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ABSTRACT

Despite incessant research, colon cancer still is one of the most common causes of fatalities in both men
and women worldwide. Also, nearly 50% of patients with colorectal cancer show tumor recurrence.
Recent investigations have highlighted the involvement of colon cancer stem cells (CCSCs) in cancer
relapse and chemoresistance. CCSCs deliver a significant protumorigenic niche through persistent
overexpression of self-renewal capabilities. Moreover, CSCs cross network with stromal cells, immune
infiltrates, and cyotokine-chemokine, which potentiate their aggressive proliferative potential. Targeting
CCSCs through small molecule inhibitors, miRNAs, and monoclonal antibodies (mAbs) in in vivo studies
has generated compelling evidence for the effectiveness of these various treatments. This review
effectively compiles the role of CCSC surface markers and dysregulated and/or upregulated pathways
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in the pathogenesis of colorectal cancer that can be used to target CCSCs for effective colorectal cancer

treatment.

1. Introduction

Although colorectal cancer has been studied for years, it is still
one of the leading types of cancer that results in death world-
wide. In 2012, colon cancer accounted for approximately 9.7%
of the total cancer cases and 8.5% of total deaths worldwide'.
A linear relationship exists between the risk and age of the
people who develop colorectal cancer. Varying lifestyles
throughout the world serve to reinforce how lifestyle modifi-
cation can actually affect the incidence of colorectal cancer. In
the last few decades, there has been a slow but steady
improvement in the prognosis of patients with colorectal
cancer in many countries."”

Smoking, excessive alcohol consumption, high consump-
tion of red and processed meats, inflammatory bowel disease,
obesity, diabetes, family history of colorectal cancer, age, and
gender are considered some of the risk factors for colorectal
cancer. Based on emerging data, it has been observed that
infection with Helicobacter pylori, Fusobacterium spp, and
other potential infectious agents can also increase the risk of
colorectal cancer.”™® Surgery, chemotherapy, and radiation
therapy are some of the commonly used treatment strategies
to treat colorectal cancer. The principal chemotherapeutic
regimens include 5 fluorouracil (5FU), oxaliplatin and/or
leucovorin or 5-FU, leucovorin, and irinotecan (FOLFIRI).
Despite recent advancements in the field of medicine, nearly
50% of patients with colorectal cancer show tumor recurrence.
Colon cancer prevention includes physical exercise, hormone
replacement therapy, and aspirin, which accounts for
a reduction of about 20-30%. Despite these positive dietary
lifestyle modifications, they are only modestly effective in
preventing colon cancer.””"?

Recurrence of cancer has proven to be a major problem,
which renders the effect of current treatments temporary and
incomplete. This can partially be explained, because current
treatments primarily reduce tumor bulk rather than totally
eradicating the tumor, as well as the potential for tumor
metastasis and development of drug resistance by cancer
cells. Captivating evidence from previous studies suggest
that cancer stem cells (CSCs) possess various intrinsic resis-
tant mechanisms largely responsible for metastasis, drug resis-
tance, and relapse of the disease after initial therapy. Specific
targeting of CSCs, combined with current therapies, could
potentially prevent recurrence.'®'” This review effectively
assembles current information on the role of CCSC surface
markers and dysregulated and/or upregulated pathways in
colorectal cancer that can be used to target CCSCs for more
effective treatment. It also provides insights into the drugs/
molecules that are either in preclinical or clinical testing and
currently being used to target CCSCs.

2. Colon cancer stem cells

Neoplastic cells, supporting vascular cells, inflammatory cells,
and fibroblasts comprise the cell types included in most solid
tumors.'® The majority of the cells in the bulk tumor mass
lack self-renewal capacity and are nontumorigenic. However,
a small subpopulation of the cells in the tumor bulk known as
cancer stem cells (CSCs) are immortal and, therefore, possess
a capacity for self-renewal and the ability to “reform” the
original tumor.'*?°

Data from previous studies suggests their involvement in
tumor growth, initiation, maintenance, survival, metastasis,
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and cancer recurrence. The property of pluripotency enables
them to generate tumor cells with different phenotypes, which
results in the growth of the primary tumor and emergence of
new tumors.>>**> CSCs also have the ability to generate het-
erogeneous lineages of cancer cells that comprise the
tumor.”>"** Interestingly, CSCs represent approximately
0.1-10% of all tumor cells and only some of them have the
capacity to form a tumor. Because CSCs express antigens at
lower levels, it makes them ‘difficult-to-target’. In fact, their
identification is based on the presence of populations of cells
that have stem cell-like properties and not on the overexpres-
sion of tumor antigens.*® For the expansion of a tumor, CSCs
tend to undergo either a symmetrical, or asymmetrical, self-
renewal process during cell division. Symmetrical cell division
generates two identical daughter CSCs, whereas asymmetrical
cell division generates one daughter CSC and one differen-
tiated progenitor cell, which results in the expansion of the
number of CSCs as the tumor grows.”®

Rudolf Virchow, a German pathologist, was the first to
propose the CSC hypothesis in 1855. Through his studies,
he predicted that activation of dormant embryonic-like can-
cerous cells present in mature tissues leads to cancer.”> In
1994, Lapidot proved the CSC hypothesis by successfully
producing leukemia in immunocompromised mice following
transplantation of human acute myeloid lymphoma cells that
manifested stem cell characteristics.”® Subsequent to this dis-
covery, the presence of CSCs was explored in solid tumors.*
In 2007, O‘Brien and Vitiani, through independent investiga-
tions, discovered CCSCs.?*

CCSCs are resistant to conventional chemotherapeutic
drugs and radiotherapy due to a variety of known and
unknown intrinsic mechanisms. Some of these proposed
mechanisms include increased expression of ATP-binding
cassette (ABC) drug transporters, activation of Wnt/beta cate-
nin, Hedgehog and Notch signaling pathways, amplified activ-
ity of aldehyde dehydrogenase 1 (ALDH1), radiation-induced
conversion of cancer cells to CCSCs, protection by microen-
vironment and niche networks, and metabolic alterations with
a preference for hypoxia. CSC driven chemoresistance has
been reported in human leukemia, malignant melanoma,
and in brain, breast, pancreatic, and colorectal cancers.?’

Treatment approaches that target CCSCs have shown
increased efficacy and a reduced risk of tumor relapse, as
well as metastasis, at preclinical stages. CCSCs are one of
the major reasons for tumor redevelopment, therapeutic resis-
tance, and malignant progression in cancer patients.

3. Origin of colon cancer stem cells

Stem cells play an important role in tumor development, growth,
and metastasis and recurrence in many tumors including colon
cancer. The colon is composed of various compartments; for
example, the crypts of Lieberkuhn. These crypts are uniform test-
tube shaped structures containing 2000-3000 cells. Stem cells are
housed at the bottom of these crypts. In the human colon, these
stem cells account for < 20 cells per crypt. However, these stem
cells at the bottom of the crypt undergo self-renewal and produce
new cells, which begin with proliferating cells that travel up the
crypt as differentiating cells and ultimately replace the apoptotic
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cells at the top of the crypt. Despite the similarity of this process
in healthy living tissue, it can result in tumor formation if it goes
awry.”® ! The most widely accepted hypothesis for the origin of
CCSC’s suggests the involvement of microenvironment; dedif-
ferentiation of colon cancer cells and malignant transformation
of colon cancer cells and normal stem cells.”>>® Colon CSCs
show the presence of various populations of cells that are in
different stages of development, which gives them the character-
istic of heterogeneity.”” CSCs are normally in a quiescent state.
The most vexing therapeutic challenge associated with disease
relapse and treatment resistance is that current therapies target
only the tumor bulk and, consequently, spare quiescent stem
cells.® Self-renewal, production of differentiated progeny,
expression of specific surface markers and oncogenes, utilization
of common signaling pathways, and the importance of the stem
cell niche are the common characteristics shared by CSC and
normal stem cells, but CSC are not identical to normal stem cells,
because normal stem cells lack tumorigenic potential.'®***°

4. Targeting colon cancer stem cells for the
treatment of colorectal cancer

The current approved therapies against cancer have several lim-
itations that frequently lead to treatment failure. As mentioned
earlier, resistance to chemotherapy and radiotherapy is among the
most common cause for treatment failure. Also, the current
therapies fail to eliminate CCSC leading to metastasis and tumor
reoccurrence. In order to avoid toxicity of the other healthy tissues
and cells, specific CCSC targeting is necessary. Therefore, elim-
inating CCSC is crucial in order to treat malignant disorders.
Recently, multiple targets are being identified and potential agents
are being developed that could specifically target CCSC. These
potential targets range from various cell surface markers to signal-
ing pathways, the microenvironment niche that provides the
necessary conditions for tumor growth, and the ABC transporters
that are responsible for resistance to the gold standard anti-cancer
drugs like doxorubicin, paclitaxel, and cisplatin. Currently, there
are few therapeutic strategies that can specifically kill CCSC and
many of them are undergoing preclinical and clinical evaluation.
As mentioned above, CCSCs account for only 0.3-2.2% of the
total cancer cells in colorectal cancer. They have the capacity for
infinite proliferation and, therefore, specific treatments that would
target the CCSC would help in potentially eliminating the
tumor.*” However, the goal for any CCSC targeted therapy should
be to potentially eradicate the entire CCSC population in order to
avoid their progeny, as well as the occurrence of CCSC treatment-
resistant cells. In order to achieve this therapeutic goal, more than
one intrinsic pathway involved in CCSC maintenance, growth,
and renewal needs to be targeted. Therefore, in order to increase
the potential of a cure in colorectal cancer patients, it is necessary
to combine CCSC targeted therapy with conventional chemother-
apy and novel tumor-targeted drugs that can facilitate the elim-
ination of CCSC, additional differentiated progeny, and lastly, the
bulk tumor cell population.*

4.1 Targeting cell surface markers

Cell surface markers vary with the type of tumor. Specific
targeting of these cell surface markers could potentially
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eliminate CCSC. In order to enhance the specificity of ther-
apeutic strategies, researchers often choose ligands or antibo-
dies against tumor cell surface makers. Monoclonal
antibodies, which target CCSCs, have generated much interest
in the cancer research community.*'

In CCSC, EpCAM (high)/CD44+ acts as a specific biomarker.
EpCAM is a 40 kDa glycoprotein that functions as an epithelial
cell adhesion molecule. In normal tissues, EpCAM is only
expressed basolaterally and is shielded by tight junctions that
limit its accessibility. In contrast, in tumor cells, EpCAM is
expressed on the entire cell surface, and therefore, becomes
more accessible for binding.*> EpCAM plays an important role
in cell proliferation and inhibits differentiation of cells.
Approximately 85% of colorectal carcinomas express EpCAM.
It is one of the earliest tumor markers that is involved in signal
transduction, regeneration of tissue, and other biological func-
tions and its expression level varies depending on the stage of the
disease. EpCAM can induce acceleration of the cell cycle and
promote proliferation by upregulating the expression of onco-
gene c-myc. Interestingly, the proliferative and invasive capacity
of tumors is enhanced by increased expression of EpCAM and
its downregulation by RNA interference inhibits these
capacities.*>**** CD44 is involved in cell adhesion, migration,
invasion, and angiogenesis and is located on the cell membrane.
In a study conducted by Schulenburg et al., it was demonstrated
that CD44+ cell isolates from colon cancer samples had stem
cell-like properties and CD44- cells lacked stem cell-like proper-
ties. Also, CD44+ cells showed greater capacity for proliferation
and invasion.*> The composite EpCAM(high)/CD44+ is a more
specific colorectal stem cell marker than the individual cell
adhesion molecule and the composite structure of
EpCAM(high)/CD44+ can promote tumor invasion and metas-
tasis. It was demonstrated that EpCAM(low)/CD44- cells lack
the capacity for tumor initiation and formation. In a study con-
ducted by Liu et al, 80 cases of colorectal cancer and liver
metastasis were examined. It was observed that EpCAM(high)/
CD44+ was not present in adjacent normal intestinal epithelium,
but was visible in colorectal cancer tissue and corresponding
metastatic liver specimens. The percentage of double-positive
cells was 0.8-3.1% in colorectal cancer. The results from this
study demonstrate that EpCAM"&"/CD44" expression is signif-
icantly correlated with invasion and metastasis, and confirms
that EpCAM™"/CD44" cells may serve as effective biomarkers
for CCSCs.* Based on the theory *” that CCSCs are capable of
tumor invasion and metastasis, specific targeting of the
EpCAM(high)/CD44+ colorectal stem cell marker may help in
eliminating the tumor.

Catumaxomab is a specific targeted antibody that has been
developed to act on the above mentioned stem cell marker. It
obtained market approval in Europe in 2009 for the treatment
of malignant ascites in cancer patients. Catumaxomab is
a bispecific trifunctional antibody consisting of mouse IgG2a
and rat IgG2b produced using quadroma technology. The
antibody binds at three different sites; namely, T-cells via
the CD3 marker, EpCAM, and the Fc region and exerts its
cytotoxicity through T-cell mediated lysis, secretion of cyto-
kines (e.g., IL-1, IL-2, IL-6, IL-12, or DC-CK1), and phagocy-
tosis. Additionally, catumaxomab effectively eliminates
CD133+/EpCAM+ CSCs from malignant ascites of patients

with advanced ovarian, gastric, and pancreatic cancers, which
suggests its potential therapeutic application in eradicating
epithelial cancers expressing CSCs.**>°

A bispecific, bifunctional single-chain antibody MT110 is
a construct of the bispecific T-cell engager (BiTE) class, which
binds to EpCAM and CD3 and primes the resting human
peripheral CD4+ and CD8 + T-cells. This subsequently leads
to apoptosis of the EpCAM+ CSCs and the epithelial bulk
tumor cells. Upon injecting EpCAM+ CSCs derived from
patients with primary colon or pancreatic cancers into
NOD/SCID mice, MT110 effectively eradicated CSCs.
Interestingly, CSCs did not proliferate into fully grown
tumors in MT110-treated NOD/SCID xenograft mice, which
further strongly suggests the potential therapeutic benefits of
using MT110 to eradicate EpCAM+ CSCs and bulk tumor
cells.”®™* Statistical analysis on patients with human™ > ade-
nocarcinoma and colorectal cancer frequently reveals EpCAM
overexpression (~99.7) with protumorigenic capabilities.**>*
However, complete elucidation of the mechanisms involved in
CCSC-driven tumor proliferation must be unraveled prior to
an improvement in the overall prognosis.

4.2 Targeting signaling pathways

Self-renewal, programmed proliferation, differentiation, and
signaling pathways are the hallmarks of stem cells; however,
sudden dysregulation of these hallmarks and aberrant activa-
tion of dormant oncogenes may result in unexplained forma-
tion of CCSCs leading to tumorigenesis. Hedgehog (Hh),
Notch, Wnt/b-catenin, high mobility group AT-hook 2
(HMGA?2), Bcl-2, and Bmi-1 are ubiquitously dysregulated
and are required for sustaining the hallmarks or features of
stem cells in CCSCs. Hh, Notch, and Wnt/b-catenin poten-
tially regulate tumorigenesis in CCSCs and, therefore, thera-
peutic interventions that modulate these signaling pathways
may offer new strategies for cancer therapy.”>>°

4.2.1 Targeting the notch pathway
The Notch pathway plays an important role in embryogenesis,
cellular homeostasis, differentiation, EMT, and apoptosis.””
Notch signaling is initiated by ligand binding to the Notch
receptor. Figure 1 depicts a schematic representation and
function of the Notch canonical and non-canonical pathway.
In CCSCs, Notch signaling inhibits apoptosis by repressing
the cell cycle inhibitor p27 and maintaining its “stemness.”
Additionally, a 10-30-fold higher expression of Notch signal-
ing is observed in CCSCs leading to an unparalleled prolif-
erative potential and chemoresistance as compared to the bulk
tumor cells. However, Notch signaling can be inhibited by
monoclonal antibodies directed against Notch receptors and
gamma secretase inhibitors (GSls).>>60

GSIs prevent the final proteolytic cleavage of Notch recep-
tors that releases the active intracellular fragment. GSIs inhibit
both Notchl and Notch2 within the stem-progenitor compart-
ment of the intestinal crypt. For instance, RO4929097, a small
molecule GSI developed by Roche, is currently under clinical
investigation as either monotherapy, or in combination with
conventional chemotherapeutics. However, RO4929097 has
been used in combination with cetuximab against CRCs, but
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Figure 1. Schematic representation of Notch canonical and non-canonical pathway. Initiation of Notch signaling occurs on ligand binding to the receptor. There are
five typical Notch ligands Delta like, 1, 3, and 4 and Jagged 1 and 2 with a Delta-Serrate-Lag 2 (DSL) domain, while atypical ligands include DNER, F3/Contactin and
NB-3 without a DSL domain and four Notch receptors Notch 1-4.>® Proteolytic cleavage by disintegrin and metalloproteases family proteases (MMP), and gamma-
secretase releases active Notch intracellular domain (NICD).*® The biological process is mediated by Notch via canonical and noncanonical pathways. In the canonical
Notch pathway, NICD translocates to the nucleus and binds to the transcription factor CSL. Mastermind co-activators activate the CSL-NICD complex leading to
suppression of differentiation and maintenance of stemness by activating transcriptional targets HEST and HEY1. HEST increases the stemness-related genes in CRC
cells and CSC surface markers CD133, ALDH1, and ABCG2. In noncanonical pathway, atypical ligand interacts with receptor promoting differentiation by formation of

CSL-NICD-Deltex complex.>6>7¢%-

resulted in significant toxicity such as activation of cyp450,
which caused a decrease in its bioavailability. Furthermore,
administration of RO4929097 during Phase II clinical trials
demonstrated ineffectiveness as a monotherapeutic agent,
because no significant response was observed in patients with
CRC (NCT01116687).>”%" GSIs are also known to cause severe
gastrointestinal toxicity due to goblet-cell metaplasia of the
small-intestinal epithelium (a target-mediated effect due to
inhibition of Notchl and Notch2). Mechanistic evaluation of
GSI-mediated toxicity revealed its involvement in abolishing
the proliferative potential of crypt progenitors causing them to
differentiate into postmitotic goblet cells. Additionally, sys-
temic toxicity and off-target effects have been reported, which
has limited its therapeutic potential. Interestingly, the efficacy
of GSIs in a preclinical model yields a synergistic cytotoxicity
with chemotherapeutic agents through both antiangiogenesis
and anti-CSC effects. Nevertheless, the further design of GSIs
to optimize their efficacy appears warranted.”>*

Suppression of activated Notch signaling in the presence of
Honokiol (traditional Chinese medicine) increased the sensi-
tivity of CCSCs to ionizing radiation (IR). Results from the
combination of Honokiol and IR on cancer cell lines demon-
strated its effectiveness by inducing apoptosis, reducing
DCLKI1, and activating Notch-1, Jagged-1, and Hes-1. These
promising results were then extrapolated to a xenograft

animal model, which led to a reduction in the expression of
CSC marker and Notch signaling in xenograft tissues, as well
as suppression of tumor growth.”>>’

4.2.2 Targeting the hedgehog pathway

Hedgehog (Hh) pathways includes a wide variety of cellular and
molecular mechanisms. For instance, protein trafficking, pro-
tein—protein interactions, feedback loops, and post-translational
modifications to name but a few. These processes help in the
tight regulation of Hh signaling in a temporally and spatially
specific manner; a key requirement for tissue patterning, cell fate
determination, and self-renewal.”> By orchestrating reciprocal
communicative events between different cells and tissues, the Hh
pathway plays a crucial role during organogenesis in the devel-
oping embryo. Based on the receiving cell type, Hh signaling
varies and includes directing cell proliferation, cell fate determi-
nation, epithelial-to-mesenchymal transitions (EMT), and the
rearrangement of cells by motility and adhesion changes.®>**
Therefore, it is not surprising that inappropriate activation of Hh
signaling can contribute to the initiation, growth, and mainte-
nance of cancer. Failure in aggressive and chemoresistant
tumors is due to the overexpression in the Hh signaling
cascade.”” In vivo studies have demonstrated the involvement
of the Hedgehog-GLI (HH-GLI) pathway in the maintenance of
self-renewal capacity of CCSCs and CD133+ colon CSCs ¢4_gs5.
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Figure 2 depicts a schematic representation of the Hedgehog
pathway and its role in signaling in CCSC’s. When specific
ligands, such as exo-secretion ligand Shh, bind to the trans-
membrane receptor PATCHED1 (PTCH1), it initiates the HH-
GLI pathway. Binding of this ligand to the receptor inhibits
SMOOTHENED (SMO) protein, leading to its translocation to
primary villi of the cell and inhibition of GLI repressors (mostly
GLI3R) and activation of the intracellular signaling cascade. This
cascade causes translocation and nuclear activation of the tran-
scription factor Gli2. In parallel with this process, the transcrip-
tion factor Gli2 undergoes up-regulation, which subsequently
affects cell proliferation, regulation, and cell fate determination
by ‘turning on’ the expression of specific genes. It also causes
transcription of three GLI zinc finger transactivation factors
PTCHI, GLII, HIP. Targeted inhibition of SMO and GLII
could possibly lead to cell death. Therefore, directly or indirectly
inhibiting the HH-GLI pathway could potentially eradicate the
bulk tumor and the CSC population within the tumor.”®*
Cyclopamine is a naturally occurring teratogenic alkaloid
that is thought to be a strong inhibitor of the HH-GLI path-
way. It inhibits cholesterol biosynthesis and interacts directly
with SMO, which inhibits the HH-GLI pathway. These results
have been demonstrated in HT-116 cell lines. HT-116 spheres
were grown in serum-free, nonadherent culture and showed
an increased expression of stem cell markers such as NANOG,
POUS5FI1, CD-44, and EpCAM compared to cells grown in
conventional culture medium. Treatment with cyclopamine
decreased the level of stem cell markers NANOG, POU5FI,
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and CD-44. Hence, HT-116 cells with sphere formation capa-
city possessed CSC-like properties and, by using this model, it
was demonstrated that cyclopamine downregulated the stem-
cell associated markers and genes.®

GDC-0449 (Vismodegib), a SMO antagonist has been
approved by US-FDA for treating basal cell skin carcinomas.
The potency of GDC-0449 was demonstrated on Caco-2 and
HT-29 cell lines by its downregulation of GLI1, inhibition of
the HH-GLI pathway, and its anti-CSC effects, which were
made evident by its capacity to down regulate the CSC surface
markers CD44 and ALDH.®>%

Compelling evidence suggests that the characteristics nor-
mally supporting chemoresistance is limited by inhibition of
Hh signaling in CSCs that promotes commitment or differ-
entiation and a loss of stemness, as supported by a reduction
in clonogenicity and pluripotency markers. In order to pre-
vent tumor relapse and maximize patient outcomes, an attrac-
tive approach would be the combinatorial targeting of CSCs
and tumor bulk with Hh inhibitors and conventional che-
motherapeutic agents and/or radiation. However, further
investigation into the sequencing of Hh inhibitors and con-
ventional therapies is required to determine whether priming
CSCs prior to cytotoxic treatment, coadministration, and/or
use as maintenance therapy following tumor debulking will
lead to optimal outcomes. Importantly, the type of Hh antago-
nist required for individual cancer subtypes must be carefully
considered and based on the mode of Hh pathway activation.
However, a greater understanding of Hh-mediated CSC
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PTCH 1 : Patched 1 ; SMO : Smoothed ; Sufu : Suppressor of Fused ; PKA : Protein Kinase A ; GSK3B : Gloycogen Synthase Kinase 3B ; B-TrCP : B-Transduction-
repeat containing Protein ; GIiR : Gli transcriptional Repressor ; Arob 2 : B- Arrestin ; GliA : Gli activators .

Figure 2. The process of Hedgehog pathway begins on binding of specific ligands such as exo-secretion ligand Shh bind to the trans-membrane receptor PATCHED1
(PTCH1) it initiates the HH-GLI pathway. Binding of this ligand to the receptor inhibits SMOOTHENED (SMO) protein leading to its translocation to primary villi of the
cell and inhibition of GLI repressors (mostly GLI3R) and activation of intracellular signaling cascade. The cascade causes translocation and nuclear activation of the
transcription factor Gli2. In parallel to this, the transcription factor Gli2 is upregulated playing an important role in cell proliferation, regulation and cell fate
determination by turning on specific gene expression. It also causes transcription of three GLI zinc finger transactivation factors PTCH1, GLI1, HIP. Targeted inhibition
of SMO and GLI1 could lead to cell death. Therefore, directly or indirectly inhibiting HH-GLI pathway could potentially eradicate the tumor and CSC population in the

tumor.58,63.



maintenance and how to best combine Hh antagonists with
conventional therapies in the clinic will be required before the
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Specific targeting of the Wnt pathway could potentially elim-
inate the CSC population.®”

full potential of this therapeutic strategy is realized.”® Figure 3 depicts a schematic representation of the Wnt
pathway and also depicts its mechanism as it pertains to
CCSC’s. B-catenin is a protein kept at a low cytoplasmic
concentration by the destruction complex mainly regulating
the Wnt pathway. The destruction complex consists of the
tumor suppressor protein adenomatous polyposis coli
(APC), casein kinase 1 (CK1) and glycogen synthase kinase
3b (GSK3-b), and Axin2, which scaffold the complex
together. The membrane receptor complex is formed by
frizzled (Fzd) and low-density lipoprotein receptor-related
protein 5/6 (LRP5/6). In the absence of Wnt ligands, this
membrane receptor complex is not engaged. Thereafter,
CK1 and GSK3-b phosphorylate p-catenin at specific serine
and threonine residues and leads to priming of its recogni-
tion by the U3 ubiquitin ligase p-transducin repeat-
containing protein (B-TRCP). As a consequence, B-catenin
is ubiquitinated and targeted for proteosomal degradation.®’”
Gene transcription is actively repressed in the nucleus as
TCF transcription factors are bound to corepressor
(Groucho). In the presence of Wnt ligands, they bind to
Fzd and LRP5/6 coreceptors and trigger the formation of
Dvl-Fzd complex. Also, this leads to phosphorylation of
LRP by GSK3-b. The destruction complex is dissolved as
this phosphorylation recruits the scaffolding protein Axin2

4.2.3 Targeting the WNT signaling pathway

The Wnt signaling pathway regulates stem cell self-renewal in
epithelial cancers, including colon cancer. Wnt signals are
either transduced to the canonical Wnt pathway for cell fate
determination or to the noncanonical Wnt pathway for con-
trolling tissue polarity and cell movement. Different Wnt
ligands activate either the canonical or noncanonical Wnt
pathway. The canonical Wnt signal regulates specific gene
expression by activating the downstream target TCF/LEF.
This activation is achieved by stabilization of P-catenin
through inhibition of its phosphorylation-dependent degrada-
tion via Frizzled/LRP/6. High Wnt signaling activity defines
human CCSCs, and these cells preferentially localize to
a myofibroblast niche. This has been reported based on Wnt
reporter constructs. Differentiated cells are relatively “Wnt-
low,” whereas CSCs are relatively “Wnt-high.” Wnt activity
levels are dependent on extrinsic factors such as Hepatocyte
Growth Factor (HGF) and RSPO3, and on various intrinsic
factors such as mutation and expression levels of microRNAs
(miRs). Since the CSC phenotype is not stable, differentiation
and dedifferentiation are ongoing processes with CSC.
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Fzd : Frizzled ; LRP 5/6 : Low-density Lipoprotein Receptor-related Protein ; APC : Adenomatous Polyposis Coli ; B-cat Beta catenin ;
GSK3 : Glycogen Synthase Kinase 3 ; CK1 : Casein Kinase 1

Figure 3. Wnt signaling pathway with and without ligand binding and APC mutations. B-catenin is a protein kept under low cytoplasmic concentration by the
destruction complex mainly regulating the Wnt pathway. The destruction complex consists of the tumor suppressor protein adenomatous polyposis coli (APC); casein
kinase 1 (CK1) and glycogen synthase kinase 3b (GSK3-b); and Axin2, which scaffold the complex together. The membrane receptor complex is formed by frizzled
(Fzd) and low-density lipoprotein receptor-related protein 5/6 (LRP5/6). In the absence of Wnt ligands, this membrane receptor complex is not engaged. Thereafter,
CK1 and GSK3-b phosphorylate B-catenin at specific serine and threonine residues and leads to priming of its recognition by the U3 ubiquitin ligase B-transducin
repeat-containing protein (B-TRCP). As a consequence, B-catenin is ubiquitinated and targeted for proteosomal degradation.®” Gene transcription is actively repressed
in the nucleus as TCF transcription factors are bound to corepressor (Groucho).?” In the presence of Wnt ligands, they bind to Fzd and LRP5/6 coreceptors and trigger
the formation of Dvl-Fzd complex. Also, it leads to phosphorylation of LRP by GSK3-b. The destruction complex is dissolved as this phosphorylation recruits the
scaffolding protein Axin2 to the coreceptors.®® As a result, B-catenin stabilization occurs and can therefore accumulate in the cytosol. Subsequently, B-catenin
translocates in the nucleus where it converts TCF into a transcriptional activator. This step is mediated by the displacement of the Groucho protein and recruitment of
coactivators that include CBP, BCL9, and PYG.%° This recruitment ensures efficient transcription of genes that are important regulators of stem cell fate (LGR5, ASCL2),
cell proliferation (C-MYC), and also, negative regulators of the pathway (Axin2). In CRC, truncating mutations in APC are frequently observed. In such mutations, there
is inefficient targeting of B-catenin for degradation as the destruction complex is not properly formed. Therefore, even in the absence of external signal, -catenin
can accumulate and form active transcription factor complexes with TCF proteins in the nucleus.””
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to the coreceptors.”” As a result, B-catenin stabilization
occurs and can therefore accumulate in the cytosol.
Subsequently, P-catenin translocates in the nucleus where
it converts TCF into a transcriptional activator. This step is
mediated by the displacement of the Groucho protein and
recruitment of coactivators that include CBP, BCL9, and
PYG. This recruitment ensures efficient transcription of
genes that are important regulators of stem cell fate
(LGR5, ASCL2), cell proliferation (C-MYC), and also, nega-
tive regulators of the pathway (Axin2). In CRC, truncating
mutations in APC are frequently observed. In such muta-
tions, there is inefficient targeting of B-catenin for degrada-
tion as the destruction complex is not properly formed.
Therefore, even in the absence of external signals, -
catenin can accumulate and form active transcription factor
complexes with TCF proteins in the nucleus.®’”

Traf2- and Nck-interacting kinase (TNIK) are essential
regulatory components of the T-cell factor-4 and P-catenin
transcriptional complex. TNIK is required for the tumor-
initiating function of CCSCs. NCB-0846 has been shown to
block TNIK/Wnt signaling and demonstrated not only
marked anti-tumor and anti-CSC activity, but also inhibited
the expression of mesenchymal marker proteins. Since TNIK
is a multifunctional protein, it also regulates other pathways
in addition to Wnt. Based on the results of this study, it can
be inferred that specific TNIK inhibition could be a potential
therapeutic approach for eradicating CCSCs.”*

The R-spondin (RSPO) pathway plays a pivotal role in
regulating stem cell maintenance and renewal. WNT signaling
is activated by RSPO with the help of Wnt ligands. In CRC,
translocation of RSPO occurs. OMP-131R10 is a novel IgG1
that inhibits the binding of RSPO3 to leucine-rich repeat-
containing G-coupled receptors (LGRs) and the activation of
the RSPO-LGR pathway. This may result in an inhibition of
both CSC survival and proliferation. Anti-tumor effects have
been demonstrated in patient-derived xenograft animal mod-
els as a single agent and in combination with traditional
chemotherapeutic agents. A phase Ia/Ib study is ongoing
with this agent (NCT02482441; sponsored by Onco Med
Pharmaceuticals).”?

4.2.4 Targeting the hippo pathway
It was not more than a decade ago that one of the most
important pathways driving “stemness” to cancer stem cells
was revealed. This pathway, known as Hippo pathway, not
only plays an important role in organ development, tumor-
igenesis, and tissue regeneration, but also, recent studies have
highlighted its role in driving cancer stem cell biology that
includes EMT, drug resistance, and self-renewal.” Its identi-
fication and role in tumor suppression can be traced to
Drosophila melanogaster, which was later followed by its reca-
pitulation in transgenic mouse models.”*”>

The cytoplasmic kinase module and nuclear transcription
module are the two major components of the Hippo pathway.
The oncogenic transcriptional module is composed of yes-
associated protein (YAP) and transcriptional co-activator with
PDZ-binding motif (TAZ). YAP/TAZ, together with the TEA
domain family member (TEAD), function as transcriptional
coactivators. Mammalian STE20-like protein kinase 1 (MST1)

and (MST2) activate large tumor suppressor 1 (LATS1) and
LATS2 by phosphorylating them and thus, forming the kinase
module. However, recent studies provide evidence that sup-
ports the MAP4K family as also being a part of the kinase
family along with MST1 and MST2. The biological function of
paramount importance that is performed by the kinase cas-
cade is the inhibition of the oncogenic transcriptional
module.”®””

The Hippo pathway in mammals functions as a tumor
suppressor pathway under normal circumstances. Figure 4
depicts a schematic representation of the Hippo pathway.
There has been considerable evidence supporting the role of
the Hippo pathway in regulating cell-cell, contact-induced
growth inhibitory signals. Under normal physiological condi-
tions, such as wound healing and embryonic development,
activation of the Hippo pathway occurs due to release of
E-cadherin, alpha-catenin, and Crumbs during cell-cell con-
tact. However, loss of cell-cell contact inhibition facilitates
tumorigenesis during EMT due to hyperactivation of YAP/
TAZ.”"®" Importantly, there are also additional potent regu-
lators of YAP/TAZ, which include mechanical cues such as
extracellular matrix (ECM) stiffness, cell attachment or
detachment, cell geometry, and cytoskeleton tension. These
additional factors support YAP/TAZ as being a mediator of
mechano-transduction, thereby validating its significant role
in a myriad of pathological conditions.*” Nutrient stress also
regulates the activation of YAP/TAZ, since it has long been
known that extracellular nutrients such as glucose and amino
acids regulate cell metabolism and proliferation. Furthermore,
intracellular and environmental stresses also regulate the
Hippo pathway due to the fact that this pathway also plays
an important role in combating cellular stress signals.>’

Various studies have demonstrated the involvement of
YAP in the development of CRC. In fact, it has been shown
that increased expression of YAP is co-related to high histo-
logical grade, enrichment of colon stem cell signatures, metas-
tasis characteristics, and cancer progression. Other studies
have also demonstrated resistance to cetuximab therapy due
to upregulation of YAP. Moreover, increased expression of
YAP and PGE2 has been associated with CRC, which sub-
stantiates the premise that YAP inhibitors may act in syner-
gism with NSAIDs.**** Despite a significant body of evidence
supporting the association of YAP with poor prognosis and
development of CRC, there have been other conflicting stu-
dies that suggest YAP to be a tumor-suppressor gene.
Therefore, the function of YAP appears to depend signifi-
cantly on the tissue involved. In the case of CRC, the enhance-
ment in the function of the p73 transcription factor in the
promoter region of apoptotic genes leads to induction of
apoptosis as a response to DNA damage.86 The contrasting
results from various investigations as it pertains to YAP
appear to suggest that if YAP can reduce cell proliferation
and induce cell apoptosis and death in CRC, then YAP activa-
tion could be beneficial in the treatment of CRC. Therefore,
further in-depth study is urgently needed regarding the spe-
cific functions of YAP.

The maintenance of “stemness” and tissue homeostasis
involves one more key regulator, and that regulator is the
Hippo pathway.’” There is evidence from previous studies
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MST1/2: Mammalian STE20-like protein kinase; YAP: yes-associated protein; LATS1/2: Large tumor suppressor; MAP4K: Mitogen activated protein kinase 4;
TEAD: TEA domain family member; TAZ: Transcriptional co-activator with PDZ-binding motif; VGLL4: Vestigial like family member 4.

Figure 4. Hippo Pathway for tumor suppression. Inactivation of YAP/TAZ leads to oncogenic transcriptional module. Its inactivation is due to activation of hippo
kinases MST1/2 that facilitates activation of LATS1/2 thereby phosporylating and retaining YAP/TAZ in the cytoplasm via 14-3-3 or being subjected to proteasomal or
autophagy-induced degradation. Followed by this, suppression of TEAD-mediated gene transcription occurs. On the other hand, inactivation of hippo kinases occurs
due to myriad reasons. Inactivation of hippo kinases leads to dephosphorylation of YAP/TAZ and translocates inside the nucleus inducing TEAD target gene

expression. However, recent studies highlight Hippo-YAP-independent activation of TEAD too.

that depict localization of the YAP protein to the crypt base,
as well as its absence from villi. This fact supports the possi-
bility that YAP maintains the lack of differentiation of stem
cells by binding to the TEAD transcription factor. It is for this
reason that recent studies have suggested a dual role for YAP
in the regulation of intestinal stem cells (ISCs). Interestingly,
it has been observed that YAP hyperactivation expands intest-
inal progenitor/stem cells, whereas YAP deletion impairs the
regeneration of intestinal cells that have been experimentally
damaged with dextran sodium acetate.®®>

The potential of YAP as a target for small-molecule mod-
ulators has been explored in a plethora of cancers and is
classified into three main categories. These three categories
are comprised of small-molecule modulators that (1) regulate
the upstream molecules of YAP and the effects of YAP-TEAD
transcriptional activity, (2) modulate YAP phosphorylation
and block YAP nuclear translocation, and (3) inhibit YAP to
subsequently inhibit YAP’s interaction with TEADI.

Recently, oligomeric proanthocyanidins (OPCs) have been
tested against CCSCs by Toden and colleagues.”
Proanthocyanidins are particularly found in fruits and vege-
tables and are a group of heterogeneous flavon-3-ol or flavon-
3,4-diol oligomers. Their study demonstrated antitumorigenic
potential of OPCs, as well as anti-CCSC properties. The main
findings of the study not only demonstrated decreased expres-
sion of CCSC markers like LGR5, CD44, and CD133, but also
verified OPCs as YAP/TAZ inhibitors, thereby inhibiting the
Hippo pathway.”

Verteporfin is well known for enhancing phototherapy
against neovascular macular degradation by inhibiting YAP.

77,78.

However, a recent study demonstrated its antitumor effects
independent of its action on YAP in the context of CRC.”!
Additionally, another study demonstrated the ability of verte-
porfin to reverse paclitaxel resistance due to YAP over-
expression in HCT-8/T cells by inhibiting the expression of
YAP.?

The major hurdle in the development of small-molecule
modulators of YAP is its dual role of being both oncogenic
and functioning as a tumor suppressor. The difficulty arises in
determining whether inhibiting or stimulating the expression
of YAP represents a more suitable strategy against CCSCs.
Therefore, the role of YAP in relation to CCSCs requires
further investigation and in-depth analysis.

4.2.5 Cross-talk between the hippo pathway and other
signaling pathways

The interplay between the Hippo pathway and other signaling
pathways was first studied in Drosophila. Thereafter, their
connection in mammals was also determined. It was observed
in a YAP-transgenic mouse model that YAP expression led to
a rapid stimulation of HES expression, which was an indica-
tion that Notch signaling was activated. Additionally, there
has been a considerable body of evidence that supports
a positive feedback loop between the Hippo and Notch signal-
ing pathways, since overexpression of NCID has been corre-
lated to increased expression of YAP and TEAD. Moreover,
the physical interaction of YAP with NICD facilitates Notch
signaling output. Importantly, several studies have also iden-
tified Notch2 as a direct YAP/TAZ/TEAD target gene.”> >



1076 R. GUPTA ET AL.

In contrast to the Notch signaling pathway, there exists
a negative feedback loop between the Hedgehog (Hh) and
Hippo pathways, since studies have shown that protein levels
of YAPI1 increase due to an increase in Hh signaling. Coupled
with this finding is the fact that there is suppression of Hh target
genes when YAP binds to GLI transcription factors.”®™*®

The interplay between Wnt signaling and the Hippo
pathway involves several opposing views and is less than
straightforward with regard to regulatory mechanisms. To
begin, the Hippo pathway limits a positive Wnt signaling
regulator called DVL due to the cytoplasmic expression of
its core kinase component, YAP1/TAZ, and thus, serves to
repress the activity of B-catenin.”® As mentioned earlier
with regard to the Wnt signaling pathway, the p-catenin
degradation complex, which includes YAP, undergoes phos-
phorylation and results in B-catenin being retained in the
cytoplasm. Subsequently, -catenin is subjected to ubiquiti-
nation and degradation by the proteasome. As it pertains to
the binding of the canonical Wnt ligand, activation of -
catenin and YAP1/TAZ targets genes occurs after binding to
the transcriptional activators TCF and LEF or TEAD,
respectively, which causes translocation of (-catenin and
YAP1/TAZ to the nucleus. On the other hand, binding of
the noncanonical Wnt ligand activates the G-protein-
coupled receptor through Gal2/13. Importantly, inhibition
of LATS1/2 results in activation of YAP1/TAZ due to sub-
sequent activation of Rho GTPases (RHO). A final signifi-
cant fact worth noting is that the interplay between APC
and YAP/TAZ can occur independent of Wnt/B-catenin
signaling. One of the most common observations with
CRC is deletion or mutation of APC, which has been
observed to lead to an inhibition of Hippo kinases and, in
turn, facilitates an increase in YAP1 activity.®>'%01%4

4.3 Targeting miRNA expression

Recently, a new class of small noncoding, single-stranded RNA
molecules (i.e., miRNAs) have been discovered, which regulate
gene expression and lead to either degradation of mRNA, or
inhibition of protein synthesis, by binding to the 3’-untranslated
region of the complementary mRNA. It has been discovered
that alterations in several miRNAs are involved in the etiology
and clinical outcome of many cancers, including CRC. Recent
findings suggest that a single miRNA can regulate many
mRNAs and that a single mRNA can be the target of many
miRNAs. The tumor location and mutation status of p53 and
K-Ras exemplifies the miRNA status on different tumor types.
Apart from their potential role in carcinogenesis, they also play
an important role in biological functions like cell development,
cell proliferation, cell differentiation, intracellular metabolism,
and signal transduction.'*'"7

To date, there has been a plethora of studies describing the
role of miRNA in normal stem cells, but studies that clearly
elucidate their exact role as it pertains to CSCs are rare. The
research community has now adopted a heightened interest in
identifying their precise role in the regulation of CCSCs.
miRNA could be a potential target in eradicating CSCs.
Different miRNAs are up- or downregulated by different
tumors. The therapeutic strategy involving miRNAs to treat

CRSCs likely consists of two mechanisms. The first strategy
involves upregulation of genes that would be silenced by
deregulated miRNAs by inhibiting the oncogenic miRNAs
using miRNA antagonists (anti-miRNAs). The second strategy
involves the use of miRNA mimics that would help to restore
the normal expression levels of tumor suppressor microRNA. It
has been observed that miRNA mimics and anti-miRNAs might
help to re-establish dysregulated gene expression, thereby sug-
gesting their potential role in anticancer therapy.'® The delivery
of antisense oligonucleotides, locked nucleic acid constructs,
miRNA sponge constructs, and miRNA masking antisense oli-
gonucleotide delivery are just some of the approaches that have
been reported for inhibiting oncogenic miRNA. Using inhibi-
tors of an oncogenic pathway represents an additional approach
that has been reported to inhibit oncogenic miRNA.
Additionally, mature miRNA mimics, pre-miRNA mimics,
and mature miRNA precursors are all viable approaches that
could be used for restoring tumor suppressor miRNAs.'*®

The main challenges associated with targeting miRNA is
the delivery system, its stability, safety, and possible oft-target
effects. The two main categories for delivery systems are viral
and nonviral vectors. Viral vectors are further classified into
adenoviral and lentiviral vectors. Lipids (cationic liposomes,
neural lipid emulsions, stable nucleic acid lipid particles) and
polymer-based [polyethylenimine (PEI)), poly (lactic-co-
glycolic acid) (PGLA), and polyamidoamine (PAMAM)]
nanoparticles encompass the nonviral vectors.'”® Table 1
describes different types of miRNA and their role in CCSC’s.

A polyethylenimine (PEI)/miRNA145 complex adminis-
tered in a xenograft SCID mouse model showed suppression
of tumor along with a reduction in CSC biomarkers such as
CD44, B-catenin, and SOX2, as well as an increase in the
expression of PDCD4 and CK20. Based on these results, it
can be concluded that administration of miR-145 decreases
CSC proliferation and induces cell differentiation, which leads
to suppression of tumor growth in SCID mice.'”

Roy et al. demonstrated that colonospheres highly enriched
in CSCs show an inverse relationship between miRNA21 and

Table 1. Type of miRNA and their role in CCSC.

Sr.
no miRNA Role in CCSC’s Reference
1. miRNA143 Downregulation in CRC tissues as compared ~ '%>71%%11°
and 145 to normal tissues.
2. miRNA140 On targeting Histone deactylases4 (HDACA4), 109,11
miRNA140 inhibited cell proliferation
conferring methotrexate and 5-FU resistant
phenotype in CCSC.
3. miRNA215 miRNA215 enhances chemo-resistance of 10911
CCSC to methotrexate and tomudex by
inducing G2 arrest through suppression of
DTL expression
4. miRNA19b There is up-regulation of miRNA19b and 108111
and miRNA21 miRNA21 in 5-FU resistant colon cancer cells

5. miRNA21 and (a)Colon cancer cells highly enriched in CSCs 1o

145 shows an upregulation of miRNA21 and
downregulation of miRN145, suggesting their
role in regulating CSCs.

(b)P53 gene regulates the expression of
miRNA145 via RAS signaling pathway,
whereas miRNA21 increases the RAS
signaling activity leading to subsequent
repression of miRNA143/145 cluster complex.




PTEN, a target of miRNA21. Decreased expression of PTEN
leads to activation of Akt signaling, which, in turn, mediates
acceleration of tumor outgrowth in SCID xenografts.
Difluorinated curcumin (CDF), an analog of dietary curcumin
with a high bioavailability, modulates the miRNA21-PTEN-
Akt axis in both p53-positive and p53-negative colon cancer
cells. CDF is also effective in restoring PTEN levels in the
metastatic colon cancer cell line known as SW620. Taken
together, these results suggest that CDF could be an effective
therapeutic agent for different stages of colon cancer.''* Also,
it has been observed that CDF caused modulation of the miR-
21-PTEN-AKkt axis in chemo-resistant colon cancer cells that
are highly enriched in CSCs, suggesting that this novel analog
of curcumin could also be therapeutically effective for recur-
rent cancer, which is known to be resistant to conventional
chemotherapy.''®!>!13

Through recent findings, it has been observed that miRNA
plays an important role in regulating stemness of CSCs, but its
role in CCSCs remains poorly understood and more research
in this field is desperately needed.

4.4 Targeting the tumor microenvironment

Persistent hypoxia in bulk tumors forms the basis of existence and
maintenance of tumor stem cells, which confers resistance to
conventional chemotherapy. The tumor stem cell niche plays
a key role in regulating stem cell maintenance and self-renewal
by either secreting paracrine factors, or by direct cell-to-cell inter-
actions that potentiates self-renewal and acceleration during
tumor proliferation. The tumor microenvironment (TME) con-
sists of stromal cells, immune cells, networks of cytokines, chemo-
kines, and growth factors, hypoxic regions, and the extracellular

Table 2. Stromal cells and their role in cancer and CSC.
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matrix (ECM). The TME modulates the Wnt/p-catenin, Notch,
and Hedgehog signaling pathways and/or interrupts the master
transcriptional regulators like NANOG, OCT-4, and SOX-2 to
maintain the stemness of CSCs. Under specific micro-
environmental stimuli, certain cancer cells exhibit plasticity,
which enables them to resume proliferation through epithelial-
mesenchymal transition EMT. The interaction between CCSCs
and the microenvironment plays a key role in regulating CCSC
self-renewal.”® Investigational studies on therapeutic interventions
of stromal cells such as adipocytes, cancer-associated fibroblasts,
and tumor-associated macrophages highlights the significance of
targeting the TME. The major components of the TME that are
known to play an important role in CSC and, CCSC in particular,
have been described in Table 2. Furthermore, Table 3 lists all of the
potential therapeutic agents that are undergoing clinical trials
together with their specific target.

5. Conclusion

CCSCs have provided new avenues for the treatment of colorectal
cancer that need to be further investigated. Chemoresistance and
treatment failure are among the major drawbacks of current
therapy for CRC, and it is indeed necessary to figure out how
CCSCs escape current treatment. Also, to decrease the systemic
and local toxicity associated with conventional chemotherapy,
formulations need to be developed that can specifically target
CCSCs to improve patient survival. Eradication of CCSCs has
the potential to radically revolutionize the clinical outcome in
CRC patients. The precise targeting of CCSCs with various ther-
apeutic agents used alone, or in combination with conventional
chemotherapeutic drugs, is currently being explored. However,
since CCSCs share common characteristics with normal stem

Sr. Name of the
no stromal cells Role in cancer Role in CSC Pathway regulated Reference
1. Adipocytes Secretes adipokines and cytokines like The leptin receptor maintains a self- - 114-116
leptin, adiponectin, IL-6, MCP-1, and TNF-a. reinforcing signaling cascade to expand the
CSC population and tumor growth.
2. Cancer Associated Promotes tumor progression, invasion and  Supports CSC properties and invasive Induces Wnt/B-catenin signaling ~ ''®7""?
Fibroblasts (CAFs)  guides structural changes by secreting metastatic potential of CSCs. by secreting HGF, matrix
mitogenic factors like hepatocyte growth metalloproteases, cytokines like
factor (HGF), EGF family members, CCL12, tumor necrosis factor-a (TNF-a).
fibroblast growth factors and stanniocalcin-
1
3. Myeloid-Derived They secrete arginase 1, ROS, and inducible Their infiltration to the intestinal mucosa is - 112
Suppressor Cells nitric oxide synthase (iNOS) to inhibit the  associated with CXCR2 expression on CRC
(MDSCs) anticancer function of NK cells and T cells. It endothelial cells and immunocytes.
helps in escaping immunosurveillance and
promotes tumor initiation and progression.
4. Tumor Associated  Pro-tumorgenic through induction of T cell Supports CSC growth through Milk-fat Activates STAT3 and Hedgehog ~ '27%
Macrophages anergy, driving ECM components, repairing globule EGF-8 (MFG-E8) pathways triggering
(TAMs) the damaged tissues and neoangiogenesis. tumorigenicity and drug
resistance in CSCs
5. T-regulatory cells  Suppresses the immune system through the Under hypoxia, FOXP3* Treg cells express  IL-17 causes activation of Akt 126-130
(Treg cells) production of various cytokines like IL-10,  IL-17 and expands CCSC population as and MAPK pathway
IL-35, and TGF-P. Also suppresses cytotoxic evidenced by an in increase in expression of
T cells and NK cells. CD133, CD44s and EpCAM. It also regulates
CSC properties by secreting prostaglandin
(PGE2) through NF-xB pathway.
6. HIF HIF-1a and HIF-2a can bind to hypoxia HIF-1a can increase the transcriptional Wnt/B-catenin 131132

response elements (HRE) aggravating tumor
growth, invasion and metastasis.

activity of B-catenin in canonical Wnt
pathway. By maintaining CSCs in

a quiescent state, hypoxia also contributes
to drug resistance.
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Table 3. Colon Cancer Stem Cells Targeted Therapies.

Sr. no Name of the drug Target Preclinical/clinical Reference

1. Catumaxomab CD133+/FpCAM+ Phase I-lll in solid tumors. (NCT00836654) 484952

2. MT110 EpCAM Phase | in solid tumors (NCT00635596) 5051

3, NCB-0846 TNIK Preclinical n

4, OMP-131R10 Wnt pathway Phase la/Ib (NCT02482441) 2

5. ICG-001 Wnt pathway Preclinical 133

6. PRI-724 Wnt pathway Phase I/Il in solid tumors but withdrawn for Colon cancer. (NCT02413853) 134

7. EGCG Wnt pathway Preclinical 135

8. R04929097 Notch pathway Phase Il (NCT01116687) 61

9. OMP-21M18 Anti-DLL4 antibody Phase I/Ib (NCT01189942) 136

10. Honokiol Notch pathway Preclinical 9

1. Cyclopamine Hedgehog pathway Preclinical 6

12. GDC-0449 Hedgehog pathway Preclinical 66
Phase Il (in combination with standard drug) 64

13. LY2940002 PI3K/AKT pathway Preclinical 137

14. Polyethylenimine/miRNA145 ~ miRNA 145 Preclinical 108,110

15. Difluorinated curcumin miRNA21, ABCG2 Preclinical 10911213

16. Grape seed extract Browning of adipocytes Preclinical s

17. Acriflavine HIF transcription inhibitor ~ Preclinical 138

18. Salinomycin ABC transporters Preclinical 137,139,140

19. Verteporfin YAP Preclinical 9192

20. OPCs Hippo pathway Preclinical %0

review of prospective studies. PLoS One. 2013;8:¢53916.

doi:10.1371/journal.pone.0053916.

7. Jiang Y, Ben Q, Shen H, Lu W, Zhang Y, Zhu J. Diabetes mellitus

and incidence and mortality of colorectal cancer: a systematic

review and meta-analysis of cohort studies. Eur ] Epidemiol.
2011;26:863-876. do0i:10.1007/s10654-011-9617-y.

Sonnenberg A, Genta RM. Helicobacter pylori is a risk factor for

colonic neoplasms. Am ] Gastroenterol. 2013;108:208-215.

doi:10.1038/ajg.2012.407.

9. Boyle T, Keegel T, Bull F, Heyworth J, Fritschi L. Physical activity
and risks of proximal and distal colon cancers: a systematic review
and meta-analysis. ] Natl Cancer Inst. 2012;104:1548-1561.
doi:10.1093/jnci/djs354.

. Lin KJ, Cheung WY, Lai JY, Giovannucci EL. The effect of estro-
gen vs. combined estrogen-progestogen therapy on the risk of
colorectal cancer. Int J Cancer. 2012;130:419-430.

11. Bosetti C, Rosato V, Gallus S, Cuzick J, La Vecchia C. Aspirin and

cells, the biggest challenge is to identify specific markers and
techniques that exclusively target CCSCs and spare healthy nor-
mal stem cells. Therapeutic intervention via several pathways such
as Wnt, HH, and Notch using various compounds has yielded
positive results in several preclinical studies. However, there is
a need for further reflection concerning potential targets and the 8.
generation of significant in vivo scientific evidence to better elu-
cidate the mechanism of action of these therapeutic strategies on
their targets at both the cellular and molecular levels.
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