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ABSTRACT

Interest is great in the new molecular concepts that explain, at the level of signal transduction, the
process of reprogramming. Usually, transcription factors with developmental importance are used,
but these approaches give limited information on the signaling networks involved,which could reveal
new therapeutic opportunities. Recent findings involving reprogramming by genetic means and sol-
uble factorswithwell-studied downstream signalingmechanisms, including signal transducer and ac-
tivator of transcription 3 (STAT3) and hairy and enhancer of split 3 (Hes3), shed new light into the
molecular mechanisms that might be involved. We examine the appropriateness of common culture
systems and their ability to reveal unusual (noncanonical) signal transduction pathways that actually
operate in vivo. We then discuss such novel pathways and their importance in various plastic cell
types, culminating in their emerging roles in reprogramming mechanisms. We also discuss a number
of reprogramming paradigms (mouse induced pluripotent stem cells, direct conversion to neural
stem cells, and in vivo conversion of acinar cells tob-like cells). Specifically for acinar-to-b-cell repro-
gramming paradigms,wediscuss the common viewof the underlyingmechanism (involving the Janus
kinase-STATpathway that leads toSTAT3-tyrosinephosphorylation) andpresent alternative interpre-
tations that implicate STAT3-serine phosphorylation alone or serine and tyrosine phosphorylation oc-
curring in sequential order. The implications for drug design and therapy are important given that
different phosphorylation sites on STAT3 intercept different signaling pathways. We introduce
a newmolecular perspective in the field of reprogramming with broad implications in basic, biotech-
nological, and translational research. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1251–1257

SIGNIFICANCE

Reprogramming is a powerful approach to change cell identity, with implications in both basic and
applied biology. Most efforts involve the forced expression of key transcription factors, but recently,
success has been reported with manipulating signal transduction pathways that might intercept
them. It is important to start connecting the function of the classic reprogramming genes to signaling
pathways that also mediate reprogramming, unifying the sciences of signal transduction, stem cell
biology, and epigenetics. Neural stem cell studies have revealed the operation of noncanonical sig-
nalingpathways that arenowappreciated to alsooperateduring reprogramming, offeringnewmech-
anistic explanations.

INTRODUCTION

Progress in biomedical science has been hindered
by the all too common difficulty in translating in
vitro observations to in vivo systems [1]. This
problemapplies to both transformed andprimary
cell culture systems, suggesting a difficulty in
modeling the in vivo signaling state of a cell inside
a culture dish. Traditionally, highly cancerous or

genetically altered cells have been used in re-

search, because they are typically easier to grow

than primary cells. Serum is often included in the

culture medium as a generic growth stimulator,

providing a plethora of undefined nutrients and

signal transduction pathway modulators. How-

ever, the propensity of primary cells to irrevers-

ibly differentiate in these conditions has forced
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experimentalists to modify how these cells are maintained in
vitro, removing serum and using specific mitogens, to preserve
their self-renewal state [2]. The value of such culture systems is
not merely a practical one allowing for their expansion, they also
force cells to grow using particular signaling pathways (that pro-
mote self-renewal) at the expense of others (that promote differ-
entiation) and can serve as formidable model systems by
providing access to these pathways. Early indications revealed
that a variety of immature and differentiated plastic cells use
common, noncanonical signaling pathways, with implications in
regenerative medicine, cancer, diabetes, and reprogramming
technologies.

An example of a signaling pathway that can be identified
through this rationale is the STAT3-Ser/Hes3 signaling axis. It
was originally characterized in neural stem cells (NSCs) and sub-
sequently shown to regulate additional cell types, including
prostate tumor-initiating cells, glioblastoma multiforme cancer
stem cells (GBM CSCs), adrenomedullary chromaffin progeni-
tors, and mouse insulinoma cell lines (Fig. 1A) [3–7]. In brief,
at the center of the pathway is the phosphorylation of STAT3
on serine residue727 (STAT3-Ser) [8]. Thismodification is largely
redundant for many cell types but is of great importance to the
survival of NSCs. STAT3-Ser is a convergence point for several
other stimuli, including fibroblast growth factor (FGF), a non-
canonical Notch signaling branch, the angiopoietin2/Tie2 system,
and insulin. These lead to STAT3-Ser phosphorylation and sub-
sequent transcriptional activation of Hes3, a transcription factor
and passive repressor, with roles that are only now starting to be
understood [9–11]. The pathway is opposed by Janus kinase
(JAK) activity, a key component of the growth machinery of
many cell types [12]. In addition to NSCs, pharmacological inhib-
itors of JAKpromote the survival of humanpluripotent stemcells
and the developmentally equivalent mouse equivalent epiblast
stem cell, further highlighting the stark differences in signal
transduction preferences between most cell types studied
and stem cell populations [13, 14].

The therapeutic potential of manipulating the components
of this pathway has been demonstrated in a series of studies
showing powerful protective effects in the brain when pharma-
cological activators are introduced into the brain in variousmod-
els of neurodegenerative disease [3, 8, 15–17]. STAT3-Ser
phosphorylation mediates carcinogenesis in xenotransplanta-
tionmodels of prostate cancer [6], suggesting that specific inhib-
itors directed against this site could be useful in treating certain
cancer types, in particular those harboring CSC populations.
Angiopoietin 2 is a powerful activator of the pathway, pointing
toward new functions of angiogenic factors in tissue homeosta-
sis, neurodegenerative disease, and cancer [17, 18]. The value of
this pathway in drug discovery is also highlighted by the finding
that the efficiency of a g-secretase inhibitor as an anti-breast
cancer drugwas predicted by the levels of Hes3 in vivo [19]. That
study, in particular has shown the disconnect between in vitro
and in vivo effects, validating the idea that great care and
thought is needed to appropriately model the signaling state
of a cell in vitro. Overall, the STAT3-Ser/Hes3 signaling axis is op-
erational in cell types from several different tissues and might
mediate important functions in the context of a wide range of
diseases.

The relevanceof this pathway toharnessing stemcell technol-
ogies for therapeutic benefit is also exhibited by the findings
that its activation results in much improved yields and

electrophysiological properties of neurons generated from NSCs
derived from induced pluripotent stem (iPS) cell sources [20].
More recently, Hes3 was implicated in the direct conversion of
adult non-neural cells to the NSC state through a reprogramming
method, alongwith other genes [21]. The STAT3 phosphorylation
state is also critical to consider, because the differences between
STAT3 tyrosine 705 (STAT3-Tyr) and STAT3-Ser phosphorylation
requirements are clearly exhibited in embryonic stem (ES) and
NSC systems. Mouse ES cells use STAT3-Tyr; thus, they are cul-
tured in the presence of leukemia inhibitory factor (LIF). Human
ES cells, however, do not rely on STAT3-Tyr to remain undifferen-
tiatedandare thus cultured in thepresenceof basic FGF (bFGF). In
NSCs, STAT3-Tyr leads to gliogenic differentiation, but STAT3-Ser
promotes survival.

In thepresent report,wediscuss theaspects of signaling path-
ways that involve and/or intercept STAT3 that have been com-
monly assumed to be mediated by STAT3-Tyr but in reality
might also be mediated by STAT3-Ser. We begin by the re-
evaluating classic reprogramming paradigms (e.g., mouse embry-
onic fibroblasts [MEFs] to iPS).Wealso reanalyze thegeneexpres-
sion data in well-established paradigms of the differentiation of
human embryonic stem cells to neurons, further supporting
the operation of these pathways in cell conversion decisions.
We extend this discussion by examining the conversion of acinar
cells to insulin-producing cells, an exciting example of the trans-
differentiation that can be induced both in vitro and in vivo.
Revisiting the original studies, we reinterpret some of these
assumptions and provide alternative interpretations, showing
that STAT3-Ser could also be an important mediator in this pro-
cess. Given the very strong impetus toward understanding the
molecular mechanisms driving reprogramming and differentia-
tion, state-of-the-art techniques that are already being applied
in experimental therapies, it is essential to explore these new
mechanismsof action.Wedonot aimtogiveanextensiveaccount
of the reprogramming field, which has been expertly provided
elsewhere [22].

IS THE STAT3-SER/HES3 SIGNALING AXIS A YET UNDETECTED
MEDIATOR OF REPROGRAMMING?

Todate, a common themewith this pathway is a role in themain-
tenance of the primitive state of cells capable of undergoing
massive epigenetic decisions. This prompted us to ponder
whether aspects of the pathway should be included in the
thought process behind reprogramming. This is a very oppor-
tune time to do so, because, in addition to the many studies
showing reprogramming using the classic developmental tran-
scription factors, studies demonstrating reprogramming with
soluble factors that activate distinct signaling pathways have
also been reported. These pathways intercept the STAT3-Ser/
Hes3 signaling axis, consistent with its involvement. Further-
more, its involvement appears restricted to particular stages
of a cell’s development, with NSCs offering a great example.
Pathways that regulate their self-renewal, stimulated by bFGF,
and those that regulate differentiation (ciliary neurotrophic fac-
tor [CNTF]-driven astrocyte differentiation), in fact, oppose the
activity of one another. This is reminiscent of what happens in
the case ofmouse ES cells, in which LIF-induced STAT3-Tyr activ-
ity (a stimulus necessary to maintain pluripotency in these cells)
blocks FGF-induced extracellular signal-regulated kinase (Erk)
activity (a differentiation signal) [23].
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At the transcriptional level, recent studies have defined inter-
mediate cell populations during mouse iPS cell generation and
identified an early c-Myc/KLF4 wave, followed by a second
Oct4/Sox2/KLF4 transcriptional wave required for reprogram-
ming [24]. In addition, we have shown that the SoxB transcription
factor family member SOX21 is induced by SOX2 during reprog-
ramming and that SOX21 is required for iPS cell generation
[25]. Consistent with our findings, interrogation of the data sets
from Polo et al. revealed that Sox21 expression is increased as
cells transition toward the iPS cell state. Examination of the genes
in the STAT3-Ser/Hes3 signaling axis shows that Hes3 is at low lev-
els in both parental MEFs and stable iPSCs but increases during
initial reprogramming, peaking in early Oct4-positive cells (Fig.
1B). Hes3 abruptly decreases as the pluripotent state is locked
in; interestingly, the mitogen/morphogen sonic hedgehog (Shh)
shares this same expression profile. These data suggest that
Hes3 is involved in the critical transition to the stable iPS statedur-
ing reprogramming. The downregulation of Hes3 in the mouse

pluripotent state is consistent with the dependence of mouse
ES cells on the canonical JAK/STAT pathway, in contrast to other
stem cell populations.

Analysis of RNAseq data sets from human ES cells [26] shows
that they express Hes3 in the self-renewing state (as seen with
NSCs) and display a marked increase in Hes3 expression during
the first steps toward neurectodermal specification (Fig. 1C).
The polycomb protein Bmi1 [27–29], an important regulator
of stem cell self-renewal, is also increased at this same time
point and JAK1 expression is repressed. As these cells further
commit and differentiate toward neural fates, Hes3 is rapidly
downregulated. In cultures of fetal NSCs, Hes3 overexpression
induces production of Shh, a known mitogen for NSCs [8]. Shh
is also a positive modulator of BmI1, which leads to the transdif-
ferentiation ofmouse fibroblasts toNSC-like cells [30]. Taken to-
gether, these data suggest a possible Hes3-Bmi1-Shh axis that
could also be involved in the reprogramming of cells to the
NSC state.

Figure1. Noncanonical signalingpathway regulationduring reprogramming. (A):Extracellular factors lead to thephosphorylationof STAT3-Tyr
via JAK activation or STAT3-Ser via MAPK, Akt, and mTOR activation, and subsequent Hes3 transcription. The two pathways are opposing (e.g.,
JAK activity in neural stem cells [NSCs] suppresses induction of Hes3). Some cell types (e.g., primary NSCs) are confined to using the STAT3-Ser
branch, because the STAT3-Tyr branch leads to their irreversible differentiation. Other cell types (e.g., primary cancer stem cells from glioblas-
tomamultiforme patients andMIN6 cells) grow effectively using either pathway and, through repeated changes in cell culture conditions, can
switch their signaling state back and forth. (B): Genes in the STAT3-Ser/Hes3 signaling axis are regulated during mouse fibroblast reprogram-
ming. Sox21,Hes3, and Shh gene expression increases asMEFs transition to SSEA1+ and then toOct4+ populations during reprogramming to the
pluripotent state.Hes3 and Shh are downregulated in resultant stablemouse iPS cells grown in culture conditions that activate JAK (lines not to
scale; expression levels at the MEF stage normalized to help visualize patterns and trends). (C): Genes in the STAT3-Ser/Hes3 signaling axis are
regulated during neural specification of hES cells. The diagram summarizes the expression patterns of Hes3, Bmi1, and JAK1 over the course of
a 77-day protocol to differentiate the human ES cell lineWA09 to dorsal telencephalic neuronal fates (lines not to scale; expression levels at day
0 of ES cell stage normalized to help visualize patterns and trends). (B, C): The concepts shown are from gene expression data previously pub-
lished and reanalyzed for the purposes of the present report [25]. Abbreviations: CNTF, ciliary neurotrophic factor; EGF, epidermal growth fac-
tor; hES, human embryonic stem (cell); Hes3, hairy and enhancer of split 3; JAK, Janus kinase; MAPK, mitogen-activated protein kinase; MEF,
mouse embryonic fibroblasts; mIPS, mouse induced pluripotent stem (cell); SSEA1, stage-specific embryonic antigen 1; Shh, sonic hedgehog;
STAT3, signal transducer and activator of transcription 3.
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Epigenetic reprogramming by genetic means has gener-
ated new sources for cell replacement strategies [22, 31,
32]. Reprogramming has also been achieved through the
use of soluble factors. For example, intraperitoneal adminis-
tration of a combination of epidermal growth factor (EGF)
and CNTF converts acinar cells to b-like cells in vivo with con-
sequences for regulating blood glucose in rodentmodels of di-
abetes [33]. These factors were chosen, in part, because of
their broad range of functions in cell proliferation and gene
regulation and because they have been implicated in various
paradigms of regeneration and cell type conversion. This is of
particular interest, because it provides a “handle” that is up-
stream of well-studied signaling pathways, providing both
a molecular rationale and additional opportunities for manip-
ulation within these signaling pathways. In a recent study, this
logic led to the implementation of genetic overexpression of
constitutively activated mitogen-activated protein kinase
(MAPK) (caMAPK; specifically, p42/44 also known as ERK1/
2) and constitutively activated STAT3 (caSTAT3) in human ac-
inar cells in vitro, which also resulted in the reprogramming of
these cells to b-like cells [34].

The simple interpretation of these data is that caMAPK is
a surrogate for EGF and that caSTAT3 is a surrogate for CNTF
(Fig. 2A). This might well be correct; however, a series of
observations suggest the involvement of additional, non-
canonical signaling pathways in this reprogramming process
and open the possibility that the STAT3-Ser/Hes3 signaling
axis might be involved. First, it is important to clarify that
caSTAT3 models some, but not all, functions of tyrosine-
phosphorylated STAT3. One of these functions is the dimeriza-
tion of STAT3, which, in caSTAT3 is induced without the need
for tyrosine phosphorylation. To achieve this, cysteine resi-
dues were engineered on the STAT3 monomer rendering it ca-
pable of dimerization through disulfide bonds without the
need for tyrosine phosphorylation [35]. caSTAT3 can bind to
DNA and activate the transcription of certain genes. However,
when stimuli that lead to phosphorylation of STAT3 on tyro-
sine are used, such as interleukin-6 or v-src, the transcriptional
activity of caSTAT3 is greatly enhanced, demonstrating the
forced dimerization alone is insufficient inmodeling the entire
range of functions allocated to tyrosine-phosphorylated
STAT3 [35, 36]. Likewise, caSTAT3, in which the tyrosine 705
residue has been mutated to phenylalanine (and cannot,
therefore, be phosphorylated), fails to transactivate STAT3
target genes [37]. However, caSTAT3 was found to be serine
phosphorylated, suggesting that it might be able to efficiently
model the functions of this modification [35]. Therefore, the
biological output after transduction with caSTAT3 cannot
clearly allocate function to the phosphorylation event of
one particular residue.

A clue to the possible involvement of the STAT3-Ser/Hes3
signaling axis in reprogramming comes from observations of
the induction of Ngn3 in pancreatic cells. These findings imply
the onset of de- and transdifferentiation events, for example,
in the conversion of acinar tob cells [38, 39]. Specifically, trans-
duction with caMAPK and caSTAT3 induced Ngn3 only in acinar
cells and not in b cells, although both cell types express Ngn3
[34]. In accordancewith the involvement of the components of
the STAT3-Ser/Hes3 signaling axis in Ngn3 induction in these
different cell populations, Hes3-null mice fail to induce Ngn3
in the regenerating pancreas after streptozotocin (STZ)

damage. Wild-type mice exhibit Ngn3 expression in both pan-
creatic islet b cells and acinar cells. At 5 months after STZ-
induced damage, Ngn3 expression in acinar cells is strongly
upregulated, with no detectable changes in b cells (Fig. 2B).
Like wild-type mice, nondamaged Hes3-null mice also exhibit
Ngn3 expression in both b and acinar cells. However, after
STZ damage, the upregulation of Ngn3 is greatly attenuated.
These results suggest the involvement of Hes3 in the induction
of Ngn3 in acinar cells and therefore support the hypothesis
that caMAPK and caSTAT3 operate through the STAT3-Ser/
Hes3 signaling axis in this context.

Another clue is that the order of viral transductionmatters.
For reprogramming to work efficiently, caMAPK must be
transduced before caSTAT3. Transduction of both constructs
simultaneously resulted in lower efficiency. Transduction of
caSTAT3 before caMAPK resulted in even lower efficiency.
Each gene alone was insufficient for reprogramming.We pres-
ent three alternative interpretations of these findings (Fig.
2C).

Alternative Interpretation 1: STAT3-Ser-
Driven Reprogramming

It is possible that, in part, the effects of this reprogramming
method involve STAT3-Ser phosphorylation. This would ex-
plain why the order of caMAPK first and caSTAT3 second is
so important in the efficiency of reprogramming. caMAPK
leads to powerful STAT3-Ser phosphorylation via several path-
ways [40]. Therefore, an initial overexpression of caMAPK
would ensure that a subsequent overexpression of caSTAT3
would immediately result in high amounts of STAT3 that would
be dimerized and serine phosphorylated. In contrast, the re-
verse order would result in high amounts of STAT3 that would
be dimerized, with possibly submaximal serine phosphoryla-
tion, leading to potentially different gene regulation. It is also
possible that caMAPK might contribute to reprogramming
by elevating serine phosphorylation of endogenous STAT3.
This could be tested with experiments in which serine-
phosphomimetic constructs of STAT3 that cannot be tyrosine
phosphorylated can be assessed for their potential to contrib-
ute to reprogramming.

Alternative Interpretation 2: JAK Titration

Although JAK activity is predominantly seen as a means of ele-
vating STAT3-Tyr phosphorylation, JAK also leads to STAT3-Ser
phosphorylation [40]. The distinction between these two phos-
phorylation events can be regulated by the levels of cytokine ac-
tivity that lead to JAK activation [8]. For example, low levels of
CNTF in NSC cultures result in the elevation of STAT3-Ser phos-
phorylation with no indication of an effect on STAT3-Tyr phos-
phorylation. Higher CNTF concentrations lead to abrupt
increases in STAT3-Tyr phosphorylation [5]. Therefore, CNTF lev-
els can be used either to promote STAT3-Ser phosphorylation in
the absence of detectable STAT3-Tyr phosphorylation (and,
therefore, promote NSC self-renewal and increase cell numbers)
or to promote both serine and tyrosine phosphorylation (and,
therefore, inhibit self-renewal and induce differentiation). In an-
other example, the use of a JAK inhibitor in GBM CSCs can sig-
nificantly increase the ratio of STAT3-Ser to STAT3-Tyr
phosphorylation, and as a consequence, the expression of
Hes3. This leads to changes in various properties of these cells,
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including the ability to achieve higher terminal cell densities in
vitro [5]. In this scenario, specific levels of JAK activity—which
can be regulated using a JAK inhibitor [34, 41]—might result in
the stimulation of STAT3-Ser, in the absence of STAT3-Tyr, and
promote reprogramming. Therefore, although the tyrosine site
might be very important in this reprogramming paradigm, it is
also possible that the serine site is also an important player in
reprogramming.

Alternative Interpretation 3: A Two-Step Process

It is also possible that the serine and tyrosine phosphorylation of
STAT3 represent two distinct events within the reprogramming
process and that both are necessary for reprogramming. It is con-
ceivable that the serine eventmust precede the tyrosine event, as
suggested by the observations regarding the importance of order
for caMAPK and caSTAT3.

STAT3-SER/HES3 IN CANCER—CLUES TO A ROLE
IN REPROGRAMMING

Key reprogramming factors are oncogenes, highlighting the sim-
ilarities between developmental programs and transformation.

Hes3mightbelong to this category.Direct evidence for this comes
from work showing that Hes3 RNA interference opposes the
growth of putative CSCs from glioblastoma multiforme biopsies
[5], and supporting its putative role in breast cancer,where in vivo
Hes3 expression levels correlated with the efficacy of a g-secretase
inhibitor [19]. Other key components of the STAT3-Ser/Hes3 sig-
naling axis are also implicated in carcinogenesis. For example,
STAT3-Ser phosphorylation in the absence of STAT3-Tyr phos-
phorylation has also been demonstrated to drive prostate carci-
nogenesis [6]. Therefore, the STAT3-Ser/Hes3 signaling axismight
represent an oncogenic, noncanonical branch of theNotch signal-
ing pathway, providing an explanation of the dual properties of
Notch signaling as both an oncogene and a tumor suppressor
[42, 43].

In line with a dynamic role for Hes3 in regulating the epi-
genetic state of a cell, Hes3 expression and subcellular local-
ization are themselves dynamically and, in certain cases,
reversibly, regulated. Hes3 expression and subcellular locali-
zation can also provide clues to its function and reveal in-
formation of the state of a cell. GBM CSCs and a mouse
insulinoma cell line (MIN6) can be efficiently cultured under
conditions that support nuclear Hes3 expression or prevent
it [5, 7]. By changing the culture conditions, the cells can be

Figure2. Possible noncanonical signalingpathway involvement in reprogramming throughmodulators of STAT3andMAPK. (A):Commonview
for the mechanism of reprogramming in acinar-to-b-cell reprogramming downstream of CNTF and EGF. STAT3-Tyr and activatedMAPK induce
vast transcriptional changes leading to fate specification changes. (B): Hes3 as a regulator of Ngn3 in the context of endocrine pancreas regen-
eration.A lackofNgn3expression induction inHes3-null (Hes32/2)mice5months after a low-dose streptozotocin regimen (5 consecutivedaily
injections at 50 mg/kg in phosphate-buffered saline [PBS]; vehicle controls received only PBS). (C): STAT3-Ser as a putative mediator of repro-
gramming of acinar-to-b cell conversion. Three possible alternative interpretations for the mechanism of action of CNTF- and EGF-induced
reprogramming that involve the STAT3-Ser/Hes3 signaling axis. (Both CNTF and EGF lead to the phosphorylation of STAT3-Ser and STAT3-
Tyr; the diagrams highlight the particular phosphorylation event that might be driving a given function. It is not meant to suggest that only
one residue is phosphorylated. Also, a predominant function of STAT3-Tyr phosphorylation is the dimerization of STAT3. For this reason,
and for simplicity, the diagrams depict STAT3-Tyr phosphorylation to also represent STAT3 dimerization). (B): Image width: 534 mm. Abbre-
viations: CNTF, ciliary neurotrophic factor; DAPI, 49,6-diamidino-2-phenylindole; EGF, epidermal growth factor; Hes3, hairy and enhancer
of split 3; JAK, Janus kinase; MAPK, mitogen-activated protein kinase; STAT3, signal transducer and activator of transcription 3; STZ,
streptozotocin.
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repeatedly switched from one state to the other. For example,
serum-free defined cultured conditions allow the nuclear ex-
pression of Hes3. Under these conditions, the cells grow inde-
pendently of JAK activity. In fact, inclusion of a JAK inhibitor
promotes GBM CSC growth. Primary, bona fide NSC cultures
also exhibit Hes3 expression, which is lost when the cells
are induced to differentiate, similar to GBM CSCs. In contrast,
however, primary NSCs do not exhibit reversibility in their dif-
ferentiation and Hes3 expression states, a property that has
been proposed to characterize the CSC population [44]. It
could be of use in assays determining the NSC state to include
measurements of the irreversibility of the differentiation of
these cells.

CONCLUSION

The STAT3-Ser/Hes3 signaling axis has been implicated in
a number of phenomena, including improved culture condi-
tions for plastic cell types, their activation in vivo in the con-
text of neurodegenerative disease, as a target for brain CSCs,
and as a mediator of pancreatic b-cell function and survival.
More recently, the pathway has also been implicated in
aspects of reprogramming to the NSC state. An understanding
of this signaling pathway will provide possible molecular
explanations for its function in the context of reprogramming.
The possibility that Hes3 could prove to be an important
player in different aspects of epigenetic reprogramming
as manifested in the iPS and CSC fields warrants more
investigation.
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41 Baeyens L, Bonné S, German MS et al.

Ngn3 expression during postnatal in vitro beta
cell neogenesis induced by the JAK/STAT path-
way. Cell Death Differ 2006;13:1892–1899.
42 Lobry C, Oh P, Mansour MR et al. Notch

signaling: Switching an oncogene to a tumor
suppressor. Blood 2014;123:2451–2459.
43 Guruharsha KG, Kankel MW, Artavanis-

Tsakonas S. TheNotch signalling system:Recent
insights into the complexity of a conserved
pathway. Nat Rev Genet 2012;13:654–666.
44 MarjanovicND,WeinbergRA, Chaffer CL.

Cell plasticity and heterogeneity in cancer. Clin
Chem 2013;59:168–179.

Poser, Chenoweth, Colantuoni et al. 1257

www.StemCellsTM.com ©AlphaMed Press 2015


