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Abstract: The involvement of stemness factors in cancer initiation and progression has drawn
much attention recently, especially after the finding that introducing four stemness factors in
somatic cells is able to reprogram the cells back to an embryonic stem cell-like state. Following
accumulating data revealing abnormal elevated expression levels of key stemness factors, like
Nanog, Oct4, and Sox2, in several types of cancer stem cells; the importance and therapeutic
potential of targeting these stemness regulators in cancers has turned to research focus. Nanog
determines cell fate in both embryonic and cancer stem cells; activating Nanog at an inappropriate time would result in cancer stem cells rather than normal pluripotent stem cells or
differentiated somatic cells. Upregulated Nanog is correlated with poor survival outcome of
patients with various types of cancer. The discoveries of downstream regulatory pathways
directly or indirectly mediated by Nanog indicate that Nanog regulates several aspects of cancer
development such as tumor cell proliferation, self-renewal, motility, epithelial-mesenchymal
transition, immune evasion, and drug-resistance, which are all defined features for cancer stem
cells. The current review paper illustrates the central role of Nanog in the regulatory networks
of cancer malignant development and stemness acquirement, as well as in the communication
between cancer cells and the surrounding stroma. Though a more defined model is needed to
test the therapeutic efficacy of targeting Nanog as a cancer treatment method, current animal
experiments using siNanog or shNanog have shown the promising therapeutic potential of
Nanog targeting in several types of cancer.
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Human tissues, under physiological conditions, are able to maintain their mass and
architecture over time through a tightly regulated process of renovation. This process
is sustained by a minor population of long-lived cells with unlimited expansion potential, known as stem cells, which are defined as cells that have the ability to perpetuate
themselves through self-renewal and to generate mature cells of a particular tissue
through differentiation.
Tumors can be considered as aberrant organs that are initiated by tumorigenic
cancer cells that acquired the capacity for indefinite proliferation through accumulating
mutations. Like their normal tissue counterparts, tumors are composed of heterogeneous populations of cells that differ in their degree of accumulated mutations and
state of differentiation. Evidence was outlined in supporting the hierarchical organization of normal human breast tissue and the breast stem or luminal progenitor cells
as targets for transformation.1 The idea that cancer is raised from a subpopulation
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of tumor cells with stem cell properties, which are latterly
termed cancer stem cells (CSCs), was proposed around
150 years ago.1,2 This unique subpopulation of cancer cells
are capable of propagating the tumor as well as developing
high sustainability against conventional therapeutic drugs,
and, therefore, account for intratumoral heterogeneity and
malignant behaviors like metastasis and recurrence.2 Though
the identity of CSCs is still argued, the definition of CSCs is
in concord based on the functional characteristics of these
cells: the ability to initiate tumors in immunocompromised
or syngeneic mice, self-renewal capacity measured by tumor
formation in secondary mice in vivo and sphere formation
in vitro, and the capacity to differentiate into the non-selfrenewable cancer cells with diversity.1

Identification of CSCs
During the last decades, the existence and the identity of
CSCs have been identified in hematopoietic tumors as well
as a range of solid tumors including breast, brain, lung,
colon, prostate, head and neck, and others.3–11 This rare subpopulation of cells with chemo- or radioresistant properties
in each malignancy has greater potential of tumor initiation
and accelerated regrowth after a therapeutic treatment.9,11–20
Breast cancer was the first solid tumor from which CSC was
isolated: the breast CSC was characterized as a minor population (less than 5%) of cells expressing a high level of CD44
and a low level of CD24 cell surface markers as well as being
positive for epithelial cell surface antigen.13,21 As few as 100
of the cells with this phenotype were able to form tumors
in immunocompromised mice.13 Technically, CSCs can be
isolated through three distinct methodologies based on the
defined properties of CSCs. First of all, CSCs can be sorted
by flow cytometry according to the expression pattern of
surface markers such as CD24, CD44, and CD133.4,7,22–24 For
example, colon, lung, and hematopoietic CSCs are isolated
by cell sorting with the expression of CD133,7,8,22,25,26 though
the function of CD133 is still unclear. These cells grow
indefinitely as spheres in vitro and were tumorigenic in vivo.8
Second, with Hoechst 33342 staining, CSCs are enriched
in the side populations of cancer cells, excluding intracellular Hoechst 33342 in vitro,27,28 and can be isolated by flow
cytometry. Expression of ATP-binding cassette subfamily G
member 2 (ABCG2), an ATPase transporter, in CSC is found
closely associated with its specific exclusion capacity, rendering ABCG2 a CSC marker in some cases.29 Third, CSCs are
enriched in a population of cells that are capable of forming
sphere bodies under defined serum-free cultivation medium
plus necessary growth factors according to individual solid
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tumor or cancer.14,30 This cultivation condition also helps the
CSC to maintain its undifferentiated state.14,30

CSCs as therapeutic target
The increasing interests in the CSC model are dramatically
altering the current research directions in cancer treatments
and drug developments. The majority of cancer cells within
a tumor are nontumorigenic; therapies targeting these cells
would cause tumor regression. However, if therapies fail to
target the tumorigenic CSCs, then these cells would persist
after therapies and be able to regenerate the tumor, resulting
in tumor relapse or recurrence. Therefore, eradication of
cancers requires the elimination of CSCs. Advanced strategies that specifically target CSCs without harming normal
cells are urgently needed to advance current therapeutic
treatments. The origin of CSCs is still debated as they may be
derived from adult stem cells, which accumulate oncogenic
mutations to functionally divert from normal stem cells, or
from terminally differentiated cancer cells that undergo a
reprogramming-like process to acquire stem-like properties.
It is, however, generally accepted that several embryonic stem
cell-specific signalings are reactivated in CSCs in several cancer models. The embryonic stem cell-specific transcriptional
factor, Nanog, for instance, was shown to highly express
in hepatic, colorectal, and brain CSCs.31–33 CSCs in brain
tumors were demonstrated to express various neural stem/
progenitor-specific proteins such as sex determine region
Y-box 2 (Sox2), octamer-binding transcription factor 4 (Oct4
[also known as POU5F1]), nestin, and Musashi.15 Our previous report demonstrated high expression of Oct4 and Nanog
in malignant lung adenocarcinoma cells, and forced overexpression of Oct4 and Nanog transformed the lung cancer cells
into a CSC-like state.34 Accumulating reports have recently
placed interests on identifying CSC molecules, including
transcription factors, cell surface markers, stemness-related
signaling pathways, and microRNAs (miRNAs), in the hope
of identifying targets for potential therapeutic development
that can completely eliminate CSCs and prevent the recurrence of tumors.

The Nanog transcriptional factor
Nanog is a homeodomain-containing transcription factor and,
along with the POU domain-containing Oct4 and high mobility group domain-containing Sox2, is part of the key set of
transcription factors that are involved in the maintenance of
pluripotency and selfrenewal in undifferentiated embryonic
stem (ES) cells.35–41 Nanog protein is encoded by the only
open reading frame of the 2184-nucleotide NANOG cDNA.35
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Apart from the embryonic NANOG gene, there are eleven
Nanog pseudogenes that have been reported in the human
genome to date,42 but only the Nanog homeobox pseudogene 8 (NANOGP8) has a complete open reading frame to
transcribe and translate a functional Nanog protein.42–44 The
protein derived from NANOGP8 is almost identical to that
from NANOG with only one amino acid alteration (from Gln253 in NANOG to His-253 in NANOGP8).5 Comprehensive
expression patterns of NANOG and NANOGP8 in human
cancers have not been fully addressed. Although it is presumed that embryonic NANOG is an important regulator of
pluripotency while NANOGP8 plays a role in tumorigenesis,5
the defined line between the roles of the two genes is becoming blurred. A functional and molecular analysis in prostate
cancer tissue revealed that Nanog mRNA in cancer cells is
derived predominantly from NANOGP8, and the majority of
Nanog protein is detected in the nucleus of cancer cells.45 On
the other hand, Nanog was found to be expressed from both
NANOG and NANOGP8 in colorectal cancers.5
Human Nanog protein consists of 305 amino acids35,36
and can be divided into N-terminal (amino acid 1–95),
homeobox domain (amino acid 96–155), and C-terminal
(amino acid 156–305) regions.35,46 The N-terminus is rich
in serine, threonine, and proline, providing a structural
motif for the transcriptional activity of Nanog. This region
is tightly regulated through phosphorylation or other posttranslational modifications.46,47 The C-terminus contains
two potent transactivation subdomains.46,47 The homeobox
domain in the central region contains a DNA-binding motif;
its N- and C-terminal regions are shown to contain nuclear
localization sequences47 and its middle region is reported
to harbor potent nuclear export motif,48 allowing the Nanog
protein to transport in and out of the nucleus. Nanog is also
one of the key transcription factors that could reprogram a
human somatic fibroblast into an embryonic stem cell-like
pluripotent cell, termed inducible pluripotent stem cell.49
A recent study revealed that a short sequence in the well conserved homeobox domain of Nanog was sufficient to induce
pluripotency in Nanog-deficient somatic cells,50 indicating
a crucial role of the homeobox domain in mediating the
reprogramming ability of Nanog and that the transcriptional
activity of Nanog might be dispensable.

Roles of Nanog in embryonic
stem cells
Nanog mRNA is present in pluripotent mouse and human
stem cell lines, and absent from differentiated cells. 36
Functional screening for the selfrenewal determinants in
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ES cells revealed that Nanog expression is crucial to maintain
ES cell identity.36 Hyslop et al reported that small interfering
RNA (siRNA)-mediated downregulation of Nanog in human
embryonic stem cells induces a pro-extraembryonic lineage
differentiation, evidenced by the upregulated endoderm- and
trophectoderm-associated genes,37 suggesting that Nanog
acts as a gatekeeper of pluripotency in human embryonic
development.
The expression of Nanog has been shown to be regulated
by Oct4/Sox2 heterodimers, in which Oct4/Sox2 binds to the
octamer/sox elements within the Nanog proximal promoter
region and induces Nanog transcription.51,52 Although the
Oct4/Sox2 complex may seem to locate in a higher position
in the hierarchical regulatory network of ES cells, Nanog
possesses unique properties that divert from the other key
stemness transcriptional factors. The leukemia inhibitory
factor (LIF) has been utilized to maintain the symmetrical
selfrenewal of mouse ES cells.53 Through activating its downstream effector, signal transducer and activator of transcription 3 (STAT3), the LIF/STAT3 pathway has been proved to
be indispensable in the maintenance of pluripotent state of
mouse ES cells. Several key transcriptional factors, including Oct4 and Sox2, are shown to be functionally dependent
on LIF-STAT3. Constitutively activated Oct4 from an exogenous promoter in ES cells still required LIF for inducing
selfrenewal in ES cells.54 In 2003, two independent groups,
Chambers et al and Mitsui et al, applied different strategies to screen for critical factors that can maintain ES cell
pluripotency independently of the LIF-STAT3 pathway and
found Nanog.35,36 Their reports demonstrated that Nanog overexpression relieves ES selfrenewal from dependence on the
activity of LIF-STAT3 pathway. Moreover, Chambers’ report
showed that Nanog is expressed in Oct4-deficient embryos,
and Nanog overexpression does not revert the differentiation
program of ES cells triggered by Oct4 downregulation.36
These results suggest that Nanog is not just a downstream of
Oct4, and Nanog and Oct4 work in concert to support stem
cell potency and selfrenewal.

Nanog, tumorigenicity,
and cancer stemness
Expression of Nanog has been detected by several groups in
germ cell tumors as well as other tumors, including breast,
cervix, oral, kidney, prostate, lung, gastric, brain, and ovarian
cancer.10,34,55–65 Strong expression of Nanog is shown as an
indicator of a poor prognosis for ovarian serous carcinoma,
colorectal, and breast cancer patients.66–68 In oral squamous
cell and lung adenocarcinoma, higher expression of Nanog,

submit your manuscript | www.dovepress.com

Dovepress

Powered by TCPDF (www.tcpdf.org)

1209

Dovepress

OncoTargets and Therapy downloaded from https://www.dovepress.com/ by 3.236.212.116 on 21-Sep-2021
For personal use only.

Wang et al

along with Oct4, was associated with advanced cancer stage
and shorter patient survival rate.34,63
The expression level of Nanog has been shown to be
higher in cancer stem cells than non-stemness cancer cells in
several types of cancers.4,5,10,31,32,65,69,70 In some cases, Nanogpositive cancer stem cells only comprise less than 2% of the
total cancer cell population.5 The difference may be due to the
fact that several key factors in the stemness network, such as
Oct4 and Sox2, are also increased in CSC, which increases
stemness-related genes like Nanog; or, it is possibly because
of the increased activity or expression of upstream regulators
of Nanog, such as Hedgehog,71 Ezh2,72 and several miRNAs.
This question, as well as the causal relationship between
elevated stemness pathways and CSC properties, is still
under investigation in this field. Moreover, a direct regulatory link between Nanog and CSC surface markers is yet to
be clarified. There are, however, several correlation studies
demonstrating that cancer cells expressing high levels of the
CSC surface marker would possess higher levels of stemness
genes like Nanog. For example, CD133+ or CD44+ cancer
cells express significant higher level of Nanog in comparison
to CD133− or CD44+ ones, respectively.73–75 On the other
hand, Nanog induction in prostate cancer cell lines results
in upregulation of CD133 and ALDH1.70
Functional studies have demonstrated that Nanog is not
only a CSC marker, but also promotes CSC-like characteristics in several cancers. For example, ectopic overexpression
of the NANOGP8 gene in prostate cancer cells enhanced
clonal growth and tumor regenerative capacity,70 and the
activation of embryonic NANOG gene drives a subpopulation
of colorectal cancer cells to adopt a stem-like phenotype.5
Overexpression of Nanog also increased drug-resistance
capacity in breast cancer cell lines.70 The Nanog protein
can bind to the promoter region of cyclin D1 and regulate
cell cycle and proliferation.76,77 Moreover, Nanog positively
regulates cancer cell motility and tumor metastasis capability.
Nanog was found highly expressed in ovarian cancer cell
lines with metastasis-associated property and in clinical
samples of metastatic foci. Knockdown of Nanog impeded
cell proliferation, migration, and invasion.78
Recently, Noh et al reported that Nanog activates the Akt
signaling pathway through T-cell leukemia/lymphoma protein
1 A (Tcl1a), and hyperactivation of the Nanog/Tcl1a/Akt
signaling axis is conserved across multiple types of human
cancer.79 They demonstrated that the Nanog-mediated activation of Akt pathway renders cancer cells adapted to host
immune system and leads to a successful escape from the
immune-mediated clearance. Therefore, the failure of cancer
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vaccination may be due to a Nanog-dependent evolution of
tumor cells toward an immune-resistant and stem-like phenotype.80 Apart from cancer cells, Gu et al showed that the
cancer stromal cells that express high levels of cytoplasmic
Nanog may promote human cervical cancer progression,81
suggesting a role of Nanog in regulating the cross talk
between cancer cells and cancer associated stromal cells.

Upstream regulators of Nanog
in cancers
In ES cells, Nanog is involved in a complicated stemness
regulatory network in cooperation with other key transcriptional factors, such as Oct4, Sox2, and Lin 28, to precisely
balance between pluripotency and differentiation tendency.
Kalmar et al reported that Nanog presents a transcriptional
fluctuation between low and high expression level in ES
cells.82 They proposed that the dynamic distribution of Nanog
is crucial for ES cells to maintain the undifferentiated state
and yet possess the potential to be differentiated without
marking definitive commitment if a proper differentiation
signaling strikes the cells. The tightly regulated Nanog seems
to be a key switch that determines the fate of ES cells.83 In
cancer cells, Nanog is usually overexpressed, especially in
the malignant, high grade, poorly differentiated ones, and the
fluctuation of Nanog expression in cancer cells has so far not
been reported. It seems that deregulated and abnormal Nanog
expression drives the cells to a reprogramming-like process
but fails to keep cells in the track that leads to an ordinary
stemness state, resulting in cells going on a diverted route
that ends with upregulation of several downstream signalings
involving in tumorigenesis.
Despite the Oct4 and Sox2 stemness factors that are
involved in ES regulatory networks, many regulators, including microRNAs, transcription factors, and kinases, have been
reported to mediate the silencing or overexpression of Nanog
and thus regulate the stemness and malignant transformation,
as well as CSC-like phenotypes in cancer cells (Table 1).
To date, most of the regulatory mechanisms on Nanog are
focused on the transcription level, though accumulating data
have also emphasized the importance of post-transcriptional
and translational regulation of Nanog.

p53
p53 is a stress-activated transcription factor that prevents the
proliferation of genetically damaged cells. Given that p53 is
a key mediator regulating programmed cell death (apoptosis)
and cell-cycle related pathways, such as activating cell-cycle
checkpoint and promoting cell senescence, it has been well
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Table 1 Upstream regulators of Nanog
Targets

Mediated cell functions

References

STAT3
Ezh2

Maintenance of pluripotency.
Epigenetic regulation of Nanog,
selfrenewal.
Selfrenewal, tumorigenicity.
Tumor formation.
Differentiation, CSC properties
acquirement.
Maintaining Nanog expression.
Enhances Nanog and CSC
properties under hypoxia.
Tumorigenesis, cell survival,
and selfrenewal.

4,93,95
72
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Hedgehog
TLR4
p53
Esrrb
HIF2a
PI3K/Akt

32,71,89
132
32,84,85
111,112
133
33,115,121,134

Abbreviations: CSC, cancer stem cells; Esrrb, estrogen-related receptor β;
PI3K, phosphatidylinositide 3-kinase; STAT3, signal transducer and activator
of transcription 3; Ezh2, enhancer of zeste homolog 2; HIF2a, hypoxia inducible
factor 2a; Akt, protein kinase B; TLR4, toll-like receptor 4.

accepted as a major player for tumor suppression. Loss or
inactivation of p53 facilitates the clonal expansion of aberrant
cells and leads to genomic instability. During the last decade,
a direct involvement of p53 in the stemness regulatory network has emerged and draws much attention in the fields of
both stem cell and cancer research. In mouse ES cells, p53
directly binds to Nanog promoter through two consensus
p53-binding motifs and suppresses Nanog transcription in
response to DNA damage.84 The DNA damage-induced and
p53-mediated suppression of Nanog, which depends on the
phosphorylation at serine 315 of p53, results in reduced
selfrenewal and enhanced differentiation tendency of mouse
ES cells.85 Through inducing differentiation via Nanog suppression, p53 protects the genomic intactness and maintains
genetic stability in ES cells. The p53-Nanog regulatory signaling was also implicated in cancer cells, especially in brain
CSCs. Nanog was shown to induce the CSC-like properties
in primary p53-defecient mature mouse astrocytes, but not
in the astrocytes with intact p53,86 suggesting p53 as the
gatekeeper, not only preventing normal cells from tumor
transformation, but also preventing cancer cells from further
acquirement of CSC properties. These findings also echo the
discovery that, during the reprogramming process, suppression of p53 is essential to enhance the generation of induced
pluripotent stem (iPS) cells.87 Hong et al reported that loss of
p53 facilitates cellular immortalization, and suggested that
the p53-p21 pathway serves as a barrier in iPS cell generation
as well as tumorigenicity.87 Given that expression of Nanog
improves the cloning efficiency of human ES cells, it could
therefore increase the survival rate of early reprogrammed
cells.88 The suppressive effect of p53 on reprogramming
and cancer-stemness could partially count on its negative
regulation of Nanog. Since approximately .50% of cancers
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harbored p53 mutation or deficiency, blockade of Nanog, and,
therefore, Nanog mediated regulatory circuits, would be a
potential method to prevent tumor malignancy.

Hedgehog
Nanog and hedgehog are both essential regulators of stemness
properties by promoting selfrenewal in ES cells during the
early stage of embryonic development as well as in cancer
progression. The sonic hedgehog and its downstream transcription factor, GLI family zinc finger 1 (Gli1), have been
shown to promote CSC survival, tumor growth, and the
expression of stem-like signature in human glioma cells,89
suggesting a direct regulatory role of hedgehog-Gli1 in the
core stemness network. Indeed, Po et al71 later on reported
a direct regulatory pathway between hedgehog signaling
and Nanog. They showed that the downstream effectors of
hedgehog activity, Gli1 and GLI family zinc finger 2, directly
bind to the cis-regulatory sequences of the NANOG gene in
both mouse and human neural stem cells, and thus activate
Nanog transcription, which is essential for hedgehog-induced
selfrenewal in neural stem cells.71 They suggested a model
in which Nanog is a critical mediator of hedgehog effect on
neural stem cells. This regulation does not go through p53; on
the other hand, since p53 is known to suppress sonic hedgehog
signaling, they proposed that p53 might inhibit Nanog transcription partially through the suppression of hedgehog-Gli
pathway.71 Moreover, Zbinden et al demonstrated a positive
regulatory loop between Nanog and sonic hedgehog signaling; knockdown of Nanog decreased the endogenous activity
of Gli1 whereas the Nanog mRNA levels were modulated by
hedgehog pathway.32 This positive feedback loop is negatively
regulated by p53, and suppression of Nanog enhanced p53
and repressed Gli1, suggesting that Nanog is situated in a
neat balance between p53 and hedgehog signaling. Deregulation of the balance between p53 and hedgehog signaling
would result in aberrant expression of Nanog, which further
feedback to both p53 and hedgehog signalings and resulted
in either acquirement of stem-like properties of cells or
shrinking of the CSC population.

STAT3
STAT3 is one of the major effectors of the LIF pathway, which
is essential for the maintenance of the pluripotency in ES cells.
A microarray analysis in mouse ES cells showed that 14 out of
the 22 STAT3 target genes that contribute to the maintenance
of an undifferentiated state were also regulated by Nanog,
suggesting a functional redundancy and cooperation between
STAT3 and Nanog.90 In some cases, Nanog and STAT3
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were found to bind to and synergistically activate STAT3dependent promoters.91 The direct interaction between Nanog
and STAT3 was found by Bourguignon et al;92 they showed
the Nanog-STAT3 complex in head and neck squamous cell
carcinoma cells. The complex translocates to the nucleus and
transcriptionally activates their common targets.92 On the
other hand, LIF-induced phosphorylation of STAT3 directs
the binding of STAT3 to the enhancer of NANOG gene and,
thus, results in upregulation of Nanog expression in ES cells.93
Moreover, it is also suggested that STAT3 regulates Nanog
expression through methylation, as inhibiting the Janus kinase/
STAT3 activity blocks demethylation of Nanog during the
reprogramming process, along with upregulation of DNA
methyltransferase 1 and histone deacetylases.94 This indicates
that, apart from cooperative partner, STAT3 may also regulate
Nanog expression through epigenetic modification. The fact
that LIF/STAT3 pathway promotes Nanog expression in ES
and cancer cells suggests Nanog as an important mediator
for LIF-dependent maintenance of pluripotency, which may
explain why Nanog-maintained pluripotency of cultured ES
cells does not require the addition of LIF. Moreover, through
activating STAT3, molecules like CD244 and E-cadherin,95
are also shown to modulate Nanog expression, both in ES
cells and in cancer cells.

microRNAs
miRNAs are short RNAs that direct the degradation of messenger RNA or disruption of messenger RNA translation in
a sequence-dependent manner. Through targeting the core
stemness factors, such as Oct4, Nanog, and Sox2, the up- and
downregulation of miRNAs, such as miR134, miR296, and
miR470 play roles in modulating the selfrenewal, pluripotency, and differentiation of ES cells.96 There are increasing
reports identifying miRNAs that target Nanog and mediate
the malignant progression in cancer cells or CSCs. miR134
was first found directly targeting Nanog in mouse ES cells,
through which it promotes mouse ES cells differentiation
toward ectodermal lineages.97 The same phenomenon was
also found in glioblastoma cells; overexpression of miR134
reduced the proliferation, invasiveness, and migration
capability, and promoted apoptosis of glioblastoma cell
lines through directly suppressing Nanog expression.98
Enhanced expression of miR214 has been found in several
human malignancies99,100 and was associated with late-stage
and high-grade ovarian cancer.101 Xu et al101 reported that
Nanog level was induced by overexpressed miR214 in p53wildtype ovarian cancer cell lines, but not in p53-mutant ones,
linking miR214 with the p53/Nanog pathway. They further
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showed p53 as a direct target of miR214, and demonstrated
that, through suppressing p53 and consequently elevating
Nanog, miR214 increased ovarian cancer cell stemness.101
In glioblastoma, miR302-367 cluster was found upregulated
when suppressing the stemness of CSC. This miRNA cluster
was shown to suppress the stemness properties (like stemness
signature, selfrenewal, and cell infiltration) of glioblastoma
CSC through disrupting the sonic hedgehog-Gli1-Nanog
signaling pathway.102 These reports emphasize a role of Nanog
in miRNAs-mediated regulation of CSC properties, and
therefore suggest Nanog as a potential target to suppress the
increased cancer stemness due to deregulated miRNAs.

Downstream targets and cellular
functions of Nanog in cancer
Nanog is involved in several cellular functions that positively affect tumor development and progression, such as
cell proliferation, cell cycle progression, motility, apoptosis, and the cross-communication between cancer cells
and their surrounding stromal cells. In some cases, ectopic
overexpression of Nanog is sufficient to induce malignant
transformation. 103,104 Investigators have endeavored to
discover through which mechanisms Nanog regulates tumorigenesis. The identified downstream targets of Nanog are
listed in Table 2.

Cell proliferation and cell cycle
Nanog is well-known for being involved in the regulation
of selfrenewal in ES cells. In cancer cells, aberrant expression of Nanog has been linked to increased proliferation rate
in vitro and tumor growth in vivo. We previously showed
that overexpression of Nanog, along with Oct4, increased
Table 2 Downstream modulators of Nanog
Targets

Mediated cell functions

References

Cyclin D1

Cell cycle progression, G0/G1
arrest, and proliferation.
Chemoresistance.
Growth and differentiation.
Maintenance of selfrenewal and
undifferentiated state.
Migration and invasion.
Migration and invasion.
Immune evasion.
Paracrine communication with stroma.
CSC proliferation and motility, tumor
survival.

76,77

ABCB1
GDF3
Dnmt1
E-cadherin
FoxJ1
Tcl1a
Dkk1
FAK

34,107–109
105
135
78
78
79
124
84,122

Abbreviations: ABCB1, ATP-binding cassette sub-family B member 1; CSC, cancer
stem cells; FAK, focal adhesion kinase; Tcl1a, T-cell leukemia/lymphoma protein 1A;
GDF3, growth differentiation factor-3; Dnmt1, DNA (cytosine-5)-methyltransferase 1;
FoxJ1, forkhead box protein J1; Dkk1, dickkopf-related protein 1.
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clonogenic growth and spheroid body formation of lung
adenocarcinoma cells.34 Knockdown of Nanog/Oct4 in lung
cancer,34 or Nanog alone in breast cancer cells,76 suppressed
clonogenic growth and proliferation. A global gene expression profile screening in Nanog siRNA-transfected embryonal carcinoma cells suggested the involvement of Nanog in
cell cycle-signaling pathway.77 This group reported that with
Nanog knockdown alone, several cell cycle-related genes
(such as Cyclins D1, D2, D3, and E1 as well as cyclindependent kinase 1 and 6) as well as p53-related signaling
pathway (such as Bcl6 and Atf3) were downregulated, suggesting a role of Nanog in cell cycle and survival.77 In breast
cancer cells, Han et al found that knockdown of Nanog results
in inhibited cell proliferation, G0/G1 arrest of cell cycle, and
suppressed expression of cyclin D1 and oncogene c-Myc.76
They further demonstrated that Nanog directly binds to the
minimal promoter region of cyclin D1, transcriptionally
regulates its expression, and thus drives the cell cycle moving forward and accelerates cell proliferation.76 Growth differentiation factor-3, a member of the transforming growth
factor β superfamily, is another direct transcriptional target of
Nanog that mediates Nanog-dependent regulation of growth
and transformation in embryonic carcinoma.105 However,
the existence of this regulation, as well as its physiological
effects, in other cancer models are still elusive. Further clarification of the mechanism through which Nanog regulates
cell proliferation is still needed to shed light on the role of
Nanog in tumor growth.

Migration and invasion
Overexpression of Nanog is associated with tumor metastasis
in several types of cancer.59,61,66–68,73,76,106 In ovarian cancer
patient samples, increased nuclear Nanog expression was
significantly associated with high-grade, serious histological
subtypes, and poor disease-free survival.78 The correlation
between Nanog overexpression and advanced stage of cancer
or metastatic incidence indicates a crucial role of Nanog in
tumor progression. Stable knockdown of Nanog in ovarian
cancer cell lines resulted in increased E-cadherin, FOXO1,
FOXO3a, FOXJ1, and FOXB1 mRNA levels, whereas
ectopic Nanog overexpression decreased them.78 It is further
claimed that Nanog-mediated cell migration and invasion
involved its regulation of FOXJ1 and E-cadherin,78 though
whether Nanog directly regulates their expression is still
unclear. We previously demonstrated that co-overexpression
of Nanog and Oct4 in lung adenocarcinoma cells induces the
level of Slug through a transcriptional regulation, leading to
enhanced cell motility and tumor metastasis.34 We found that
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Nanog alone is able to induce Slug transcription, an important
transcription factor of epithelial-mesenchymal transition and
tumor invasion.

Chemoresistance
The chemoresistant property of CSC has been associated with
the expression of several stemness factors such as Oct4 and
Nanog.5,31,34,70,107 In human esophageal cancer, overexpression of Nanog promoted cisplatin resistance and decreased
the proportion of cells undergoing apoptosis process.107 We
showed in lung adenocarcinoma cells that ectopic overexpression of Nanog and Oct4 enhanced the mRNA level of
ATP-binding cassette sub-family B member 1 (ABCB1) – a
membrane-bound transporter involved in the ATP-dependent
exclusion of cellular toxic agents – leading to a high tolerance of lung adenocarcinoma cells to cisplatin treatment.34
Similar phenomena were also found in oral squamous cell
carcinoma, where increased Nanog and Oct4 expression was
correlated with a cisplatin-resistant phenotype as well as
cancer recurrence;108 the chemoresistant cells also expressed
high level of the drug-resistance-related gene ABCG2. In fact,
Bourguignon et al reported a Nanog-STAT3-ABCB1 signaling pathway in breast and ovarian cancer that mediates the
resistance against several chemotherapeutic drugs.109 In their
report, they showed that Nanog forms a complex with the
STAT3 transcription factor in the nucleus and leads to STAT3specific transcriptional activation and ABCB1 gene expression.109 These data revealed a direct regulatory link between
Nanog and the drug-resistance mechanism in cancer cells.
Moreover, there are some traits of indication that Nanog may
also regulate p53-related signaling and negatively affect the
pro-apoptosis mechanisms.77 On the other hand, an earlier
report suggested that p53-dependent signaling pathway may
directly suppress Nanog expression in DNA-damaged ES
cells in order to maintain the gene stability.110 Given that
Nanog is involved in p53-dependent pro-apoptosis pathway
and ABC genes expression, it is not surprising why CSCs
are sustainable to apoptosis and drug treatments.

Immune tolerance
Immune-related cancer therapy, such as cancer vaccination,
was once thought to be a specific method targeting cancer
cells. However, positive and promising outcomes in clinical trials of this approach are so far still lacking. This may
partially, if not entirely, be due to the capability of cancer
cells to adapt themselves to the host immune system in
order to avoid the killing and apoptosis mediated by the
CD8+ cytotoxic T lymphocytes.79,80 Noh et al found that
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the application of cancer vaccination resulted in increased
Nanog expression and stemness properties in tumor cells.80
Though it was uncertain whether the increase was due to an
immune selection or induction, the elevated Nanog drove
tumor cells toward an immune-resistant state, rendering
cells tolerant to the killing by cytotoxic T lymphocytes.80 The
same group further demonstrated that the Nanog-dependent
immune resistance in tumor cells is mediated through a Tcl1a/
Akt pathway.79 The hyperactive Nanog/Tcl1a/Akt pathway
not only increased stem-like phenotype in tumor cells but
also promoted an immune evasion. These reports reveal an
important role of Nanog in regulating the interaction between
cancer cells and host immune cells, in which Nanog promotes
the disguise of cancer cells to avoid the attack from immune
system. Interestingly, delivery of siRNA against Nanog in
these tumor cells reversed the immune-resistant phenotype
and strongly retarded tumor growth. Therefore, it is suggested
that targeting Nanog is a potential strategy for achieving
immune-based therapy.

Cross talk between Nanog
and oncogenic pathways
ESRRB

The orphan nuclear receptor estrogen-related receptor β
(Esrrb) that modulates the estrogen signaling pathway is a
vital component of the core pluripotency network in embryonic stem cells (ESCs). Previously, Esrrb was reported to
initiate the expression of Nanog in ESCs. Van den Berg et al
demonstrated that, through direct interaction with Oct4, Esrrb
was directed to the Oct4 responsive element within Nanog
promoter and induce the expression of Nanog, leading to
increased self-renewal in ESC.111 Moreover, the Esrrb is
not only an upstream regulator of Nanog but also a direct
target of Nanog. Nanog binds to Esrrb locus, recruits RNA
polymerase II to the Esrrb promoter, and increases Esrrb
gene expression.112 Nanog and Esrrb proteins also interact
directly in ESCs, and share overlap downstream targets.112
Furthermore, Esrrb, like Nanog, presented a mosaic pattern
in ESCs, and the mosaic patterns of the two molecules largely
overlap.111 Nanog and Esrrb may act to reinforce expression
of the reciprocal genes through a positive feedback loop.
Fluctuation of the Nanog-Esrrb feedback loop confers ESCs’
pluripotency and differentiation potential without being committed to specific lineages. Although the mutual dependence
between Nanog and Esrrb was mainly discovered in ESCs,
it is possible that the feedback circuit could exist in cancer
or CSCs, as Nanog and accumulating members of estrogenrelated receptors are implicated in cancer malignancies.
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Investigations into the involvement of the Nanog-Esrrb circuit in CSC properties may shed some light on how Nanog
mediates selfrenewal in CSCs.

Receptor tyrosine kinases
and Akt-dependent pathways
Deregulation of receptor tyrosine kinases is a common phenomenon in cancer cells. The epithelial growth factor receptor (EGFR) is frequently found overexpressed or mutated in
several types of cancer including lung, breast, and brain. In
some reports, EGFR seems to be involved in the acquisition
of stemness properties in cancer cells.113–115 Previous reports,
and our unpublished data, showed that activation of EGFR
pathway, either through EGF treatment or ectopic overexpression of active EGFR, resulted in enhanced Nanog expression
both at its protein and mRNA levels.116,117 This data may
explain how EGFR regulates stem-like properties in cancers.
Shan et al demonstrated that Nanog regulates selfrenewal
of CSCs through the insulin-like growth factor receptor
(IGF-1R) pathway in human hepatocellular carcinoma, and
suppression of IGF-1R decreased the expression of Nanog
in return.33 The role of the phosphatidylinositide 3-kinase
(PI3K) pathway in regulating Nanog expression is well known
in ES cells.118,119 In lung adenocarcinoma cells, the IGF-1R
activation leads to transcriptional activation of Nanog via the
PI3K/Akt/GSK3/β-catenin cascade.120 In mouse ES cells, loss
of phosphatase and tensin homolog, a tumor suppressor gene
acting through inhibiting the PI3K pathway, causes tumor
initiation following differentiation because of failed repression of Nanog.121 These data demonstrated a closely related
regulation between stemness and oncogenic pathways and
the crucial role of Nanog in this cross talk, rendering Nanog
as a prospective target of cancer therapy.

FAK signaling
Nanog also cross talks with the focal adhesion kinase (FAK),
which is known to play a significant role in tumor survival.
Nanog directly binds to the promoter region of FAK and
enhances its transcription, whereas FAK protein interacts with
Nanog and mediates Nanog phosphorylation.122 Phosphorylated
Nanog is distributed in the nucleus and is essential to mediate
tumor invasion in several cancer cells.122

Nanog and cancer-stroma communication
There has been an accumulating interest in focusing on
the role of the microenvironment surrounding cancer
cells in regulating cancer progression and CSC property
acquisition. We previously showed that the Nanog expression
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level in lung adenocarcinoma cells could be suppressed by
cocultured bone marrow-derived mesenchymal stem cell
(MSC) or its conditioned medium. This suppression is, at
least in part, due to the secreted oncostatin M from MSC
paracrinally inhibiting Nanog, Snail, and Slug in lung
adenocarcinoma cells through a STAT1 (signal transducer
and activator of transcription 1)-dependent pathway.123 The
suppressed Nanog, Snail, and Slug led to reduced cell motility
in vitro and tumor metastasis in vivo. These data suggests
that Nanog in cancer cells is able to receive extracellular
signaling from cancer microenvironment.
Apart from promoting cancer stemness in cancer cells,
Nanog was also found to mediate MSC and affect the MSCdependent suppressive effect on tumor growth.124 Zhu et al124
showed that MSC inhibits cancer cell proliferation by secreting dickkopf-1. They further showed that Nanog binds to the
promoter of dickkopf-1 in MSC and drives its transcription
as well as increases its secretion. Therefore, MSCs with
a high expression level of Nanog may possess antitumor
ability. It has been suggested that the pluripotent status of
MSC mediates its antitumor effect; MSC suppressed tumor
cells only when they were precursors of matrix cells.125 In
agreement, the expression level of Nanog may determine the
antitumor capacity of MSCs. Furthermore, Nanog was also
reported to regulate the expression and secretion of TGF-β1,
TGF-β2, and TGF-β3 in MSC.126 These data suggest a role
of Nanog in regulating the composition of paracrine factors
in cancer microenvironments. Caution should be taken in
terms of which cell is targeted when suppressing Nanog for
cancer therapy.

Targeting Nanog in cancer cells
Targeting gene therapy is a promising therapeutic method
to specifically fix the genetic disorder in diseases such as
cancers. Through delivery of exogenous DNA or RNA
sequence into host cells, we are able to enhance or suppress the expression of a selected gene to counteract the
deregulated signaling pathway. Theoretically, there are
several advantages to choose Nanog as a therapeutic target.
First of all, Nanog cross talks with several well-known
oncogenic pathways, which makes it a highly potential
candidate to be targeted. Second, Nanog is supposedly
not expressed in ordinary differentiated somatic cells;
therefore, off-target effects of Nanog-targeting should be
limited. Finally, according to the cellular functions mediated by Nanog downstream effectors, specific suppression
of Nanog inhibits CSC functions, reduces tumor growth
and metastasis, prevents the resistance to chemotherapeutic
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drugs, and enhances the immune surveillance of the host
and apoptosis of the cancer.
There is an accumulation of evidence demonstrating
the therapeutic potential of targeting Nanog in several
cancer cells. For example, using RNAi-mediated Nanog
knockdown, Jeter et al observed a reduced growth of subcutaneous xenograft tumors in vivo.45 They pre-transfected
shNanog in prostate, colon, and breast cancer cell lines
before injecting the cells in NOD/SKID mice and found
that the shNanog-transfected cells presented reduced
long-term clonogenic growth, proliferation, and tumor
size in mice. Similar phenomena were also observed in
other reports with different cancer models, though how
Nanog regulated cell proliferation and tumor growth had
not been clear until cell cycle-related molecules, such as
cyclin D1 and cyclin-dependent kinases, were identified
as Nanog transcriptional targets in CSCs recently. 76,77
Apart from reducing tumor growth, shNanog was also
found to suppress tumor metastasis in a mouse model.
Zhang et al showed that colorectal cancer cells transduced
with shNanog failed to form grossly visible or microscopic
hepatic liver colonies in mice, compared with parental
cells.31 They claimed that shRNA-mediated inhibition of
Nanog gene expression is associated with both inhibition
of experimental tumor growth and metastasis, as well as
malignant phenotype and cancer stemness.
Targeting Nanog in cancer cells showed a synergistic
therapeutic effect with chemotherapeutic drugs such as
cisplatin. siRNA-mediated knockdown of Nanog increased
the sensitivity of esophageal cancer cells to cisplatin treatment and induced cell apoptosis.127 Although this effect still
lacks in vivo evidence, it is not surprising that inhibition of
Nanog would decrease drug resistance of cancers since Nanog
has been linked to chemoresistance mechanisms through
ABCB1 and p53.32,34,85,109 Furthermore, inhibition of Nanog
in mice repressed the immune evasion of the tumor cells
and increased the therapeutic effect of cancer vaccination.
Delivery of siNanog into tumor-bearing mice increased
tumor vulnerability to immune surveillance and suppressed
tumor growth.80 It seems that combining Nanog knockdown
with current therapeutic methods, like cisplatin and cancer
vaccination, would largely improve the therapeutic outcome
in the mouse model.
There are still issues, however, that need to be clarified
before further development of siNanog or shNanog as a
therapeutic method. First, although experimental evidence
has shown a promising therapeutic efficacy of Nanog
knockdown in controlling tumor growth, metastasis,
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Figure 1 Nanog plays a central role in the cancer signaling network.
Abbreviations: ABCB1, ATP-binding cassette sub-family B member 1; E-cad, E-cadherin; miRNAs, microRNAs; STAT3, signal transducer and activator of transcription 3;
Tcl1a, T-cell leukemia/lymphoma protein 1A; SHH, sonic hedgehog; GDF3, growth differentiation factor-3; DKK1, dickkopf-related protein 1; Akt, protein kinase B.

d rug-resistance, and immune evasion in animal models, its
efficacy in a model that is more close to clinical operations is
still under investigation. For example, delivering siNanog or
shNanog in tumor-bearing animals with appropriate delivery
methods and reasonable doses would reveal how realistic it
is to use Nanog-targeting as a cancer treatment. Second, the
optimal delivery methods for siNanog or shNanog need to be
identified. This would affect the side effects they may cause
and the stability of delivered genes in cells. It has to be noted
that adeno-associated virus128 and nanoparticles129,130 have
been implicated as therapeutic delivery agents with promising efficacy. Moreover, conjugating nuclear localization
sequence to the double-stranded DNA encoding for siNanog
or shNanog could possibly enhance their nuclear delivery,
as reported previously.131 As well as choosing an appropriate
delivery method, modification of the RNAi construct structure might also be a way to improve delivery efficacy. Third,
being able to direct the Nanog RNAi to the cancer site would
be a challenge. Whether to combine specific cancer or CSC
markers as well as the selection of markers will need further
evaluation. Finally, Nanog-targeting may be operated alone
or in combination with current treatment methods such as
chemotherapy and cancer vaccination. The synergistic effects
still need to be validated in vivo.
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Conclusion
Nanog determines the cell-fate both in ESC and CSC.
Activating Nanog at an inappropriate time would cause
CSC rather than ESC-like iPS. Failure to repress Nanog
during the differentiation process in mouse pluripotent stem
cells results in tumor initiation. Moreover, Nanog cross
talks with several signal pathways both pro-oncogenic,
such as PI3K and STAT3, and tumor-suppressive, such
as p53 and PTEN (Figure 1). Nanog also mediates the
communication between cancer cells and their surrounding stromal and immune cells; Nanog expression level in
both cancer and stromal cells determines the direction of
the paracrine effects between them. These crucial roles
of Nanog make it a center of cancer signaling networks
(Figure 1) and a potentially ideal target for cancer treatment. In order to target Nanog in CSCs, developments of
appropriate targeting methods, and an understanding of
whether to combine with tissue- or CSC-specific markers,
would be needed to avoid off-target side effects. It can be
foreseen that the selection of suitable markers would be a
challenge and it is necessary to investigate this selection.
Current attempts of targeting Nanog in prostate, breast,
and colorectal cancers have shown promising therapeutic
effects in mouse models. In vivo data with experimental
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platforms that are more close to clinical operation are
expected to support the therapeutic potential of Nanog in
cancer treatment.
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