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Abstract

Pluripotency of embryonic stem cells (ESCs) and induced
pluripotent stem cells is regulated by a well characterized
gene transcription circuitry. The circuitry is assembled
by ESC specific transcription factors, signal trans-
ducing molecules and epigenetic regulators. Growing
understanding of stem-like cells, albeit of more complex
phenotypes, present in tumors (cancer stem cells),
provides a common conceptual and research frame-
work for basic and applied stem cell biology. In this
review, we highlight current results on biomarkers,
gene signatures, signaling pathways and epigenetic
regulators that are common in embryonic and cancer
stem cells. We discuss their role in determining the cell
phenotype and finally, their potential use to design next
generation biological and pharmaceutical approaches for
regenerative medicine and cancer therapies.

Key words: Embryonic stem cells; Cancer stem cells;
Pluripotency; Self-renewal; Tumorigenicity
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Core tip: Accumulating experimental evidence has
revealed the existence of common stemness regulators
for embryonic and cancer stem cells. In this review,
we highlight current results on biomarkers, gene signa-
tures, signaling pathways and epigenetic regulators
that determine the phenotype of these two types of
stem cells. We also discuss how this knowledge may
promote the design of next generation biological and
pharmaceutical tools for regenerative medicine and
cancer therapies.
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INTRODUCTION

Embryonic stem cells (ESCs) have two unique pro-
perties, self-renewal and pluripotency™. Mouse ESCs
(mESCs) are isolated from day 3.5 blastocyst and
possess ground state pluripotency whereas human
ESCs (hESCs) are isolated from late blastocyst and
correspond to the epiblast stem cells of the mouse™?.
The pluripotency of ESCs is determined by the concerted
action of signaling pathways that respond to external
stimuli, intrinsically expressed transcription factors
and complexes that govern the epigenetic state. The
extended transcriptional network of ESCs is centered
on the triad of master regulators of pluripotency Oct4,
Sox2 and Nanog'. In the last decade the introduction
in somatic cells of transcription factors (Oct4, Sox2,
KIf4, c-Myc), microRNAs and small molecules allowed
the generation of induced pluripotent stem (iPS) cells™.
Due to their ability to give rise to any type of differenti-
ated cells and tissues, both ES and iPS cells offer
many opportunities for modeling human diseases and
development of regenerative medicine'®.,

ESCs and tumor cells share many common pro-
perties exemplified by rapid proliferation, similar
metabolic requirements and inhibition of differentiation.
Pluripotent ESCs have inherent tumorigenic potential
and they generate benign tumors and teratomas when
injected in immunodeficient mice'”’. Reprogramming of
somatic cells into pluripotency by oncogenes like Myc
and KIf4 suggest a strong link between pluripotency
and tumorigenicity™®®’. Currently, growing experimental
evidence has revealed that tumors contain a variable
number of cells that have self-renewal and partial
differentiation capacities"®*?!, Because these cells
share these properties with the adult tissue stem cells
from which they are likely derived they were termed
cancer stem cells (CSCs)!*°*4, The procedures of
somatic cell reprogramming and CSC establishment
are both dependent on transitions between epithelial
and mesenchymal states (EMT/MET)!**¥, In addition,
CSCs from epithelial tumors also exhibit ESC-like
signatures*>'®! that include the oncogene c-Myc and
factors important for pluripotency such as Sox2, Dnmt1,
Cbx3 and HDAC1"®.,

The CSC model™®*# ultimately links Cancer with
Stem cell biology and provides a common framework
that is proposed to account for all the properties of stem
cells, regardless of their early or late developmental
origin in normal or pathological states. In this review, we
analyze common regulatory mechanisms of embryonic
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and CSCs focusing on biomarkers, signaling pathways,
transcription factors and epigenetic complexes. This
information can elucidate the risks stemming from the
tumorigenic potential of pluripotent ESC and iPS cells
used in tissue regeneration therapies. Additionally,
knowledge about their stem cell properties is valuable
for the eradication of CSCs that are responsible for
therapy resistance, tumor invasion and metastasis.

GENERAL PROPERTIES AND MARKERS
FOR EMBRYONIC/PLURIPOTENT AND
CSC

Three types of markers for the identification of either
ESCs or CSCs are utilized: cell surface molecules,
signaling pathway markers and transcription factors!'”..
However, cell surface molecules are mostly used as
biomarkers since they can be assessed on intact living
cells.

ESC biomarkers

All pluripotent stem cells express on their surface glycan
epitopes that show species-specific and differentiation
stage-specific expression, the stage specific embryonic
antigens (SSEA-1, 3 and 4). SSEA-1 (CD15/Lewis x) is
expressed on mESCs and embryonic carcinoma cells
(ECCs) but is absent from hESCs!"®**!, Upon mESC
differentiation SSEA-1 expression decreases whereas
SSEA-4 expression is induced. Undifferentiated hESCs
express SSEA-3/4 but following differentiation they are
both silenced and SSEA-1 is induced®**? (Table 1).

Human ESC, embryonic carcinoma and germ
tumors are characterized by the expression of tumor
rejection antigens (TRA-1-60 and TRA-1-81). These are
proteoglycan epitopes that reside on the 200 kDa form
of podocalyxin (SC-podocalyxin)*?*, Because they
are not expressed on somatic cells, TRAs are useful
markers for the isolation of human iPS cells during
reprogramming®®.

Cluster of differentiation antigens (CDs) are mem-
brane proteins that function in diverse processes such
as cell adhesion, communication and differentiation.
Various family members are expressed in mESCs,
hESCs and ECCs. Their expression usually changes
following differentiation®®!. CD324 (E-cadherin), CD31
(PECAM-1), CD24, CD90 (Thy-1), CD9, CD59, CD133
and CD326 (EpCAM) are present on the membrane of
ESCs and ECCs although their expression levels can
vary depending on the cell line and culture conditions!”".
Among CDs the epithelial marker CD326 (EpCAM) is
the more closely correlated with the undifferentiated
state and is rapidly lost upon differentiation™®” (Table 1).
Interestingly, some of the above CDs are also used as
CSC markers, as will be discussed below.

Among these markers of stemness, Cripto-1
(CR1, TDGF-1) represents an important component
of a critical core pathway that is used by ESCs (Table

October 26,2015 | Volume 7 | Issue 9 |



Hadjimichael C et a/. Embryonic and cancer stem cells regulation

Table 1 Biomarkers of pluripotency in mouse and human

embryonic stem cells

Biomarker Role in mESC Role in hESC
Oct4 Pluripotency™” Pluripotency™
Sox2 Pluripotency™ Pluripotency™
Nanog Pluripotency™” Pluripotency™
Kif4 Pluripotency®>*” Pluripotency™”
c-Myc Pluripotency™” Pluripotency””
SSEA1/CD15 Pluripotency!™**”! Not expressed
SSEA 3, 4 Not expressed Pluripotency™*
TRA-1-68 Not expressed Pluripotency™”
TRA-1-81 Not expressed Pluripotency™
Cripto-1 Pluripotency™** Pluripotency™**

hESC: Human embryonic stem cell; mESCs: Mouse embryonic stem cells;
SSEA: Stage specific embryonic antigens; TRA: Tumor rejection antigens.

1). This growth factor acts during embryogenesis
as a TGF-p ligand, co-receptor and as an oncogene.
Moreover, Cripto-1 is involved in PI3K/Akt and MAPK
pathways in a SMAD-independent manner and it
enhances the Wnt and Notch pathways acting as
a chaperone for low-density lipoprotein receptor-
related protein 5 (LRP5) and Notch respectively!®®,
Cripto-1 is crucial for early embryonic development
and is expressed in both mouse and human ESCs
resulting in maintenance of stem cell pluripotency.
Additionally, Cripto-1 regulates ESC fate choices by
repressing the neural and enhancing the cardiomyocytic
differentiation™®. Recently, it was shown that Cripto-1
performs an essential role in the etiology and
progression of several types of human tumors, where
it is expressed in a CSC subpopulation and facilitates
epithelial-mesenchymal transition (EMT)®®. Intracellular
transcription factors such as Oct4, Sox2, Nanog, KlIf4
that are specifically expressed in undifferentiated stem
cells are also important biomarkers. Their importance for
pluripotency is examined in detail below.

CSC biomarkers in solid tumors

Breast cancer was the first type of solid tumor where
CSCs were identified. Cells exhibiting the EPCAM*
ESA*CD44*CD247°"Lin" phenotype were able to
propagate breast tumors when injected even in
a low concentration into the mammary fat pad of
immunodeficient mice®. Further studies identified
a subpopulation of CD44"CD24  cells expressing
Aldehyde dehydrogenase (ALDH) capable of pro-
pagating tumor, by injection of as little as 20 cells in
immunodeficientmice®. CD44 is a cell membrane
protein that binds hyaluronan (HA) and has a role in
cell-cell and cell-extracellular matrix (ECM) interactions.
Studies have implicated CD44 in breast cancer cell
adhesion, migration, invasion and metastasis®.
Additionally, it protects cells from apoptosis which
is an important characteristic of CSCs™!. HA-CD44
interaction promotes multiple cascades, activating
gene transcription of stem cell-related factors in many
different tumors, such as ovarian, breast, head and
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neck cancer®™. Like CD44, CD24 is a widely expressed
glycosylated cellular adhesion protein. Low expression
of CD24 in breast CSCs was shown to enhance their
growth ability and metastatic potential, through a
chemokine receptor CXCR4 response, Additional
surface markers for breast CSCs are: CD13, also a
marker for brain and colon CSCs, a6-integrin, CD61,
CD29 and CD49.

The ALDH family of enzymes catalyzes the oxidation
of aldehydes into carboxylic acids in a NADP" dependent
manner™!. ALDHs play a crucial role in retinoic acid
biosynthesis, metabolism of cyclophosphamides and
clearing toxic byproducts of reactive oxygen species®®.
High ALDH activity was measured in human adult
hematopoietic and breast stem cells, murine neural
stem cells, as well as leukemia, breast, colon, head
and neck CSCs™®, Emerging evidence supports
the significance of ALDH as a biomarker for adult
and CSCs of different origin, including pancreatic,
prostate, ovarian, lung, head and neck squamous cell
carcinoma®™”.

The first evidence for the existence of CSCs in brain
tumors was provided by Singh et a/i®®. Brain CSCs
express the cell surface marker CD133 and lack the
expression of neural differentiation markers. CD133
is a transmembrane glycoprotein expressed in mouse
and human ESCs, as well as in different types of adult
stem/progenitor cells, including hematopoietic and
neural stem cells, endothelial precursors, mesenchymal
progenitors, kidney, mammary glands and pancreatic,
colorectal, testis, prostate, ovarian, lung and melanoma
CSCs™. The exact function of this protein remains
unknown, but it was proposed to act as an organizer
of the cell membrane topology™®. Limitations on the
exclusive use of CD133 as a brain CSC marker arise
from a study by Beier et a**'! who have reported that
CD133 negative cells from glioblastoma sphere cultures
are able to propagate tumors in immunodeficient mice.
Moreover, CD133 expression was shown to depend
on culture conditions and hypoxia levels. Additional
markers shared by normal and cancer brain stem cells
are nestin, Sox2, Musashi-1 and Bmi-1“%, Several
studies have indicated that multidrug resistance tran-
sporters (MDR) such as ATP binding cassette (ABC)
transporters and breast cancer resistance protein (BCRP/
ABCG2) increase drug efflux from the cells™***4,

Stage-specific embryonic antigen 1 (SSEA1), also
known as CD15, is a well characterized marker of
undifferentiated mouse and differentiated human ESCs.
It was first identified in neural embryonic progenitors
and represents a putative brain CSC marker. SSEA1
expression correlates with increased cell proliferation,
decreased differentiation and apoptosis'**, CD15"
cells exhibit high tumorigenicity. Another potential
brain CSC marker is Nestin, an intermediate filament
protein that was first identified as a neural stem cell
marker®®, It is expressed in many different brain
tumors and is involved in stemness, cell growth,
invasion and migration®”. Finally, brain, like other CSCs
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from breast and lung are resistant to chemotherapy
and radiotherapy because of the expression of MDR1
transporter on their cell surface'®®.

Colorectal CSCs also express CD133" and the
surface molecule Epithelial Specific Antigen (ESA/
EpCAM), while lacking expression of intestinal differen-
tiation markers such as cytokeratin 20 (CK20). EpCAM is
an epithelial adhesion molecule involved in proliferation,
differentiation, migration and signaling®®*". Another
adhesion protein, CD166, was proposed as a biomarker
in colorectal CSCs™". CD166 is present in a wide
variety of normal tissues, as well as in different cancers
including breast, lung, prostate and melanoma®?.
CD166 is used as a positive prognostic marker for
survival in colorectal cancer despite the contradictory
studies regarding its timeframe of expression during
tumorigenesis. Other recently identified potential
markers include CD24, CD29 and Lgr5. CD29 (B1-
integrin), a transmembrane receptor for extracellular
proteins activates signaling cascades responsible
for proliferation, differentiation, migration, survival
or death™!, Finally, Leucine-rich repeat-containing
G protein coupled receptor 5 (Lgr5), a receptor for
R-spondins is characterized by a large extracellular and
seven transmembrane domains. It binds R-spondin
proteins which activate Wnt/B-catenin signaling as a
Wnt pathway co-receptor™ -, Lgr5, a Wnt pathway
target itself, is expressed in various stem cell types.
High Lgr5 expression levels are associated with high
vimentin and low miR-200c expression followed by
increased invasiveness and lymph node metastasis®®®.

Pancreatic CSCs are characterized as CD44"CD24"-
EpCAM*™, |ike CSCs from other solid tumors, such
as ovarian cancer®, On the contrary, breast CSCs
exhibit low CD24 expression. Tyrosine kinase c-Met
and CD133 have emerged as additional pancreatic
CSC markers®*, Indeed, solely CD133" cells, were
shown to induce tumor formation in high frequency™®.
Moreover, concomitant expression of CXCR4 promotes
metastasis and represents a useful target for antitumor
drugst*?,

Prostate CSCs are characterized by high expression
of CD44 and CD133, as well as the existence of
ALDH1A1 and ABCG2 transporter on their cell surface,
which confer chemoresistance. A2B1 integrin was also
proposed as a prostate CSC marker, in addition to the
lack of differentiation markers, such as PSA’®".,

Ovarian CSC markers are CD133, CD44 and
CD24'4, Additional markers are EpCAM, ALDH1 and
CD117 or c-kit proto-oncogene!®?. The c-KIT receptor
is activated by autophosphorylation upon stem cell
factor (SCF) binding and is involved in cell proliferation,
apoptosis, differentiation and adhesion™*!, Moreover,
CD117 was associated with chemotherapy resistance®®.
Finally, other molecules that are significant for ovarian
CSCs are MyD88 for chemoresistance, Lin28 and Oct4
for cancer stemness and dedifferentiation!®’.

Melanoma CSCs were recently found to be positive
for CD20, CD133 and the ABC transporters, ABCG2 and
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ABCB5'™". Additional markers are CD133 and CD166"*.
CD133" melanoma cells, which overexpress CD166
and nestin, exhibit tumor-propagating ability and
high expression levels of genes responsible for tumor
initiation and metastasis'®’. CD271, which was proven
to be important for maintenance of stem-like properties
and tumorigenicity of melanoma cells®® is considered
as the most convincing biomarker for melanoma CSCs.
In addition, CXCR6 is implicated in their asymmetric
division'®”? and Oct4 that is induced upon hypoxia is
capable of promoting melanoma cell dedifferentiation
into CSCs™.

Lung CSCs express CD133 as well as CD24, CD34,
CD44, CD87 and ALDH1P**, CD133" cells show
increased expression of Oct4 protein and the ABCG2
transporter”’®. Finally, Bmi-1 which is expressed in
human small cell lung cancers could be applied as
a potential lung CSC marker due to its role in self-
renewal”,

Hepatocellular CSCs express CD133"?), CD133"
cells exhibited increased expression of Oct4, Notch,
Wnt/p-catenin, Hedgehog and Bmi-1, genes implicated
in self-renewal, pluripotency, proliferation and differen-
tiation”®!. EpCAM, CD90 (Thy-1), CD44, CD13, ALDH1,
ABCG2, CD117 and AFP represent additional hepatic
CSC markers!",

The head and neck squamous cell carcinoma share
the same biomarkers as most of the above described
CSCs, including CD44, CD133, ABCG2, ALDH1, c-Met,
Bmi-1 and Lgr57*77,

In conclusion, putative CSCs have been charac-
terized and enriched from many types of solid tumors
using various cell surface markers. These CSC bio-
markers offer important biological diagnostic and
therapeutic tools (Table 2).

CONVERGENCE OF SIGNALING
PATHWAYS IN EMBRYONIC AND CSC

Pluripotency of ESCs is regulated by core transcription
factors as well as key signaling pathways, including
LIF/Stat3 in the case of mESCs, Wnt, Hedgehog, Notch,
FGF and TGF-B for both mESCs and hESCs"®. One
hallmark of CSCs is their self-renewal capacity driven by
developmental pathways™*”°®%, Below, we will outline
the common signaling mechanisms in self-renewal,
differentiation and pluripotency of mES, hES and CS
cells in solid tumors.

Jak/Stat signaling

Binding of cytokines to their cognate receptors induces
the activation of Jak kinases and the phosphory-
lation, dimerization and nuclear shuttling of signal
transducers and activators of transcription (STATs). The
Jak/Stat signaling pathway is activated by the cytokine
LIF (leukemia inhibitory factor) in mESCs and is required
for their self-renewal and pluripotency®'. In contrast,
LIF does not support the pluripotency of human ESC.
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Table 2 Biomarkers of cancer stem cells

Cancer type

Biomarkers

Breast CD44%%
ALDH[Sl ,35]
EpCAM™
CD13"!
Aé-integrin®
CD61%!
CD29"!
CD49™!
ABCG2!**
Nanog™!
KI f 4[263,264]
Brain CD133%
Nestin!*
Sox2*
Musashi-1"*
Bmi-1"?
ABCB1*
ABCG2™!
ABCC1™
SSEA1Y!
Nanog™*
SOX2[4Z,225]
K1£42
CD133"*!
EPCAM[50,§1]
CD166""
CD24"
CD29"%
Lgr5[55]
Klf42!
CD44®!
CD24%!
EpCAM™
c-Met™
CD133%
CXCR4P*
Sox22!!
CD44!
CD133*
ALDH1A1""
ABCG2"Y
A2p11"
Sox2!!
CD1331
CD44!
CD241
EpCAM™
ALDH1"*
CD117%
c-kit®?
CD117!
MyD8g?
Lin28™
Oct4™

[232,238]

Colorectal

Pancreatic

Prostate

Ovarian

Nanog'
Sox2*)
CD20'*
CD133
ABCG2!*!
ABCB5
CD133
CD166*!
CD271%!
CXCR6'
Oct4!™!
Sox2!?4

Melanoma
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Lung CD133"
CD24%)
CD34%)
CD44™!
CD87™!
ALDH1™
ABCG2™

Bmi-17

[234]

Nanog
Sox2*
CD133™

EpCAM™

CD90""
CD44™
cc13™
ALDH1"
ABCG2™
CcD1177™
AFP™
CD44")
CD133"!

ABCG2"*7")

ALDH1""

c-Met”!
177

Hepatocellular

Head and neck (HNSCC)

Bmi-
Lgr5""

Numerous studies have shown the ability of
STAT3 to promote tumorigenesis when it is aberrantly
activated®™. Most importantly Stat3 has been recently
shown to regulate the survival and proliferation of
colon®™ prostate!® and breast'®’ CSCs.

Whnt/3-catenin signaling
The Wnt/p-catenin branch of Wnt signaling-also referred
to as the “canonical” Wnt-pathway- is important
for proper embryonic development and adult tissue
homeostasis. There are more than 30 extracellular Wnt-
ligands, which bind to the receptor complex Frizzled
and LRP5/6 (member of the LDL receptor family)®®.
In the absence of Wnt signals, the scaffolding proteins
Axin and adenomatous polyposis coli (APC) anchor the
intracellular signaling protein B-catenin to a “destruc-
tion” complex involving Glycogen-activated kinase-3
(GSK-3). Wnt ligand-receptor binding initiates a series
of events resulting in inhibition of the destruction
complex and B-catenin cytoplasmic accumulation®”’,
Its concentration-dependent nuclear translocation and
interaction with the T-cell factor/lymphocyte enhancer
binding factor (Tcf/Lef) family leads to transcription of
proliferative genes such as c-Myc and cyclinD1#%,
Many members of the Wnt signaling pathway are
implicated in stem-cell proliferation and activity. In
mMESCs, Wnt promotes self-renewal®. Studies using
small-molecule inhibitors have highlighted GSK-3 as
a critical regulator of pluripotency for both mouse and
human ESCs'®". p-catenin is dispensable for mESC
maintenance, however, in its absence, the positive
effect of GSK3 inhibition on self-renewal is abolished!®”
and p-catenin mutant mice display embryonic neural
progenitor defects'®®. Double mutants of GSK3
and p-catenin promote exit from pluripotency and
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induction of neuroectoderm differentiation®®*. From

the mechanistic point of view, accumulating evidence
indicates that the key pathway effector Tcf3 is acting
as a repressor of Oct3/4, Sox2 and Nanog, whereas
B-catenin inhibits this repression by converting Tcf3
into activator™®!. Additionally, active B-catenin interacts
with Oct4 and enhances its activity in a Tcf-3 indepen-
dent manner®. In hESCs, there is an ongoing debate
about the contribution of Wnt signaling in self-renewal
or differentiation®*”), Long-term inhibition of Wnt did
not affect survival of hESCs, whereas activation of Wnt
signaling resulted in activation of mesoderm differen-
tiation. In fact, differential activity of Wnt signaling
associates with distinct lineage-specific differentiation
potential of hESCs*®.,

Wnt signaling also regulates the activity of somatic
SCs including those in the skin, blood, brain and the
mammary gland, whereas aberrant signaling results
in neoplasia®. Mutations in key mediators of the Wnt
pathway have been observed in approximately 90%
of all colon cancers”. Wnt activity was found to be
enhanced in the CD133"* stem-like cell population of
colorectal cancer and in Lgr5* (a Wnt family member)
intestinal crypt stem cells, which were identified
as the origin of adenocarcinomas'®**?, Following
transplantation in a mouse model for lineage tracing,
Lgr5* cells expand clonally repopulating all other
adenomas'®’, Myofibroblast-secreted factors were
linked through B-catenin-dependent transcription to
colon CSC clonogenicity and were shown to restore the
CSC phenotype in more differentiated tumor cells, both
in vitro and in vivo™®. These findings indicate a Wnt-
dependent role of the tumor microenvironment in colon
carcinogenesis.

Wnt is also involved in mammary gland tumori-
genesis, since Wnt signaling expands mammary gland
stem cells in early tumorigenic lesions of MMTV-Wnt1
transgenic mice!®, The mammary gland CSCs pool
is sustained through recruitment of Wnt ligands by
periostin, a component of the extracellular matrix of
fibroblasts. Infiltrating tumor cells induce its expression
in the stroma of secondary organs, such as lung, to
allow colonization. Inhibition of its function prevents
metastasis!'®”.

Finally, although the role of Wnt in brain CSCs is still
unclear, autocrine activation of Wnt/p-catenin signaling
by the orphan nuclear receptor TIx, that induces glioma
formation when overexpressed, was shown to enhance
the proliferation of murine neural stem cells!®,
Moreover, a recent study linked low oxygen levels in
the hippocampus with neurogenesis through HIF-1a
enhanced Wnt signaling™®'. Interestingly, brain tumor
formation is promoted by hypoxia® and HIFs were
identified as key players in stemness and malignancy
maintenance of colon cancer cells!'*,

Hedgehog and Notch signaling
Hedgehog (Hh) signaling is implicated in many
developmental processes, such as in proliferation
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and cell-fate specification of neural stem and neural
crest stem cells. In lack of Hh pathway activity, many
target genes like the Hh receptor Patched (PTC) and
the Gli family of transcription factors are actively
repressed. Secreted Hh-transmembrane PTC binding
results in releasing PTC-repression on Smoothened
(SMO), a G-protein-coupled receptor that activates
downstream intracellular components'”), Despite
the presence of functional pathway components, SHh
(Sonic Hedgehog) ligand appears to be dispensable for
maintaining pluripotency and promoting proliferation of
undifferentiated hESCs. However, addition of exogenous
SHh to embryoid bodies generated by hESCs promotes
differentiation towards neuroectodermal’®®. On the
contrary, SHh was reported to stimulate mESC proli-
feration through the concerted effect of activated
Gli1, increased intracellular Ca** levels, PKC (protein
kinase C) and epidermal growth factor receptor (EGFR)
activation**,

In adults the Hh pathway is mainly inactive, but it
has been reported to participate in tissue maintenance
and repair. Its deregulated activity has been linked to
cancer development, however little is known about its
role in CSCs'''®. Hh signaling downstream effectors
Glil/2 and Bmi-1, a transcriptional repressor of the
polycomb group and central regulator of self-renewal
in normal stem cells, were recently shown to control
proliferation and pluripotency of breast CSCs and normal
human mammary stem/progenitor cells!'*!. Active Hh
signaling has also been identified in glioblastoma CSCs.
Inhibition of the pathway by chemical molecules or
siRNAs leads to loss of their tumorigenic potential™***,
Hh signaling is furthermore preferentially activated in
colon carcinoma CSCs derived from primary clinical
specimens, whereas its hindrance negatively regulates
cancer cell proliferation and induced apoptosis of colon
CSCs!''Y, Finally, a number of recent studies have
implicated Hh signaling in EMT and metastasis, for
example in pancreatic cancer cell lines inhibition of Hh
results in EMT-inhibition and blocks metastasis™.

Notch signaling is a crucial regulator of cell to
cell communication during embryogenesis, cellular
proliferation, differentiation, and apoptosis”®’. The Notch
pathway consists of a membrane-tethered receptor
(Notch 1-4), that undergoes proteolytic cleavage by
ADAM-type metalloproteases and y-secretase upon
ligand binding (membrane-associated Delta-like,
Jagged in mammals). Following cleavage, the released
intracellular Notch domain shuttles to the nucleus to
form a transcriptional complex with recombining binding
protein suppressor of hairless (RBPJ, also known
as CBF1) and mastermind-like proteins, ultimately
activating genes of the hairy and enhancer of split-
related family'’®”.

Despite the presence of functional pathway com-
ponents during early embryonic development, Notch
signaling is dispensable for the maintenance of hESC
or mESC pluripotency and constitutively activated
Notch does not alter the stem cell phenotype!™*¢**®,
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Inhibition of pathway components by siRNAs or by a
chemical compound against y-secretase activity (GSI)
interfered with hESC proliferation without driving their
differentiation'*!. However, a number of studies indicate
a decisive role for Notch in ESC fate determination.
Activated Notch signaling was shown to promote
neural commitment of both hESCs and mESCs'”’.
In undifferentiated hESCs it is required to form the
progeny of all three embryonic germ layers except for
trophoblast cells™*®. In mESCs, there appears to be no
in vivo requirement for the Notch pathway, until after all
three germ layers have formed™,

Notch signaling is important for tissue maintenance
in many organs, including the skin, blood, intestine,
liver, kidney, central nervous system, bone and mus-
cle!, It promotes the maintenance of the neural,
myogenic and intestinal stem cell pool in both Droso-
phila and mouse!**?.

Deregulation of Notch has been reported in
several cancer types and is progressively linked to
CSC self-renewal”., Notch pathway components are
characterized by higher expression level in pancreatic
CSCs. Their inhibition using either GSI or Hesl shRNA
reduced CSC numbers and tumorsphere formation.
Conversely, Notch activation increased pancreatic CSC
self-renewal. In vivo treatment of orthotopic pancreatic
tumors in NOD/SCID mice with GSI blocked tumor
proliferation and reduced the CSC populationt™?*,
Notch signaling is also activated and plays a crucial
role in promoting CSC survival, proliferation and tumor
initiation (but not progression) in colon cancer. An
antibody against Notch ligand DLL4 inhibited tumor
growth in a xenograft mouse modelt****?°],

In medulloblastoma, increased Notch and Hh
signaling have been linked to the maintenance of a
stem-like cell population. Pharmacological depletion
of Notch signaling inhibits medulloblastoma growth
in mouse xenograftst'?!, In this context, Notch was
proposed to interact with Hh signaling to promote
oncogenesis*’). Additional pathway interactions were
found in human breast epithelial cells, where oncogenic
conversion is driven by increased Wnt signaling via
Notch-dependent mechanism™®, Deregulation of
Notch signaling is an early event in pre-invasive
ductal carcinomas. Reduced mammosphere forming
efficiency of in situ ductal carcinoma in the presence
of Notch inhibitors suggested that Notch regulates
breast CSC self-renewal®”, In normal breast tissue,
Notchl was proposed to regulate progenitor-to-luminal
differentiation, whereas Notch4 stem-to-progenitor cell
transitions. Interestingly, inhibition of Notch4 and, to a
lesser extent, Notch1 signaling results in decrease of the
stem-like cell population and of tumorsphere formation
in primary breast cancer samples and cell lines and
in limited tumor formation in vivo™*”. Furthermore,
Notch4 (but not Notchl) activation inhibits mammary
epithelial cell differentiation and promotes mammary
carcinogenesis in mice®**!,
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TGF-B signaling

The TGF-p pathway plays a major role in development.
Depending on the downstream effector molecules, it
can be classified into the Smad1/5/8, the Smad2/3
and the Tab/Tak pathways. Secreted TGF-B ligands
bind to the extracellular domain of Ser/Thr kinase type
[ and type II TGF-B trans-membrane receptors (TGF-
BR) thereby phosphorylating and activating latent
cytoplasmic SMAD transcription factors™?. Among 42
known ligands in humans, bone morphogenetic proteins
(BMPs) and growth differentiating factors bind type I
receptors (GDFs) activate Smad1/5. Activin and Nodal
trigger phosphorylation of Smad2/3 through TGF-#R I/II.
Activated Smads form a higher-order protein complex
with Smad4, which then translocates to the nucleus
to modify gene transcription. Inhibitory cytoplasmic
Smad6/7, as well as molecules secreted by neighboring
cells like Lefty, further increase the regulatory
complexity of the pathway'"®.

During embryonic development cell fate deter-
mination, such as mesoderm and primitive streak
formation in the mouse, as well as neural induction
and mesoderm specification in Xenopus are affected
by the TGF-p pathway™**, Both the Smad1/5/8 and
the Smad2/3 branches are involved in ESC pluri-
potency/differentiation. Activin/Nodal/Smad2/3 sig-
naling is important for sustaining self-renewal and
pluripotency of mouse and human ESCs!*****, whereas
BMP/Smad1/5/8 signaling promotes self-renewal in
mESCs™’**® and differentiation in hESCs™****), The
partly divergent signaling outcomes observed in mouse
vs human ESCs are most likely due to the different
developmental stages from which they are derived,
hESCs being more similar to mouse epiblast stem cells
(EpiSCs)P**2,

In mESC culture, concerted BMP/LIF signaling
sustains pluripotency through the induction of inhibitor
of differentiation (Id) proteins, and by inhibiting two
major differentiation pathways, namely extracellular
receptor kinase (ERK) and p38 mitogen-activated
protein kinase (MAPK) at the same timel*713143],
Furthermore, it was recently reported that mESC self-
renewal is endogenously activated by autocrine loops of
Activin/Nodal™*!.

In hESC culture, Activin A, which is secreted by
mouse embryonic fibroblast feeder layers, suppresses
BMP signaling and hESC differentiation, while stimulating
the expression of pluripotency factors (e.g., NANOG,
OCT4, FGF2/8, NODAL)™****1, Nodal is secreted by
hESCs themselves, reinforcing their pluripotent state by
an autocrine mechanism. A regulatory loop is formed
by simultaneous secretion of the Nodal inhibitor Lefty.
Upon differentiation Nodal expression is rapidly down-
regulated™*******¢, pluripotency is further sustained by
downstream pathway effectors Smad2/3 which bind to
and trans-activate Nanog expression in undifferentiated
hESCs"¥**¥), Smad2/3 phosphorylation levels decrease
upon early hESC differentiation!*!, Smad3 alone was
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also shown to form a complex with Oct4 and directly
regulate many Oct4 targets!’*’!, On the contrary,
SMAD1/5 phosphorylation levels increase upon hESC
differentiation™***”, a finding consistent with the ability
of BMP4 to initiate differentiation to trophoblasts in
vitro™*”,

The TGF-B pathway is also involved in EMT during
embryonic morphogenesis. Interestingly, some epithelial
cells acquire thereby self-renewing characteristics
reminiscent of stem cells™*Y, In carcinomas, EMT can
lead to metastasis and high-grade malignancy!**?..

TGF-B signaling plays a complex, context-dependent
and tissue-specific role in cancer development and
CSC proliferation. While inhibiting the onset of cancino-
genesis the pathway may promote invasion and
metastasis at later disease stages'>”.

Skin epithelia lacking TGF-BR 1I exhibiting enhanced
integrin/focal adhesion kinase (FAK) signaling were
prone to age-dependent squamous cell carcinoma
development!***!, Moreover, tumor regression occurred
in cancer cells lacking integrin/FAK signaling™*'. CSCs
isolated from the tumor/stromal interface of TGF-R II
null squamous carcinoma formed less differentiated,
highly aggressive and metastatic skin cancers. Interes-
tingly, FAK depletion counterbalanced the TGF-BR II-null
phenotype'™®. These data support an important role for
TGF- in counterbalancing the integrin/FAK-dependent
tumorigenic effects in squamous cell carcinoma by
down-regulating CSC proliferation and expansion™*?.

Breast cancer cells respond to TGF-p by exhibiting
stem-like properties. A recent study revealed that
chemotherapy relapse of triple-negative breast cancer
(TNBC) might involve expansion of CSCs caused by
activated TGF-B and IL-8 signaling in The resistant CSCs
are prone to TGF-B pathway inhibitors™”’,

In malignant gliomas, TGF-B signaling also appears
to exert agonistic effects on tumorigenesis through the
Nodal/Activin branch of the pathway, increasing self-
renewal of glioma stem cells (GSCs) by enhancing
LIF/STAT signaling'*®.. Furthermore, TGFp-Sox4-Sox2
signaling appears to be important for the maintenance of
stemness of GSCs!**”. On the other hand, the activation
of the BMP branch of the pathway by BMP4, initiated
neural differentiation and blocked tumor growth in a
mouse xenograft model*”. In addition, epigenetically
silenced BMP signaling was proposed to desensitize
glioblastoma stem-like cells to normal differentiation
cues and to promote their proliferation™®",

The differential CSC responses to TGF-B cues
underlie a serious dilemma over the clinical use of TGF-8

agonists/antagonists'*”.

Fibroblast growth factor signaling

Most fibroblast growth factor ligands (FGF1-22) function
in a classical autocrine or paracrine manner. Ligand-
receptor binding results in autophosphorylation and
dimerization of the intracellular region of a tyrosine
kinase trans-membrane receptor (FGFR1-4)"%?!, The
signal is further relayed through four main pathways:
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RAS-RAF-MAPK (ERK), PLCy-PKC, PI3K-AKT and
JAK/STAT. Emerging evidence suggests that FGFRs
also traffic to the nucleus, activating entirely different
downstream moleculest®*.

Mutations of FGF pathway components result
in pri-implantation lethality of the early mouse emb-
ryot®?. Autocrine FGF-induced ERK1/2 signaling is
dispensable for mESC pluripotency but requisite for
their differentiation into neural and mesendodermal
lineages™®***), Ying et al'**® further suggested that
addition of LIF and BMP to culture media promotes
mESC self-renewal solely by compensating for the pro-
differentiation effects of FGF4. mESCs are comprised of
heterogeneous populations. Cells primed for differenti-
ation towards the primitive endoderm express FGF5
and Brachyury. FGF4 signaling on the other hand
additionally maintains the primed state towards germ
layer differentiation™**¢”),

In stark contrast to mESCs, hESCs require exo-
genous FGF2 to sustain self-renewal and the capacity to
give rise to somatic lineages™****). The combined use
of FGF2 and Activin is the most effective in maintaining
hESCs and EpiSCs self-renewal. Recent studies suggest
that spontaneous extra-embryonic differentiation,
to which both hESCs and EpiSCs are prone, may be
blocked by FGF™'®%, FGF2 seems to influence the
pluripotent state of hESCs on several levels. It activates
NANOG expression in cooperation with Activin signaling
through SMAD2/3™"! and synergizes with Noggin to
repress trophoblast-inducing BMP signaling™*®'7%,
FGF/ERK signaling leads to phosphorylation of c-Myc,
c-Jun and c-Fos. Its inhibition leads to a decrease in
the expression of core pluripotency factors Nanog, and
Oct4"7**”1 Interestingly, ERK and GSK-3 inhibition
have successfully supported the reprogramming
procedure for the generation of human iPS cells™,
Furthermore, conversion of hESCs to an mESC-like
phenotype was achieved by the concerted action ofERK
and p38 inhibitors with LIF"”!, A number of recent
studies raise the possibility of differential and sometimes
opposing functions of FGF in hESCs, depending on the
downstream effector signaling cascades!’>'7®,

Exogenous FGF2 is also required for growth and
maintenance of CSCs isolated from different human
carcinomas (e.g., brain, breast) in tumorspheres,
but the mechanisms of FGF action remain to be eluci-
dated™””""®], A recent study revealed that the expansion
of a functional breast CSC pool in response to estrogens
is induced through a paracrine FGF/FGFR/Tbx3 signaling
cascade, which is also functional in epithelialstem cells
from the normal mammary gland"’®’. Guthridge and
colleagues transformed NIH3T3 cells with FGF4 and
found out, that HSP-90, p63, LAMP-1 and CyclinD1
were massively activated’®”. The obtained results
suggest a link between FGF4, CSC expansion and
tumorigenesis*®", Indeed, Cyclin D1 is considered to
be a marker for cancer onset and progression, while in
stratified epithelial tissues p63 is thought to regulate
stem cell characteristics™®* %%,
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In conclusion, emerging evidence indicates a complex
crosstalk between signaling pathways in develop-
ment, adult tissue homeostasis and cancer. A better
understanding of the pathway interplay and how it
controls the biology of ESCs, SCs and CSCs will be
essential for the advance of regenerative medicine and
for developing effective cancer therapies.

COMMON TRANSCRIPTIONAL
REGULATORS OF EMBRYONIC/
PLURIPOTENT AND CSC

Regulatory networks in pluripotency

Transcription factors Oct3/4 (Pou5fl), Sox2 and
Nanog constitute the “core pluripotency network” that
regulates pluripotency of both mouse and human
ESCs. They bind synergistically to their own promoter/
enhancer elements establishing an auto-regulatory
circuit!™®¥, This master pluripotency network, including
additional factors such as Sall4, KIf4, and Stat3 binds
to and regulates the expression of two distinct groups
of genes in ESCs: genes related to self-renewal (active)
and genes related to differentiation (silenced)"®. The
latter group of genes is co-occupied by the epigenetic
silencing complexes Polycomb (PRC1 and PRC2)™*%. A
second important multi-protein complex is centered on
the oncoprotein Myc (Myc network). Both networks are
mutually regulating each other and interact physically
and functionally with chromatin remodeling and
modification complexes™®'*], The Myc complex binds
near the transcription start site (TSS), whereas the core
pluripotency complex binds to upstream promoters
and enhancers™®*°!, The master pluripotency factors
(Oct4, Sox2, Nanog) form super-enhancers, clusters of
enhancer elements that recruit Mediator and determine
cell identity™®**%%,

Oct4, Sox2, KIf4 and Myc were the initial factors
with the potential to reprogram somatic cells into
pluripotency™®***¥, The individual role of these factors
in pluripotent and CSCs will be examined below.
Oct4 in ESCs and CSCs Oct4 belongs to the POU
family of homeodomain proteins and is encoded by
the Pou5f1 gene. Its expression has been identified
in undifferentiated ESCs, embryonic carcinoma cells
(ECCs), pluripotent epiblast and embryonic germ
cells (EGCs)™*> ™7, Nichols et al'™*® reported that
Oct4 expression is essential for the maintenance of
ESC properties. They showed that Oct4-deficient
embryos did not form a pluripotent inner cell mass
and differentiated to trophectoderm!**®!. Moreover,
inhibition of Oct4 in MESCs led to the upregulation of
trophectoderm genes (Cdx2), while its overexpression
caused differentiation into primitive endoderm and
mesoderm™®, Under serum free culture conditions
Oct4 overexpression in ESCs promoted neuroectoderm
formation and subsequent neuronal differentiation®®".
Oct4 cooperates with Sox2 to regulate the expression
level of genes important for self-renewal and pluripotent
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phenotype of ESCs (e.g., Nanog). On the other hand,
when the Oct4 or Sox17 expression levels increased,
Sox2 was replaced by Sox17 and targeted genes
that trigger the endodermal expression program®®?,
These results indicated that the precise levels of Oct4
determined the ESC fate and that Oct4 is a master
player in sustaining stem cell self-renewal.

Numerous studies have indicated that Oct4 plays a
crucial role in tumorigenesis and tumor metastasis. It
was shown to be upregulated in many human cancers
such as bladder, seminoma, prostate and breast
cancert™2°¥2%81 Hy et a'**! reported that in murine
lung carcinoma cells and human breast cancer MCF7
cells, ablation of Oct4 expression leads to apoptosis of
CSC-like cells through the Oct4/Tcl1/Aktl pathway and
inhibition of tumor growth. Another study confirmed
that the reduction of Oct4 in lung cancer cells blocked
the clonogenicity and tumor invasion®. Chiou et af**®
enriched oral CSCs by sphere formation and concluded
that these cells highly expressed Oct4 and had similar
characteristics of stem cells and malignant tumors. A
year later, Rentala et ai*® reported that the expression
of Oct4 in prostate CSCs maintained their stem cells
properties. Moreover, it has been revealed that ectopic
expression of Oct4 into normal primary breast epithelial
preparations generated cell lines which form triple-
negative breast carcinomas in nude mice®®'?. Recently,
Wang et al”'!! demonstrated that cervical cancer cells
expressed higher Oct4 levels than normal cervix cells.
They proposed that Oct4 promotes tumor formation
in vivo and inhibits apoptosis by the activation of
miR-125b expression™'!!. In addition, Oct4 has been
suggested to regulate stemness of head and neck
squamous carcinoma CSCs. The overexpression of Oct4
activated Cyclin E leading to tumor growth and tumor
invasion through slug expression*.,

Sox2 in ESCs and CSCs
Sox2 is a member of the Sox (SRY-related HMG box)
family that consists of transcription factors with a single
high-mobility group box DNA-binding domain and also
belongs to the SOXB1 subgroup®®®, Sox2 is expressed
in the inner cell mass (ICM) and extraembryonic ecto-
derm of pre-implantation blastocysts™®*, Sox2 deficient
blastocysts could not form a pluripotent ICM. Moreover,
Sox2-deficient mESCs differentiated primarily into
trophectoderm, while the Oct4 overexpression rescued
the pluripotency of Sox2-null mESCs"***, As a result,
Sox2 is critical for the maintenance of Oct4 expression
and hence the stem cells’ properties. Furthermore,
Masui et al*** identified a synergistic function of Sox2
and Oct4 for the activation of Oct-Sox enhancers,
leading to the regulation of various pluripotency genes,
including Nanog, Oct4 and Sox2. Overexpression of
Sox2 in ESCs led to their differentiation®'®*”1, This
effect was due to the repression of pluripotency genes
Sox2, Oct4, Nanog, Fgf4 and Utf1**®! and the induction
of neuroectoderm, mesoderm and trophectoderm®®'”),
To date, many reports have demonstrated the
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involvement of Sox2 in cancer biology and especially in
CSCs. Sox2 is critical for osteosarcoma cell self-renewal
and antagonizes the pro-differentiation Wnt pathway
which can also affect negatively the expression of
Sox2™'®. In addition, it is implicated in the promotion
of cell migration and invasion in ovarian cancer, through
regulating fibronectin 1#**!. Studies in gastric cancer
showed that inhibition of Sox2 results in reduction of
spheres formation and in increase of apoptotic sphere
cells’®®®, The contribution of Sox2 in pancreatic CSCs
was suggested by the fact that it regulates stemness
via the control of genes of G1/S transition and EMT™**!,
In prostate CSCs, the inhibition of EGFR signaling led
to the decrease of Sox2 expression and self-renewal of
prostate CSCs. Moreover, knockdown of Sox2 reduces
the ability of prostate CSCs to grow under anchorage-
independent conditions'”*”. Similar findings have been
extracted from non-small cell lung cancer studies. Singh
and colleagues inhibited the expression of Sox2 and
noticed a 2.5-fold reduction in sphere formation'**.
Additionally, EGFR/Src/Akt signaling influenced Sox2
protein expression, due to the decreased levels of Sox2
during the EGFR or SRC inhibition®*!, In melanoma
CSCs, Sox2 is highly expressed and interact with
Hedgehog-GLI (HH-GLI) signaling'®**. In more detail,
Santini et a/®*! showed that knockdown of Sox2
decreases the melanoma sphere formation and self-
renewal of melanoma CSCs. Two HH-GLI signaling
transcription factors, GLI1 and GLI2, have the ability to
bind the proximal promoter of Sox2 and thus the HH-
GLI signaling regulates Sox2. Finally, Favaro et a/ff***
proved that Sox2 is required for CSC maintenance in a
high-grade oligodendroglioma mouse model.

Nanog in ESCs and CSCs

Nanog is the third member of the core pluripotency
network in undifferentiated ESCs!*****®. It is a
homeodomain containing transcription factor, which
was discovered through a functional screening for
pluripotency factors which allowed the maintenance
of ESC properties, in the absence of the LIF-STAT3
pathway*”?*®], Chambers et a/**® also added that
Nanog expression is high in Oct4-null embryos,
whereas its overexpression does not counteract the
differentiation program of ESCs prompted by Oct4
deletion. In the absence of Nanog, embryos do
not form a pluripotent ICM®?”?*1 " although Nanog-
null mMESCs can be established'®”**], Intriguingly,
these Nanog-deficient mESCs although disposed
to differentiation, could still be maintained in the
undifferentiated state'®”**®!, In 2005, Hyslop et af*"
showed that Nanog down-regulation in human ESCs
promotes differentiation towards extraembryonic
lineage, as shown by the upregulation of endodermal-
and trophectodermal-characteristic genes. This sug-
gests a pivotal role for Nanog in the maintenance of
pluripotency in human embryonic development. Oct4/
Sox2 heterodimers bind to the octamer/Sox elements
within the Nanog proximal promoter and regulate
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Nanog expression in ESCs™®!l, Moreover, Nanog, Oct4

and Sox2 cooperate with signaling pathways mediators
resulting in delivering signals directly to the genes
regulated by the core factors'™®". Sites co-occupied
by the three core regulators generally have enhancer
activity, while the transcription of the respective genes
requires the recruitment of at least one of the triot**"’.

Nanog expression was investigated in several types
of cancer, including lung, breast, oral, kidney, gastric,
cervix, brain, ovarian and prostate cancer®**?*’), In
particular, high expression levels of Nanog are related
to a poor prognosis for ovarian serous carcinoma,
colorectal, and breast cancer patients>**?*°!, In oral
squamous cell and lung adenocarcinoma, Nanog and
Oct4 high levels were linked to advanced cancer stage
and shorter patient survival®®?**, Several groups
demonstrated that Nanog expression is much higher
in CSCs than in non-stem cancer cells in many types
of cancer'”*?*"*_1n colorectal cancer, Nanog-positive
CSCs constitute approximately 2% of the total cancer
cell population®", In addition, a direct connection
between the surface markers of CSC and Nanog has
not been clarified yet, but there are many studies
which demonstrated that cancer cells expressing these
markers would have higher levels of pluripotency
genes®’), For instance, CD133" or CD44 cancer cells
express significant lower levels of Nanog compared to
CD133" or CD44" cells, respectively?®*®**!, Moreover,
functional studies in various cancer types showed that
Nanog induces CSC-like characteristics. Jeter et af**’!
demonstrated that NANOGP8 overexpression in prostate
cancer increased clonogenicity and tumor regenerative
ability™’”). Nanog activation leads a small population
of colorectal cancer cells to acquire a stem-cell like
phenotype®’. Furthermore, Han et a**” proved that
Nanog binds to Cyclin D1 promoter region and regulates
proliferation and cell cycle of breast cancer cells!**>>",
Recently, Siu et af*®"! reported that increased expression
of Nanog in ovarian cancer controls cell proliferation,
migration and invasion through E-cadherin and FoxJ1
deregulation®’?*!1, These results propose that Nanog
may constitute a CSC marker and play a vital role in
cancer progressiont>*",

Kif4 in ESCs and CSCs

Following the identification of KLF4 as a critical
transcription factor for reprogramming, more attention
was given to its actions. KlIf4 belongs to the Kruppel-
like transcription factor family and has a central role
in cell cycle regulation, somatic cell reprogramming
and pluripotency™***%%, KIf4 is highly expressed in
mMESCs and its expression decreases strongly upon
differentiation'***. The inhibition of KIf4, using RNAi,
leads to the differentiation of ESCs******, while Kif4
ectopic expression postpones differentiation, enhances
the expression of Oct4 and promotes self-renewal'*®.
KlIf4, in conjunction with Oct4 and Sox2 drives the
expression of Lefty1™®” and Nanog®®®. In addition, the
expression of Klif4 is regulated by STAT3 and Nanog™*?
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being a direct target of both transcription factors!>>>*?,

In a recent report, Aksoy et al*®”! described that Klf4
reduction induces differentiation towards visceral and
definitive endoderm, concluding that Kif4 inhibits
endoderm differentiation in mESCs.

It is not surprising that KIf4 plays a key role in
maintaining CSC populations. It is known that telo-
merase activity is sustained by Klf4 via telomerase
reverse transcriptase in both CSCs and hESCs, suggest-
ing that KIf4 is important for the long-term proliferative
potential of these cells®®®*!. Moreover, Hoffmeyer et
al*®” reported that p-catenin regulates Tert expression
via the interaction with KlIf4, supporting a connection
between stem cells and oncogenesis. In 2011, Yu et
al®® reported for the first time that Kif4 is crucial in
maintaining breast CSCs and inducing cell migration
and invasion. Klf4 is expressed at high levels in CSC
populations in mouse primary mammary tumor and
human breast cancer cell lines. The inhibition of Kif4
in MCF-7 and MDA-MB-231 decreases the ability of
breast CSCs to self-renew and form mammospheres
and tumors in vivo™*, On the other hand, it was shown
that KlIf4 suppresses metastasis in MDA-MB-231 cells by
maintaining the expression of E-cadherin and inhibiting
EMT™®*, KIf4 is highly expressed in colorectal CSCs
and its knockdown leads to the decrease of spheres
formation, migration, invasion and EMT. These results
prove the essential role of Kif4 for maintaining colorectal
CSCs™%®, Furthermore, Wellner et ai*®” reported that
KlIf4 is induced by ZEB1 through the repression of
stemness inhibitor miR-203, and controls/enhances
pancreatic and colorectal cancer cells ability to initiate
tumor development. Moreover, repression of Kif4 by
miR-7 inhibits metastasis of human breast CSCs in
nude mice®® whereas inhibition of KIf4 by mir-152
suppresses the generation of glioblastoma SCs?**”.,

These results propose that KIf4 has important roles
not only in stem cell self-renewal and cell motility, but
also in CSC and carcinoma cell invasion and metastasis.

Myc in ESCs and CSCs

Myc family which includes three important members -
c-Myc, N-Myc and L-Myc - acts as an essential regulator
in cell growth, proliferation, differentiation and apoptosis
and it is thought to be crucial for stem cell pluripotency
and proliferation®”®?’?, Myc is directly regulated by
LIF/STAT3 signaling and its constitutive activity renders
ESC self-renewal independent of LIF. In contrast, the
overexpression of Myc dominant negative form induces
differentiation™®?. Although the individual inactivation
of c-Myc and N-Myc has no effect on pluripotency,
their simultaneous deletion destabilizes the pluripotent
state leading to primitive endoderm and mesoderm
differentiation®®*!, Moreover, the overexpression of
either c-Myc or N-Myc restore pluripotency of ESCs™*#,
supporting the idea that c-Myc and N-Myc perform
redundant roles in maintaining pluripotent stem cell
identity. Recently, Chappell et al*””! showed that Myc
represses MAPK signaling and results in inhibiting
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differentiation.

Several genome-wide analyses have been per-
formed in order to determine how Myc regulates ESC
pluripotency. These studies showed that Myc binds to
and possibly regulates the transcription of at least 8000
genes in ESCs!"*"?7?781 The Myc-centered complex in
ESCs is binding to the TSS and includes also E2F Max
and NuA4 HAT complex™,

Myc deregulation and elevation have been pobserved
in a wide range of human malignancies, associated with
aggressive and poorly differentiated tumors™®”, It is well-
known that Myc is involved in the regulation of 15% of
genes in the human genome™ and regulates important
pro-tumorigenic factors including KRAS and AKT, and
tumor-suppressors PTEN and p53™%%%, Some reports
also showed that Myc-centered protein interaction
networks in ESCs are enriched in some cancers,
especially in the CSCs, conferring metastatic potential
and poor outcome!**®, These findings suggest that the
Myc network is responsible for the similarities between
ESCs and cancer cells. Wang et a/®®! determined
that glioma CSCs expressed high levels of Myc,
which is crucial for growth, proliferation and survival.
Furthermore, glioma CSCs with low levels of Myc did
not generate neurospheres in vitro or tumors after
xenotransplantation in the brains of iimmunodeficient
mice!?®, Salcido et al®®* found that Myc is expressed
at high levels in CSC population of small-cell lung
cancer. Additionally, it has been demonstrated that Myc
expression is significantly upregulated in tumor spheres
formed by rhabdomyosarcoma cell lines®®!, In a
recent study, it has been indicated that silencing of Myc
using promoter targeting siRNA, decreased prostate
CSC maintenance and tumorigenicity and induced
senescence in the prostate CSC subpopulationt®®!.
The clarification of the role of Myc in hepatic CSCs
biology came from Akita work in 2014. They revealed
a direct link between c-Myc expression levels and
CSC properties and they have further mechanistically
demonstrated that c-Myc modulates the hepatic CSC
phenotype in a p53-dependent manner®”..

Collectively the result of accumulating research
suggests that ESCs and CSCs share critical transcription
factors (Table 3). It is clear that pluripotency factors
Oct4, Nanog, Sox2, KiIf4 and Myc play a crucial role
in cancer development and contribute to cancer
treatment. However, further investigation of their role in
determining the CSC phenotypes, will provide the exact
regulatory mechanisms and possibly new regulatory
factors relating to tumorigenesis and metastasis.

COMMON EPIGENETIC REGULATORS IN
ESCS AND CSC

Cell epigenetic state has been recognized as an
important factor in diverse developmental and differ-
entiation processes via global or gene specific regu-
latory mechanisms. Genome wide analyses and
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Table 3 Common signaling pathways, transcription factors,

non-coding RNAs and epigenetic regulators of embryonic
stem cells and cancer stem cells in solid tumors

ESCs CSC type
Signaling pathways
Wnt/ B-catenin Self-renewal in Brain"!
mESCs/hESCs™ Breast"”!
Differentiation in Colon™
hESCs™ Lung"”
Prostate”!
Hedgehog Self-renewal in Brain!"?
mESCs™! Breast"!
Differentiation in Pancreas™"!
hESCs"!
Notch Differentiation in Brain!
mESCs and hESCs™”! Breast
Colon"*!
Pancreas"”
TGF- Activin/Nodal Brain™"
promote self-renewal Breast™”!
in mESCs and Skin"™*
hESCs[lSA,lSS]
BMP promotes self-
renewal in mESCs"*!
and differentiation in
hESCs™"
FGF Differentiation in Bladder"”!
mESCs"* Brain””
Self-renewal in Breast”
hESCs"™!
Transcription factors
4-Oct Self-renewal and Breast™”*'"!
pluripotency"* Lung”*"
Oral™
Prostate™
Cervical™"
Head and neck®?
Sox2 Self-renewal and Osteosarcoma™®!
pluripotency™™ Ovarian™
Gastric™”
Pancreatic®"!
Prostate™
Lung™
Melanoma®!
Nanog Self-renewal and Breast™”
pluripotency™**" Oral™
Lung[234]
Colorectal ™!
Prostate®”!
Ovarian™"
Kif4 Self-renewal and Breast***l
pluripotency™***! Colorectal™**”)
Pancreatic®”
Brain™
c-Myc Self-renewal and Brain™!
pluripoten Cy[189,191,270] L g[284]
Rhabdomyosarcoma®™
Prostate™!
Hepatic™
DNA methylation regulators
DNMT1 Differentiation'”! Colon®™!
Breast™
TET2 Differentiation®>**?! Breast®*
Chromatin modifications regulators
EZH2 Self-renewal and Breast™”!
pluripotency"*” Pancreas®™
Brain'®”!
Prostate®™
Bone®™”
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[400]

BMI-1 Self-renewal and Prostate
pluripotency™” Esophageal ™!
Head and neck*™
Cervical™”
Colorectal™!
Laryngeal™”!
Ovarian®™
Salivary adenoid cystic
carcinoma®”!
Suz12 Self-renewal and Breast"”!
pluripotency™ Colon!*”
MLL1 Self-renewal and Brain!*"”
pluripotency!™”
MicroRNAs
Let-7 Differentiation"**"! Breast"™!
Prostate*
MiR-200 Differentiation™” Breast"”)
family
MiR-34a Differentiation*”! Brain!*
Prostate*
Pancreatic”"
Gastric"™
Colon™?
MiR-145 Differentiation*! Brain*!
Breast"*”)
Long non-coding RNAs
LncRNA-RoR Self-renewal'® Breast*"!

CSC: Cancer stem cell; ESCs: Embryonic stem cells; mESCs: Mouse ESCs;
hESCs: Human ESCs.

knockout studies provide new information about the
role of epigenetic processes in self-renewal and cancer
initiation and permit the development of “epigenetic”
therapy as a cancer treatment option!?#*2%%,

This part of the review highlights our current view
of the most important common epigenetic regulators
associated with DNA methylation, histone modifications
as well as long-non coding RNAs and miRNAs in ESCs
and CSCs, their significance in normal development and
their deregulation in tumorigenesis.

DNA methylation regulators in ESCs and CSCs

DNA methylation is generated by DNA methyltrans-
ferases (DNMTs), enzymes that add methyl groups
on cytosines. The most studied members of the mam-
malian DNMT family include DNMT1, DNMT3a and
DNMT3b. DNMT1 is thought to be responsible for
the replicative maintenance of the DNA methylation,
while DNMT3A and DNMT3B function as de novo
methyltransferases”®. Nevertheless, recent evidence
shows that DNMT1 may also be required for de novo
DNA methylation®*! and that DNMT3a and DNMT3b
can also participate in the maintenance of the DNA
methylome!®*?. These findings emphasize the need to
clarify the exact role of each DNMT and their potential
crosstalk.

Restriction enzyme digestion-mediated and Methy-
lated DNA Immunoprecipitation-ChIP (MeDIP-ChIP)
analyses of global DNA methylation show that the DNA
methylation levels are reduced in mouse ESC compared
to the somatic cells and that methylations on promoter
regions lie primarily outside of CpG islands®®***®l, A
methylation analysis of CpGs by Bibikova et a/**®
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reported that the methylation levels of over 370 genes
in 14 hESC lines were lower than those of mMESCs'***.

Two groups, Lister et ai*®”! and Laurent et ai**® have
compared the methylation maps of hESCs and human
fibroblast cell lines and observed significantly higher
levels of non-CpG methylation present in hESCs that
may be due to differences in methylation regulatory
mechanisms between un- and differentiated cell types.
Laurent et ai*®® observed that CpA methylation was the
most frequent type of non-CpG methylation in hESCs,
and thatthis modification was lost upon differentiation.
Non-CpG methylation is also present in mESCs andis
reduced from 8% to 4.3%, six days after induction of
differentiation™®!. This non-CpG methylation is more
abundant within gene bodies than promoter regions
and is catalyzed by DNMT3a and DNMT3b requiring also
the presence of DNMT3LP. Methylation profiles of iPS
cells are highly similar to the ones of ESC, showing that
this is a unique characteristic of pluripotent cells®®”**!),
However its functional role remains unclear.

Deletion of Dnmt1 or 3b in mice results in embryonic
lethality™®”, while Dnmt3a” mice die within 4 wk after
birth showing that these enzymes are essential for
normal development™®). DNMT1 overexpressing ESCs
when injected in blastocysts resulted in embryonic
lethality, resembling the effect of DNMT1 deficiency™*".
DNMT1, DNMT3a and DNMT3b are expressed in
hESCs™®). Mouse knockout experiments have shown
that deletion of DNMTs does not affect ESCs self-
renewal but deregulates cell specification, suggesting
that global methylation may be dispensable for the
undifferentiated state but is critical for differentiation.
More specifically, DNMT1”" EBs contain a large number
of Oct4 positive pluripotent cells indicating that
methylation is required for proper cell differentiation™.
In Dnmt3a”" Dnmt3b”" mouse ESCs, only 0.6% of CpGs
are demethylated™®?, suggesting that these molecules
have limited contribution on global DNA methylation.
Furthermore, Pawlak et al**® showed that Dnmt3a and
Dnmt3b are dispensable for nuclear reprogramming.

Although many observations implied the reversibility
of DNA methylation, only recently were identified the
TET (ten eleven translocation) enzymes that actively
demethylate DNA. The mammalian TET family has three
members, TET1, TET2 and TET3 that catalyze 5mC
oxidation and generate the 5mC derivatives 5hmC, 5fC
or 5caC (5-hydroxymethylcytosine, 5-formylcytosine,
5-carboxylcytosine)® '), 5hmC is the first intermediate
toward DNA demethylation and its variable amounts in
different cells and tissues implies a distinct regulatory
role®®"), Recent reports, studying the genomic distri-
bution of 5hmC in mouse and human ESCs, provide
evidence that this modification may function as a specific
epigenetic mark in gene expression regulation>>*¥,

The expression levels of TET1 and 2 are high in
undifferentiated ESCs and decline upon differentiation,
in parallel with an increase of TET3"*, Further studies
have shown that TET1 adds 5hmC on promoter
regions and TSSs whereas TET2 activity is detected

Raishidenge ~ WJSC | www.wjgnet.com

in the coding regions®'®!. TET1 activity in ESCs is
associated with the demethylation and expression
of pluripotency related genes as well as repression
of Polycomb targeted developmental regulators®'”’.
Moreover, TET proteins were found to participate in
various gene expression regulatory complexes via
interaction with Sin3A co-repressort®*®!, Polycomb
Repressing Complex 2 (PRC2)P'! and the O-linked
N-acetylglucosaminetransferase, (Ogt)>'93%%,

Although earlier studies have suggested a role for
TET1 and TET2 in ESC self-renewal®"!, it was recently
clarified that these enzymes are in fact required for
proper differentiation of ESCs"**?. TET1 and TET2 are
regulated by the Oct4-Sox2 complex in ESCs and
TET1 knock down promotes the differentiation toward
endoderm/mesoderm and trophoblast pathways™*!. A
Tet1/2/3 triple knock-out mouse ESC line was unable
to generate embryoid bodies, teratomas and could not
give rise to healthy chimeras®™,

A current model proposes that the accumulation
of epigenetic and or genetic changes in a normal
adult stem cell generates eventually a heterogeneous
tumor population that contains a subset of “"CSCs”
that are responsible for its long term maintenance®*!.
Regardless of the hierarchical or stochastic nature of
the CSCs, studying their epigenome is of paramount
importance both for understanding the origin and
evolution of cancer as well as applying novel epigenetic
therapies. As a result, a growing number of studies has
recently being directed in the elucidation of common
or distinct epigenetic mechanisms that govern the self-
renewal program of ESCs and CSCs.

Cancer epigenome exhibits global DNA hypome-
thylation and specific promoter hypermethylation®®>***),
DNA hypomethylation promotes cancer development
by increasing genomic instability and activating growth-
promoting genes such as R-Ras®®*!, On the contrary
site-specific hypermethylation favors oncogenesis
by repressing tumor suppressor genes, other genes
encoding transcription and DNA repair factors as well
as PRC target genes®”*#1, The above studies provide
compelling evidence for deregulated DNA methylation in
cancer but do not address distinct cell subpopulations.
In this line, Yasuda et al***! studied 10 tumor suppressor
genes (TSGs) in bulk and CSC enriched MCF7 breast
cancer cells based on their ability to form tumor-spheres
and found lower DNA methylation levels and H3K27m3
marks in the latter population. Ikegaki et af**” proved
that epigenetic modifiers can affect the expression of
stemness genes and contribute to the establishment
of CSCs. They showed that short-term treatment of
Neuroblastoma cell lines with the DNA methylation
inhibitor 5-aza-2’-deoxycytidine (5AdC) and/or the
histone deacetylase inhibitor 4-phenylbutyrate,
enhances their CSC phenotype®”.

The expression levels of DNMTs are elevated in
several cancer types™'>**, DNMT3b has been shown
to play a crucial role in de novo hypermethylation of
promoter CpG islands. In line with the role of DNMTs in
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cancer development, sustained overexpression of the
murine dnmtl gene in NIH3T3 cells results in cellular
transformation™*%. Conversely, reduction of DNMT1
by an antisense DNMT-RNA reversed the transformed
phenotype of the Y1 tumor cell line™*,

Morita et a/*®! compared colorectal HCT116 WT
and its dnmtl knockout derivative and showed that
the latter has reduced stem cell markers and contained
less CSCs, as assessed by tumor formation following
xenotransplantation. Again no difference in DNMT3a and
DNMT3b was detected™®!, The importance of DNMT1 in
CSC self-renewal was further confirmed by Trowbridge
et al** using MLL-AF9 induced mouse leukemia. Addi-
tionally, a recent paper about the lyotropic reagent
chloroquine reports that it can eliminate CSCs in a
TNBC population through reduction of DNMT1 and Jak2
expression*!, The above studies demonstrate the role
of DNMT1 in the maintenance of the CSC properties and
in vivo tumorigenicity.

Concerning the effects of DNA demethylase, 5hmC
levels are decreased in a broad range of cancer cells™*?,
TET1 has been found as a fusion partner of MLL in a
subset of patients with acute myeloid leukemia®®*>*!,
TET2 has been reported as one of the most frequently
mutated genes in hematopoietic cancer types, but
many mutations appear in sites that don't affect its
enzymatic activity®?. In agreement with this, it was
recently found that enzymatically inactive TET1, acting
as a transcriptional co-activator for Hifla, is required for
EMT®*, Additionally, work by Song et al***! has shown
that TET2 is involved in breast cancer stemness and
metastases due to the silencing of miR-200.

Investigating the methylation signature of CSCs
permits identification of modifiers that can target
their stemness properties, leading to increased tumor
sensitivity to chemotherapy. Current DNMT inhibitors
used in cancer therapy, such as Decitabine (5-aza-2’
deoxycitidine) act through incorporation into DNA
therefore causing adverse side effects™*'. Less hazardous
alternatives include use of small molecule inhibitors such
as SGI-1027*! and dietary phytochemicals®*,

Chromatin modifiers in ESCs and CSCs
It is the complex interplay of DNA methylation with the
posttranslational modifications of the histone tails that
determines the transcriptional activity of a particular
locus®*”). The effect of histone modifications on diver-
se cellular functions, has caused intense interest in
studying the chromatin modifying enzymes. These
epigenetic modifiers include a variety of factors, such
as histone methyltransferases (HMTs), demethylases
(HDMs), acetyltransferases (HATs) and deacetylases
(HDACs)P*2*1 Al the above mentioned factors
participate in the regulation of chromatin structure that
in turn governs gene transcription.

ESCs are characterized by permissive chromatin
structure and consequently higher transcriptional
activity compared to differentiated cells. Generally,
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histone marks associated with active transcription
are more abundant in ESCs and become reduced
upon differentiation®****"!, whereas repressive marks
appear in higher levels in differentiated cells. Another
interesting feature most commonly found in ESCs are
bivalent domains, which are defined by the presence
of the active H3K4me3 mark alongside the repressive
H3K27me3 mark and is believed to hold genes in a
“transcription-ready” state!**>*>*!, However a recent
study by Denissov et al®** challenges the prevailing
view by showing that not all bivalently marked genes
in MESCs lose their differentiation responsiveness upon
loss of H3K4me3. Thus, the role of bivalency and its
association with pluripotency remains an open question.

Self-renewal in ESCs necessitates the action of
chromatin repressive complexes in order to inhibit
expression of differentiation-promoting genes. The
best studied silencers of differentiation pathways
in pluripotent cells are the PcG proteins, which are
organized into two multiprotein complexes PRC1 and
PRC2P*), PRCs are highly expressed in ESCs and bind
mainly to CpG-rich promoters of developmentally
regulated genes!®**,

The PRC2 complex has three core protein subunits:
The enhancer of zeste homology (EZH2) component
that catalyzes di- and trimethylation of H3k27, Emb-
ryonic ectoderm development (Eed) and suppressor
of zeste (Suz12). PRC2 triggers gene silencing by
recruiting PRC1, histone deacetylases and DNA methyl-
transferases®*’), The PRC1 complex composition is
highly variable and the canonical complexes include CBX
(polycomb), polycomb group factor (PCGF), human
polyhomeotic homolog (HPH) and RING, the E3-ligase
that catalyzes the monoubiquitination of histone H2A on
lysine 1195>%,

Depletion of PRC2 results in embryonic lethality
in mice®®, while mESCs lacking Eed, Suz12 or Ezh2
show loss of H3K27me2/3, retention of self-renewal
capacity and in vitro differentiation defects®*®**, On
the contrary, inactivation of PRC1 in mice leads to
deficiencies concerning later developmental stages®**.
RING1b (subunit of PRC1 complex) deficient mESCs
show a slight deregulation of some genes and loss of
differentiation potential®®’, whereas mESCs double
mutated for Ringla/Ringlb lose also the ability to
self-renew™®, In summary, PcG proteins seem to be
required for proper ESC cell fate transition but not for
their self-renewal. More information is required about
their partners to fully understand their regulatory
role in ESCs®®”?, Moreover, it was shown that PRC1
and PRC2 can occupy distinct genomic sites and act
independently™®®.

The maintenance of the expression program that
determines pluripotency requires the presence of
both repressive and activatory chromatin modifiers.
A complex that counteracts the repressing effect of
Polycomb is the Trithorax/MLLP*, Trithorax group (TrxG)
complex contains a histone K4 tri-methyltransferase
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(Setla/b, MLL1-4), a subunit that recognizes the
H3k4me3 mark, tryptophan-aspartate repeat protein
5 (WDR5), absent-small-homeotic-2-like (Ash2L),
retinoblastoma-binding protein 5 (RbBP5) and
dumpy-30 (DPY-30)P%*"%),

Both activating H3K4me3 and repressive H3K27me3
and H3K9me3 marks are removed by histone deme-
thylases belonging to the Jumonji domain-containing
protein family (Jmjd)*". Jmjd proteins connect ESC
core transcriptional network with chromatin modu-
lation. More specifically, Jmjd2c participates in stem
cell maintenance by reversing H3K9me3 marks at
the Nanog promoter, consequently protecting it from
silencing, whereas Jmjdia/2c gene expression is
positively regulated by Oct4™”?!. The diverse role of
Jmijds is underlined by Pasini et al***, who reported the
involvement of JARID2 in the recruitment of PRC2 by
differentiation-related genes in ES cells.

Another chromatin modifier called LSD1/KDM1
factor, is a histone demethylase that suppresses gene
expression by removing methylation groups from H3K4.
LSD1 has been found to colocalize with NuRD at the
enhancer of pluripotency genes and down-regulates their
expression upon differentiation’®?. Finally, Suv39H1,
Suv39H2 and G9a methylases, generate H3K9me3
repressive mark important in ESCs®*"*.

Histone acetyltransferases (HATs) and the equivalent
histone deacetylases (HDACs) constitute another
critical category of chromatin modifiers acting as co-
activators or co-repressors respectively™”!, Although
deacetylation is associated with gene silencing, ChIP-
sequencing studies show that HDACs also colocalize
with acetyltransferases at transcriptionally active
loci, probably to reset acetylation levels after gene
activation™”®,

HDAC1 and HDAC2, the most studied HDACs in
ESCs, have been shown to be dispensable for mESCs
self-renewal™”!. However, HDAC1 knockout- ESCs show
differentiation defects. HDAC1 and HDAC2 are usually
part of large complexes with repressive action like
NuRD, CoREST and Sin3""®. Alteration of the histone
acetylation pattern interferes with stem cell pluripotency
and differentiation™”® as well as reprogramming®”.
Most importantly inhibitors of HDACs are used as
facilitators of reprogramming™®®’. Noteworthy, NuRD
complex, which couples chromatin remodeling capacity
and histone deacetylation activity™", has been shown
to act as negative regulator of pluripotency asso-
ciated genes byfine tuning their expression levels
and sensitizing cells to differentiation stimuli®®?, The
distinct repression targets of PRCs and NuRD may
explain why reprogramming efficiency is increased by
overexpression of PRCs components™?!, but depletion
of NUuRD proteins™®*,

Finally, small molecule drugs targeting histone
demethylases or DNA demethylases are also valuable
tools for reprogramming since they can substitute for
transcription factors!*®*,

The information related to chromatin modifiers
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in ESCs has facilitated the elucidation of their role in
tumorigenesis. In addition to DNA hypo-methylation,
reduced histone acetylation but enhanced histone
methylation is an epigenetic feature characteristic of
cancer cells®***),

Polycomb HMT proteins are commonly upregulated
in cancer®®, EZH2, the best studied PcG protein has
been found to promote tumor growth by inhibiting
pro-differentiation pathways and enhancing cell cycle
progression®®°., Furthermore HDMs, which reverse the
action of HMTs, like LSD1, have also been implicated
in oncogenesis®. Increased HDAC activity usually
characterizes cancer cells'*", Resetting normal acety-
lation levels through treatment with HDAC inhibitors
(HDACI) has lowered tumorigenicity, suggesting HDACs
as attractive targets for cancer epigenetic therapy'***.

The role of chromatin regulators in CSCs has recently
started to be under study with Polycomb Group (PcGs)
proteins to be in the spotlight. EZH2 proved to be
essential for the maintenance of breast and pancreatic
CSCs**, Intriguingly, EZH2 promotes NF«B signaling
in ER-negative breast cancer cells™?, that in turn has
been shown to contribute to the generation of CSCs
through a positive feedback loop involving IL67°Y. In
previous studies, silencing of EZH2 in glioblastoma
CSCs significantly delayed intracranial tumor formation,
demonstrating the necessity for EZH2 in CSC-driven
tumorigenesis™®®®, whereas treatment of prostate cancer
cells with the PRC2 inhibitor DZneP (3-Deazaneplanocin
A) inhibited CSC spheroid formation and decreased
CSC frequency®®. Furthermore, EZH2 seems to
contribute to the stemness phenotype of Ewing tumors
by suppressing endothelial and neuroectodermal
differentiation’®”). Gupta et a/**® developed a model of
phenotypic transitions to study stochasticity in regulating
cell-state equilibrium in cancer cells and EZH2 was used
as one of the main phenotypic markers for the CSC
population.

Increasing number of studies implicate BMI-1,
another PcG member, in cancer stemness. Its expression
has been found elevated in many CSC populations such
as in salivary adenoid cystic carcinoma™®, prostate™*®”,
esophageal™!, head and neck!®, cervical'*®,
colorectal™, laryngeal™®! and ovarian*®® CSCs. In
addition it has been reported that depletion of Suz12 - a
component of PRC2 complex - results in the blockade of
mammospheres formation'*”? and increased apoptosis
in colon CSCs**®, These findings highlight Suz12, as an
essential regulator of CSCs.

Downregulation of the histone methyltransferase
MLL1 reduces CSC self-renewal and tumorigenicity
suggesting a role in CSCs™*, Additionally, HDMs like
LSD1 are crucial for the biology of CSCs too. Wang
et al"™' proved that inhibition of LSD1 inhibits the
proliferation of pluripotent cancer cells but not that
of normal somatic or non-pluripotent cancer cells.
Except for histone methylation, histone acetylation is
also essential for CSCs as a recent study showed that
inhibition of HDACs limits the population of CSCs of
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head and neck cancer’'!..

In conclusion, epigenetic regulators such as members
of the Polycomb and Trithorax complexes, histone
demethylases and histone deacetylases are essential
for ESC pluripotency and at the same time can promote
cancer stemness (Table 3). DNA methyltransferases
are indispensable for both cell types and have been
already reported as important targets for iPS generation
and cancer chemotherapies (Table 3). Finally, DNA
demethylases (TET 1, 2, 3) are critical targets for iPS
generation, whereas their functions in CSCs await
further clarification (Table 3).

MicroRNAs in ESCs and CSCs

The crucial role of microRNAs in mouse and human
ESCs has been identified using Dicer and DGCRS8
knockout mice. Dicer deletion resulted in embryonic
lethality in mice™*'?, while DGCR8-deficient mouse ESCs
retained self-renewal capacity™.

Among the first families of microRNAs identified,
miR-290-295 (miR-371 family, human homologous)
and miR-302-367 clusters, which include the majority
of miRNAs in mouse and human ESCs. Common
characteristics of the two clusters is the promoter
binding of the core pluripotency transcription factors
(Oct4, Sox2 and Nanog)™**¥ and the decrease of their
expression during differentiation™*!. Reintroduction of
these miRNAs into Diceri-knockout™*'® and DGCRS8-
knockout™"! mice rescued proliferation and normal
ESC self-renewal, respectively. It was found that these
two clusters maintain the self-renewal by targeting
retinoblastoma like 2 (Rbl2), a repressor of DNA
methyltransferases (Dnmt3a and Dnmt3b). The latter
methylates CpG islands and epigenetically silences
Oct4™*®**71 In addition, these miRNAs were shown to
regulate the G1/S transition of the ESC cell cycle, by
repressing directly or indirectly the expression of the
G1/S transition inhibitors (p21, Lats2, Rb1, Rbl2 and
Rb|1)[418’419].

Other miRNAs acting on the hESC cell cycle were
studied by Qi et al'**®, showed that miR-195 and
miR-372 promote the transition of G2/M and G1/S, by
suppressing the G2/M checkpoint kinase WEE1 and
CDKN1A respectively™®. Furthermore, miR-92a and
92b were identified to target the CDKN1C gene and
CDKN2B (known as p57), promoting in this way the
G1/S transition*?Y,

Beside their function in maintaining pluripotency,
miRNAs play important role in the differentiation of
ESCs. Tay et al*****! demonstrated that miR-134,
miR-296 and miR-470 bind to the coding regions of
Oct4, Sox2 and Nanog and suppress their expression
and thus the self-renewal state. Similarly, miR-200c,
miR-203 and miR-183 target Sox2 and KIf4**”), while
miR-145 was shown to repress human OCT4, Sox2 and
KLF4 by binding to their 3’UTR, suggesting its role to
regulate pluripotency™®*. In another study, induction
of differentiation caused the increase of miR-21
expression levels revealing its crucial role in stem cell
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differentiation by targeting Nanog, Sox2 and Oct4'**,
Moreover, the expression of miR-22 was also detected
in high levels during ESC differentiation'*®!. Landgraf et
al”! demonstrated that miR-26a, miR-99b, miR-193,
miR-199a-5p, and miR-218 are able to suppress the
self-renewal of ESCs but the mechanism remains
unclear. Another example of miRNAs that regulate the
differentiation of ESCs is the miR-125 and miR-181
clusters®?®, A recent study showed that miR-125 and
miR-181 families suppress Cbx7, the primary Polycomb
ortholog of the PRC1 complex, in undifferentiated ESCs.
Their overexpression leads to the differentiation of ESCs
via regulation of Cbx7**®. Furthermore, it was found
that miR-34a, miR-100, and miR-137 are required for
the differentiation of ESCs, and that they function in part
by targeting Sirt1, Smarca5 and Jarid1b mRNAs™**,

Let-7 is another miRNA family which has been
widely involved in the establishment of the differentiated
cell fate. Melton et a/**® identified that silencing of
pluripotency and self-renewal of ESCs can be caused
by the introduction of let-7 into DGCR8-knockout ESCs.
In addition, let-7 binds to 3'UTR, inhibits expression of
several stemness factors (c-Myc, Sall4n, Lin28) and
induces ESCs differentiation*?!. Interestingly, Lin28
forms a negative feedback loop with let-7, resulting
from its blocking function during let-7 biogenesis at the
Dicer processing step**?, Let-7 can also target the
G1/S transition activators (cdc25a, cdk6, cyclinD1 and
cyclinD2) that increase susceptibility of G1 phase cells
to pro-differentiation signals and promote differentiation
of ESCs™*+*%,

MiRNAs also play important roles in regulating CSC
properties such as cell cycle exit and pluripotency, pro-
survival and antistress mechanisms, EMT, migration and
invasion, which contribute to tumor metastatic potential.

Because of the early discovery and better under-
standing of breast CSCs, miRNA studies are more
advanced in this cancer type!**. Let-7 regulates the
properties of CSCs and its overexpression results in
the reduction of mammosphere and tumor formation,
metastasis and cell proliferation. Moreover, let-7
diminishes the expression of HMAG2, c-Myc, and RAS
and controls CSC properties'***. Another miRNA that
is repressed in breast CSCs is miR-30. The inhibition of
miR-30 induces metastasis and self-renewal of breast
CSCs**! and the transfection of both let-7 and miR-30,
causes a more complete reduction of mammaospheres
formation and CSC abilities in breast CSCs'***.,

Iliopoulos et al**® showed the importance of an
inflammatory positive feedback loop involving NF-«B,
Lin28, let-7 and 1I6 in the epigenetic maintenance of
the cell transformation state following Src oncogenes
activation. The same group using miRNA profiling
defined a set of 22 miRNAs that are differentially
expressed in normal vs CSCs that included the let-7
and the miR-200 families'®”. Interestingly, Shimono
et al*"! also identified that miR-200 cluster is down-
regulated in breast CSCs and miR-200c reduces the
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tumor formation. In addition, members of this family
have the ability to regulate the breast CSC properties by
repressing the BMI-1™*"! and a subunit of a polycomb
repressor complex, SUZ12""), Furthermore, several
studies showed that miR-200 family and miR-205
modulate EMT, which is crucial for metastasis and tumor
invasion. It was found that the expression of these
miRNAs is decreased in cells undergoing TGF-beta
induced EMT and their overexpression inhibits the EMT
process. These miRNAs modulate the expression of EMT
activators, ZEB1 and ZEB2, causing the inhibition of
EMT program™®. In contrast, ZEB1 and ZEB2 activate
EMT by forming a double negative feedback loop with
the miR-200 family, resulting from their binding to
promoter regions of miR-200 family members**!,
As previously mentioned, miR-22 directly suppresses
the expression of the TET family members (TET1-3),
which are implicated in the demethylation of miR-200
promoter. In other words, miR-22 inhibits the activity of
miR-200 cluster and promotes EMT and metastasis’®**.
Polytarchou et a/'**” identified that miR-15/16,
miR-103/107, miR-145, miR-335, and miR-128b inhibit
breast CSC function and growth by directly inhibiting
the expression of Suz12, Bmil, Zebl, Zeb2, and KiIf4.

MiR-9/9%*, miR-17 and miR-106b are the mostly
represented miRNAs in the CSC population in glio-
blastoma. It was demonstrated that knocking down of
miR-9 and miR-17 causes a reduction of neurosphere
formation*, Another study showed that miR-128
reduces glioma cell proliferation in vitro and glioma
xenograft growth in vivo™*?. Furthermore, miR-128
overexpression modulates the properties of glioma***
and prostate CSCs™*” by inhibiting BMI-1. Li et a/**
examined the role of miR-34a in brain tumor cells
and human gliomas and they demonstrated that miR-
34a causes cell cycle arrest, apoptosis or xenograft
tumor repression, regulating the glioblastoma CSCs.
In CD133" CSCs of glioblastoma, miR-145 causes the
inhibition of tumor formation as well as the reduction of
CSC properties by targeting Sox2 and OCT4™*!, MiRNA
expression profiles of glioblastoma stem cells and non-
stem cells revealed that miR-451 is downregulated in
the glioma CSCs. Transfection with the above miR leads
to the inhibition of tumor growth of glioma CSCs and
neurospheres formation™*!. Another miRNA which is
important for CSCs of brain tumors is miR-199b-5p. It
was shown that miR-199b-5p blocks Notch signaling and
inhibits the self-renewal capacity of medulloblastoma
cells by targeting HES-1, a transcription factor of the
Notch signaling pathway™*”".

Using prostate CSCs, Liu et al**® performed miRNAs
expression profiling and found that miR-34a, let-7b,
miR-106a and miR-141 are downregulated whereas
miR-301 and miR-452 are increased. They also showed
that overexpression of miR-34a inhibits prostate
CSC metastasis by targeting CD44, while knocking-
down of miR-34a promotes tumor migration and
development!**®, MiR-320 was also investigated for
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its role in prostate CSCs. Hsieh et al*** illustrated that
B-catenin is directly targeted by miR-320. Moreover,
gene expression profile of miR-320-overexpressing
prostate cancer cells revealed a diminished expression
of both the genes involved in the Wnt/B-catenin
pathway and the markers of CSCs™**.

As mentioned before, miR-34a does not play
pivotal role only in glioma and prostate CSCs, but also
in pancreatic and gastric CSCs'*****!l, Overexpression
of miR-34a in these two cancer types reduces sphere
formation and tumor regeneration!*****!, Bu et a/f***
reported that miR-34a inhibits colon CSC self-renewal
and suppresses tumor formation. Particularly, miR-34a
targets Notch-1 resulting in inhibition of Notch signaling
which is frequently crucial in colorectal cancer™**”.

LncRNAs in ESCs and CSCs

A number of studies investigated the role of IncRNAs in
self-renewal and differentiation of mouse and human
ESCs. By performing genome-wide screening, Sheik
Mohamed et al*** identified four IncRNAs residing
proximally to the genomic binding sites of Oct4 and
Nanog. Two of them, the AK028326 and the AK141205
have been shown to be the direct targets of Oct4 and
Nanog, while their overexpression or inhibition resulted
in dramatic changes in the mRNA expression levels
of the two core transcription factors, revealing their
involvement in the regulatory network*®., Chakraborty
et al*** introduced a new technique combining knock-
down and localization analysis of noncoding RNAs
(c-KLAN) to study IncRNAs. By inhibiting Panct-1, a
non-coding transcript, the amounts of Oct4 and Nanog
mRNA were decreased, whereas the expression of
differentiation markers increased (Gata6, Fgf5, and
T-Brachyury)**. To further examine the role of INcRNAs
in ESCs, Wang et al'® demonstrated the IncRNA-
RoR function as a critical regulator of self-renewal
and differentiation in hESCs. LncRNA-RoR prevents
the suppression of Oct4, Sox2 and Nanog by miRNAs
(miR-145) and forms a feedback loop with the core
transcription factors and microRNAs™®,

Concerning hESCs, the IncRNA_N1 IncRNA_N2
and IncRNA_N3 are important regulators of neuronal
differentiation fate™*,

LncRNAs have also been investigated in cancer. Their
role is not well understood in CSCs, but recent studies
have correlated some IncRNAs with CSC activity, based
on their ability to promote metastasis!'®*. Gutschner
et al***! developed a metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) knockout model
in human lung tumor cells, which confirmed the role
of MALAT1 as a biomarker for lung cancer metastasis
and revealed its ability to regulate genes associated
with lung cancer metastasis'**®. Furthermore, MALAT1
was implicated in cervical cancer by regulating gene
expression (caspase-3, -8, Bax, Bcl-2, BcIxL), while
in @ more recent study it was shown that MALAT1
promotes cell migration and proliferation of cervical
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cancer cells'*”***, HOTAIR is another IncRNA which
has been widely studied for its role in cancer. Gupta et
al**® demonstrated that HOTAIR is a strong metastasis
and tumor invasiveness biomarker in primary breast
tumors. This function is due to the recruitment of
PRC2 that silences metastasis suppressor genes'**,
Moreover, other studies suggest that HOTAIR is a
potential biomarker for the existence of lymph node
metastasis in hepatocellular carcinoma (HCCs)*, As
discussed earlier, INcRNA-RoR is an important ESC self-
renewal regulator. Recently, it has been shown that
its expression was negatively regulated by the NRF2
transcription factor in mammary stem cells! !, In
particular, the inhibition of NRF2 led to an increase of
both mammosphere formation in breast cancer cells
and IncRNA-RoR levels supporting an involvement of
IncRNA-RoR in tumorigenicity™®*’,

To summarize, the above studies demonstrate
an essential role of ncRNAs in stemness of ESCs and
CSCs (Table 3). A better understanding of ncRNA
biology will ultimately provide further insights into the
molecular mechanisms of tumorigenesis and lead to
the development of new therapeutic strategies against
cancer.

DISCUSSION

In recent years there is a tremendous expansion of
research focused on the biology of stem cells. As
understanding of the differences and similarities of
stem cells of various normal or abnormal develop-
mental origins increases, so is the appreciation of their
great complexity. In this review we have presented
an overall comparison between embryonic and CSCs
in terms of biomarkers (Tables 1 and 2), signaling
pathways (Figure 1, Table 3), transcriptional and
epigenetic regulators (Table 3).

Cell surface markers are very important for the
characterization and separation of stem cells. Pluripo-
tent (ES, iPS) cell markers are very useful for fast and
effective enrichment when undifferentiated cells are
required (positive selection). In addition, such markers
are valuable in order to eliminate the pluripotent
cells from their differentiated descendants (negative
selection) before transplantation. Concerning cancer, a
small proportion of cells that bears stem cell features -
CSCs - are endowed with self-renewal and differentiation
capacity and enhanced tumorigenicity. These cells are
refractive to conventional therapies. In line with the
above, promising therapies can be based on targeting
CSC via their specific surface markers, as it has been
shown in experimental models and clinical trials. An
obvious disadvantage of such an approach is that
while various markers are currently reported to mark
or enrich for CSCs, no exclusive CSC markers are so
far available to ensure high cell specificity of targeting.
Table 2 shows combinations of markers that are used
in order to identify CSCs from various cancer types.
Among them, the major category are cell adhesion or
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communication molecules CD44, Esa/EpCAM, CD166,
CD129 and receptor-associated proteins such as Lgr5,
c-met, c-kit. The enzymatic activity of ALDH can be
a useful tool for separating CSCs, however a detailed
identification of the active isoforms that are expressed
in various cancer types is required®*. Most importantly,
some ALDH isoforms can have functional roles in CSCs
since they are directly involved in retinoic acid signaling
and stemness. Another category of various CSC markers
are the ABC transporters (Table 2) that actually render
CSCs resistant to therapies. A recent promising method
for CSC isolation is based on measurement of the
intrinsic auto-fluorescence of epithelial CSCs due to the
accumulation of riboflavin in cytoplasmic complexes
containing ABCG2 transporterst*®*!, Some CSC markers
are also common with those of ESCs such as CD133,
SSEA1, EpCAM and the pluripotency transcription
factors Oct4, Sox2 and Nanog. Brescia et al*** have
demonstrated that silencing CD133 expression in
human GBM neurospheres disrupts the self-renewal
and tumorigenic properties of the neurosphere cells,
indicating that CD133 could potentially be used as a
therapeutic target in these tumors. Transcription factors
regulating pluripotency could be particularly useful as
biomarkers since they are not expressed in tissue stem
cells. However, pluripotency factors are intimately cross-
regulated and difficult to assess unless convenient
assays are used. The importance of these common
markers in tumor aggression and metastasis awaits
further investigation.

Cell differentiation during embryonic development
and cell transformation that leads to oncogenesis
share common signaling pathways, suggesting that
deregulation of embryonic signaling pathways in
adult tissues might result in tumor progression by
transforming adult stem and progenitor cells. Many
signaling pathways are involved in the stemness of both
pluripotent (ES/iPS) and CSCs (Figure 1, Table 2). Wnt,
TGF/BMP and FGF are important regulators of ESC self-
renewal and differentiation and are able to enhance
the CSC population. On the other hand, Hedgehog
and Notch pathways have great importance for CSCs
and only marginal role in ESCs. Chemical inhibitors of
the Wnt, Notch and Hh pathways have been proven
valuable in combating CSC populations from diverse
solid tumors”®, Agents that regulate Wnt signaling such
as the CBP/p-catenin antagonist ICG-001, that forces
B-catenin to bind p300 instead of CBP, are tested in pre-
clinical trials for the eradication of CSC**. Gamma-
secretase inhibitors are able to block the Notch signaling
pathway resulting in inhibition of CSC proliferation
and tumor regression”®. Cyclopamine and synthetic
small molecules that antagonize Hh pathway are used
alone or in combination with conventional antitumor
agents for the inhibition of pancreatic and glioblastoma
CSCs™,

Additional research on the regulation of normal stem
cell response to external stimuli will offer alternative
therapeutic means for cancer treatment.
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Emerging evidence suggests that ESCs and CSCs may
depend on common critical transcription factors (Table
3). In addition to the Myc oncogene that orchestrates a
complex on its own (Myc-complex), CSCs also express
members of the ESC core pluripotency complex such
as Oct4, Sox2 and Nanog™®®. Although Oct4, Sox2
and Nanog expression positively correlates with the
development of CSCs, the role of Kif4 is highly context-
dependent™®!, While it promotes the self-renewal of
various CSCs, it can inhibit EMT signaling pathway™***®!
and attenuate lung and liver metastases™®®. Pluripo-
tency transcriptional factors may provide advan-
tageous targets for the elimination of CSCs. For this
purpose it would be important to characterize their
regulatory circuits in CSCs to the same precision as it
was previously attained in ESCs. This knowledge may
provide novel approaches for combating cancer®**%%},

In addition to transcription factors, critical regulators
of gene expression in embryonic and CSCs are non-
coding RNAs (ncRNAs). Interestingly, ncRNAs, which
are important for ESC pluripotency such as IncRNA-RoR,
mir-145, miR-200, miR-34a and let-7, can affect the
generation of CSCs (Table 3). Accumulating evidence
indicates that individual miRNAs and IncRNAs behave
as tumor suppressors or oncogenes. Among them, the
miR-200 family in combination with the TGF-f signaling
are major determinants of the EMT transition that
correlates tightly with the appearance of CSCs!***%3,
Therefore, further investigation of their function in ESCs
and CSCs may lead to clinical applications of non-coding
RNAs in cancer diagnosis, treatment, and prognosis.

Epigenetic alterations are very important for the
inheritance of the cellular phenotype properties.
By governing chromatin state transitions and gene
expression regulation, epigenetic processes have a
crucial role in cell differentiation and tumorigenesis. Most
importantly differentiated cancerous cells are driven
into stemness via a profound epigenetic reprogramming
that sustains the malignant phenotype'®*”!, Although
there is already accumulating information regarding
epigenetic alterations and therapeutic use of epigenetic
modifiers in cancer, less is known about their role in
CSCs. Mufioz et al*’"! recently reviewed the role of
epigenetic effectors (such as DNMT, EzH2, BMI1 and
MLL1) in leukemia and solid tumors and proposed
that epigenetic targeting of CSCs may contribute to
therapy. The advent of somatic cell reprogramming to
pluripotency (iPS) offered a new way to test the effect
of extreme epigenetic changes in tumor cells. Can
cancer cells be reprogrammed to pluripotency and then
induced to differentiate? Although not abundant, recent
results in this area suggest a cancer context dependent
response to the iPS process™*’?. In those cases, pluri-
potency was able to dominate over the cancerous
phenotype leading to “normalization” although the
neoplastic identity reappeared when cancer iPS cells
were coaxed to differentiate to their lineage of origin’?.
Thus reprogramming could offer a new way to track the
history of tumor progression.
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In conclusion, studies in the fields of stem cells,
iPS and CSCs provide strong evidence of cross-
complementing benefits. Insight of the tumorigenic
properties of stem cells and their differentiated descen-
dants is required before their use in cell replacement
therapies'”?!. Understanding the biology and gene
circuits shared by both normal stem cells and CSCs,
is important for efficient cancer treatment. Cancer
heterogeneity is contributed by both clonal and CSC
components that are responsible for tumor aggres-
siveness, invasion and resistance to therapies. An
emerging concept in cancer biology is that primary
tumors may be composed of evolving and variable
clones, each containing biologically distinct stem cells.
As cell line models suffer from limited preservation of
heterogeneity and newer models of patient derived
xenografts are much more labor intensive and costly,
alternative, ex vivo cancer models are important. As
a result, use of the iPS approach may be useful. The
hypothesis of normalizing cancer cells by epigenetic
reprogramming has been recently under testing but
its limits are not defined yet. Mixed initial results may
reflect the heterogeneity of the experimental systems
utilized, and various oncogenic and genome aberrations
that may not be reversed by pluripotency. However, this
is @a new promising area that may generate diverse iPS-
cancer clones from primary tumors. Thus even if the iPS
process cannot “cure” cancer, it may provide, as with
other human diseases, novel experimental models for
studying cancer biology and drug discovery.
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