRC cells show increased uptake of extracel-
lular lipids and up-regulation of enzymes driving de novo
lipid biogenesis (Brown et al. 2018), supporting critical cell
processes such as membrane formation, signal transduc-
tion, protein post-translational modifications, and energy
storage (Brown et al. 2018). CRC cells also possess abun-
dant lipid droplets, serving as reservoirs for COX2 and
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the site for PGE2 synthesis (Accioly et al. 2008; Brown
et al. 2018), which in turn can increase inflammation, as
specified earlier (Fig. 3). Finally, CRC cells use one-carbon
metabolism (1CM), which provides nucleotides and fatty
acids for cell proliferation and chromatin remodeling
(Newman and Maddocks 2017; Brown et al. 2018). The
levels of 1CM metabolites such as S-adenosylmethionine
and 1CM enzymes such as PHGDH are elevated in CRC
(Locasale 2013; Ryall et al. 2015; Brown et al. 2018).

Short-chain fatty acids (SCFAs) SCFAs, like acetate,
propionate, and butyrate, are (by)products of fiber fermen-
tation in the gastrointestinal tract. They are produced via
anaerobic bacterial fermentation within the colon and are
thought to be protective of colon carcinogenesis (Rios-
Covidn et al. 2016). Interestingly, while intestinal micro-
biota and their metabolites, like bile acids (Gadaleta
et al. 2017), are known to fuel intestinal carcinogenesis
through promotion of inflammation, recent data has
shown that SCFAs can decrease CRC through suppression
of inflammation (Louis et al. 2014; Singh et al. 2014).
SCFAs are known to act as signaling molecules that can
inhibit HDACs and as ligands for G protein-coupled re-
ceptors (Rooks and Garrett 2016). SCFA-driven HDAC in-
hibition tends to promote anti-inflammatory cell
phenotypes (Rooks and Garrett 2016). SCFAs enhance
barrier function and immune tolerance and promote gut
homeostasis through increased mucus production by gob-
let cells (Gaudier et al. 2004; Burger-van Paassen et al.
2009; Rooks and Garrett 2016). Together, these findings
provide a basis for a healthy and fiber-rich diet in inhibit-
ing colon cancer development. Moreover, SCFAs are tryp-
tophan metabolites that bind to the aryl hydrocarbon
receptor (AhR), and retinoic acid (Levy et al. 2016; Rooks
and Garrett 2016; Shibata et al. 2017). Commensal Lacto-
bacillus uses tryptophan to produce AhR ligands, such as
indole-3-aldehyde (Zelante et al. 2013). AhR activation is
critical for the organogenesis of intestinal lymphoid folli-
cles (ILFs) and AhR-expressing immune cells, including
RORyt" type 3 innate lymphoid cells (ILC3s) that are in-
volved in ILF genesis (Kiss and Diefenbach 2012). In addi-
tion, AhR-induced IL-22 production by ILCs drives
secretion of the antimicrobial peptides lipocalin-2,
S100A8, and S100A9, which provide protection from
translocating microbes (Kiss and Diefenbach 2012; Lee
etal.2012). Furthermore, IL-22 is a potent regenerative cy-
tokine that restores barrier integrity (Sonnenberg et al.
2011). Tryptophan metabolism in CRC also contributes
to an immunosuppressive TME. Specifically, CRC ex-
presses indoleamine 2,3-dioxygenase (IDO), which metab-
olizes tryptophan to kynurenine, facilitating tumor
immune escape and supporting tumor growth (Fig. 3;
Thaker et al. 2013).

Together, these cancer cell-intrinsic and intercellular
metabolic cross-talk mechanisms enable cancer cells to
adapt to limited nutrient availability in the TME and
serve to suppress immune surveillance via several mech-
anisms. Thus, inhibition of such metabolic processes may
impact both cancer cell anabolic growth and tumor
immunity.



Tumor-promoting inflammation

Inflammation is the manifestation of a host immune re-
sponse toward exogenous or endogenous signals. The in-
testine is a unique environment in host defense in which
inflammation can play a central role in resolving pathogen-
ic infection, maintaining normal intestinal function, or
promoting tumorigenesis (Balkwill and Mantovani 2001;
Mantovani et al. 2008; Netea et al. 2017). The increased
risk of colon cancer in patients with IBD historically estab-
lished the role of inflammation in the development of CRC
and the early interest of researchers in this particular ma-
lignancy (Rubin et al. 2012; Baker et al. 2019).

CRC inflammatory cytokine milieu Multiple factors
contribute to local and systemic inflammatory cytokine
networks including cancer-driving mutations (Cooks
et al. 2014; West et al. 2015). Extensive work shows that
NF-kBis a crucial transcription regulator of inflammation,
where constitutive activation of NF-xB in CRC mouse
models promotes tumorigenesis through accelerated loss
of Apc (Shaked et al. 2012). NF-«B is also known to induce
DNA damage through production of ROS (Tilstra et al.
2012) and facilitate neoplasia and antiapoptotic capabili-
ties of intestinal epithelial cells through IL-6 production
(Greten et al. 2004) and TNF activation (Schwitalla et al.
2013a). The NF-kB pathway regulates the expression of
most tumor-promoting cytokines both in cancer cells
and immune cells. Aberrant NF-«xB activation was detect-
ed in >50% of CRC and CAC (Kojima et al. 2004; Karin
and Greten 2005). In CRC, the classical NF-«B activation
usually occurs via pattern recognition receptors (PAMPs)
or cytokines like IL-1, TNF, and IL-17 (Greten et al.
2004). The alternative pathways, including p52/RelB,
could be activated by RANKL and lymphotoxin-f (Terzi¢
et al. 2010; Ramakrishnan et al. 2019), both of which fur-
ther regulate the gut immune cells and microbiome ho-
meostasis. Moreover, loss of p53 has been shown to
increase intestinal permeability, initiating NF-kB-depen-
dent inflammation and the induction of epithelial-mesen-
chymal transition (Schwitalla et al. 2013b).

Similarly, in IL-10-deficient mice, a spontaneous inflam-
mation model, total mutation rates in colon are five times
higher compared with those in wild-type mice, underscor-
ing that inflammation can induce DNA damage and poten-
tially MSI (Sato et al. 2006). A better understanding of
cancer cell mutations modulating the cytokine network
and inflammatory response can shed light on leveraging
and targeting the TME to improve therapeutic responses.

Microbiota and inflammation in CRC In CRC, tumor
stages have been linked to microbiota landscape changes
denoted “dysbiosis,” often responsible for initiating the in-
flammatory response and influencing tumor progression
(Sears and Garrett 2014). A few microbial species have
emerged as potentially important species enriched in
CRC (Irrazabal et al. 2014). Fusobacterium nucleatum
(Castellarin et al. 2012; Kostic et al. 2012; Nejman et al.
2020) is found to confer chemoresistance in a TLR4- and
MyD88-dependent manner (Yu et al. 2017). Enterotoxigenic
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Bacteroides fragilis (ETBF) contributes to colonic barrier
damage and promotes Wnt and NF-«B downstream signal-
ing (Wu et al. 1998; Housseau and Sears 2010). Interestingly,
if treated with the antibiotic cefoxitin, ETBF can be elimi-
nated in murine models followed by reduced tumorigenesis
and IL-17A expression, indicating that ETBF plays a role in
Th17 response (DeStefano Shields et al. 2016; Housseau
et al. 2016). Human CRC with Streptococcus gallolyticus
showed increased production of proinflammatory cytokines
such as COX2, IL-1, and IL-8 (Abdulamir et al. 2010). Recip-
rocally, intestinal inflammation can increase the proportion
of highly genotoxic microbes and promote tumorigenesis
(Arthur et al. 2012). Stool transplants from patients with
CRC (but not from healthy individuals) into the colons of
germ-free mice can increase the emergence of polyps, intes-
tinal dysplasia, inflammation, and Th1 and Th17 cell accu-
mulation (Wong et al. 2017). Application of next-generation
sequencing allows sequencing of traditionally “uncultura-
ble” microbial species (Single-cell microbiology. [Editorial]
2016; Quince et al. 2017). Research on the complex interac-
tions and cross-talk among diet, lifestyle, genetics, host im-
mune response, and microbial activity is actively ongoing
and may yield new insights into CRC pathogenesis and
treatment strategies (Elinav et al. 2013; Brennan and Garrett
2016).

Innate lymphoid cells (iLC) iLC is a critical immune
cell population that regulates some of the host-commen-
sal bacteria relationships that can impact immunity, in-
flammation, and tissue homeostasis in the intestine
(Bouskra et al. 2008; Maloy and Powrie 2011; Sonnenberg
and Artis 2012). They reside in mucosal surfaces to poten-
tiate immune responses, sustain mucosal integrity, and
maintain tissue homeostasis. ILC2 subset promotes
CRC progression, mostly through the secretion of IL-22.
IL-22. selectively acts on epithelial cells to induce
STAT3 phosphorylation and proliferation (Kirchberger
et al. 2013; Loyon et al. 2019; Wang et al. 2020). Besides
the functions of supporting intestinal cell regeneration
and inhibition of bacterial translocation, the IL-22 path-
way has also recently been shown to cooperate with mu-
tant KRAS and enhance cancer cell proliferation, in part
through augmentation of the Myc pathway (McCuaig
et al. 2020). iLCs regulate bacterial homeostasis and are
regulated by the microbiome to produce a variety of cyto-
kines, which can be both protumorigenic and antitumori-
genic (Langowski et al. 2006; Geremia et al. 2011; Abt
et al. 2012; Sonnenberg and Artis 2012).

In summary, inflammation is known to play important
roles in tumorigenesis, the local cytokine milieu, and in-
teraction between cancer-driving mutations and gut
microbiome. Although many proinflammatory cytokines
have been heavily studied, the net effect on local immune
populations, host-microbiome interaction, and cancer
progression remain to be fully elucidated in detail.

CRC immunity

Although CRC usually does not respond to immune
checkpoint blockade (ICB) therapy, the correlation
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between certain immune cells and relapse and metastasis
(Van den Eynde et al. 2018) points to the role of antitumor
immunity in the development and progression of CRC.
The FDA approval of anti-PD-1 therapy for MSI-H CRC
represents a landmark advance. However, disease recur-
rence in patients with MSI-H CRC who received anti-
PD-1 therapy and the complete lack of response in pa-
tients with MSS CRC underscore the need for a detailed
analysis of immune composition and associated mecha-
nisms operating in the CRC TME. For a full contextual
understanding of tumor immunity to be possible, im-
mune analyses must be integrated with information on
specific CRC genetic alterations, the CMS subtypes, tu-
mor mutational burden, and the gut microbiome, among
other features as detailed in the following subsections.

Immunosuppressive TME The abundance of several an-
titumor immune populations, including CTLs, NKs, and
activated dendritic cells (DCs), is inversely correlated
with TNM stage in CRC (Schwaab et al. 2001; Mlecnik
et al. 2011; Jobin et al. 2017) and is significantly lower in
CRC compared with normal mucosa, as revealed by sin-
gle-cell RNA sequencing (scRNA-seq) (Zhang et al.
2018, 2020). CTLs and Thl cells are critical contributors
to IFN-y-mediated antitumor immune response (Dunn
et al. 2006; Mucida et al. 2013), and NKs have been shown
to effectively target cancer cells that lose MHC-I antigens
(Vivier et al. 2012). In addition to poor tumor infiltration,
resident T and NK cells often exhibit exhaustion pheno-
types with low cytotoxicity, increased PD-1, and de-
creased IFN-y expression (Jobin et al. 2017). The
exhaustion of T cells can be triggered by high PD-L1 ex-
pressed by regulatory B cells and immature DCs (Legitimo
et al. 2014; Liu et al. 2018a). In addition, although Treg
density correlates inversely with CRC PD-L1 levels
(Masugi et al. 2017}, apoptotic Tregs convert ATP to aden-
osine, which potently contributes to T-cell exhaustion by
Ay a-mediated IL-2 suppression (Maj et al. 2017).

A prominent feature of the immunosuppressive CRC
TME is a preponderance of suppressive myeloid cells,
such as tumor-associated macrophages (TAMs) and tu-
mor-associated neutrophils (TANSs), often collectively re-
ferred to as polymorphonuclear MDSCs (PMN MDSCs). It
is important to appreciate the high degree of complexity
in function and cell states of PMN MDSCs, especially in
the context of TAM depletion therapies such as anti-
CSF1R therapy (Zhang et al. 2020). scRNA-seq analyses
have revealed anti-CSF1R resistant subpopulations such
as Vegfa™ TAMs, purported to promote angiogenesis and
tumorigenesis via secretion of VEGFA (see “Inducing An-
giogenesis”). Besides, TAMs also secrete anti-inflamma-
tory cytokines and growth factors that support tumor
growth and proteolytic enzymes that accommodate tissue
remodeling and tumor expansion (Erreni et al. 2011). Fur-
thermore, TANs and TAMs are known to inhibit CTL ac-
tivity via high production of ARG1 and ROS (Doedens
et al. 2010; Movahedi et al. 2010; Wu et al. 2014) and pro-
mote CRC metastasis, given that inhibition of PMN
MDSCs by blocking the key receptor CXCR2 leads to a re-
duction in metastatic disease (Jackstadt et al. 2019). Thus,
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the prominent role of PMN MDSCs in the hallmarks of
CRC emphasizes the importance of defining various my-
eloid populations, elucidating their tumor biological
roles, and devising and testing myeloid-targeted therapies.

Immune features of MSI-H and MSS subtypes Among
the CMSs, CMSI includes most MSI-H CRCs whereas
CMS2-4 are generally MSS CRCs. Correspondingly,
MSI-H CRCs, comprising 15% of CRC cases and exhibit-
ing dense immune-infiltrates, show high responsiveness
to ICB therapy. In contrast, MSS CRCs, representing
85% of cases and characterized as “immune-cold” tu-
mors, show no response to ICB therapy. Consistent with
increased neoantigens, MSI-H tumors show a more than
twofold increase in T-cell infiltration relative to MSS
CRCs and increased CD8*/CD45RO* memory T-cell pop-
ulations, which portend better responses to ICB (Wata-
nabe et al. 2001; Bauer et al. 2013; Sherwood et al. 2013;
Kather and Halama 2019). Furthermore, scRNA-seq anal-
yses of MSI-H CRC have shown increased proliferative
Th1l-like cells, which are known to enhance the effector
activity of macrophages, B cells, and CD8" T cells. In con-
trast, MSS tumors show increased proliferative Th17
cells, which antagonize Thl cells, although the precise
functions of Th1 and Th17 cells in CRC have yet to be ful-
ly dissected (Zhang et al. 2018). Finally, the distinct im-
mune profiles of MSI-H and MSS CRCs are reinforced by
multiple studies showing the presence and absence, re-
spectively, of Crohn’s-like lymphoid reaction (CLR) struc-
tures. These CLR structures are peritumoral lymphoid
nodules, a type of tertiary lymphoid structure that is in-
creasingly recognized as a critical modulator of local im-
munity (Schiirch et al. 2020). A majority of MSI-H CRCs
possess CLRs (Kim et al. 1994, Risio et al. 1996; Schiirch
et al. 2020), whereas most MSS CRCs do not. Such dis-
tinct infiltration patterns encourage in-depth analysis of
these differentially infiltrated populations and corre-
sponding recruiting mechanisms in CRC.

Although patients with MSI-H CRC present a robust re-
sponse to ICB that is superior to the use of conventional
chemotherapy in the setting of first-line treatment of met-
astatic CRC (Andre et al. 2020), it is important to empha-
size that, in most of these patients, the disease rapidly
develops immune-escape mechanisms (Asaoka et al.
2015). Such resistance mechanisms are a high-priority
area of active investigation and may theoretically relate
to (1) activation of alternative immune checkpoint mole-
cules such as LAG3; (2) up-regulation of immunosuppres-
sive factors, such as IDO and CXCL3 (see below), which
recruit suppressive myeloid cells; (3) JAK1/2 loss-of-func-
tion mutations, which critically distort JAK1/2-STAT1
signaling and IFN-y-mediated immune response (Dunn
et al. 2006; Shin et al. 2017; Syn et al. 2017; Xu et al.
2018); and (4) mutations in key components of antigen
presentation processes, such as biallelic losses of B2M
and HLA genes and HLA class I master regulator NLRC5
(Grasso et al. 2018). Genome-wide CRISPR screening of
multiple cancer cells including CRC revealed core can-
cer-intrinsic CTL evasion genes, particularly involved in
the autophagy-NF-«xB axis (Lawson et al. 2020).



CMS2-4/MSS CRCs, each with distinct genetic charac-
teristics, display significant heterogeneity with immune
cell infiltration and Immunoscore (Mlecnik et al. 2016;
Pages et al. 2018), suggesting the relevance of specific ge-
netic mutations and potential variations of resistance
mechanisms to ICB. For example, in CMS2, APC inactiva-
tion and B-catenin activation correlate with decreased T-
cell infiltration, which would diminish responsiveness to
ICB therapy (Grasso et al. 2018; Luke et al. 2019). In
CMS3, the highly frequent KRAS mutation correlates
with down-regulation of MHC-], hence leading to low im-
munogenicity (Atkins et al. 2004; Koelzer et al. 2015).
KRAS activation also drives increased GM-CSF produc-
tion, which recruits immunosuppressive PMN MDSCs
(Pylayeva-Gupta et al. 2012; Busch et al. 2016) into the
CRC TME (Liao et al. 2019). In the iKAP model (Boutin
et al. 2017), oncogenic KRAS also represses I7f2 expression,
which in turn represses Cxcl3 expression. Thus, an onco-
genic KRAS-driven increase in CXCL3 secretion results
in the recruitment of immunosuppressive CXCR2" PMN
MDSCs. These murine observations appear to have clinical
relevance on several levels including (1) KRAS mutation is
mutually exclusive of IRF2 deletion in human CRC, (2)
high IRF2 expression correlates positively with responsive-
ness to anti-PD-1 therapy in patients with MSI-H CRC, and
(3) MSS iKAP CRCs can respond to anti-PD-1 therapy upon
inhibition of the CXCL3-CXCR2 axis (Liao et al. 2019),
suggesting targeting MDSCs combinatorially with ICB
will synergistically increase treatment efficacy. Finally,
CMS4 cancers are characterized by exuberant stromal infil-
tration and abundant fibroblast-derived TGF-f (Guinney
et al. 2015). TGF-f is a powerful immunosuppressive factor
that can block the recruitment of CD8* and CD4" T cells
(Gorelik and Flavell 2000; Thomas and Massagué 2.005)
and antagonize the Thl-effector cell phenotype, both of
which are reversed by TGF- inhibitor treatment (Maria-
thasan et al. 2018; Tauriello et al. 2018; Batlle and Mas-
sagué 2019). TGF-B also polarizes TANSs to a “protumor”
N2 state (Fridlender and Albelda 2012; Masucci et al.
2019; Shaul and Fridlender 2019), which secretes extracel-
lular matrix (ECM) remodeling enzymes and proangiogen-
esis factors to promote metastasis and angiogenesis
(Gregory and Houghton 2011; Khanh et al. 2011; Manto-
vani et al. 2011; Piccard et al. 2012; Zhang et al. 2016c¢).
In addition, scRNA-seq profiling (Lee et al. 2020) has shown
that CMS4 is enriched with SPP1* macrophages and myo-
fibroblasts, which may contribute to ICB resistance by pro-
moting inflammation (O’Regan et al. 2000; Irby et al. 2004)
and survival of CRC stem cells (Vermeulen et al. 2010),
respectively.

In summary, acquired resistance to ICB therapy, cou-
pled with the varied features of the immune composition
in CRC subtypes, underscores the need for systematic dis-
section of the contribution of specific signature muta-
tions, immune cells, and their immune-modulatory
factors in maintaining antitumor immunity in specific
subsets of CRC. Such knowledge will guide the rational
design of combination therapies targeting key oncogenic
pathways with immunosuppressive functions and the ma-
jor immunosuppressive cell populations.
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Activating invasion and metastasis

Metastasis, predominantly to the liver, is the major cause
of death in CRC. Although the conventional bottleneck
model, where metastasis occurs at later stages of CRC de-
velopment is more prevalent (Norton and Massagué 2006;
Klein 2009; Leung et al. 2017), disseminated cells can also
seed metastatic sites early when the primary carcinoma is
still clinically undetectable (Hu et al. 2019; Ryser et al.
2020). Accumulating genetic alterations in the primary
CRC cells, especially KRAS mutations and TGF-f signal-
ing activation, enable CRC cell metastatic potential via
promotion of epithelial-mesenchymal transition (EMT),
increased intra-/extravasation, and colonization of sec-
ondary organs.

KRAS-driven TGF-f signaling activation Although
many signaling pathways contribute to CRC metastasis,
TGF-B and oncogenic KRAS signaling play prominent
roles. A ligand-bound TGF-f receptor initiates complex
formation and nuclear translocation of SMAD2/3/4 to ac-
tivate its target genes. In CRC, SMAD4 tumor suppressor
is mutated in 12% of patients with metastatic or unresect-
able CRC (Mehrvarz Sarshekeh et al. 2017) and is among
the most common additionally mutated genes in metasta-
sis compared with primary CRC tumors (Goswami et al.
2015). Loss of SMAD4 switches BMP signaling from tu-
mor-suppressive to prometastatic by activating RHO sig-
naling via ROCK, promoting EMT (Voorneveld et al.
2014), and by recruiting CCR1" myeloid cells that secrete
MMP9 to facilitate cancer cell invasion and metastasis
(Itatani et al. 2013). In the iKAP model, inhibition of
TGF-p dramatically decreased tumor invasion, indicating
that the TGF-p pathway is a key mediator of KRAS-driven
invasiveness (Boutin et al. 2017). In another model, dual
blockade of TGF-p and PD-L1 cured established CRC me-
tastases (Tauriello et al. 2018), motivating clinical trials.
Stromal TGEF-f also stimulates the secretion of IL-11
from cancer-associated fibroblasts and triggers GP130/
STATS3 signaling in cancer cells, increasing the efficiency
of organ colonization and metastasis formation (Calon
etal. 2012), the cross-talk of which is blocked by TGF- in-
hibition (Calon et al. 2015).

Metastasis colonization Many cancer cell- and liver-de-
rived factors cooperate to promote liver colonization, con-
sistent with the seed-and-soil concept (Fidler 2003). CRC
cells form an inflammatory premetastatic niche via secre-
tion of TIMP (Seubert et al. 2015) and ITGBL1-rich extra-
cellular vesicles (Ji et al. 2020). In the liver, profibrotic
hepatic stellate cells produce a supportive stromal matrix
for CRC metastases (Badiola et al. 2012). In addition, he-
patic ANGPTLG, a soluble factor enriched in hepatic
blood vessels, complexes with E-cadherin and o(6) integrin
on CRC cells to enhance their liver homing (Marchio et al.
2012). Following colonization, the metastatic cancer cells
express PAD4, which induces citrullination of the ECM to
promote greater adhesion and increase expression of char-
acteristic epithelial markers (Yuzhalin et al. 2018). CRC
cells also undergo adaptation to the new TME through
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metabolic reprogramming via up-regulation of ALDOB re-
quired for fructose metabolism, fueling cell proliferation
(Bu et al. 2018). Moreover, liver metastatic CRC cells shift
from a colon-specific to a liver-specific transcription pro-
file through remodeling of the enhancer and superen-
hancer landscape (Teng et al. 2020).

In summary, driven by oncogenic KRAS mutation and
the subsequent TGF-B signaling activation, CRC metasta-
sis requires active cross-talk between primary cancer cells
and the secondary organ, as well as the adaptation of pri-
mary cells by metabolic and transcriptional reprogram-
ming. TGF-p signaling inhibition strategies in clinical
trials would be expected to yield promising results
through combination with other targeted therapies and
immunotherapies.

Inducing angiogenesis

Angiogenesis plays a critical role in tumor growth by sup-
plying nutrients and oxygen to meet energy demands
(Carmeliet and Jain 2000) and is tightly regulated by the
balance between pro- and antiangiogenetic ligands, such
as VEGFA and TSP-1, respectively. Components of the
VEGF pathway are often aberrantly activated in CRC.
For example, up-regulated VEGFC and its receptor
VEGFR3 in CRC result in increased lymphatic vessel den-
sity and permeability, as well as metastases in the lymph
nodes, lungs, and livers (Tacconi et al. 2015). CRC angio-
genesis is also promoted by tumor-infiltrating immune
cells, such as neutrophils (Gordon-Weeks et al. 2017),
CD11b" myeloid cells (Lim et al. 2015), and macrophages
(Zheng et al. 2013). Exosomes containing proangiogenic
mRNA and microRNAs are secreted from CRC cells
and regulate VEGFR2 and ZO-1 in endothelial cells and
consequently promote vascular permeability and angio-
genesis (Zeng et al. 2018).

Antiangiogenesis therapy is the standard of care for the
treatment of metastatic CRC, although the survival ben-
efit is limited due to acquired resistance linked to genetic
mutations (Zhou et al. 2020). For example, amplification
of POLR1D-induced up-regulation of VEGFA is associated
with acquired resistance to the anti-VEGFA antibody
therapy (Zhou et al. 2020). Another resistance mechanism
involves vessel co-option, a process in which cancer cells
use pre-existing normal tissue blood vessels to support
growth (Kuczynski et al. 2019). This nonangiogenic mech-
anism of acquired resistance (Frentzas et al. 2016) is ob-
served in nearly all CRC lung and liver metastases
(Kuczynski et al. 2019), indicating that a combination of
anti-VEGF and vessel co-option inhibition can confer bet-
ter responses (Frentzas et al. 2016). In addition, the higher
stiffness in CRC liver metastases than in primary tumors,
acquired through the remodeling of ECM driven by hypox-
ia-induced elevation of hyaluronic acid and sulfated gly-
cosaminoglycans (Rahbari et al. 2016), limits perfusion
of drug delivery (Shen et al. 2020). Drugs normally pre-
scribed for the treatment of hypertension can target the re-
nin-angiotensin system, inhibit fibroblast contraction and
ECM deposition, and reduce stiffness of liver metastatic
tissue. Correspondingly, patients receiving combined

802 GENES & DEVELOPMENT

anti-VEGF antibody and renin-angiotensin inhibitor ther-
apy experience longer survival (Shen et al. 2020).

In summary, CRC angiogenesis driven by aberrant up-
regulation of the VEGF pathway is targeted through anti-
angiogenesis targeted therapies, but these have limited
benefit due to acquired resistance. A deeper understand-
ing of the resistance mechanisms such as compensational
signaling pathways (e.g., EGFR), vessel co-option, and
ECM remodeling is expected to reveal novel targets and
inform combination treatments to overcome therapy
resistance.

Outlook of CRC therapeutics and future perspectives

A maturing CRC genomic atlas at the single-cell level, re-
fined genetic model systems, and targeted therapies pro-
vide a foundation to advance our understanding of the
biological hallmarks of CRC. As illustrated in Figure 4
and summarized in Table 2, this framework has led to ap-
proved and investigational therapeutics showing clinical
benefit but has also highlighted critical knowledge gaps
that must be addressed to make meaningful clinical
advances.

Therapies targeting the proliferative signaling in CRC
include anti-EGFR monoclonal antibodies (e.g., cetuxi-
mab and panitumumab), and combinations with small-
molecule inhibitors targeting the BRAF-MEK-ERK path-
way are now standard of care. For example, in BRAFV6%0F
mutant CRC, triplet therapy with BRAF (encorafenib),
EGFR (cetuximab), and MEK (binimetinib) inhibitors in-
creases overall survival (OS) compared with the standard
treatment (Kopetz et al. 2019). In KRASY??© CRCs, the
KRASE2C covalent inhibitor is showing promising anti-
tumor activity in early-stage clinical trials (Canon et al.
2019). Similarly, HER2 activation, which sustains
MAPK phosphorylation and confers resistance to EGFR
inhibition (Kavuri et al. 2015), appears to be a viable tar-
get; two clinical trials of HER2 inhibitors (using a combi-
nation of trastuzumab plus lapatinib [Sartore-Bianchi
et al. 2016] and trastuzumab and pertuzumab [Meric-
Bernstam et al. 2019], respectively) have shown responses
in KRAS wild-type, HER2-positive metastatic CRC.
These trials, with overall response rates of >30%, are no-
table because metastatic CRC can be notoriously refracto-
ry to standard treatments such as cetuximab or
panitumumab. The well-established HER2 diagnostics
and active HER2 inhibitors set the stage for biomarker-
driven trials for KRAS wild-type metastatic CRC with
HER?2 activation (Sartore-Bianchi et al. 2018).

Antiangiogenesis therapies, such as FDA-approved
monoclonal antibodies against VEGF (e.g., bevacizumab
[Kuipers et al. 2015], aflibercept [Holash et al. 2002], and
ramucirumab [Krupitskaya and Wakelee 2009]), have
shown activity in CRC. Several clinical trials have estab-
lished that combined anti-VEGF and chemotherapy regi-
mens can benefit patients with CRC (Chiorean et al.
2015; Tabernero et al. 2015; Van Cutsem et al. 2015; Cre-
molini et al. 2016; Kuboki et al. 2017). In a phase 1b/2 trial
in KRAS mutant metastatic CRC, the inhibitor of PLK1,
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Figure 4. Current treatment strategies ap-
proved for or tested in clinical trials target-
ing the hallmarks of colorectal cancer and
knowledge gaps remaining as obstacles to
improve treatment efficacy.
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onvansertib, in combination with FOLFIRI + bevacizu-
mab showed a 10-fold greater objective response rate
(ORR|) relative to the 4% ORR of FOLFIRI + bevacizumab
(Lenz 2019). Finally, antiangiogenesis inhibitors may also
target immunosuppressive mechanisms, suggesting po-
tential combinations with immunotherapies. In addition
to previously mentioned TAMs (see “CRC Immunity”),
Tregs from mice bearing CRC tumors express VEGFR2
and proliferate in response to VEGF. Accordingly, anti-
VEGF antibody (bevacizumab) therapy in patients with
metastatic CRC has been shown to reduce the level of
Tregs in the peripheral blood (Terme et al. 2013). These in-
sights led to a phase 1b study combining anti-PD-L1 anti-
body (atezolizumab) and bevacizumab in patients with
MSI-H metastatic CRC, yielding an encouraging ORR of
30% (Hochster et al. 2017).

Therapies that trigger cancer cell apoptosis also show
promise in early-stage clinical trials with CRC. TRAIL se-
lectively induces apoptosis in cancer cells by binding to
proapoptotic death receptors DR4/5 and recruits FADD
and procaspase-8 (Allen and El-Deiry 2011). ONC201 is a
TRAIL inducer that selectively antagonizes DRD2, caus-
ing dampened AKT-ERK signaling, leading to up-regula-
tion of TRAIL (Allen et al. 2013). Preclinical data showed
that in CRC, ONC201 not only inhibits metastasis
through cell death signaling but also has an immunosti-
mulatory function, as suggested by increased intratumoral
infiltration and activation of NKs (Wagner et al. 2018),
leading to a phase 1b/2 trial combining ONC201 with
the anti-PD-1 antibody nivolumab in patients with MSS
metastatic CRC (https://clinicaltrials.gov/ct2/show/NC
T037913982term=BrUOG+379+Phase+Ib%2FIl+Trial+ON
C201%E2%80% 89 %2B%E2%80%89Nivolumab+in+MS
S+mCRC+%28379%29&draw=2&rank=1).

CDK
inhibitors

ICB therapy has yielded meaningful responses in meta-
static CRC with AMMR/MSI-H profiles. Patients who re-
ceived anti-PD-1 antibody (nivolumab) exhibited an ORR
of 31% (one-third of these are durable responses) and a 1-yr
OS of 73% (Overman et al. 2017). Combining anti-PD-1
and anti-CTLA-4 antibodies in patients with dMMR/
MSI-H metastatic CRC increased ORR to 55% and the
1-yr OS to 85% (Overman et al. 2018). At the same
time, dual ICB therapy causes immune-related adverse
events in 90% of patients, thus emphasizing the need
for combinations with both increased efficacy and safety.
Cetuximab increases CTL infiltration and expression of
immune checkpoints such as PD-L1 and LAG3, suggest-
ing a potential combination treatment of cetuximab
with ICB therapies (Woolston et al. 2019). Similarly, trials
combining nivolumab and epacadostat (IDO inhibitor) are
ongoing in patients with advanced cancers, including
CRC (https://clinicaltrials.gov/ct2/show/NCT02327078?
term=A+Study+of+the+Safety % 2C+Tolerability %2C
+and+Efficacy+of+Epacadostat+Administered+in
+Combination+With+Nivolumab+in+Select+Advanced
+Cancers+%28ECHO-204%29&draw=2&rank=1). In ad-
dition, activation of CCR5 on macrophages, which leads
to MMP production, promoting ECM destruction, tumor
invasion, and metastasis, has prompted a phase 1 trial
with a CCR5 antagonist in patients with CRC liver metas-
tases. This trial showed objective clinical responses, as
well as repolarization of TAMs to an antitumor phenotype
(Halama et al. 2016). Finally, for tumors with lower in-
flammation and T-cell infiltration, which could be due
to defects on priming or the absence of high-affinity T
cells, vaccinations or more specific approaches like adop-
tive T-cell therapy (ATC), which are specific for a particu-
lar mutated antigen, may prove favorable options in
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Table 2. Genetic mutation-specific CRC treatment options approved or in clinical trials

Genetic mutation

Pathway Agents specificity Treatment/phase NCT identifier
EGFR Cetuximab mCRC (RAS wild-type) +FOLFOX Tailor (NCT01228734)?
phase III
Panitumumab mCRC (KRAS wild-type) +FOLFOX Prime (NCT00364013)*
phase III
+Irinotecan Piccolo
phase III (ISRCTN93248876)*
+FOLFIRI NCT00339183%
phase III
BRAF Vemurafenib BRAF mutant mCRC +Irinotecan SWOG S1406
+cetuximab (NCT02164916)*
phase I
BMS-908662 KRAS/BRAF mutant CRC  +Cetuximab NCT01086267
phase I/II
Dabrafenib + trametinib BRAFV®%F mutant CRC ~ +Panitumumab NCTO01750918*
(MEK inhibitor) +5-fluorouracil-based
chemotherapy
phase I/II
Encorafenib + binimetinib ~ BRAFV°°’E mutant mCRC  +Cetuximab Beacon (NCT02928224)
(MEK inhibitor +irinotecan/FOLFIRI
phase I
HER2 Trastuzumab + ERBB2-amplified mCRC Phase Ila MyPathway
pertuzumab (NCT02091141)*
Trastuzumab HER2-positive, Phase IT Heracles
+lapatinib KRAS exon 2 wild-type (NCT03225937)
mCRC
PI3K/mTOR Gedatolisib KRAS/NRAS wild-type Phase I NCT01925274
mCRC
Temsirolimus KRAS mutant mCRC Phase II NCT00827684
BKM120 PIK3CA mutant cancers Phase IT NCTO01501604
RAS wild-type CRC Phase I/II NCTO01591421
EGFR/HER2/4 Neratinib RAS mutant solid tumors ~ Phase I NCT03919292
KRAS/NRAS/BRAF/ Phase IT NCT03457896
PIK3CA wild-type
mCRC
EGFR/HER3 MEHD7945A KRAS mutant cancers Phase I NCT01986166
KRAS mutant mCRC Phase IT NCT01652482
Duligotuzumab KRAS mutant cancers Phase I NCT01986166
VEGFR Sorafenib KRAS mutant mCRC Phase II NCTO01715441
VEGFR-2/FGFR Brivanib KRAS wild-type tumors; Phase III NCT00640471
mCRC
Pan-VEGFR Cabozantinib KRAS wild-type mCRC Phase I NCT02008383
HGF/IGF-1R Ganitumab KRAS wild-type mCRC Phase I/II NCT00788957
KRAS mutant mCRC Phase I NCT00813605
PD-1 Nivolumab dMMR/MSI-H mCRC Phase IT CheckMate-142
(treatment refractory) (NCT02060188)*
Pembrolizumab Keynote-164
(NCT02460198)*
PD-1 plus CTLA-4 Nivolumab + ipilimumab Phase II CheckMate-142
(NCT02060188)*
A33 glycoprotein ~ KRN-330 A33-positive colorectal Phase I NCT00575562
I-huA33 cancer Phase I NCT00291486

#Main results available. Table adapted from Xie et al. (2020).

(mCRC) Metastatic colorectal cancer, (FOLFOX) folinic acid +fluorouracil + oxaliplatin, (FOLFIRI) folinic acid +fluorouracil +

irinotecan.

combination with ICB. Therapeutic cancer vaccines can
induce an immune response by delivering antigens to an-
tigen-presenting cells, which prime and activate CD4"
and CD8" T cells to initiate tumor destruction (Sahin
and Tureci 2018). Moreover, ATC or CAR T cells provide

804 GENES & DEVELOPMENT

tumor antigen-specific approaches and may be useful
when the neoantigen load is lower, or if information re-
garding this neoantigen load is unavailable (Blankenstein
et al. 2015). For example, CD8" T cells targeting mutant
KRAS (Tran et al. 2016) or p53 “hotspot” mutations



(Malekzadeh et al. 2019) have been identified. Moreover,
circulating PD-1" lymphocytes have recently been shown
to recognize human gastrointestinal cancer neoantigens
(Gros et al. 2019), which can be isolated and retransferred.

For CRC early detection, besides the colonoscopy, a
stool test can be used to look for occult (hidden) blood
from the damaged blood vessels or mutant DNA in polyps
or tumors (D’Souza et al. 2021). The positive results will
need to be followed up and confirmed with colonoscopy.
For the individuals not accessible or reticent to stool
test or colonoscopy, detecting the circulating tumor cells
(CTC) (Tsai et al. 2019) and circulating tumor DNA
(ctDNA) (Dasari et al. 2020) have emerged as less invasive
and more compliable alternatives for CRC detection, with
high sensitivity and accuracy. In addition, ctDNA is also a
useful parameter for monitoring patients’ response to
therapies as well as tracking the clonal dynamics during
the treatment (Dasari et al. 2020).

Although advances in science-based treatment and ear-
ly detection for CRC are laudable, there remain signifi-
cant knowledge gaps that must be addressed to better
understand disease etiology, improve treatment respons-
es, and prolong patient survival while preserving the qual-
ity of life. Although the range of research opportunities is
broad, we consider five priority areas to be timely and po-
tentially impactful.

The first area relates to systematically defining and val-
idating the redundant signaling pathways that sustain
CRC cell growth, such as interactive EGFR and HGF-
MET coactivation, which impairs the efficacy of targeted
therapies against these RTKs and their downstream effec-
tors as a result of signaling compensation and rebound. A
comprehensive analysis of adaptive signaling mecha-
nisms in the setting of CRC targeted therapies in patients
and cognate animal models is critical to identify com-
bined inhibitors that may overcome signaling redundancy
mechanisms while maintaining vigilance of additive side
effects. Along these lines, CRC’s immunosuppressive
TME, comprising varied and versatile populations of im-
mune cells, provides multiple axes of immune evasion
mechanisms such as T-cell exhaustion and MDSC infil-
tration. Systematic cotargeting of these immune evasion
mechanisms with combined ICB and myeloid inhibitors
has shown great promise in preclinical models and should
be pursued vigorously in the clinic (Liao et al. 2019).

The second area of opportunity looks beyond cancer and
immune cells and encompasses the roles of other compo-
nents of the CRC TME and the intestinal tissue environ-
ment, such as stromal fibroblasts and the gut microbiome.
Cancer-associated fibroblasts secrete cancer-promoting
factors such as FGF, HGF, TGF-f, and PGE2. In addition,
fibroblast contraction and matrix deposition are known
to increase CRC metastatic tumor stiffness, which may
limit intratumoral drug delivery. The gut microbiome
and its metabolites not only cause intestinal-epithelial
cell DNA damage but also induce inflammation and mod-
ulate the immune response. Strikingly, the gut micro-
biome can also influence the function of p53 by
switching mutant p53 from tumor-suppressive to onco-
genic through a single microbiota-derived metabolite, gal-
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lic acid (Kadosh et al. 2020), further emphasizing the need
to understand the role of the microbiome in tumor biol-
ogy. Finally, scRNA-seq and high-throughput meta-omics
profiling such as metaproteomics and metabolomics pro-
vide an unprecedented opportunity to better define
novel TME components and their interactions. Genetic
model systems manipulating these components are also
critical in elucidating their biological roles in CRC
tumorigenesis.

The third frontier relates to dissecting the underlying
genetics and biology of CRC metastasis, which remains
one of the greatest obstacles in the effective treatment of
CRC and other solid tumors. Understanding the mecha-
nisms that enable metastasis, determining and validating
the key targets that maintain metastasis, and identifying
how these targets may also influence primary tumor
maintenance are all critical gaps in our knowledge.
Some insights are beginning to surface from the study of
mouse models, in which oncogenic KRAS and TGF-f
have been shown to promote and maintain CRC metasta-
sis via regulation of immunity and cell-cell contact mech-
anisms (Boutin et al. 2017). In addition, the fact that
metastasis can occur at very early stages of CRC empha-
sizes the need for the identification of metastasis drivers
in primary tumor specimens, which may also guide early
detection strategies, precision prognostication, and neo-
adjuvant therapies for those with high metastatic risk
profiles.

The fourth area relates to the emerging role of RNA
(such as microRNAs and long intergenic noncoding
RNAs) as well as RNA binding proteins (RBPs) in intesti-
nal epithelial biology and CRC biology. Several RBPs have
been shown to regulate intestinal epithelial homeostasis
and contribute to malignant transformation in CRC. For
example, LIN28A and LIN28B are overexpressed in 70%
and 30%, respectively, of CRC. Their overexpression is
correlated with tumor invasiveness, worse survival, and
recurrence (Chatterji and Rustgi 2018). Musashi proteins,
another group of RBPs, are linked to cancer therapeutic re-
sistance due to their roles in EMT and stem cell functions
(Chatterji and Rustgi 2018). In addition, many RBPs share
conserved structural domains, raising the possibility that
they may serve as targets of inhibitor development (Chat-
terji and Rustgi 2018).

The fifth and final area relates to deciphering the im-
measurable and comprehensive source of publicly avail-
able databases on CRC and other cancers, such as
TCGA, Oncomine, The Human Protein Atlas, and a vari-
ety of data on GEO. Analyzing such big data has led to the
identification of frequent mutations in CRC, such as
ARID1A and SOX9, the sidedness of CRC, as well as
ERBB2 amplification as the new therapeutic target of
CRC (Tomczak et al. 2015). Advanced bioinformatics
tools and potential applications of artificial intelligence
are imperatively needed to integrate the multidimension-
al data, increase the data resolutions, and provide readable
information for clinicians and the public, ultimately im-
proving CRC early detection, identifying novel drivers of
CRC, accelerating drug discoveries, and aiding the design
of clinical trials and personalized medicine.

GENES & DEVELOPMENT 805



Li et al.

In conclusion, the collective efforts of the CRC field
have resulted in meaningful advances in our understand-
ing and treatment of this disease. This foundation of im-
proved understanding of the genetic and biological
hallmarks of CRC has positioned the field for continued
progress and clinical impact. Advances in molecular pro-
filing and adoption of the precision trials paradigm should
accelerate the detection, prevention, and treatment of
many forms of CRC. As we further harness the power of
profiling technologies, genetic model systems, and novel
targeted therapies, we can expect to be continually hum-
bled by the biological complexity of the CRC TME, the
adaptive nature of interconnected signaling pathways,
and the extreme plasticity of the genome and cellular
states. Notwithstanding these challenges, the pace of
meaningful advances predicts that this coming decade
will be marked by major breakthroughs for this major can-
cer killer.
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