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Soon after the discovery of transforming growth factor-g (TGF-), seminal work in vertebrate
and invertebrate models revealed the TGF-B family to be central regulators of tissue mor-
phogenesis. Members of the TGF-f family direct some of the earliest cell-fate decisions in
animal development, coordinate complex organogenesis, and contribute to tissue homeo-
stasis in the adult. Here, we focus on the role of the TGF-f family in mammalian stem-cell
biology and discuss its wide and varied activities both in the regulation of pluripotency and

in cell-fate commitment.

tem cells are defined by their ability to divide
Scontinually to maintain the stem-cell pool
and to provide progeny that differentiate into
other cell types. These defining qualities are es-
tablished by internal transcriptional programs
that interact with the local environment, or
niche, to both promote stem-cell maintenance
and drive cell-fate determination (Voog and
Jones 2010; Young 2011; Scadden 2014; Kfoury
and Scadden 2015). Members of the TGF-
family of signaling ligands are key components
of the stem-cell niche for both embryonic and
somatic stem cells and orchestrate diverse re-
sponses in different types of stem cells. Here,
we provide an overview of the general charac-
teristics of embryonic versus somatic stem cells,
briefly introduce key concepts in understanding

the core TGF- family Smad signaling pathway,
and then delve into the function of TGF-3 fam-
ily signaling in various embryonic and somatic
stem-cell systems.

EMBRYONIC AND SOMATIC STEM CELLS

After fertilization, the zygote divides to form
the morula and then the blastocyst. The blasto-
cyst consists of an outer layer of cells, called the
trophoblast, an inner cavity of fluid, called the
blastocele, and an internal cluster of cells, called
the inner cell mass (ICM) (Rossant 2008). The
embryo forms from the cells of the ICM, and
these cells can be isolated and cultured ex vivo
to give rise to embryonic stem cells (ESCs) (Fig.
1A). Naive epiblast cells from within the ICM
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Figure 1. Transforming growth factor B (TGF-B) family signaling in embryonic stem cells (ESCs). (A) Mouse
embryonic stem cells (mESCs) are derived from naive epiblast cells in the preimplantation blastocyst, whereas
postimplantation epiblasts (EpiSCs) are derived from primed epiblast cells in the postimplantation blastocyst.
(B) The defining characteristics of mESCs, mEpiSCs, and human (h) ESCs are shown. (C) Oct4 (Pou5fl),
Nanog, and Sox2 are the key transcription factors that maintain ESC state. These factors co-occupy the genome
at their own promoters, at the promoters of other key ESC genes, and at developmental regulators that are
repressed but poised to be activated during differentiation. Bone morphogenetic protein (BMP) and leukemia
inhibitory factor (LIF) reinforce this network in mESCs, and TGF- family signaling reinforces this network in
hESCs and EpiSCs. (D) Key pathways that interact with TGF-f family signaling to maintain mESC (left) and
hESC (right) states are shown. BMP signaling is a key factor in the maintenance of mESC state, whereas TGF-f3
and/or activin maintain the mEpiSC and hESC states. (E) The role of TGF-B family signaling in hESCs
differentiation is indicated. The thick arrow to the right of the hESC indicates that hESCs respond most
efficiently to activin signaling with Smad2 and Smad3 activation during early G; phase of cell cycle. Once cells
differentiate into mesendoderm, the concentration of activin is a major determining factor in the differentiation
toward mesoderm or endoderm. (F) Smad2 and/or Smad3 co-occupy the genome with the key transcription
factors that maintain the ESC state (left). During differentiation into endoderm, the expression of the key ESC
transcription factors is lost. Smad2 and/or Smad3 regulate induction of new genes by either continuing to
occupy the same enhancer but with different combinations of transcription factors (top right) or by moving to
new enhancers in association with new transcription factors (bottom right). Y/T, YAP and TAZ.
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are the source of mouse (m) ESCs (Gardner and
Brook 1997; Batlle-Morera et al. 2008). mESCs
have not undergone X-inactivation and can
contribute to all three germ layers (endoderm,
mesoderm, and ectoderm) of chimeric mice
when they are injected into blastocysts, which
is the key functional test for pluripotency in
mESCs (Bradley et al. 1984). mESCs maintain
a normal karyotype and are defined by their
ability to proliferate without differentiation
(self-renewal) and their potential to give rise
to every cell type in the body (pluripotency)
(Evans and Kaufman 1981; Martin 1981; Thom-
son 1998). Cells can also be isolated from
primed epiblast cells derived from the postim-
plantation blastocyst (Brons et al. 2007; Tesar
et al. 2007). These cells, called EpiSCs ( postim-
plantation epiblast-derived stem cells), express
many key transcription factors that are charac-
teristic of mESCs and can differentiate into all
three germ layers in teratoma assays, where cells
are injected into immunodeficient mice to allow
spontaneous differentiation. However, EpiSCs
show X inactivation and are not capable of pro-
ducing chimeric mice when injected into the
blastocyst. These last two qualities indicate
that EpiSCs do not possess the full developmen-
tal potency of mESCs (Fig. 1B).

In ESCs, a remarkable pluripotent tran-
scriptional circuitry poises the cells in a state
that allows differentiation into all cell types
while maintaining their ability to replicate as
ESCs indefinitely. Oct4, Sox2, and Nanog were
identified as the core factors of this transcrip-
tion factor network that are critical to maintain
the ESC state (Chen et al. 2008a; Orkin et al.
2008; MacArthur et al. 2009; Young 2011).
These three transcription factors co-occupy
DNA throughout the ESC genome to regulate
their own expression, activate ESC genes, and
repress developmental regulators (Fig. 1C)
(Bovyer et al. 2005). This network is modulated
by interaction with additional transcription fac-
tors, signaling pathways, microRNAs (miRNAs),
and chromatin regulators. Transcription fac-
tors, including Esrrb (Ivanova et al. 2006; Zhang
et al. 2008; Martello et al. 2012), Sal4 (Wu et al.
2006; Zhang et al. 2006a), Tbx3 (Ivanova et al.
2006; Niwa et al. 2009), and Prdm14 (Chia et al.
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2010) share binding sites with Oct4, Sox2, and
Nanog, and are required to maintain the ESC
state. This transcriptional network is further
regulated by miRNAs (Marson et al. 2008; Vis-
wanathan et al. 2008) and chromatin regulators,
including the Polycomb group and SetDB1
(Bovyer et al. 2006; Bilodeau et al. 2009). Finally,
pluripotency is critically dependent on physical
interactions between pluripotency factors and
transcriptional mediators of key morphogen
signaling pathways. Thus, signaling intermedi-
aries of the Wnt, bone morphogenetic protein
(BMP), and TGF-@ pathways, as well as the Ja-
nus kinase and signal transducers and activators
of transcription (JAK-STAT) pathway co-occu-
py the genome with Oct4, Sox2, and Nanog to
promote the pluripotent state (Chen et al.
2008b; Cole et al. 2008; van den Berg et al.
2010; Mullen et al. 2011), but also play key roles
in driving differentiation. This dichotomy de-
fines a key feature of developmental systems, in
which the environmental context plays a key
role in defining the biological output in re-
sponse to morphogen signaling.

During development, ESCs are present for a
limited time, ultimately differentiating into cell
types with increasingly restricted plasticity. So-
matic stem cells are produced during differen-
tiation and give rise to terminally differentiated
cells that compose and carry out the specialized
functions of distinct tissues. After tissues are
formed, somatic stem cells remain in small
numbers and can be called on to proliferate
and differentiate to replace lost cells as a homeo-
static mechanism and/or as a regenerative re-
sponse to injury (Goodell et al. 2015). Both
ESCs and somatic stem cells are capable of
self-renewal and both are capable of differenti-
ation. However, somatic stem cells give rise to a
more restricted number of cell types compared
with ESCs, which are pluripotent. Accordingly,
in addition to being multipotent (differentiat-
ing into multiple cell types), somatic stem cells
can be unipotent (differentiating into one
known terminally differentiated cell type).

Both ESCs and somatic stem cells have the
potential for use in human therapeutics, and
each has different strengths and limitations.
ESCs have the ability to differentiate into any
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adult tissue in the body, but could require lon-
ger differentiation protocols to reach terminal
cells, and have oncogenic potential. Somatic
stem cells have a more restricted repertoire,
but, because they are more closely related to cells
of specific tissues, they may require fewer steps
to differentiate into terminal cell types. An ad-
ditional difference is that somatic stem cells can
be taken from adult patients and do not raise the
same ethical concerns as production of ESCs
from in vitro fertilization. Furthermore, tissues
produced from somatic stem cells can be re-
turned to the same patient without risk of im-
mune rejection.

The importance of transcription factors to
control cell identity was highlighted by the cre-
ation of induced pluripotent stem cells (iPSCs)
(Takahashi and Yamanaka 2006). Transcription
factors that were enriched in ESCs were ectop-
ically expressed in different combinations in
mouse embryonic fibroblasts (MEFs) to iden-
tify factors that could reprogram MEFs into
ESCs. Four transcription factors were identi-
fied that were sufficient to drive reprogram-
ming to a pluripotent state. These repro-
grammed ESCs were referred to as iPSCs and
were found to possess all the defining features
of ESCs. This groundbreaking discovery was
built on previous work that showed differenti-
ated nuclei could be reprogrammed by trans-
plantation into enucleated oocytes (Gurdon
1962) and cell identity can be altered with
the forced expression of key transcription fac-
tors (Davis et al. 1987). These seminal studies
reveal the cell state to be remarkably plastic.
Although initial somatic cell reprogramming
experiments were performed in mouse, where
expression of Oct4, Sox2, KIf4, and c-Myc are
sufficient for reprogramming to mouse iPSCs
(Takahashi and Yamanaka 2006), subsequent
generation of human iPSCs was achieved
from human fibroblasts by expression of either
Oct4, Sox2, Klf4, and c-Myc, or expression of
Oct4, Nanog, Klf4, and c-Myc (Takahashi et al.
2007; Yu et al. 2007). Since their original de-
scription, multiple combinations of transcrip-
tion factors, signaling molecules, and small
molecules have been identified to drive this
process. Furthermore, morphogen signaling,

in particular the TGF-@ family, plays key roles
in reprogramming.

iPSCs are pluripotent, self-renew, and are
very similar to ESCs in patterns of gene expres-
sion and chromatin structure (Chin et al. 2009;
Deng et al. 2009; Guenther et al. 2010; Hawkins
et al. 2010; Newman and Cooper 2010). The
production of iPSCs from a patient’s somatic
cells has already allowed the study of the effect
of patient-specific genetic backgrounds on dif-
ferentiation (Dimos et al. 2008; Park et al. 2008;
Cherry and Daley 2012; Kiskinis et al. 2014).
These cells also provide the potential to generate
ESCs from a patient’s somatic cells, which could
be differentiated into tissues for therapy with-
out the risk of immune-mediated rejection.
Genetic mutations could also be corrected in
patient-derived iPSCs before differentiation
into tissues so that the newly differentiated tis-
sue would no longer contain disease-associated
mutations. However, before the potential uses
in regenerative medicine can be realized, it will
first be necessary to address the safety concerns
of implanting iPSCs or cells derived from iPSCs
into patients.

TGF-3 AND BMP SIGNALING

The TGF-B family is one of the largest families
of secreted morphogens encoded in the mam-
malian genome (33 distinct genes) (Morikawa
et al. 2016). The core Smad signaling pathway
has been extensively reviewed (Massagué 2005),
and therefore will only be briefly summarized
here. TGF-B family members signal via trans-
membrane serine/threonine kinase receptors
to form a unique signaling system in animals.
There are 12 transmembrane kinase receptors
encoded in mammalian genomes that are sub-
divided into five type Il and 7 type I receptors.
Signaling is initiated when TGF-B family li-
gands drive formation of a heterotetrameric
complex of two type Il and two type I receptors
(Hinck 2012). This allows the type I receptor to
transphosphorylate serine or threonine residues
in the conserved “GS region” of the type I re-
ceptor, which in turn activates the Smad signal-
ing pathway through direct carboxy-terminal
phosphorylation of Smads. Smads are a family
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of unique transcriptional regulators that con-
tain conserved Mad Homology 1 (MH1) and
MH?2 domains separated by a poorly conserved
linker region. There are eight Smads in mam-
malian genomes, which are subdivided into
three functional classes. The receptor-regulated
R-Smads comprise Smads 1, 2, 3, 5, and 8
(which is also known as Smad9) and are acti-
vated when they dock with phosphorylated type
I receptors, which then phosphorylate the last
two serines in the R-Smad. This leads to disso-
ciation of R-Smads from the receptor, interac-
tion with the co-Smad, Smad4, and accumula-
tion of R-Smad:Smad4 complexes in the
nucleus. Importantly, TGF- versus BMP-like
pathway activation is provided through specific
R-Smad MH2:type I receptor interactions.
Thus, although not all combinations of type I
receptors and R-Smads have been directly test-
ed, evidence strongly suggests that the BMP type
I receptors ALK1 (gene name, ACVRLI), ALK2
(gene name, ACVRI), BMPRIA/ALK3 (gene
name, BMPRIA) and BMPRIB/ALK6 (gene
name, BMPRIB) all preferentially activate R-
Smads 1, 5, and 8, whereas the activin, TGF-j3,
and Nodal type I receptors ActRIB/ALK4 (gene
name, ACVRIB), TBRI/ALK5 (gene name,
TGFBR1) and ActRIC/ALK7 (gene name,
ACVRIC) activate Smad2 and Smad3. A con-
fusing aspect to TGF-f3 family function is often
perceived by the ability of ligands to mix and
match with different combinations of type II
and type I receptors. However, because signal-
ing to R-Smads is initiated by the phosphory-
lated type I receptor, the nature of the transcrip-
tional response to ligand is dictated by the
engaged type I receptor(s) in the heterotetra-
meric complex. Thus, Smad signaling can typ-
ically be grouped into one of two broad types, a
BMP-like versus TGF-3-like response. Interest-
ingly, in developmental models and in particu-
lar stem-cell models, these pathways often im-
pose alternative biological outcomes, and,
whereas many systems display ligand-depen-
dent specificity in Smad activation in certain
contexts, such as endothelial cells, TGF-$ can
also activate the BMP Smad pathway (Goumans
et al. 2002). Finally, the third class of Smads,
known as inhibitory Smads, are encoded by
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Smad6 and Smad7 and act as feedback inhibi-
tors of Smad signaling. In the nucleus, the MH1
domain of almost all the R-Smads and Smad4
possess DNA-binding affinity (a splice isoform
of Smad2 is the exception), although the
MHI1:DNA interaction is typically of low affin-
ity and specificity. Thus, Smads rely on DNA-
binding partners for recruitment to regulatory
gene elements, where Smad complexes can
stimulate or inhibit transcription via interac-
tion with histone-modifying enzymes, such as
the histone acetyl transferases CBP or p300, or
histone deacetylases (HDAC:s), respectively, and
SWI/SNF chromatin-remodeling complexes
(Ross et al. 2006). The interaction of Smads
with distinct DNA-binding partners that are
expressed in a cell-type-specific manner thus
provides an important mechanism underlying
contextual responses to TGF-{ family signaling.

EMBRYONIC STEM CELLS

Mouse Embryonic Stem Cells

Mouse ESCs can self-renew and are capable of
differentiating into all three germ layers (Evans
and Kaufman 1981; Martin 1981). The ESC
state is maintained by the core circuitry of the
transcription factors Oct4, Nanog, and Sox2,
which physically interact and co-occupy the
genome at many key genes including those en-
coding developmental regulators (Chen et al.
2008b; Marson et al. 2008). Among these targets
are the genes encoding Oct4, Nanog, and Sox2
themselves, which help reinforce the transcrip-
tional program to maintain the ESC state (Boyer
et al. 2005). Among the genes bound by Oct4,
Nanog, and Sox2 are many developmental reg-
ulators that are in the so-called “poised state,”
which allows for rapid induction during differ-
entiation while being repressed in ESCs (Bern-
stein et al. 2006).

mESCs were originally derived by culture on
a layer of MEFs using media containing fetal calf
serum (FCS) (Evans and Kaufman 1981; Martin
1981). The requirement for feeder cells, but not
FCS, can be eliminated by culturing mESCs in
the presence of leukemia inhibitory factor (LIF)
(Smith et al. 1988; Williams et al. 1988). mESCs
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express the BMP receptors BMPRIA and
BMPRII, and this knowledge led to the discov-
ery that mESCs can be maintained in serum-
free media supplemented only with LIF and
BMP-2 or BMP-4 (Fig. 1D) (Ying et al. 2003).
mESCs can be derived and maintained in media
with FCS and LIF because FCS contains BMP
(Ying et al. 2003). LIF signaling is mediated by
activation of Stat3 (Niwa et al. 1998), and BMP
signaling does not contribute to activation of
Stat3 (Ying et al. 2003) or affect Stat3 transcrip-
tion (Chen et al. 2008b). The requirement for
BMP signaling in mESCs is due, in large part, to
activation of Idl and Id3, whereas BMP-in-
duced mesoderm is blocked by physical inter-
action of Nanog and Smad1 (Suzuki et al. 2006).
In the absence of BMP signaling, ectopic expres-
sion of either Id1 or Id3 is sufficient to maintain
mESCs in culture (Ying et al. 2003). Chromatin
immunoprecipitation and sequencing (ChIP-
seq) analysis further revealed that Smadl co-
occupies the mESC genome at sites also occu-
pied by Oct4, Nanog, Sox2, and Stat3 in nor-
mal mESC culture conditions with LIF and FCS
(Chen et al. 2008b). Presumably this co-occu-
pation of the genome is preserved in mESCs
cultured with LIF and BMP alone, but this has
not been tested. Importantly, while Oct4 bind-
ing is not dependent on Smadl, loss of Oct4
expression results in loss of Smadl binding,
suggesting that Smad1 requires Oct4 to stabilize
binding to these sites (Chen et al. 2008b).
mESCs do not express the TGF-$ type I
receptor TRRI and thus do not activate Smad2
or Smad3 in response to TGF-B1 (Roelen et al.
1994). However, mESCs do activate Smad2 and
3 in response to activin and Nodal, likely via the
ActRIB/ALK4 and ActRIC/ALK7 receptors
(James et al. 2005). Studies using antibodies
recognizing Smad3, or Smad2 and Smad3,
show that Smad3 and, presumably, Smad2 co-
occupy the genome with Oct4, Nanog, and Sox2
in mESCs (Mullen et al. 2011). Smad3 and Stat3
are also enriched at super-enhancers, which are
large enhancer domains that regulate genes that
determine cell identity (Hnisz et al. 2013;
Whyte et al. 2013). Although Smad2 and/or
Smad3 tend to co-occupy the genome with
the master transcription factors in mESCs,

lack of Smad2 or Smad3 phosphorylation re-
sults only in decreased proliferation, but does
not affect pluripotency (James et al. 2005;
Ogawa et al. 2006).

mESCs maintained on MEFs with FCS and
LIE or in the presence of LIF and BMP, possess
all the qualities of ESCs, but remain a heteroge-
neous population and show variable expression
of the transcription factor Nanog (Ying et al.
2008). mESC cultures also contain fibroblast
growth factor 4 (FGF4), which activates the
Erk MAPK pathway (Kunath et al. 2007). The
requirement for BMP signaling can be bypassed
with inhibitors of FGF and Erk MAPK signal-
ing, suggesting that a major role of BMP signal-
ing is to block the effects of Erk MAPK (Ying
et al. 2008). BMP signaling activates expression
of the dual specificity phosphatase DUSP9,
dependent on Smadl and 5, and thus acts to
inhibit Erk MAPK activation, while induction
of 1d1 appears to act further downstream to
block differentiation (Li et al. 2012). Further-
more, inhibition of glycogen synthase kinase 33
(GSK3B), which leads to activation of (-cate-
nin, can be combined with FGF or Erk MAPK
inhibition to replace both LIF and BMP (Wray
etal. 2011; Yietal. 2011). This insight has led to
the identification of a naive “ground state” of
mESCs, which is independent of BMP and LIF
signaling (Fig. 1D) (Ying et al. 2008).

Postimplantation epiblasts (EpiSCs) repre-
sent a later stage of development, but also ex-
press Oct4, Nanog, and Sox2, the key transcrip-
tion factors of mESCs. These cells do not require
LIF or BMP for maintenance and instead re-
quire FGF and activin signaling (Batlle-Morera
et al. 2008; Vallier et al. 2009b,¢). mESCs can be
differentiated into EpiSCs by culture with acti-
vin and FGE and this change is also associated
with X-inactivation. The reverse differentiation
does not occur, and culture of EpiSCs in LIF and
BMP is not sufficient to cause EpiSCs to revert
to mESCs (Guo et al. 2009). However, EpiSCs
can be reprogrammed into mESCs, including
reversal of X-inactivation, with ectopic expres-
sion of the transcription factor KIf4 (Guo et al.
2009). EpiSCs are distinct from ESCs, as they can
form teratomas when injected into immune-de-
ficient mice, but are not able to form germline
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chimeras when injected into mouse blastocysts
(Fig. 1B) (Brons et al. 2007; Tesar et al. 2007).

Human Embryonic Stem Cells

Human (h) ESCs are most closely related devel-
opmentally to mouse EpiSCs, which are derived
from the postimplantation epiblast (Brons et al.
2007; Tesar et al. 2007). hESCs are derived from
the ICM (Thomson 1998), but culture condi-
tions leading to the isolation of human plurip-
otent stem cells (hPSCs) select for cells that be-
have as EpiSCs. Thus, hESCs are often referred
to as hPSCs to reflect this distinction. Indeed,
hESCs and mouse EpiSCs respond to the TGF-3
family in the same way, whereas mESCs have
different requirements to maintain their identi-
ty. hESCs show X inactivation and are main-
tained in culture with FGF and activin or TGF-
B (Amit et al. 2000; James et al. 2005; Hall et al.
2008; Shen et al. 2008; Silva et al. 2008). hESCs
can form teratomas (Thomson 1998), which is
a quality of both mESCs and EpiSCs, but eval-
uation of the ability of hESCs to generate chi-
meric mice from blastocyst injections are not
performed for ethical reasons. The hESC state
is maintained by expression of Oct4, Nanog, and
Sox2. These transcription factors physically in-
teract and co-occupy the genome at many key
hESC genes, as well as those encoding develop-
mental regulators (Fig. 1C, right) (Boyer et al.
2005). As also shown for mESCs, these tran-
scription factors regulate their own expression,
which reinforces the transcriptional program,
and occupy genes poised for differentiation
(Bernstein et al. 2006).

Initial culture conditions for hESCs re-
quired growing hESCs on MEFs in media con-
taining FCS (Thomson 1998). Blocking TGF-3
signaling in these conditions was found to cause
differentiation (James et al. 2005), indicating
that TGF-B signaling was required to maintain
the hESC state. Removal of TGF-f signaling
from the media or inhibition of Smad2 and
Smad3 activation by the small molecule, TBRI
kinase inhibitor SB431542, each resulted in dif-
ferentiation of hESCs primarily down the neu-
roectoderm lineage (Vallier et al. 2009a). In ad-
dition to TGF-B signaling, FGF signaling is
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required to maintain hESCs in culture (Amit
etal. 2000). Further analysis revealed that hRESCs
can be cultured without MEFs using an extra-
cellular protein matrix composed primarily of
laminin and collagen (Xu et al. 2001) in chem-
ically defined media containing albumin, TGF-
B1, FGF2, LiCl, y-aminobutyric acid, and pipe-
colic acid (Beattie et al. 2005; Vallier 2005; Lud-
wig et al. 2006). This requirement was further
refined using a basal media without albumin,
which requires TGF-B1 or Nodal, FGF2, insu-
lin, selenium, transferrin, and r-ascorbic acid
(Chen et al. 2011).

The TGF-/Smad pathway interacts with
the master transcription factors that regulate
hESC state and differentiation. Both Oct4 and
Nanog can form a protein complex with Smad2
and likely Smad3 (Smad2/3) in hESCs (Vallier
et al. 2009a; Beyer et al. 2013). Furthermore,
ChIP-seq analysis performed using antibodies
that recognize Smad3, or Smad2 and Smad3,
revealed that these transcription factors tend
to co-occupy the genome with Oct4, Nanog,
and Sox2 in hESCs, including at the genes en-
coding Oct4, Nanog, and Sox2 (Brown et al.
2011; Mullen et al. 2011). Inhibiting Smad2
and Smad3 phosphorylation using SB431542
also leads to a reduction in Oct4 and Nanog
expression, although Nanog expression is
more sensitive to this loss of signaling (Vallier
2005; Greber et al. 2008; Xu et al. 2008).

Smad2 and Smad3 share ~90% homology
in amino acid sequence (Yagi et al. 1999), but
have different roles in embryonic development.
Smad2 deficiency results in embryonic lethality
as a result of a failure to specify anterior visceral
endoderm (AVE), which is a Nodal-dependent
event (Waldrip et al. 1998; Weinstein et al.
1998), whereas Smad3 deficiency is not embry-
onic lethal and results in impaired immunity
and increased incidence of colorectal cancers
in mice (Zhu et al. 1998; Datto et al. 1999). In
addition, Smad?2 plays a more significant role in
maintaining the hESC state than Smad3, as
depletion of Smad2 results in increased hESC
differentiation, whereas depletion of Smad3 has
little effect on differentiation (Sakaki-Yumoto
et al. 2013). The more significant role of Smad2
may result, in part, from a higher level of Smad2
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binding at the gene encoding Nanog in hESCs
and a decreased dependence of the interaction
with Smad4 to facilitate DNA binding (Kim et al.
2011; Sakaki-Yumoto et al. 2013). These results
are interesting, as Smad4 is particularly impor-
tant in vivo to specify the anterior primitive
streak during gastrulation (Chu et al. 2004), in
which it functions with Smad2, and the Smad2
and Smad3 DNA-binding partner Foxhl, to
drive mesendoderm specification. These studies
highlight that, whereas Smad4 is often consid-
ered an obligate component of Smad signaling, it
is dispensable for many biological responses to
TGF- and BMP (Sirard et al. 2000).

The concept of the naive ground state in
hESCs remains controversial. hESCs are more
closely related to mouse EpiSCs than to mESCs.
When mouse ESCs are cultured with inhibitors
of Erk MAPK, inhibitors of GSK3, and LIE
that is, in 2i + LIF medium, they can be main-
tained in a ground state characterized by stable
gene expression and reduced population het-
erogeneity (Fig. 1D) (Ying et al. 2008). Initial
attempts to generate ground-state ESCs from
hESCs showed that culturing hESCs in 2i +
LIF medium with ectopic expression of ground-
state transcription factors led to ground-state
qualities, but cells were not stable and required
constitutive transgene expression (Hanna et al.
2010). Additional studies identified combina-
tions of inhibitors that could promote qualities
of mESCs (Chan et al. 2013; Gafni et al. 2013;
Valamehr et al. 2014; Ware et al. 2014), but did
not remove the requirement for FGE Repro-
gramming of human fibroblasts into ESCs by
expressing Oct4, Sox2, Klf4, c-Myc, and retinoic
acid receptors produced human pluripotent
cells with features of ground-state ESCs that
could be maintained after removal of transgene
expression (Wang et al. 2011). Subsequent stud-
ies showed that it is possible to induce ground-
state characteristics by persistent ectopic expres-
sion of KIf2 and Nanog in hESCs (Takashima
et al. 2014). The requirement for persistent ec-
topic expression of KIf2 and Nanog could be
eliminated by addition of 2i plus LIF and
G066983, a PKC inhibitor (Takashima et al.
2014). This cocktail was referred to as t2iL +
GO because the concentration of GSK3 inhibi-

tor had to be titrated from standard 2i concen-
trations. The need for ectopic gene expression
can be bypassed in hESCs grown on feeder cells
and treated with a combination of four inhibi-
tors plus LIE TGF-B1, and FGF2, called naive
human stem-cell medium (NHSM) (Gafni et al.
2013) or five inhibitors plus LIF and activin (5i/
L/A) (Fig. 1D) (Theunissen et al. 2014). Fur-
ther analysis is needed to understand if these
new conditions are sufficient to achieve bona
fide ground state in human ESCs. Teratoma for-
mation does not distinguish between hESCs
and human pluripotent cells that are equivalent
to mESCs or ground-state mESCs. Embryo chi-
mera assays have been performed to distinguish
between hESCs and earlier developmental
states, but have not yet yielded consistent results
(Gafni et al. 2013; Theunissen et al. 2014).

Induced Pluripotent Stem Cells

Although transcription factors are essential for
reprogramming, signaling molecules contained
in the media must also play a key role during the
production of iPSCs and in their maintenance.
Dissection of the mechanisms underlying re-
programming induced by Oct4, Sox2, Klf4,
and c-Myc in mouse somatic cells using small
molecule probes revealed that inhibition of
TGEF-p signaling enhances reprogramming effi-
ciency (Maherali and Hochedlinger 2009). Fur-
ther, molecular profiling defined three distinct
transcriptional phases during reprogramming,
including an essential early mesenchymal-to-
epithelial transition (MET) initiation phase
that is mediated by BMP signaling (Sama-
varchi-Tehrani et al. 2010) in cooperation with
KlIf4 (Chen et al. 2010; Li et al. 2010). This is
followed by an intermediate maturation phase
that represents a restriction point for acquisi-
tion of pluripotent competency. Finally, transi-
tion to the stabilized pluripotent state is associ-
ated with acquisition of the full pluripotency
network and independence from transgene ex-
pression (Golipour et al. 2012; Polo et al. 2012).
TGEF-B is a potent inducer of the mesenchymal
fate, thus providing one mechanism underlying
TGE-B suppression of reprogramming (Li et al.
2010). More recent studies further reveal that c-
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Jun similarly provides a blockade to reprogram-
ming by promoting the mesenchymal fate (Liu
et al. 2015). Because the gene encoding c-Jun is
also a TGF-P3 target gene (Pertovaara et al. 1989)
and c-Jun, as a component of AP1, also interacts
with Smad3 (Zhang et al. 1998), this may pro-
vide a pathway enforcing somatic identity in
mesenchymal cells. As TGF-f3 signaling imposes
a mesenchymal phenotype in a variety of cell
types (Lamouille et al. 2014), these studies es-
tablish a key antagonistic interplay between
TGF-B and BMP in the control of epithelial
plasticity during somatic-cell reprogramming.
Reprogramming of mouse somatic cells in
mESC media yields iPSCs that behave as mESCs
(Takahashi and Yamanaka 2006); that is, BMP
signaling also promotes their pluripotency (see
above). Thus, reprogramming of mouse somatic
cells to mESC is compatible with BMP signaling
throughout the reprogramming process. In con-
trast, reprogramming of human somatic cells
using the human homologs of Oct4, Sox2,
Klf4, and c-Myc generates iPSCs that behave as
hESCs (Takahashi et al. 2007; Yu et al. 2007);
that is, TGF-f signaling promotes their pluripo-
tency. However, epithelial character is a defining
feature of hESCs and, as in mouse reprogram-
ming, MET is important for conversion to the
pluripotent state. For example, intermediary re-
programmed cells undergo MET in transition to
stable human iPSCs (Teshigawara et al. 2016),
and promotion of TGF-@ signaling by Ezh2 dur-
ing reprogramming promotes the mesenchymal
phenotype and inhibits generation of iPSC (Rao
et al. 2015). Collectively, these studies indicate
that during the transition to transgene-inde-
pendent hiPSCs, TGF-B-dependent epithelial-
to-mesenchymal transition (EMT) pathways
must be circumvented to allow TGF-B-depen-
dent stabilization of the pluripotent state. One
possibility is that key EMT transcription factors,
such as Snail may be selectively directed to plu-
ripotency regulatory target genes during repro-
gramming (Gingold et al. 2014; Unternaehrer
et al. 2014). For example, the gene encoding
Snail is a TGF-f target, and the Snail protein
interacts with Nanog to paradoxically promote
pluripotency-associated gene expression during
mouse reprogramming (Gingold et al. 2014).

TGF-B Family Signaling in Stem Cells

How the biological output of cell-fate-deter-
mining pathways, such as those driven by
TGEF-B, are contextually modified to both block
and promote pluripotency is an important area
of investigation.

Embryonic Stem-Cell Differentiation

hESCs can be differentiated into the three germ
layers as well as into trophoblast and primitive
endoderm through modulation of TGF-f fam-
ily signaling (Fig. 1E). TGF-P and FGF signaling
together are required to maintain pluripotency
(James et al. 2005), and loss of TGF-f3 signaling
in the continued presence of FGF results in
neuroectoderm differentiation (Smith et al.
2008; Vallier et al. 2009¢). Loss of FGF signaling
and continued activation of Smad2 and Smad3
in response to activin or Nodal are sufficient to
direct hESCs to differentiate into mesendoderm
(D’Amour et al. 2005), with increasing concen-
trations of activin promoting formation of
definitive endoderm and lower concentrations
favoring mesoderm (Gadue et al. 2006). Differ-
entiation toward endoderm is also augmented
by activation of Wnt and BMP signaling (Gadue
et al. 2006; Teo et al. 2012), whereas signaling
through BMP-4 in the absence of TGF-3 or
FGF promotes differentiation of extraembryon-
ic trophoblast and primitive endoderm (Vallier
et al. 2009¢; Sakaki-Yumoto et al. 2013).

Many genes bound by master transcription
factors and Smad2 and/or Smad3 in hESCs are
repressed. These are often bivalent genes that
have chromatin marks of both an activated (his-
tone H3 lysine 4 trimethylation, H3K4me3) and
repressed (histone H3 lysine 27 trimethylation,
H3K27me3) state, and are poised for differen-
tiation (Fig. 1C) (Bernstein et al. 2006). Several
of these key developmental regulators are also
bound by YAP and TAZ, two transcriptional
regulators of the Hippo signaling pathway (Be-
yer etal. 2013). When the Hippo kinase pathway
is activated by a variety of extrinsic cues, both
YAP and TAZ are phosphorylated and localize
to the cytoplasm. In contrast, when Hippo sig-
naling is turned off, YAP and TAZ translocate to
the nucleus where they interact with TEAD
transcription factors (Varelas et al. 2008). YAP
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and TAZ also associate with Smad2 and/or
Smad3, and together bind multiple pluripo-
tency and developmental genes, likely in a com-
plex with TEADs. These Hippo factors can
recruit HDACs, which are associated with a re-
pressed chromatin state and inhibition of gene
expression (Beyer et al. 2013). Under pluripo-
tency conditions, this complex predominantly
suppresses the mesendoderm lineage. On endo-
derm differentiation, YAP, TAZ, and TEAD
binding are lost at multiple genes for develop-
mental regulators, whereas Smad2 and/or
Smad3 remain bound through the DNA-bind-
ing, Smad partner, Foxhl. Foxhl is expressed
throughout the epiblast of pregastrulation
mouse embryos (Weisberg et al. 1998) and in
hESCs (Kim et al. 2011). In mESCs, Nodal sig-
naling requires expression of Foxh1 to promote
mesendoderm differentiation (Hoodless et al.
2001; Yamamoto et al. 2001), and studies in Xen-
opus show that FAST2 (homolog of Foxhl) is
required for activin-mediated induction of
Eomes expression (Ryan et al. 2000). Eomes is
also a Smad2- and Smad3-binding partner that
promotes endoderm differentiation together
with Foxhl (Kim et al. 2011; Teo et al. 2011;
Beyer et al. 2013). Interestingly, TAZ and YAP
can control nucleocytoplasmic shuttling of
Smad2 and Smad3 (Varelas et al. 2008), and
serve as sensors of mechanical force (Dupont
et al. 2012). This control can couple TGF-B-
Smad signaling to substrate rigidity, and, in the
case of hESCs, provides for more efficient neural
induction and motor neuron yield when cells are
cultured on soft substrates (Sun et al. 2014).
During differentiation, Smad2 and Smad3
associate with new transcriptional partners, be-
cause the ESC master transcription factors are
no longer expressed (Brown et al. 2011). Thus,
instead of interacting with Oct4 and Nanog,
Smad2 and/or Smad3 now co-occupy the ge-
nome with Foxhl and Eomes at sites enriched
for developmental regulators during endoderm
differentiation (Brown et al. 2011; Kim et al.
2011). In some cases, association of Smad2
and/or Smad3 with new transcription factors
occurs at enhancers that were not occupied in
ESCs, such as at the gene encoding Eomes (Fig.
1F). At other genes, such as Mixl1, Smad2 and/

or Smad3 remain at the same enhancers during
endoderm differentiation but now associate
with different combinations of transcription
factors (Brown et al. 2011; Kim et al. 2011; Beyer
et al. 2013). Studies of mESC differentiation
have also found that Smad2 and/or Smad3 in-
teract with Trim33/TIF1y to establish open
chromatin through removal of HPly from
compacted chromatin. The loss of HP 1y results
in more accessible DNA to allow heteromeric
complexes with Smad4 to form at new enhanc-
ers (Xietal. 2011). Another group, however, has
proposed that Trim33/TIFly ubiquitylates
Smad4, leading to Smad4 degradation and in-
hibition of endoderm differentiation (Morsut
et al. 2010). Although these studies appear in
contradiction, it is possible that selective loss of
Smad4 may alter the nature of the biological
output to TGF-B signaling, particularly given
the specific role that Smad4 plays in endoderm
specification during gastrulation (Chu et al.
2004).

TGF-B signaling regulates expression of
protein-coding genes to control differentiation,
but noncoding RNAs are also targeted by TGF-
B signaling. Long noncoding RNAs (IncRNAs)
are a class of RNAs that are polyadenylated and
have the same structure as messenger RNAs
(mRNAs) (Guttman et al. 2010) but tend to
be retained in the nucleus with biological activ-
ity as RNAs (Rinn and Chang 2012). Increasing
numbers of these IncRNAs have been described
to play significant roles in development and dif-
ferentiation (Marahrens et al. 1997; Klattenhoff
et al. 2013; Sauvageau et al. 2013; Herriges et al.
2014; Jiang et al. 2015), and IncRNAs have
shown a diverse range of functions, including
regulation of chromatin structure (Rinn et al.
2007), recruitment of transcription complexes
(Wang et al. 2012), and modulation of mRNA
translation and stability (Gong and Maquat
2012; Kretz et al. 2014). More than 1300
IncRNAs are induced after 2 days of treatment
with activin to differentiate hESCs toward en-
doderm (Sigova et al. 2013). In addition, the
IncRNA DEANRI was identified after 4 days of
endoderm differentiation (Jiang et al. 2015).
Depletion of DEANRI results in reduced
FOXA?2 expression along with reduced expres-
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sion of many other genes repressed with deple-
tion of FOXA2 mRNA. Immunoprecipitation
analysis using an antibody recognizing Smad2
and Smad3 shows that DEANRI is associated
with Smad2 and/or Smad3, and that Smad2
and/or Smad3 binding to the gene encoding
Foxa2 is reduced in DEANRI-deficient cells.
DEANRI is located about 2.4 kb downstream
from FOXA2, and these results suggest that
DEANRI helps recruit Smad2 and/or Smad3
to the gene encoding Foxa2 during endoderm
differentiation (Jiang et al. 2015). The extent of
IncRNA involvement in TGF-3 family signaling
is not yet known, but with further investigation
it is likely that many additional IncRNAs will be
identified that regulate differentiation either as
direct transcriptional targets of TGF-f3 signaling
or through interactions with Smad proteins.
Smad activity during ESC differentiation is
also affected by the site of Smad phosphoryla-
tion. Cyclin D expression is regulated by the cell
cycle (Neganova et al. 2009), and increasing cy-
clin D results in increased activity of CDK4 and
CDK6 (Matsushime et al. 1992; Ewen et al.
1993; Kato et al. 1993), which phosphorylate
Smad2 and Smad3 in their linker region, block-
ing nuclear localization (Matsuura et al. 2004;
Pauklin and Vallier 2013). In early G;, cyclin D
expression and the activity of CDK4 and CDK6
are low, allowing TGF- signaling to phosphor-
ylate the carboxy-terminal region of Smad2 and
Smad3. Thus, in early G;, hESCs are most re-
ceptive to TGF-f signaling and induction of
endoderm differentiation. As cells progress
into late G; and through the rest of the cell cycle,
cyclin D expression and CDK4 and CDK6
activity increase, resulting in phosphorylation
of the Smad2 and Smad3 linker regions, which
blocks nuclear localization and inhibits trans-
mission of the TGF- signal. hESCs at later
stages in the cell cycle are therefore less respon-
sive to TGF-f3 signaling and have more tendency
to differentiate toward neuroectoderm (Fig. 1E)
(Pauklin and Vallier 2013). The linker region of
Smads is also the target for input from addition-
al signaling pathways. In particular, Erk MAPK
and GSK3 converge on conserved sites in the
linker that in turn promote ubiquitin-depen-
dent degradation of Smadl (Fuentealba et al.

TGF-B Family Signaling in Stem Cells

2007) and Smad2 (Alarcon et al. 2009), thus
providing cross talk with both receptor tyrosine
kinase pathways and Wnt signaling.

PRIMORDIAL GERM CELLS

Germ cells are critical for reproduction and
propagation of the species and arise from pri-
mordial germ cells (PGCs), which produce
spermatozoa and oocytes. PGCs are distinctive
stem-cell pools that differentiate from the epi-
blast during gastrulation (Lawson and Hage
1994). PGCs are found in the posterior streak
region, where they are exposed to BMP-4 and
BMP-8b ligands that are expressed in the extra-
embryonic ectoderm adjacent to the epiblast
(Lawson et al. 1999; Ying et al. 2000). BMP is
critical for the specification and expansion of
PGCs, and mice deficient in BMP ligands, re-
ceptors, or Smad mediators display significantly
reduced PGCs (Lawson et al. 1999; Ying et al.
2000; Chang and Matzuk 2001; Tremblay et al.
2001; Hayashi et al. 2002; Arnold et al. 2006).
The visceral endoderm also contributes to PGC
development. BMP-2 and the type I BMP recep-
tor, ALK?2, are both expressed primarily in the
visceral endoderm in the early embryo, and loss
of either factor leads to a defect in PGC differ-
entiation (Ying and Zhao 2001; de Sousa Lopes
et al. 2004). Furthermore, genetic engineering
of Smadl alleles reveals that specification of
PGCs is dependent not only on activation of
Smadl by the BMP receptor, but also on
MAPK inputs to the Smad linker region (Aubin
2004). In vitro cultures of PGCs are also depen-
dent on BMPs, which, together with a cocktail
of other factors, support PGC proliferation in
the absence of fibroblast feeders (Farini et al.
2005). Analysis of ex vivo epiblast cultures
shows that BMP-4, but not BMP-8b, is required
for activation of the genes encoding Blimp1/
Prdml and Prdm14 (Ohinata et al. 2009), two
key transcriptional regulators of the PGC line-
age (Yamaji et al. 2008). Prdm1 and Prdm14
induction is also dependent on Wnt-mediated
activation of the mesoderm factor T (Aramaki
et al. 2013). Mesoderm induction is typically
accompanied by an EMT. The role of mesoderm
factors creates somewhat of a conundrum, as
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specification of PGCs depends critically on ep-
ithelial identity and E-cadherin-mediated cell—
cell interactions (Okamura et al. 2003), which
must be maintained as PGCs follow an extensive
migratory path to the gonads. The role of BMP
signaling may thus include enforcement of ep-
ithelial identity in the PGC niche, which could
mirror its roll in somatic-cell reprogramming.

NEURAL STEM CELLS

The adult brain contains two populations of
neural stem cells (NSCs). These stem cells are
located in the subgranular zone (SGZ) of the
hippocampal dentate gyrus and the subventric-
ular zone (SVZ) lining the lateral ventricles (Fig.
2) (Kriegstein and Alvarez-Buylla 2009; Mu
et al. 2010). NSCs from both the SGZ and

SVZ have the potential to differentiate into neu-
rons, astrocytes, and oligodendrocytes in vitro.
Neural differentiation in the SGZ produces glu-
taminergic neurons, whereas neural differenti-
ation in the SVZ gives rise to GABAergic and
dopaminergic interneurons innervating the ol-
factory bulb (Kriegstein and Alvarez-Buylla
2009; Mu et al. 2010). BMP signaling plays an
essential role in regulating the multipotency
of NSCs in both the SGZ and SVZ, but differ-
ences have evolved in how the two stem-cell
populations use BMP signaling. In midbrain
development, signaling through the canonical
TGEF-B pathway inhibits Wnt-induced prolifer-
ation and expansion of neuroepithelial cells, the
NSCs of early brain development (Falk et al.
2008). However, in the adult brain, TGF-f3 sig-
naling has no detectable effect on NSCs and,

NG

AORRS

A Hippocampal dentate gyrus

GCL

—

IPC Neuroblast

B Lateral ventricle

Oligodendrocyte

Astrocyte
IGF 1
BMP—|
[Z B cell SvzZ

sGz NSC PN Ependymal
( BMPRIA Astrocyte % Q FGF + BMP Neuroblast vz
Noaai __ABMP g _,BMP
oggin Noggin

Figure 2. Transforming growth factor § (TGF-f) family signaling in neural stem cells. Adult neural stem cells
(NSCs) are primarily located in the subgranular zone (SGZ) of the hippocampal dentate gyrus and the sub-
ventricular zone (SVZ) lining the lateral ventricles. (A) Bone morphogenetic protein (BMP) signaling promotes
the maintenance of the NSC state in the SGZ, and signaling through BMPRIA inhibits NSC proliferation. NSCs
of the SGZ produce the BMP inhibitor Noggin. Loss of BMP signaling through repression of BMPRIA or
inhibition of BMP signaling results in the formation of intermediate progenitor cells (IPCs), which differentiate
into neuroblasts and astrocytes in vivo. BMP is drawn in bold in the dentate gyrus to indicate increased levels of
BMP expression relative to SVZ. (B) In the SVZ, NSCs are called B cells and are maintained as slowly cycling
NSCs by BMP and fibroblast growth factor (FGF) signaling. Noggin is produced by ependymal cells and inhibits
of BMP signaling. BMP signaling promotes maintenance of the NSC state, but once cells begin to proliferate and
differentiate, BMP signaling can also promote astrocyte differentiation. GCL, Granular cell layer.
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instead, is required at later stages of neurogen-
esis (He et al. 2014).

NSCs from the SGZ of the dentate gyrus are
characterized by slow cycling and expression of
glial fibrillary acidic protein (GFAP), nestin,
Sox2, and astrocyte-specific glutamate trans-
porter (GLAST) (Shibata et al. 1997; Seri et al.
2001; Fukuda et al. 2003; Suh et al. 2007). NSCs
can differentiate into intermediate progenitor
cells (IPCs, also referred to as transit-amplifying
or neural progenitor cells), which then give rise
to neurons, astrocytes, and oligodendrocytes, or
can directly give rise to terminal neural lineages
(Fig. 2A) (Haubensak et al. 2004; Miyata 2004;
Noctor et al. 2004). IPCs also express Sox2 and
nestin, but are distinguished from NSCs by their
more rapid proliferation, nonradial morpholo-
gy, absence of GFAP expression, and lack of re-
sponse to BMP signaling (Mira et al. 2010).

BMP signaling is a key factor controlling
NSC maintenance. NSCs express the BMPRIA
receptor and respond to BMP signaling with
activation of Smadl, 5, and/or 8 (Mira et al.
2010; Sun et al. 2011). In addition, loss of
BMPRIA or Smad4 expression results in an ini-
tial increase in proliferation of NSCs and neuro-
genesis (Mira et al. 2010), all suggesting that
BMP signaling is responsible for maintaining
NSCs in a slowly cycling, undifferentiated state.
The BMP signal occurs primarily through the
canonical BMP signaling pathway with activa-
tion of Smadl, 5, and/or 8, and not through the
noncanonical Erk MAPK pathway (Sun et al.
2011). By slowing proliferation, BMP signaling
may also preserve the ability to produce neurons
later in life, as NSCs have limited potential for
proliferation and lose the ability to proliferate
with age (Hattiangady and Shetty 2008; Aizawa
et al. 2011). Although loss of BMP signaling
does result in an initial expansion in neural dif-
ferentiation and NSC proliferation, longer-term
BMP signaling blockade results in loss of both
IPCs and immature neurons (Mira et al. 2010).

Inhibition of BMP signaling is a key point of
control in regulating NSC differentiation. The
BMP inhibitor Noggin (Balemans and Van Hul
2002) is expressed by cells of the dentate gyrus
(Fan et al. 2003) and by NSCs themselves (Guo
et al. 2011), showing both paracrine and auto-

TGF-B Family Signaling in Stem Cells

crine inhibition of BMP signaling. The RNA-
binding protein-FXR2 is expressed in NSCs
where it binds Noggin mRNA and increases
the rate of degradation. Thus, in NSCs of the
SGV, FXR2 expression inhibits Noggin at the
posttranscriptional level to promote NSC main-
tenance (Guo et al. 2011). Insulin-like growth
factors (IGFs) affect oligodendrocyte differenti-
ation (Masters et al. 1991), and the effect of
IGF1 on neural differentiation is a result, at least
in part, of induction of Noggin and Smad6 ex-
pression to inhibit BMP signaling (Hsieh 2004).

BMP signaling is also a regulator in the SVZ
where NSCs are referred to as B cells and are
located in the walls of the lateral ventricles
(Fig. 2B). B cells express BMP-2, -4, and -7
(Lim et al. 2000; Peretto et al. 2002; Bonaguidi
et al. 2008). The BMP inhibitor Noggin is not
expressed in B cells or IPCs in the SVZ, and is
instead expressed by the adjacent ependymal
cells (Lim et al. 2000; Guo et al. 2011). As a
result, FXR2 expression in B cells does not reg-
ulate Noggin production in the lateral ventri-
cles, and loss of FXR2 does not affect B cells or
IPCs in the SVZ (Guo et al. 2011). B cells also
have a greater potential for expansion in vitro
than NSCs of the SGZ (Seaberg and van der
Kooy 2002; Bull and Bartlett 2005), but this
defect can be rescued by inhibition of BMP sig-
naling (Lim et al. 2000; Bonaguidi et al. 2008).
Inhibition of BMP signaling has less effect on
proliferation of B cells compared with NSCs of
the SGZ, and this may reflect lower levels of
BMP expression in B-cell cultures (Bonaguidi
et al. 2008). BMP signaling helps maintain the
B-cell state, but once differentiation is initiated,
BMP signaling tends to promote astrocyte dif-
ferentiation while suppressing neural and oligo-
dendrocyte fates, and Noggin tends to have the
opposite effect. BMP signaling also promotes
neuroblast survival once cells have committed
to the neural fate (Bond et al. 2012).

BMP signaling acts in concert with other
signaling pathways including FGF signaling.
FGF?2 is required to maintain the NSC state in
culture in conjunction with BMP (Sun et al.
2011). IGF1 promotes oligodendrocyte differ-
entiation and induces expression of the BMP
signaling inhibitors, Smad6 and Noggin. The
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addition of FGF2 and IGFI to NSC cultures
inhibits induction of Smad6 and Noggin gene
expression and disrupts oligodendrocyte differ-
entiation (Hsieh 2004). In addition, FGF2 sig-
naling activates the Erk MAPK pathway, leading
to phosphorylation of the Smadl linker. Fol-
lowing phosphorylation of its linker regions,
Smadl is retained in the cytoplasm despite car-
boxy-terminal phosphorylation in response to
BMP signaling (Pera 2003; Bilican et al. 2008).
BMP signaling in B cells is also regulated by
cyclin-dependent kinase inhibitors. p21<™*" in-
teracts with E2F transcription factors to inhibit
expression of BMP-2, and loss of p21“™! ex-
pression results in increased cell proliferation,
increased BMP-2 expression, and astrocyte dif-
ferentiation (Kippin et al. 2005; Porlan et al.
2013).

HAIR FOLLICLE STEM CELLS

Hair follicle stem cells (HFSCs) are a slow-cy-
cling population of cells that reside at the site of
attachment of the arrector pili muscle, in a re-
gion called the bulge (Cotsarelis et al. 1990).
Hair growth occurs in cycles. Telogen is the qui-
escent phase, anagen is the growth phase, and
catagen is the follicle regression phase. In telo-
gen (Fig. 3A), the bulge cells are located at a
short distance from the dermal papilla (DP),
which provides many of the signals to begin
hair growth. The HFSCs in the closest proximity
to the DP are referred to as hair germ (HG) cells.
During anagen, the HFSCs receive signals to
proliferate and differentiate into cells of the ma-
trix, which produce the hair follicle and follicle-
supporting cells. The expanding cell population
pushes the DP further from the HFSCs, reduc-
ing the proliferative signal received by the
HFSCs (Fig. 3B). In catagen, apoptosis leads to
loss of the matrix cells and the DP moves back in
close proximity to the HG cells.

HFSCs were originally identified in the
bulge because of the retention of tritiated thy-
midine, which marked them as cycling more
slowly than neighboring cells (Cotsarelis et al.
1990; Chen et al. 2008b). HFSCs are present as a
single layer of cells adjacent to an inner layer of
cells that stabilize the old hair (Hsu et al. 2011).

HFSCs are identified by surface expression of
CD34 and by expression of the transcription
factors Tcf3, Sox9, Lhx2, and NFATc1, and of
Lgr5 (Merrill et al. 2001; Vidal et al. 2005; Rhee
et al. 2006; Horsley et al. 2008; Jaks et al. 2008).

BMP signaling promotes telogen, while in-
hibition of BMP signaling in coordination with
induction of Wnt and FGF signaling induces
hair growth. In telogen, the shaft is short and
the base of the bulge cells (HG cells) is in contact
with the DP. The follicle is maintained in telo-
gen primarily by secretion of BMP by surround-
ing cell populations. BMP-2 is expressed by ad-
ipocytes and BMP-4 is expressed by dermal
fibroblasts (Plikus et al. 2008). BMP-6 is pro-
duced by the keratin 6+ inner bulge cells, which
also produce FGF18, to suppress proliferation of
HFSCs (Hsu et al. 2011). BMP signaling leads to
activation of Smadl, 5, and/or 8 through the
BMPRIA receptor (Kulessa et al. 2000; Kobielak
et al. 2003; Plikus et al. 2008). BMP activation is
also associated with expression of active (non-
phosphorylated) PTEN, which blocks PI3K-
Akt signaling and thus decreases Wnt signaling
because of stabilization of GSK3B (Kobielak
et al. 2003; Zhang et al. 2006b). Thus, BMP
signaling inhibits proliferation and antagonizes
Wnt signaling to promote telogen.

The transition from telogen to anagen is
marked by suppression of BMP signaling, which
results in HFSC proliferation and differentia-
tion. DP cells express the BMP inhibitor Noggin
(Zimmerman et al. 1996) and, by late anagen,
Noggin is expressed throughout the hair follicle
(Botchkarev et al. 2001; Zhang et al. 2006b).
Sostdcl (also known as ectodin or USAG-1),
another BMP inhibitor (Laurikkala et al. 2003;
Ying et al. 2008; Wray et al. 2011; Yi et al. 2011)
is also secreted by DP cells at increasing levels
through telogen (Rendl et al. 2005; Greco et al.
2009). In addition, FGF7 and FGF10 are pro-
duced by DP cells, and induce increased HESC
proliferation (Hsu et al. 2011), in contrast to the
effects of FGF18. Smad2 phosphorylation is de-
tected in HFSC:s just before the transition from
telogen to anagen, and Smad?2 is activated by
TGF-B2 produced by DP cells but not by
TGF-B1 or TGF-B3. The most pronounced ef-
fect of TGF-P2 signaling is observed in HG cells,

14 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101 /cshperspect.a022186


http://cshperspectives.cshlp.org/

g’é’gﬁm Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

Downloaded from http://cshperspectives.cshlp.org/ on August 26, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

TGF-B Family Signaling in Stem Cells

BMP-€ K6+ cell

Fibroblasts / Hair follicle
—ate e  BMP-4 — stem cells Hair
—
(HFSCs) follicle
(‘ ) _|BMP'2 Bulge stem cells
Adipocytes
(O Bulge
Hair [
germ
TGF-B2 +
BMP inhibitor
Dermal papilla
Telogen Transition to
anagen
Matrix cells

TGF-p2 +
BMP inhibitor

Dermal papilla \—/

Anagen

Figure 3. Transforming growth factor § (TGF-B) family signaling in hair follicle stem cells. (A) Telogen repre-
sents the quiescent state of hair follicle development. Hair follicle stem cells (HFSCs) are located in the bulge.
Cells including dermal fibroblasts and adipocytes and K6+ cells secrete bone morphogenetic protein (BMP)
molecules, which maintain HFSCs in their slowly proliferating state. Expression of Noggin and TGF-3 from the
dermal papilla (DP) cells blocks BMP signaling and promotes proliferation of the HFSCs. The progenitor cells
that differentiate from the HFSCs are responsible for growth of the hair follicle. (B) During anagen, the hair
follicle grows, pushing the DP and the TGF-f2 produced by these cells further from the HFSCs in the bulge. Ata
certain point, the BMP signaling wins out over the TGF-f3 signal, resulting in HFSC quiescence and atrophy of
the hair follicle.

which show a loss in Smadl, 5, and/or 8 acti-
vation and increased proliferation in response
to TGF-P2 signaling. TGF-B2 signaling is dose-
dependent; low doses promote proliferation,
whereas high doses inhibit proliferation. This
activity is mediated in significant part by trans-
membrane protein with epidermal growth
factor—like and two follistatin-like domains 1
(Tmeff1, also known as Tomoregulin-1), which
suppresses BMP signaling. Tmeffl gene expres-
sion is activated by TGF-B2 signaling through
the TGF-B type II receptor (TRRII), and the

Tmeff1 promoter region is directly occupied by
Smad2 and/or Smad3 (Oshimori and Fuchs
2012). With inhibition of BMP signaling, Wnt
promotes cell proliferation and differentiation
leading to follicle growth.

HEMATOPOIETIC STEM CELLS

Hematopoietic stem cells (HSCs) reside in the
bone marrow in adult vertebrates and are the
source of red blood cells, platelets, and white
blood cells of both lymphoid and myeloid lin-
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eages (Wang and Wagers 2011). The HSC state
is maintained by signals from the microenvi-
ronment or niche (Morrison and Scadden
2014), which is composed of cells, including
mesenchymal stem/stromal cells (Dexter et al.
1977; Méndez-Ferrer et al. 2010), endothelial
cells (Kiel et al. 2005), osteoblasts (Calvi et al.
2003; Zhang et al. 2003; Arai et al. 2004), and
sympathetic nerve fibers (Yamazaki et al. 2011).

Under steady-state conditions, HSCs are
maintained in a slowly proliferating state in
which cells remain largely in G, and divide ev-
ery 1-2 months (Bradford et al. 1997; Cheshier
etal. 1999; Sudo et al. 2000). Signals from stem-
cell factor (SCF) (Ding et al. 2012), CXCL12
(Sugiyama et al. 2006) and TGF-B (Keller
et al. 1988) are required for HSC maintenance
(Fig. 4). Endothelial cells produce SCE whereas
mesenchymal stem cells (MSCs) produce both

Extracellular matrix\

CXCL12

Endothelial cell

~_/ TGF-p 0

’@ia
CXCL12

SCF and CXCL12 (Ding et al. 2012; Ding and
Morrison 2013; Greenbaum et al. 2013). HSCs
produce TGF-@, but it is in an inactive (latent)
form (Yamazaki et al. 2009), and activated TGF-
B must be provided by the niche. TGF-f signal-
ing was originally reported to inhibit the prolif-
eration of HSCs in vitro (Keller et al. 1988), and
Smad2 and/or Smad3 were found to be phos-
phorylated in freshly isolated HSCs consistent
with active TGF- signaling (Yamazaki et al.
2009). The formation of lipid rafts occurs with
the onset of proliferation and differentiation
and is associated with activation of Akt, which
leads to inactivation of the transcription factor,
FoxO (Yamazaki et al. 2006), and this process is
inhibited by TGF-$ signaling (Yamazaki et al.
2009). Treatment of HSCs with TGF- is also
associated with maintenance of cytoplasmic lo-
calization of p57"™**® and cyclin D1 leading to

Autonomic
nerve

Nonmyelinating
Schwann cell

Mesenchymal
stem cell

Blood vessel

Figure 4. Transforming growth factor B (TGF-B) family signaling in hematopoietic stem cells. The niche
provides signaling support to maintain hematopoietic stem-cell (HSC) state. CXCL12 and stem-cell factor
(SCF) are both required for HSC maintenance and are provided by mesenchymal stem cells (MSCs) and
endothelial cells. Inactive (latent) TGF-B is produce by HSCs and other cells in the niche. Nonmyelinating
Schwann cells express integrin av38, which binds the latent TGF- complex and recruits metalloproteinases that
cleave latent TGF-B and release active TGF-B. TGF-3 acts through TRRII on the surface of HCSs to inhibit
proliferation and promote maintenance of HSC state.
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inhibition of cell division (Yamazaki et al.
2009).

Although TGF-f signaling inhibits prolifer-
ation of HSCs (Keller et al. 1988; Ottmann and
Pelus 1988; Sitnicka et al. 1996), BMP promotes
HSC specification and expansion during gas-
trulation in vertebrates and is required for in
vitro HSC maintenance and proliferation (Bha-
tia et al. 1999; Kang et al. 2004). BMPs specify
the HSC lineage in cooperation with Wnt sig-
naling and the induction of Cdx and Hox gene
expression and consequent transcriptional net-
works (Lengerke et al. 2008). The emergence of
the HSC population during gastrulation also
requires the TGF-B family accessory receptor,
endoglin, which marks all cells of hematopoiet-
ic fate and binds both TGF- and BMP receptor
complexes (Barbara et al. 1999; Borges et al.
2012). Hematopoietic and endothelial progen-
itor cells are unusual in that they display strong
TGF-B-dependent activation of Smadl and
show elevated expression of endoglin (Oh
et al. 2000; Borges et al. 2012), which modulates
the magnitude of TGF-B-dependent Smadl
versus Smad2 activation (Pece-Barbara et al.
2005). This may provide a mechanism to bal-
ance BMP- versus TGF-B-mediated Smad acti-
vation within the HSC niche and provides a key
example of how cellular context directs biolog-
ical outputs in response to TGF-f3 family signal-
ing (Pece-Barbara et al. 2005).

Cross talk between TGF-3 and BMP signal-
ing has made mechanistic interpretation of ge-
netic data challenging, and modulation of indi-
vidual components of the TGF-B signaling
pathway initially provided conflicting results.
HSCs deficient in TBRI showed a defect in pro-
liferation in vitro but not in vivo (Larsson
2003). This receptor was later found to be ex-
pressed at low levels in HSCs (Utsugisawa et al.
2006; Yamazaki et al. 2009), making the results
more difficult to interpret. Overexpression of
Smad7, an inhibitory Smad that antagonizes
TGEF-B family—induced Smad signaling, results
in an expanded HSC pool in vivo while inhib-
iting HSC proliferation in vitro (Blank et al.
2006). Targeted deletion of Smad4 in HSCs,
which would be predicted to disrupt TGF-8
family signaling, caused decreased self-renewal

TGF-B Family Signaling in Stem Cells

in competition with wild-type HSCs in vivo and
revealed no defect in proliferation in vitro
(Karlsson et al. 2007).

Subsequent studies provide a clearer picture
of the role of TGF-3 signaling in HSCs. TBRII is
highly expressed in HSCs, and HSCs deficient
for Tgfbr2 show decreased Smad2 and/or
Smad3 phosphorylation and an increased pro-
pensity to enter the cell cycle both in vitro and
in vivo (Yamazaki et al. 2011). HSCs are defined
by combinations of surface markers (Kiel et al.
2005) and have the ability to reconstitute all
lineages of the blood, but they are not a homog-
enous population (Mercier et al. 2011). HSCs
can be divided into myeloid-biased and lym-
phoid-biased HSCs. Each population is capable
of reconstituting all blood lineages, but they
show a tendency toward individual lineages
(Challen et al. 2010). These subpopulations
were found to respond differently to TGF-f3 sig-
naling. Higher concentrations of TGF-@3 are as-
sociated with decreased proliferation of both
myeloid and lymphoid HSCs, whereas lower
concentrations of TGF-f signaling promote
myeloid HSC proliferation and inhibit lym-
phoid HSC proliferation (Challen et al. 2010).

HSCs primarily secrete TGF-31 as do other
cell types in the niche (Yamazaki et al. 2009),
but, in each case, TGF-B is secreted in a latent
form and is not biologically active. Latent TGF-
B forms a complex with TGF-@ latency-associ-
ated protein (LAP) and is stored in the extracel-
lular matrix (Annes et al. 2003). Nonmyelinat-
ing Schwann cells, which are associated with
small autonomic axons adjacent to blood ves-
sels in the bone marrow, were proposed to be a
key regulator of TGF-f activity (Yamazaki et al.
2011). These cells express integrin av38, which
directs metalloproteinases to cleave latent TGF-
B (Munger et al. 1999; Annes et al. 2003). Im-
munofluorescence analysis showed that non-
myelinating Schwann cells are located in close
proximity to active TGF-f. In addition, loss of
these specific Schwann cells after transection of
sympathetic nerves results in a significant de-
crease in Smad2 and/or Smad3 phosphoryla-
tion in HSCs and increased proliferation (Ya-
mazaki et al. 2011). The investigators propose
that integrin avf38 binds latent TGF-$ in the
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extracellular matrix leading to recruitment of
metalloproteinases and cleavage of the latent
TGEF-B complex to release active TGE-3. Over-
all, these results present a complex picture in
which the signal strength, differences in HSC
subpopulations, and the niche all interact to
determine the response to TGF-@ signaling.

INTESTINAL STEM CELLS

Intestinal stem cells are located in the crypts of
the small intestine and colon and provide a
constant supply of intestinal epithelial cells
that migrate to the villi and are then shed after
several days (Fig. 5A) (Leblond and Stevens
1948; Creamer et al. 1961). Intestinal crypts
contain two types of stem cells. Lgr5+ stem cells
proliferate more rapidly and are responsible for
the production of intestinal epithelial cells (Bar-
ker et al. 2007), while 44 stem cells are quies-
cent and are important for regeneration of the
intestinal epithelium after injury (Sangiorgi and
Capecchi 2008). The stem cells are interdigitat-
ed between Paneth cells, and Paneth cells pro-
vide many of the ligands in the niche to support
the intestinal stem cells (Sato et al. 2011). Wnt
ligands are a key signal promoting self-renewal
and proliferation of intestinal stem cells and are
expressed at higher levels in the crypts than the
villi (Batlle et al. 2002; Gregorieff et al. 2005). In
the presence of higher Wnt activity in the
crypts, Notch signaling helps prevent differen-
tiation of Lgr5+ cells by inhibiting differentia-
tion into secretory cells. Wnt activity decreases
as cells migrate into the villi, and, in the setting
of reduced Wnt activity, Notch promotes differ-
entiation of absorptive epithelial cells instead of
secretory cells (Fre et al. 2005; van Es et al. 2005;
Medema and Vermeulen 2011). The BMP gra-
dient is opposite to that of Wnt (Haramis et al.
2004; Kosinski et al. 2007), and BMP-4 is de-
tected in the intervillous mesenchyme at higher
levels than in mesenchyme surrounding the
crypts (Haramis et al. 2004; Kosinski et al.
2007). Noggin, Gremlinl and 2, and Chordin-
like 1 are BMP antagonists and are expressed at
higher levels in the crypts or their underlying
mesenchyme (He et al. 2004; Kosinski et al.
2007). Loss of BMP signaling in intestinal epi-

thelium either through loss of BMPRIA expres-
sion, ectopic expression of Noggin, or elevated
Gremlin] expression results in an expansion of
crypts suggesting that BMP signaling represses
crypt formation and inhibits expansion of the
stem-cell niche (Haramis et al. 2004; He et al.
2004; Davis et al. 2015). Treatment of crypt cells
with Noggin leads to phosphorylation of PTEN
and Akt and is associated with translocation of
B-catenin to the nucleus, suggesting that BMP
signaling may directly inhibit Wnt signaling in
crypts (He et al. 2004). Furthermore, human
mutations in the genes encoding Smad4 (Houl-
ston et al. 1998) or BMPRIA (Zhou et al. 2001)
are associated with juvenile polyposis coli,
whereas hereditary mixed polyposis syndrome
is associated with duplication of GREM]I, the
gene encoding Gremlinl (Davis et al. 2015).
These genetic disorders associated with loss of
BMP activity lead to adenoma formation and
colorectal cancer that arises from expansion of
the intestinal stem-cell compartment. Under-
standing the signaling requirements for Lgr5+
intestinal stem cells has now led to efficient in
vitro maintenance and expansion of intestinal
stem cells with R-spondinl (activation of Wnt
signaling), Noggin (inhibition of BMP signal-
ing), Notch, and EGF (Sato et al. 2009).

MESENCHYMAL STEM CELLS

Adult MSCs are present in many adult tissues
including the bone marrow, adipose tissue,
muscle, and dental pulp. They can self-renew
and have the potential to differentiate into mul-
tiple lineages including bone, cartilage, fat, ten-
don, and muscle (Friedenstein et al. 1968; Be-
resford et al. 1992; Pittenger et al. 1999). These
cells are of clinical interest as they are readily
accessible from adult patients and provide a
source of connective tissues for wound repair.
MSCs are defined as mononuclear cells that can
attach to plastic, proliferate in culture, and dif-
ferentiate into mesenchymal lineages (Prockop
1997). This definition encompasses a heteroge-
neous population of cells that can differ in gene-
expression patterns and differentiation poten-
tial depending on the tissue of origin. MSCs
were originally derived from the bone marrow
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Figure 5. Transforming growth factor B (TGF-) family signaling in intestinal, mesenchymal, and dental stem
cells. (A) Bone morphogenic protein 4 (BMP-4) signaling promotes differentiation of intestinal stem cells,
whereas inhibition of BMP signaling by Noggin, Gremlin 1 or 2, and Chordin-like 1 promote maintenance of the
intestinal stem-cell fate. (B) Mesenchymal stem-cell (MSC) maintenance and differentiation is regulated by
BMP and TGF-f signaling. BMP-3 signaling promotes MSC proliferation and the indicated BMPs promote
osteocyte and adipocyte differentiation. TGF-B1 and -B3 and BMP-2 coordinate to promote chondrocyte
differentiation, and both myostatin and TGF-B inhibit myoblast differentiation. (C) Rodent incisors continue
to grow throughout life, and growth is maintained by dental epithelial stem cells (DESCs) and dental mesen-
chymal stem cells (DMSCs). DESCs differentiate into ameloblasts to produce enamel, and DMSCs differentiate
into odontoblasts to produce dentin. TGF-B2 increases and BMP-4 represses expression of fibroblast growth
factor 3 (FGF3) and FGF10. FGF3 and FGF10 inhibit differentiation and promote proliferation of DESCs. (D)
Dental stem cells are present in the developing molar and are lost in the adult molar. Shh promotes maintenance
of the DESCs in the developing molar until the signal is blocked by BMP (top). The adult molar does not contain
DESCs, but the dental pulp is a source of MSCs (bottom).
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(BMSCs), and BMSCs are often the point of
comparison for other MSC populations.
BMSC:s have been differentiated into bone, car-
tilage, fat, tendon, and muscle cells (Frieden-
stein et al. 1968; Beresford et al. 1992; Pittenger
et al. 1999), and were also found to be required
to maintain HSCs in culture (Dexter etal. 1977).
MSCs derived from tendons are called tendon-
derived stem cells (TDSCs). TDSCs can be dif-
ferentiated into osteocytes, chondrocytes, and
adipocytes in vitro and can produce bone, car-
tilage, fat, and tendon-like tissue when injected
in vivo (Bi et al. 2007). When compared with
BMDCs, TDSCs express higher levels of
BMPRIA, BMPRIB, and BMPRII and produce
more osteocytes in response to BMP-2 (Rui et al.
2011). The dental papilla is a source of dental
pulp stem cells (Smith et al. 1995; Chai et al.
2000). These stem cells are capable of differen-
tiating into odontoblasts and producing dentin-
like structures. When compared with BMSCs,
they were initially found to be deficient in the
production of osteocytes and adipocytes (Gron-
thos et al. 2000), but were later found to be
capable of adipocyte differentiation under dif-
ferent conditions (Gronthos et al. 2002). MSCs
were also recently characterized from rodent in-
cisors. These MSCs are capable of differentia-
tion into adipocytes, chondrocytes, and pro-
duce calcified tissue (Zhao et al. 2014). MSCs
isolated from articular chondrocytes have the
potential to produce chondrocytes, osteocytes,
and adipocytes, but there are limited compari-
sons to BMSCs (Barbero et al. 2003; Tallheden
et al. 2003). MSCs isolated from adipose tissue
can differentiate into bone, cartilage, fat, and
muscle. They share many, but not all surface
markers with BMSCs and, unlike BMSCs,
lipid-derived MSCs do not express detectable
BMP-2 (Zuk et al. 2001, 2002).

MSC differentiation has been studied using
primary MSC cultures as well as multipotent
mesenchymal cell lines (Fig. 5B). C3H10T1/2
cells (Reznikoff et al. 1973) are mesenchymal
cells derived from mouse embryos, and C2C12
cells (Yaffe and Saxel 1977) are multipotent
myoblast cells. Both of these lines were used
in many early studies that showed the differ-
entiation potential of MSCs (Taylor and Jones

1979; Davis et al. 1987). Experiments using
C3H10T1/2 cells established the significance
of BMP in MSC differentiation with the discov-
ery that BMP-2 and BMP-4 primarily promote
differentiation of MSCs into osteocytes but also
induce development of adipocytes and chon-
drocytes (Ahrens et al. 1993). BMP-2, -4, -6,
-7, and -9 have all been shown to promote dif-
ferentiation toward osteocytes using C3H10T1/
2 and C2C12 lines (Luu et al. 2007). This pro-
cess is more efficient in mouse MSCs compared
with human MSCs, possibly as a result of vari-
ations in Noggin expression (Osyczka et al.
2004). In BMSCs, BMP-2 signaling leads to in-
duction of expression of the key osteocyte tran-
scription factor, Runx2 (also known as Cbfal)
(Komori et al. 1997; Otto et al. 1997). Although
Runx2 turns out to be an indirect target of BMP
signaling, Runx2 does physically interact with
Smadl and Smad5 during differentiation (Lee
et al. 2000).

TGEF-P signaling also induces Runx2 expres-
sion (Lee et al. 2000). However, the overall effect
of TGF-P signaling on C2C12 cells is to inhibit
osteocyte differentiation, and both TGF-B1 and
TGF-B3 promote chondrocyte differentiation
of BMSCs (Johnstone et al. 1998; Mackay
et al. 1998; Pittenger et al. 1999). The TGF-B-
dependent inhibition of osteocyte differentia-
tion is mediated at least in part by the interac-
tion between Smad3 and Runx2, which leads to
recruitment of HDAC4 or 5 to sites bound by
the Smad3—Runx2 complex, including the gene
encoding osteocalcin (Kang et al. 2005). Inhibi-
tion of the TRRI kinase activity with a small
molecule results in a loss of chondrocyte differ-
entiation, while inhibition of BMP type I recep-
tor function disrupts differentiation of BMSCs
to chondroblasts, but does not inhibit progres-
sion of chondroblasts to chondrocytes (Helling-
man et al. 2011).

BMP-2, -4, and -7 signaling promote adi-
pocyte differentiation through activation of
PPARY expression, the key transcription factor
regulating adipogenesis (Cristancho and Lazar
2011), whereas concomitantly inhibiting myo-
cyte differentiation (Lee et al. 2000; Jin et al.
2006). BMP signaling induces nuclear localiza-
tion of the transcription factor Schnurri, which
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can interact with Smadl, Smad4, and C/EBPa
to induce expression of PPARy (Jin et al. 2006).
BMP-mediated activation of p38 MAPK also
promotes adipogenesis by increasing PPARYy ac-
tivity (Hata et al. 2003; Huang et al. 2009),
whereas TGF-[3 antagonizes adipogenesis in vi-
tro through Smad3-mediated inhibition of C/
EBP activity (Choy and Derynck 2003).

There are two different classes of adipocytes.
White adipocytes produce white fat that stores
triglycerides. Brown adipocytes produce brown
fat that is involved with energy expenditures,
and promotion of brown fat over white fat
may help reduce health problems related to
obesity (Gesta et al. 2007). Pretreatment of
C3H10T1/2 cells with BMP-7 for 3 days before
adipocyte differentiation led to induction of
C/EBP3S expression before differentiation and
increased production of brown adipocytes com-
pared with white adipocytes, including induc-
tion of expression of UCPI, a key protein that
mediates energy expenditure (Tseng et al. 2008).
Injection of BMP-7-treated C3H10T1/2 cells
into immunodeficient mice also led to produc-
tion of predominantly brown fat over white fat,
and Bmp7~/~ mice showed decreased produc-
tion of brown fat (Tseng et al. 2008).

TGF-B and myostatin both inhibit muscle
differentiation. Myogenic differentiation of
C3H10T1/2 and C2Cl12 cells is inhibited by
TGF-B signaling through phosphorylated
Smad3 that can interact with and inhibit the
function of MyoD1 in myogenesis. This pro-
cess is dependent on Smad3 and not Smad2
(Liu et al. 2001). In vivo, myostatin is a key
negative regulator of muscle differentiation, as
genetically engineered mice bred for myostatin
mutations and humans with naturally occur-
ring mutations, all display notable increases
in lean muscle mass (Allen et al. 2011). In
C3H10T1/2 cells, myostatin binds to the type
IT receptor, ActRIIB (gene name, ACVR2B) in
combination with ActRIB/ALK4, and TBRI
leading to phosphorylation of Smad2 and
Smad3. This interaction blocks BMP-7 signal-
ing by competing for ActRIIB leading to inhi-
bition of adipocyte differentiation, but does
not inhibit BMP-2 signaling (Rebbapragada
et al. 2003).

TGF-B Family Signaling in Stem Cells

TGF-B and BMP signaling molecules are
major factors directing MSC differentiation.
In addition to those described above, BMP-3
signaling promotes MSC proliferation through
activation of Smad2 phosphorylation (Stewart
et al. 2010). It remains unclear how the TGF-f3
family directs such diverse responses in MSC
differentiation, but this process likely involves
coordination with other signaling pathways in-
cluding Wnt-B-catenin signaling (Ross et al.
2000), the strength of TGF-B family signaling,
and heterogeneity in response to TGF-f family
signaling (Chen et al. 1998).

DENTAL STEM CELLS

Different populations of stem cells are present
in rodent incisors, which show continued
growth in adults and in molars, which do not
continue to grow. Rodent incisors contain two
stem-cell populations. Dental epithelial stem
cells (DESCs) are present in the cervical loop
and differentiate into ameloblasts to produce
enamel, whereas dental mesenchymal stem cells
(DMSCs) are located adjacent to the cervical
loop and differentiate into odontoblasts to
produce dentin (Fig. 5C) (Harada et al. 1999;
Seidel et al. 2010; Zhao et al. 2014). These two
stem-cell populations work together to main-
tain incisor growth. Conditional deletion of
Smad4 also promotes expansion of DESCs in
rodent incisors (Li et al. 2015) where both
DESCs and DMSCs are expressed in the adult.
In contrast, conditional loss of TBRI expression
blocks TGF-f signaling and leads to a loss of
DESCs and a defect in proliferation of transient-
amplifying cells produced by DESCs. FGF10 is
required for maintenance of DESCs (Harada
et al. 1999, 2002), and loss of TRRI expression
can be rescued with exogenous FGF10, suggest-
ing that FGF10 acts downstream from TGF-3
signaling (Zhao et al. 2011). Conditional dele-
tion of Tgfb2 in the dental mesenchyme is as-
sociated with increased DESC differentiation,
malformation of the incisors, decreased expres-
sion of FGF3 and FGF10, and increased expres-
sion of Wnt5. The effects of Tgfb2 deletion
could be partially rescued by inhibition of
Wnt signaling, suggesting that mesenchymal
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TGF-B2 production controls Wnt and FGF10
expression to regulate DESC maintenance and
differentiation (Yang et al. 2014). The pheno-
type observed with loss of Smad4 expression is
likely a result of loss of BMP signaling, as dental
mesenchyme produces BMP-4, which inhibits
FGF3 expression (Wang et al. 2007), and sug-
gests that Smad4 may play a larger role in me-
diating BMP signaling in this niche compared
with TGF-B signaling. DMSCs make up only
~5% of mesenchymal tissue adjacent to the
cervical loop (Zhao et al. 2014), and their dif-
ferentiation is regulated by sonic hedgehog
(Shh), which is produced by the neurovascular
bundle. It is not yet clear whether DMSCs play
a role in production of FGF3, FGF10, or Wnt
proteins in response to TGF-{ signaling in the
incisor mesenchyme.

In adult molars, the cervical loop and
DESCs are lost during development, which lim-
its the growth potential of the teeth (Fig. 5D)
(Tummers 2003). Conditional deletion of
Smad4 or Bmprla results in persistence of the
cervical loop in molars, and this finding was
associated with expansion of DESCs as defined
by expression of Sox2 (Li et al. 2015). This
response was not observed with conditional
deletion of Tgfb2. Deletion of Smad4 in dental
epithelial cells was also associated with in-
creased expression of Shh in the niche and the
maintenance of Glil (GLI family zinc finger
protein) positive cells. Glil expression is in-
duced by Shh signaling, and Sox2 expression,
which marks DESCs, persists in Glil-positive
cells (Li et al. 2015). These findings suggest
that BMP signaling is responsible for loss of
DESCs during molar maturation and acts by
reducing Shh expression in the niche of the im-
mature cervical loop.

CONCLUSIONS

The TGF-f family is a key regulator of stem-cell
state and differentiation from the earliest stages
of development to homeostasis of the adult or-
ganism. TGF- and BMP signaling each play
diverse roles in controlling both embryonic
and adult stem-cell fate. These roles are deter-
mined by the interaction with the unique pat-

terns of transcription factors and signaling
receptors that define each cell type in combina-
tion with additional signals from their niches.
Further understanding of how the TGF-f3 fam-
ily regulates stem-cell state will help unlock
the full potential of stem cells in regenerative
medicine.
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