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ARTICLE INFO ABSTRACT
Article history: Hypoxia is a condition of insufficient tissue oxygenation, which is observed during normal development

Received 11 January 2017 as well as tumorigenesis and its response at the cellular level is primarily mediated through hypoxia
inducible factors (HIFs). HIFs have a significant role in the maintenance of stemness in both stem cells
as well as in cancer stem cells (CSC) by acting as transcription factors. The CSCs are proposed to be the
driving force of colon tumorigenesis and malignancy. These HIFs play a significant role in a wide range
of diseases including colon cancer. HIF’s signaling functions with stemness, and maintaining Wnt/@3-
catenin signaling pathways. Due to HIFs functional significance in stemness maintenance in malignancy,
targeting HIFs might provide a new approach for development of new therapy for colon cancer. In this
review, we will be briefing on the colon and its stem cells, various molecular signaling pathways involved
in stemness preservation, and the role hypoxia and its HIFs in the maintenance of stemness in colon stem
cells and colon cancer stem cells.
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arises in the colon and rectum. In 2016, an estimated 70,820 men
and 63,670 women were diagnosed with colorectal cancer, while

1. Introduction

Colon cancer is the most commonly diagnosed cancer in both
men and women, which causes serious concerns demographically
and economically throughout the world. It is the third leading
cause of cancer deaths in the US. Colon cancer is a malignance that
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26,020 men and 23,170 women died due to this disease (Siegel et al.,
2016). The colon cancer is characterized by inactivation of tumor
suppressor genes and activation of oncogenic genes through muta-
tions, resulting in the formation of adenomatous polyps, which are
formed in the innermost layer of colon (mucosa), later these polyps
eventually develop into adenoma with high-grade dysplasia and
further grow into an invasive cancer (Markowitz and Bertagnolli,
2009). Colorectal cancer is associated with various life-style related
risk factors includes age, diet, genetic predisposition, smoking,
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alcohol consumption, etc. Recent developments in colorectal can-
cer research promises that there is a significant improvement in
the results of empirical therapeutics through new targeted thera-
pies. Targeting cell signaling pathways involved in colorectal cancer
assures confidence for evolving remedies with increased specificity
and reduced toxicity.

1.1. Stem cells, stem cell niche, and colon cancer stem cells

Stem cells are homogenous cells that yield progeny through
two vital features, self-renewal and differentiation (Moore and
Lemischka, 2006). Stem cells exist in both embryonic tissues,
termed embryonic stem cells (ESC), and in adult tissues, called tis-
sue specific or adult stem cells (Chambers and Smith, 2004). The
stem cells present in colon are called colon specific stem cells or
colon stem cells (Barker et al., 2008). These colon adult stem cells
multiply into new stem cells by replacing the dying cells, and by
regenerating damaged tissues. The properties of ESCs and adult
stem cells (colon stem cells) are maintained through their local
microenvironment, called stem cell niche (Voog and Jones, 2010).
The niche is a specialized region where stem cell maintenance is
observed. It is composed of cellular and non-cellular components
with epithelial cells and duodenal sub-epithelial myofibroblasts
(Voog and Jones, 2010). These niche components interact with stem
cells and provide suitable environmental signals to regulate and
preserve the stemness of stem cells. This niche guards the stem
cells from exhaustion and also creates a dynamic system required
for sustaining tissue integrity (Oh et al., 2014). Dysregulation of dif-
ferentiation and self-renewal properties of stem cells lead to colon
carcinogenesis (Todaro et al., 2010). Once these cells transform
through mutations, these mutated stem cells divide to produce
cancer stem cells (CSC) (Todaro et al., 2010). CSCs exactly mimic
the functions of normal adult stem cells with their undifferenti-
ating property. These mutated stem cells also have the ability to

Normal stem cells

In the absence of Wnt ligand

In the presence of Wnt ligand

self-renew and regenerate tumor mass (Todaro et al., 2010). CSCs
have been proposed as the driving force of tumorigenesis and the
seeds of metastases. Accumulated experimental evidence in recent
years have suggested that various cancers, including colon cancer,
are regulated by these self-renewing cancer cells (CSC) (Ajani et al.,
2015). CSCs are involved in tumor resistance and cancer relapse.
Hence, there is a need to develop new therapeutic strategies to
successfully target these CSCs responsible for tumor progression

1.2. Stemness maintenance by various pathways

The stem cell proliferation and stemness properties are harmo-
nized by highly conserved signaling pathways like, Wnt signaling,
Notch signaling and TGF3 pathway these pathways are known to
govern stemness (Crosnier et al., 2006). Wnt signaling pathway
proteins are a group of intracellular signaling proteins establishing
key role involved in the crypt biology and also perform a central
role in stemness preservation and stem cell reservoir maintenance
(Holland et al., 2013). Previously noted intestinal sub epithelial
myofibrobasts help in maintaining the stem cell niche due to its
ability of secreting Wnt ligands. Wnt signaling begins on Wnt
ligands that interact with their Frizzled receptor complex. Down-
stream effector of Wnt pathway is the [(3-catenin. The stability
in cytosol is dependent on the formation of destruction complex
between proteins of APC, casein kinase 1 (CK1), glycogen synthase
kinase 3 (GSK3) and axin. In absence of Wnt ligand, the active
form of GSK3 in destruction complex, phosphorylates cytoplas-
mic (3-catenin, and drives the destruction process further through
ubiquitination. In the presence of Wnt ligand there is an inhibi-
tion in the form of destruction complex due to inactivation of GSK3
and elevated levels of 3-catenin cytosol. These (3-catenin molecules
translocate from cytoplasm to nucleus, binds to transcription fac-
tors of T cell factor family (TCF4) and then transcribe Wnt target
genes, such as cMyc, cyclinD1 and survivin (Fig. 1), which main-
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Fig. 1. Mechanism of Wnt/B-catenin signalingpathway in colon cancer. In normal stem cells, the Wnt/B-catenin signaling pathway starts with the binding of a Wnt ligand to
a Frizzled-related protein. After binding of Wnt ligand to receptor, Disheveled (Dsh) gets activated by phosphorylation, this in turn inactivates GSK-3, a key modulator of this
signaling pathway. As a result, S-catenin levels increases intracellularly and allowing translocate into the nucleus. There it interacts with T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF) and activates the transcription of Wnt target genes which are necessary for cellular proliferation and survival (cyclin D1, cMyc, etc.). However, in
the absence of a Wnt ligand, GSK-3 forms destruction complex with proteins of axin, adenomatous polyposis coli (APC) and S-catenin. GSK-38 activity is switched on and
phosphorylates S-catenin, which in turn ubiquitinated and degraded via the proteasome. In the case of colon cancer, aberrant Wnt/(3-catenin signaling contributes to the
hyper-proliferative and hypo-apoptotic phenotype, as a result in part of constitutive (3-catenin or mutated APC may induce transactivation of pro-survival genes.
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tain the stemness and malignancy (Tarapore et al., 2011; Kasdagly
et al., 2014; Vanamala, 2015). In case of cancer stem cells (CSC),
mutations in either APC or in (3-catenin does not form destruction
complex. This leads to elevation of 3-catenin levels in cytoplasm,
later these (3-catenin translocate to nucleus and activate the target
genes involved in stemness maintenance and differentiation.

Notch signaling is another important highly conserved signaling
pathway; itis involved in stem cell regulation. Notch signaling acti-
vation stimulates proliferation and inhibits differentiation. Recent
study reveals that knockdown of Notch signaling aids in dimin-
ishing proliferation and clonogenicity, and increases apoptosis.
however, overexpression of Notch show opposite effect (Zhang
et al.,, 2010). They also observed reduced proliferation, CSC self-
renewal inhibition and increased differentiation to goblet cells in
Notch signaling inhibits APC multiple intestinal neoplasia (APC) in
mice. Notch signaling is prominently involved in the regulation
of CSC cells (van Es et al., 2005). The TGF-f3 signaling pathway
is another key pathway that is involved in the maintenance of
colon stem cell function and carcinogenesis (Calon et al., 2012).
This is because of its involvement in cell proliferation, differentia-
tion, migration and apoptosis (Boman and Huang, 2008). Recently,
Mishra et al. (2005) observed that the TGF-3 signaling pathway is
actively involved in gut endoderm development and differentiation
of stem cells to differentiate phenotype. They also suggested that
colon tumorigenesis is promoted in colonic stem cells synergisti-
cally with both TGF-3 and Wnt signaling pathways (Mishra et al.,
2005). Along with these signaling pathways, Oct4, Sox2 and Nanog
also helped in the regulation of stemness.

The stem cell theory of cancer states that aberrant stem cell pop-
ulations are the cause of colorectal cancers, as stem cells are more
susceptible to acquire mutations and manifest the disease, this is
because of their long life span as well as self-renewal property.
Aberrant Wnt/[3-catenin signaling describes colon cancer stem cells
(CCSC)in the tumor situation (Valkenburg et al.,2011). These CCSCs
are resistant to drug and radiotherapy and are also responsible for
relapse of disease. Therefore, it was difficult to eradicate the disease
(Li et al., 2009). Since it is imperative, the secondary prevention
strategies target aberrant (3-catenin signaling, p53 inactivation,
and cancer stem cell populations. Recent studies also reveal that
hypoxia is involved in progressive tumor growth and regulates
stemness (Nagaraju et al., 2015). For better understanding the role
of hypoxiain the stemness maintenance in colon cancer, this review
briefly describes the role of hypoxia and its hypoxia inducible fac-
tors (HIF) in the maintenance of stemness in stem cells and cancer
stem cells, which is responsible for malignancy of colon cancer.

1.3. Hypoxia and cancer

Oxygen homeostasis maintenance is critical for organism sur-
vival essentially for physiological and pathological backgrounds
(Semenza, 2010). Accumulated evidence shows up to 50-60% of
solid tumors consisting of hypoxic tissue areas (Vaupel et al.,
2004). Hypoxia is a condition in which tissues are not oxygenated
adequately due to insufficient concentrations of oxygen in blood.
Hypoxia plays a major role in cancer by initiating changes in the
microenvironment, altering the oncogenic genes and metabolism,
in the form of non-functional blood vessels and there by induc-
ing metastasis (Harris, 2002). In normal tissues, supply of O2 is
required for metabolism, however, in tumors, the rate of 02 con-
sumption in neoplastic cells increases a limited 02 supply and
results in the development of hypoxia in that tissue area (Vaupel
et al., 2004). This feature in tumor is as an important factor since it
stimulates cancer promotion and drug resistance. In tumor biology,
hypoxia can be represented as a “Janus face” because hypoxia is (a)
connected in proliferation, differentiation, apoptosis, and (b) also
important in the development of an aggressive tumor phenotype

(Vaupel and Mayer, 2007). Due to major role of hypoxia in drug
resistance, angiogenesis, invasiveness, metastasis, cell death resis-
tance, metabolism alteration and genome instability, hypoxia may
be considered as the best validated target (Wilson and Hay, 2011).
All these effects of hypoxia are controlled by hypoxia inducible fac-
tor (HIF) proteins. HIFs play a vital role in affecting the regulation
of relevant target genes and key transcription factors involved in
stem cell self-renewal and differentiation processes.

1.4. Hypoxia-inducible factors (HIF)

Organisms encounter low O, tensions is called hypoxia. Hypoxia
response at cellular level is mediated through hypoxia-inducible
factor (HIF) (Semenza, 2012). HIFs are involved in the regulation
of multiple steps involved in tumorigenesis, including neovascu-
larization, invasion, resistance to drugs, etc (Nagaraju et al., 2015).
HIFs are also associated in the changes of cell metabolism (Gordan
et al., 2007). HIFs consists of two heterodimeric transcription fac-
tors, they are (1) a subunit (HIF-1«, HIF-2a, or HIF-3a), which is O,
labile and (2) 3 subunit (HIF-1f3), which is constitutively expressed
and is also known as aryl hydrocarbon receptor nuclear transloca-
tor (ARNT) (Rankin and Giaccia, 2008). In HIF-a family, the HIF-1a
factors are the best studied factors. Under normal O2 levels (nor-
moxia), the prolyl hydroxylase domain-containing enzymes (PHDs)
hydroxylates the key proline residues in HIFa subunit. Later these
hydroxylated HIFs are recognized by E3 ubiquitin ligase complex
containing the von Hippel-Lindau protein (pVHL) and promote its
26S proteasomal degradation through ubiquitination. However, in
hypoxic conditions, HIF-a stabilization is observed because of the
absence or low levels of 02 and the PHDs don’t show HIFa hydrox-
ylation and cofactors (Appelhoff et al., 2004). After stabilization
of HIF-q, it further hetero dimerizes with HIF-3 (ARNT) (Wood
et al., 1996). This dimer in nucleus binds to DNA at HRE element
(hypoxia responsive elements) along with CBP/p300 and activates
stem cell maintenance genes, and also genes involved in metabolic
reprogramming, genetic instability and tumorigenesis (Fig. 2). In
response to hypoxia, both HIF-1a and HIF-2a act redundantly at
cellular level because of the structural similarities. Both HIF-1oc and
HIF-2a induces expression of different sets of genes. HIF-1a regu-
lates the glycolytic enzyme (Hu et al., 2003) and HIF-2« activates
Oct4 gene, which is the stem cell factor important for stemness
maintenance (Covello et al., 2006). Hypoxia plays a role in stemness
maintenance as well as effects the stem cell differentiation. Adult
stem cells or tissue specific stem cells are located in the innermost
side of the tissue. Most of these potent stem cells are in quies-
cent and maintain dormancy. The hypoxia (variable O, levels) in
microenvironment niche might be responsible in regulating stem
cell proliferation and differentiation. Further, we will focus on the
recent developments in the hypoxia and its HIF pathway, the key
regulator of stemness maintenance in stem cells and cancer stem
cells and also malignancy in colon cancer.

1.5. HIF role in maintenance of stemness in stem cells

Hypoxia is associated with stemness and HIFa factors. These
two are the key regulators of stem cell differentiation (Yun and
Lin, 2014). Isoforms of HIF-1a and HIF-2a play a crucial role in the
stemness maintenance (Santoyo-Ramos et al., 2014). HIFa specif-
ically regulates all the relevant genes and transcription factors
involved in self-renewal and differentiation processes of stem cells
(Santoyo-Ramos et al., 2014). HIF-1ae maintains stem cells in an
undifferentiated state by interaction with Notch1 signaling pro-
teins. However, HIF-2a binds to Oct4 promoter, marker of the
undifferentiated state and inducing expression (Rankin etal., 2008).
Another transcription factor Sox2 exercises its control on stemness
by modulating Oct4 levels in embryonic stem cells (Masui et al.,
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Fig. 2. HIF factors regulation under normal O2 and hypoxic conditions. In the presence of normal 02 levels (normoxia), hydroxylation takes place at conserved proline residues
in HIF-a through PHDs, this lead to destabilization of HIFa, and recognized by E3 ubiquitin ligase complex and targets HIFa to go for proteasomal degradation. However,
in hypoxia conditions HIF-a stabilization observed by inhibition prolyl hydroxylation (PHD) and proteasomal degradation, this makes HIFo accumulation in cytoplasm and
heterodimerization with HIF-13 and then translocated into the nucleus, where it acts as transcription factor binding to the hypoxia responsive DNA element, and recruiting
p300/CBP for the activation of a plethora of target genes (hypoxia responsive genes) through transcription.

2007). Takahashi and Yamanaka (2006) experimentally revealed
that pluripotent stem cells are formed from somatic cells by cel-
lular reprogramming with transduction of key factors - Oct4,
Sox2, c-Myc, and Klf4. Although further studies are required for
apprehensive key factors that regulate the differentiation process.
Inactivation of the signaling that maintains stemness in hypoxic tis-
sues might help in promoting cell differentiation and could serve as
atherapeutic strategy in the prevention of cancer. Recent study sug-
gested that both Sox2 and KIf4 acts as HIF targets (Simon and Keith,
2008). Further, to discover whether Sox2 expression is controlled
by HIFa proteins, in silico studies were performed for putative HRE
binding sequences within Sox2 promoter regions of rat and human
and positive results were observed. Further, ChIP and siRNA exper-
iments on knockdown cells of HIF-2a strongly suggest that Sox2
acts adirect target of the HIF-2a. The role of HIF-2a on Sox2 control
was further reinforced by the ChIP experiments, which were carried
out in the presence of FM19G11, a specific HIFx inhibitor (Moreno-
Manzano et al., 2010). All the above statements clearly strengthen
the hierarchy of HIF-« in the control of stemness property.
Functional activities of HIF-1ae and HIF-2a are abandoned on
genetic removal of HIF3/ARNT and leads to defects in embry-
onic hematopoiesis (Ramirez-Bergeron et al., 2006). Recent studies
have indicated that hypoxia regulates HSC function in vivo via
HIF-1a. This HIF-1a factor is expressed in higher levels in HSCs
(Takubo et al., 2010). However, HIF-1a deletion in stem cell lead to
decreased HSCs and ultimate depletion of HSCs. From these exper-
iments Suda and co-workers (Suda et al., 2011) revealed that the
hypoxic microenvironment niche of the bone marrow assist HIF-1a
stabilization in HSCs, and this stabilization play a key role in HSC
maintenance and stress resistance. In hypoxia, HIF-1a. mediates
a switch from oxidative phosphorylation to glycolytic metabolism
and allows redox homeostasis maintenance and makes cell survival
under hypoxic environments (Suda et al., 2011). It is also reported
that HIF-1a reprograms cell metabolism by activating the genes
of glycolytic enzymes and glucose transporters (Seagroves et al.,
2001). Under hypoxia conditions, HSC cell expresses elevated levels
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Fig. 3. HIF role in stemness maintenance in stem cells. Under hypoxia conditions,
HIF-1a interacts with Notch signaling and influence on the maintenance of stem-
ness by allowing expression of relevant genes and transcription factors involved in
stemness maintenance and differentiation. HIF-1a also makes cell survival (stem-
ness) under hypoxic conditions by reprogramming metabolism of glucose. However,
the HIF-2a directly involved activation of Oct4 and further responsible for stemness
maintenance in stem cells.

of HIF-1a and is responsible for utilization of glucose through gly-
colysis instead of mitochondrial oxidative phosphorylation, which
was evident in HSC demonstrating low mitochondrial potential.
Fig. 3 illustrates the role of HIFs in the maintenance of stemness in
the stem cells.

1.6. HIF role in stemness and malignancy of cancer stem cells

Cancer stem cells (CSC) are quiescent in stage, but these cells are
principally involved in initiation and maintenance of tumor, and
also responsible for tumor recurrence and drug resistance (Lobo
et al.,, 2007). Conventional therapies directly attack the prolifer-
ating tumor cells and not quiescent CSCs, eventually these cells
are responsible for disease recurrence. Therefore, it is required to
understand that the mechanisms that support CSCs are impor-
tant in cancer therapeutic advancement. Simon and Keith (2008)
observed in human cancers that self-renewal and differentiation
have been regulated by hypoxia and its signaling pathway (Simon
and Keith, 2008). In line, Li et al. (2009) demonstrated that the
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inhibition of CD133+ glioma stem cells (GSCs) self-renewal and
potential of tumor initiation in HIF-2a preferential expression and
ablation of HIF-2a. In continuation, Samanta et al. (2014) reported
that HIF-1a and HIF-2a contribute to the development of CSCs
through IL-8 and IL-6 expressions, these are responsible for main-
taining stemness and tumor initiation potential in breast cancer
cells. HIF-2a mediates the tumor initiation potential in CSCs, which
express CD133+ (Li et al., 2009). In the studies performed by Seidel
et al. (2010) reduced expression of hypoxia induced CD133+ mark-
ers in glioma cells on knock down of HIF-1a and/or HIF-2ac was
observed. However, in colorectal cancer stem cells, HIF-1a helps
in the expression of stem cell surface markers (Santoyo-Ramos
et al.,, 2014). Further, it is also identified that on depletion of HIF-
1a protein, the expression of CD44 and Oct4 stem cell markers
is decreased in colorectal cancer cells (CRC). Singh et al. (2004)
revealed in his experiments that the tumor initiating cells are the
CSCs, which are isolated from various human cancers including
leukemia, breast, and brain (Singh et al., 2004). He also observed
differentiation promotion in embryonic stem cells in the presence
of leukemia inhibitory factor (LIF), a member of interleukin-6 super
family. In solid tumors, LIF play a central role in tumor progression
(Singh et al., 2004). Wu et al. (2015) noticed that HIF-2a mediates
LIF expression in hypoxic CRC cells. Therefore, both the isoforms
of HIF-1aw and HIF-2a have a major role in tumor relapse by SC
marker expression in colorectal cancer. It is also observed that HIF-
2a promotes drug resistance and radio-resistance in tumor cells
with the suppression of p53 tumor suppressor gene (Bertout et al.,
2009). Besides this, HIF-2a is also activates Oct4 genes (Covello
et al., 2006). The role of Oct4, Sox2, c-Myc in generating iPSC from
differentiated cells has been identified by Takahashi and Yamanaka
(2006) and the same genes are also activated by HIF-2« in renal
carcinoma cells. Saito et al. (2015) reviewed in their article that
hypoxia and its HIF factors not only regulate stem cell proliferation
and differentiation but also analyzed its beneficial role in stemness
property acquisition and reprogramming of cells.

It has been observed in recent reports that hypoxia play a
vital role in the regulation of activities of transcription factors

involved in stem cell maintenance (Covello et al., 2006). It has also
been observed that hypoxia induced factors particularly HIF-1a
is involved in Wnt activation and promotes self-renewal main-
tenance (Mazumdar et al., 2010). Mazumdar and his coworkers
(Mazumdar et al., 2010) observed that Wnt singaling is actively
modulated through HIF-1a by elevated levels in cytoplasm and
translocated into the nucleus. In nucleus, 3-catenin binds to LEF-
1 and TCF-1 and activates expression of effector target genes in
embryonic stem cells (Fig. 4). Epithelial to mesenchymal transition
program in microenvironment niche gets stimulated in the pres-
ence of both HIF and Wnt signaling factors (Zhang et al., 2013).
During tumor growth and metastasis, a cross-talk was noticed
between HIF signaling and canonical Wnt signaling and expresses
the target genes through synergistic interaction (Dang et al., 2008).
However, Santoyo-Ramos et al. (2014) show that stemness and
malignancy in colon cancer are modulated through HIFs by playing
an o pposite role in Wnt/(3-catenin signaling.

2. Summary and future perspectives

Hypoxia plays an important role in development, physiology
and disease and its chief mediators are HIF. By engrossing pre-
vious excellent studies obtained from various experiments, we
observed that HIFs plays a significant role in a wide range of dis-
eases including colorectal cancer. It is particularly involved in the
stemness maintenance and malignancy in colon cancer. HIF signal-
ing functioning with stemness helps in maintaining Wnt signaling
pathways. Both HIFs show opposite effects on cancer growth and
progression. Treatment strategies should be focused on inhibit-
ing HIFs and applied to clinical therapy. Finally, future studies will
define the HIF pathway regulation in modulation of stem cell func-
tion in normal cell development and in tumorigenesis to develop
effective therapeutic strategies for cancer treatment.
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