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Abstract

The necessity of Sox2 for successful establishment of pluripotent state
and maintenance of adult stem cells highlights its role in stemness regulation
during development. Interestingly, Sox2 is implicated in both self-renewal
maintenance and differentiation decisions. Its role in pluripotent cells is well
documented whereas recent studies underline Sox2 importance in neural and
mesenchymal stem cells function. Reprogramming experiments have revealed
the potential of Sox2 for imposing changes in cell fate. In particular, Sox2 is
essential for induced pluripotent cells generation and somatic cells conversion
into another type. Sox2 pro-neural role has been utilized for the somatic cells
and mesenchymal stem cells transition to induced neural stem cells as well
as for their trans-differentiation to induced Neurons. This conversion ability, in
combination with its role as pro-sensory factor, nominates Sox2 a key player in
transplantation therapies. In this review, we discuss the multiple roles of Sox2
in the regulation of pluripotent, neural and mesenchymal stem cells pointing to
their applications for tissue regeneration.
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The Multifunctional Role of Sox2 iIn

ESC: Embryonic Stem Cells; NSC: Neural Stem Cells; MSC:
Mesenchymal Stem Cells; iPSC: induced Pluripotent Stem Cells;
NPC: Neural Progenitor Cells; iNSC: Induced Neural Stem Cells; iN:
induced Neurons; CNS: Central Nervous System; SVZ: Subventricular
Zone; DG: Dentate Gyrus; ENS: Enteric Nervous System

Introduction

Sex determining region Y-box 2 (Sox2) belongs to the SOX family
that consists of transcription factors with a single High Mobility
Group (HMG) box DNA- binding domain [1]. To date, twenty Sox
genes have been discovered in mammals that are further divided into
subgroups from A to H, based on the homology degree in the HMG
domain [2]. Sox2 is the most representative and well-studied member
of SoxB1 group, which also includes Sox1 and Sox3 [1].

Functionally, Sox2 is crucial for successful embryonic
development whereas its abnormal activity has been connected
to cancer development [3]. Sox2 is involved in cancer physiology
through several mechanisms that vary depending on the cancer
type. Particularly, Sox2 overexpression influences cell proliferation,
invasion, apoptosis and metastasis via regulating oncogenic pathways,
including Wnt/B-catenin, PI3K/mTOR, JAK/STAT3 and EGFR
signaling [3]. Many studies investigate its function in embryonic
and adult stem cells highlighting its role as both stemness factor,
as well as lineage specifier. Mediators of Sox2 regulatory network
include many transcription factors, microRNAs as well as epigenetic
and signaling pathways regulators [4]. In this review, we discuss the
aforementioned biological roles of Sox2, with particular emphasis in
embryonic, neural and mesenchymal stem cells regulation.

Stemness Regulation

Sox2 function in Embryonic Stem Cells

Sox2 expression is detected in the Inner Cell Mass (ICM) and
extra embryonic ectoderm of pre-implantation blastocysts [5]. Its
deletion in the zygote, results in early embryonic lethality due to
failure of epiblast formation with no impact on trophectoderm
development [5]. Owing to Sox2 deficient mice lethality [5], analysis
of hypomorphic mice mutants were necessary for the investigation
of Sox2 functional role during embryonic development. Using the
aforementioned mutants with decreased expression of Sox2, Que and
colleagues illustrated that Sox2 plays important role in endoderm
development. Specifically, Sox2 is involved in the differentiation and
morphogenesis of esophagus, trachea and lung, while its reduction
leads to the abnormal development of lung and esophageal atresia as
well as tracheal-esophageal fistula defects [6]. Additionally, Sox2 is
involved in the development of ectoderm that will be discussed later
on. Interestingly, heterozygous Sox2 mice are phenotypically normal,
although the pituitary size, hormone production and testicular size
are reduced [7]. Hence, Sox2 seems to be a central regulator for early
Pluripotent Stem Cells (PSC) formation and embryonic development.

In accordance with the data in pre-implantation embryos, Sox2
is highly expressed in Embryonic Stem Cells (ESC), where together
with the proteins Oct4 and Nanog constitute the core transcriptional
network responsible for stemness maintenance. Strikingly, a
synergistic function of Sox2 and Oct4 for the activation of Oct-Sox
enhancers/promoters has been identified, leading to the regulation
of various transcription factors [5]. In particular, they activate the
expression of pluripotent genes (Nanog, Sox2, Oct4 etc), while
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Figure 1: Sox2 functions in PSC. Sox2 participates in the reprogramming
of somatic cells to induced PSC and promotes their self-renewal through
transcriptional regulation of target genes in conjunction with Oct4
transcription factor. Additionally, Sox2 governs PSC commitment towards
neuroectodermal lineage.

suppressing the expression of key genes essential for the in vitro
differentiation and in vivo developmental processes (Pax6, Gbx2)
[8,9]. Although Sox2 has a pivotal role in gene expression regulation,
it is striking to find that Oct-Sox enhancers are still activated in Sox2/-
ESC. This suggests that Oct-Sox complexes could be also formed by
a direct interaction between Oct4 and other Sox family members
[10]. Interestingly, forced expression of Oct4 partially rescues the
phenotype of Sox2 loss of function [11], proving that Sox2 is critical
for the maintenance of stem cell identity mainly through securing
Oct4 expression levels. To conclude, Sox2-Oct4 interaction and their
(auto)-regulatory activity is of paramount importance for ESC self-
renewal and pluripotency maintenance [10,12].

Except for its function as a stemness factor in PSC, Sox2 also
orchestrates the cell fate decision. Sox2 expression levels need to
be strictly optimized in ESC, whilst either higher or lower levels
disrupt ESC self-renewal and promote their differentiation [11,13].
More specifically, reduction of Sox2 expression drives cells towards
trophectoderm, whereas conflicting are the results considering the
effects of Sox2 overexpression. Kopp and colleagues observed that in
mouse ESC (mESC) forced expression of Sox2 more than four folds
caused massive cell death, while small increases of its expression
level lead to exit from pluripotency and differentiation towards
all neuroectoderm, mesoderm and trophectoderm [13]. On the
contrary, another study reported that overexpression of Sox2 does
not impair mESC self-renewal but biases lineage choice in favor of
neuroectoderm only under serum-free culture conditions (Figure 1)
[14].

Sox2 in reprogramming of somatic cells to induced PSCs

In view of the fact that Sox2 is crucial in ESC establishment and
maintenance, it is possible that its ectopic expression in somatic
cell types is sufficient to change cell fates. In 2006, Yamanaka
and Takahashi established a revolutionary technology in nuclear
reprogramming field. They uncovered a set of transcription factors
-Oct4, Sox2, K1f4, c-Myc (OSKM)- that can reprogram somatic cells to
pluripotent state [15]. Several studies proposed that reprogramming

requires a stepwise transition through key sequential events in order
to be successful. Sox2 is essential in the last phase of reprogramming
process [9] and its activation causes deterministic events (Figure 1).
In particular, Sox2 activates its own transcription as well as others
of pluripotency-associated genes to stabilize the pluripotent state
and finally to generate an induced PSC (iPSC) [16]. Jaenisch and
co workers proposed that the endogenous Sox2 locus activation
throughout reprogramming process leads to several transcriptional
changes in cells intended to form iPSC [17]. Moreover, it has been
suggested that Sox2 can be replaced by only two of the Sox family
members -Sox1 and Sox3 - due to their ability to interact with Oct4
and regulate the expression of the target genes [18]. Consequently,
Sox2 is dispensable for pluripotency gene activation in somatic cells
following cell fusion with ESC.

Sox2 as a master regulator of Neural Stem Cells

From zebrafish to human, the conserved expression profile of
Sox2 during development and adulthood suggests its involvement at
the establishment and proper function of the Central Nervous System
(CNS) [19,20]. Expression of Sox2 is detected already at the morula
stage of the embryo and becomes restricted mainly to neuroectoderm
during gastrulation [5]. Subsequently, it is predominantly expressed
in embryonic Neural Stem Cells (NSC) as well as in adult NSC and
Neural Progenitor Cells (NPC) at the postnatal neurogenic regions
of the Sub Ventricular Zone (SVZ) and Hippocampus Dentate
Gyrus (DG) [21]. Sox2 expression persists until the precursor cells
differentiate, however it has been also found in certain mature
neuronal cells and astrocytes [21,22]. Thus, despite the previously
analyzed role of Sox2 in neural commitment of pluripotent cells, it
is also associated with the maintenance of NSC properties [23]. NSC
are multipotent cells of the nervous system, defined by the ability
to differentiate and give rise to neurons and glial cells within the
clonal progeny of a single stem cell [24]. The fact that Sox2 is able to
reprogram alone somatic cells to induced NSC further demonstrates
the essential function of Sox2 in these cells [25,26].

Gain and loss of function experiments highlight the vital role of
Sox2 in the developing CNS and neurogenesis. Forced expression of
Sox2 inhibits neuronal differentiation of NPC, whereas Sox2 down-
regulation facilitates it, promoting exit from cell cycle [27,28]. Due to
Sox2 requirement in epiblast establishment during development, mice
with complete depletion of Sox2 fail to survive after implantation.
As aresult, loss of function experiments have been performed using
conditional null mutations or hypomorphic ones, by targeting gene
regulatory regions.

There is a range of observing phenotypes depending on the kind of
mutation and the developmental stage at which they are established.
Conditional pan-neural deletion of Sox2 led to negligible brain
defects and mice lethality at birth [29]. However, Ferri and colleagues
showed that Sox2 mutants present brain defects including reduced
cortex volume and epilepsy [21]. At the cellular level, reduction of
GFAP-positive NSC in the hippocampus DG, and of neurogenesis
in both DG and SVZ, was reported. In agreement, in another study,
conditional neural specific deletion of Sox2 at E12.5 resulted in mice
that died a few weeks after birth [25]. In P7 neurogenesis was entirely
lost in the DG of hippocampus interfering with its development
and subsequently leading to DG hypoplasia. The different level of
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Figure 2: Role of Sox2 in NSC establishment, maintenance and
differentiation. Sox2 promotes self renewal maintenance in NSC through
preservation of pro-neural gene promoters bivalency (A) and up-regulation
of Lin28 expression level (B). Sox2 is sufficient to convert to convert somatic
cells to induced NSC and is required for their efficient neuronal differentiation.

consequences in the two neurogenic regions hints Hippocampus as
more sensitive to Sox2 loss in comparison to SVZ. Loss of function in
mice reproduces that of humans with heterozygous Sox2 mutations
including hippocampal abnormalities, epilepsy, motor problems and
microphthalmia [7,30,31]. Sox2 is along with Pax6 an important
marker stem/progenitor cells in the developing human cerebellum
[32].

Sox2 regulatory function is also involved in sight, hearing and
smell sensory systems highlighting an additional role as a pro-
sensory factor. Accordingly, mice lacking Sox2 expression present eye
defects, hearing loss and abnormal development of the hypothalamo-
pituitary system [33]. It has been also shown that Sox2 is essential
for the maintenance of the Retina Neural Precursors (RPCs) self-
renewal capacity as well as for their neurogenic differentiation
potential [34]. Similarly, it is well established that Sox2 is implicated
in the development of the sensory regions of the inner ear [35-
37] and regulates the emergence of progenitor cells and neuronal
differentiation [36]. More specifically, Sox2 mechanism of action
involves conjunction with c-Myc to promote proliferation of otic
progenitors and direct positive regulation of Atohl expression, a
hair cell differentiation inducer, in cochlea progenitor cells [38-40].
Thus, Sox2 is involved in the regulation of both neuronal and sensory
components of the inner ear, however it also controls the transition
from neuronal to hair cell differentiation [41]. The detailed mechanism
for this difference is not clear yet, but distinct co-operating factors
are good candidates [41]. In terms of olfactory system, Sox2 controls
the proliferation of neuronal progenitors in the olfactory epithelium
[42]. It is known that in C. elegans Sox2 regulates the specification
of terminally differentiated olfactory neurons [43] although such
function has not been observed in vertebrates. Finally, Sox2 is also
associated with the peripheral nervous system development as it is a
marker of Enteric Nervous System progenitor cells and neural crest
precursors in hair follicles [44,45]. To conclude, in vivo and in vitro
studies reveal the importance of Sox2 in the preservation of NSC
properties, including proliferation, self-renewal and neurogenesis
(Figure 2).

The various outcomes of Sox2 deficiency results mainly from the
implicated complex regulatory network. Its mechanism of action is
well documented in pluripotent ESC, but is still poorly understood
in NSC. Sox2 expression is stringently regulated by different factors
including E2fa, E2fb, p21, Pax6, activating protein 2, prospero
homeobox protein 1 and Ars2 [46-50]. MiR-145 is also involved in
the regulation of NSC properties targeting Sox2 [51]. Additionally,
stem cell phenotype is preserved through epigenetic regulation of
Sox2 expression. In histone deacetylase 2 (HDAC2) deficient mice
impaired deacetylation of Sox2 leads to increased proliferation rate of
adult NSC and poor neuronal maturation, unraveling the importance
of Sox2 for successful neurogenesis [43,47]. Noticeably, the epigenetic
status of Sox2 promoter determines the success of oligodendrocyte
precursor to NSC reversion process [52]. On the other hand, limited
number of Sox2 responsive genes, including nestin, surviving and
sonic hedgehog (Shh), that are essential for NSC maintenance, have
been identified [25,53]. Knowing that Sox2 stimulates Shh expression
in the hippocampus NPC, a study by Takanaga et al showing that
Gli2, a major mediator of Shh signaling pathway, up-regulates
Sox2 expression unravels a positive feedback loop mechanism [54].
Furthermore, Sox2 regulates Notch pathway activity through direct
up-regulation of Notch1 in retina NPC, whereas only marginal effects
on Notch pathway genes were observed in brain NSC upon Sox2
deletion [25,34].

Most of the published data associate Sox2 with self-renewal
maintenance, however several studies demonstrated unexpectedly
that Sox2 is also important for proper neural differentiation in
brain and retina, respectively [34,55]. An additional mechanism
of Sox2 action was proposed, involving Lin28/let7 pathway [56].
This mechanism justifies the previous contradictory reports that
Sox2 is required for both NSC self-renewal as well as for terminal
neuronal differentiation. They showed that Sox2 up-regulates Lin28
expression in NPC through regulation of its promoter acetylation
level. Let7 is repressed by Lin28 and becomes expressed upon
terminal differentiation of NPC. It was demonstrated that Let7 family
members inhibit neural differentiation by repressing the proneural
genes Mashl and Ngnl. In agreement, constitutive expression of
Lin28 rescues, whereas ectopic expression of Let7 miRs phenocopies,
the loss of Sox2 phenotype in NPC, in terms of proliferation capacity
and neuronal differentiation ability [56]. Another report documented
the necessity of Sox2 for proper neural differentiation. A novel
role for Sox2 as epigenetic modifier in adult hippocampus NSC
was uncovered with a combination of in vivo and in vitro deletion
experiments [57]. They proved that Sox2 is responsible for preserving
the promoter bivalent nature of early expressed pro-neural markers
like Ngn2 and NeuroD1. In this system, Sox2 prevents the excessive
activity of the repressive polycomb repressive comlex 2 (PRC2) and
permits the activation of the genes upon exposure to neurogenic
stimulus [57].

Sox2 is generally considered as transcriptional activator in NPC,
however recent studies suggest that it can also act as a repressor
inhibiting the expression of target genes directly or indirectly.
Important for the repressor activity is its interaction with co-factors
including co-repressors of the Groucho protein family that are known
to affect neurogenesis [58]. Other interactors of Sox2 in NPC include
Pax6 in lens and Otx2 in retina [59,60]. Gene ontology analysis of
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the target genes upon expression array approach gave information
about the nature of differentially regulated genes. It was shown that
Sox2 regulates the biology of NPC by activating the expression of
transcription factors, but silencing the expression of genes associated
with mitosis, providing a proliferation rate control mechanism [58].

In summary, Sox2 function in NPC is context- and developmental
stage dependent. The various outcome of Sox2 deletion possibly
originates from the different expression of Sox2 regulators and
interacting partners in different NSC types.

Sox2 in the generation of induced NSC

The combination of increased sensitivity with restricted
regeneration ability of neuronal cells predominantly contributes
to the development of degenerative disorders, a major spotlight of
scientific interest. The main research challenge is the production of
new functional neurons in order to replace the lost ones. Neuronal
differentiation of pluripotent cells permits generation of neurons for
disease modeling studies, yet there are many limitations excluding
their use in transplantation therapies. The last years many groups
have achieved the generation of post-mitotic neurons directly
from somatic cells like fibroblasts, with forced expression of
transcription factors and/or microRNAs [61-64]. In recent studies,
Sox2 was included in transcription factor combinations used for the
production of induced neurons. Zhao and partners showed that Sox2
in conjunction with Ngn2 and Ascll can convert human fibroblasts to
functional patient specific induced neuronal cells [65]. Additionally,
utilization of Sox2 along with other factors has allowed the derivation
of induced GABAergic Interneuron’s (iGABA-INs) from mouse and
human fibroblasts, that are able to survive upon transplantation into
mouse brain [66].

However, both low conversion efficiency and the neuronal low
proliferation rate inhibit large-scale production of induced neurons
thus restricting their clinical utilization. Furthermore, neurons show
low survivability upon transplantation. Hence, recent years studies
have focused on the generation of induced NSC (iNSC), which enable
expanded production of differentiated cells [67-70]. Their derivation
by trans-differentiation of somatic cells is more advantageous in
comparison to the commitment of pluripotent ESC/iPSC. Genomic
instability of iPSC and possible insufficient silencing of the exogenous
c-Myc oncogene expression leads to high risk of tumorigenicity
hindering their use in transplantation therapies [71,72]. However
no case of teratoma formation has been mentioned when NSC are
used. Despite regenerative medicine iNSC are also a valuable tool for
disease modeling, drug screening and toxicity tests.

Many studies report induction of NSC from fibroblasts with a
combined expression of three or more transcription factors, including
Sox2 [67,68,73]. However, most of them are detrimental for clinical
applications as some include use of oncogenes, or may produce NSC
with limited pluripotency and self-renewal capacity. Additionally,
not all of them have achieved reprogramming of human fibroblasts.
However, it has been shown that over-expression of Sox2 alone is
able to reprogram both human and mouse fibroblasts into iNSC
[69]. The generated mouse INSC can self-renew extensively upon
silencing of exogenous Sox2 expression, are able to form functional
neurons with synaptic activity in vitro and are multipotent both in
vitro and in vivo. Furthermore, they can be transplanted and integrate

to the brain without tumor formation. Correspondingly, human
iNSC are multipotent with no tumorigenic potential in vivo. Most
importantly, a recent study revealed that the expression of Sox2, Brn2
and Foxa2 directed the conversion of fibroblasts into Dopaminergic
Precursors (iDP) that could differentiate to dopaminergic neurons
upon engraftment into mouse models of Parkinson’s Disease and
relieve their motor impairment [74]. Recent studies have expanded
the source of starting cell type for this type of experiments. Another
work unveiled that Sox2 overexpression in Adipose Tissue-Derived
Mesenchymal Stem Cells (ADSCs) leads to iNSC-like cells, which
express NSC characteristic markers including Pax6. The ADSC-
derived NSC-like cells are able to self-renew and differentiate into
neuron-like cells, providing another cell source for transplantation
therapy [75]. Astrocytes is another cell type amenable to direct
conversion into NSC and a new study used inducible expression of
Sox2 alone to reprogram astrocytes to NSC [76].

Noticeably, Sox2 is also involved in in vivo reprogramming
experiments. Ectopic expression of Sox2 is sufficient to reprogram
astrocytes of the brain towards NPC, which can further differentiate
to neurons suggesting a new therapeutic approach for degenerative
disorders of CNS [77,78]. Su et al utilized Sox2 to reprogram resident
astrocytes into doublecortin (DCX)-positive neuroblasts in a model
of spinal cord injury [79]. Furthermore, Sox2 is used in in vivo direct
conversion experiments as it is able to convert NG2 glia cells into
doublecortin (DCX)+ neurons following in vivo injury [80].

To conclude, Sox2 is a well-documented master regulator of
NSG, so it is conceivable that its constitutive expression can influence
the cell fate of both un- and already differentiated cells towards
multipotent NSC, both in vivo and in vitro (Figure 2).

Sox2 in Mesenschymal Stem Cells

During the last decades, Sox2 activity has been also implicated
in Mesenchymal Stem Cells (MSC) function, further emphasizing its
role in stemness maintenance. MSC are cells of mesodermal origin
traditionally found in the bone marrow although alternative sources
include umbilical cord, peripheral blood, fallopian tube, fetal liver and
lung tissues. Consisting multipotent cells they are able to differentiate
towards adipogenic, chondrogenic, and osteogenic pathways. This
plastic behavior along with the expression of the pluripotency factors
Sox2, Oct4 and Nanog reveals functional similarities with ESC on
their maintenance and differentiation capacity.

Sox2 is expressed in a broad range of human MSC and its
expression becomes down regulated upon their differentiation.
Little is known about regulators of Sox2 expression in MSC with
the most representative ones being Oct4 that up-regulates Sox2
expression, resembling ESC and mir-21, which inhibits Sox2
expression in amniotic fluid MSC [81]. Additionally, Yoon and
colleagues demonstrated that Sirtl contributes to MSC self-renewal
sustenance through stabilization of Sox2 protein [82]. In MSC,
Sox2 functions as a dual regulator of cell cycle progression as well
as cell fate determination. More specifically, in human adipose tissue
and umbilical cord blood MSC Sox2 positively regulates cell cycle
progression by facilitating G1/S transition through transcriptional
activation of CyclinD1 and c-Myc [83,84]. In accordance, studies in
which Sox2 was overexpressed in the presence of FGF-B or depleted
report increased and reduced proliferation capacity, respectively
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[83,84]. In terms of differentiation decisions, there are contradictory
results about the role of Sox2. It has been reported that Sox2
inhibits osteogenic differentiation whereas it is required for efficient
adipogenic differentiation of MSC via Dkk1 upregulation and Wnt
signaling inhibition [84]. However, another study revealed that
Sox2 and Oct4 overexpression increased differentiation ability of
human adipose tissue MSC towards both osteogenic and adipogenic
differentiation. On the contrary, Schonitzer and colleagues observed
that ectopic expression of Sox2 keeps MSC in an undifferentiated
state and concomitantly, decreases their osteogenic and adipogenic
differentiation potential through negatively regulating DKkl
expression and activating Wnt signaling pathway. This result was
abolished through Sox2 ablation [85]. The aforementioned conflicting
studies make clear that more analysis is required in order to elucidate
Sox2 mechanism of action on MSC.

Recently, human iPSC have been established with the use of Sox2
from MSC with different origin. Giorgetti and coworkers managed
to reprogram Cord Blood (CB) haematopoietic stem cells to iPSC
using ectopic expression of Oct4 and Sox2 [86,87]. In addition, the
use of Sox2 for iPSC generation from hMSC has been successfully
combined with small molecules such as inhibitors for TGFp receptor-
SB 431542, MEK-PD325901, and p53-Pifithrin a.

Sox2 and stem cell therapies

The advent of iPSC technologies has revolutionized human
disease modelling, drug testing and ultimately regeneration of tissues
for transplantation [82,83]. Sox2 is essential for the establishment of
iPSC that have mainly replaced ESC in regenerative medicine [84].
In particular, Sox2 along with Oct4 function as “pioneer” factors due
to their ability to access target sites even when they are embedded
inside a highly packed chromatin region [85]. Beyond being an
essential factor for iPSC derivation, Sox2 is indispensable for proper
neurogenesis [86,87].

Neurological diseases are strongly dependent on tissue
replacement therapies due to the limited potential for regeneration
following aging, stroke or trauma. In accordance with the necessity of
Sox2 in the proliferation and maintenance of NSC, it is able to convert,
together with additional pro-neural factors, somatic cells to iNs
[25,60,61]. Interestingly, Sox2 is also sufficient to switch fibroblasts
[64] and ADSC [69] into iNSC thus rendering the procedure simple
and safe by the omission of oncogenes. The potential of Sox2 to serve
as a NSC regeneration factor was also proven in vivo. Sox2 ectopic
expression could regenerate proliferating neuroblasts from residing
astrocytes [88]. The feasibility of these induced neuroblasts to
differentiate and rescue damaged cortex [71,74] or spinal cord [73]
makes Sox2 a very promising target for neuronal degeneration or
injury therapies.

Another field where Sox2 may prove useful for human health
is sensory tissue regeneration. Even if the importance of Sox2 in
RSC self-renewal maintenance and differentiation ability is already
well documented, it has not been employed yet for mammalian
retina regeneration [31]. In addition, Sox2 is also involved in the
development of inner ear sensory regions [33,34]. In contrast to other
vertebrates, mammalian cochlea cannot regenerate in mammals in
cases of congenital deficiency, damage or aging. Efforts have been
made to employ ESC for generation of hair cells [88]. A recent
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Figure 3: Sox2 promotes self renewal maintenance in ESC, MSC and NSC.
Sox2 positively regulates the establishment of NSC by different cell types
(ESC, MSC, MEFs) and is required for their efficient neuronal differentiation.
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study reports differentiation of hiPSC or ESC towards neurosensory
progenitors of Auditory Neurons in vitro that express Sox2 among
other neuronal regulators [89]. Sox2 is both an iPSC driving factor
and an important regulator of cochlear development therefore it
could have future applications in the research aiming to regenerate
the auditory system in order to repair hearing loss.

Concerning the peripheral nervous system, Sox2 is a marker
of Enteric Nervous System (ENS) progenitor cells and their glial
derivatives, thus it is a good candidate molecule for modeling cell
replacement therapy for Hirschsprung’s disease (HSCR), which
affects ENS [41]. Sox2 is expressed in neural crest precursors and
following injury, it is expressed in skin nerve cells that contribute to
skin regeneration [42].

Conclusions and Future Directions

Sox2 is a master regulator of stemness in different systems
including pluripotent cells and different types of adult stem cells -
NSC and MSC - (Figure 3). Its function is indispensable for the
establishment of pluripotent ESC in vivo and the generation of iPSC
in vitro. This function renders Sox2 a very promising factor for future
development of new regenerative medicine tools.

Additionally, the importance of Sox2 in the development of
central and peripheral nervous system highlights it as an important
factor for neuronal tissue regeneration. Sox2 is crucial for the
generation of neurons from pluripotent [87,89] and somatic cell
types [73,90]. The production of neuronal subtypes that correspond
to any given genetic background has recently reformed the efforts to
study and fight neurological diseases. In that field Sox2 is involved in
the conversion of somatic cells including fibroblasts, astrocytes and
pericytes to induced Neurons [60,61,90]. The importance of Sox2 in
GABAergic neurons establishment reflects the in vivo situation where
hypomorphic or knockout mice have reduced number of GABAergic
interneurons [55]. In regenerative medicine Sox2 ability to direct
conversion of cells to specific neuronal sub-types should be further
examined. The difficulty to expand neurons makes the use of NPC an
attractive cell source for their generation. Noteworthy, Sox2 is sufficient
to generate NPC from fibroblasts and astrocytes, which permit large
scale culture. However, there are still many advantageous cell types
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that can be tested as starting material including Hematopoietic cells
that permit easy isolation and manipulation. Additional functions
have been detected for Sox2 in the peripheral nervous system and in
sensory tissues specifically in retina [30], inner ear [7,32] and taste
bud [91] development and maintenance. However, a concern related
to the utilization of Sox2 for human health emerges from the diverse
roles it has in cancer and most importantly in cancer stem cells [92].

The molecular mechanisms lying under these distinct functions
of Sox2 depend on many factors including expression levels,
extracellular signaling, antagonism with tissue specific TFs and
partners’ selection in specific cell and developmental stages [93].
Although Sox2 binding loci have been extensively analyzed, many
pieces of this complex puzzle are still missing. Future investigations
need to elucidate a genome-wide determination of Sox2-interacting
partners and a comparative analysis of common target gene loci
between Sox2 and synergizing factors.
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