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Abstract Transforming growth factor-betas (TGF-fs)
and their family members that include bone morphogenic
proteins and activins have been implicated in the regulation
of proliferation, hibernation, quiescence and differentiation
of hematopoietic stem cells (HSCs). Increasing evidence
suggests that the superfamily of TGF-Bs play an integral
role in the intercellular cross-talk between the stem cells
and their microenvironment as well as within the cells at an
intracellular level. Active sites of hematopoiesis, such as
fetal liver and bone marrow are known to have abundant
presence of TGF-B indicating their importance in the
maintenance and regulation of hematopoiesis. One of the
striking features of TGF-B superfamily is the variety of
effects they evoke, contingent on the developing history of
the responding cells. In the present review, we discuss the
Smad-dependent and Smad-independent TGF-f3 signaling
pathways in order to understand and underscore their role
in the regulation of HSCs.
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Introduction

The transforming growth factor-beta (TGF-B) family
contains three closely related mammalian isoforms—TGF-
B1, B2, and B3 that arose by duplication of a common
ancestor. Similarity is the most striking in the C-terminal
domain (64-82 %), with nine conserved cysteine residues
forming four intra-chain and one inter-chain disulfide
bonds. Despite this high sequence homology, analysis of
the in vivo functions of the three isoforms by gene
knockouts reveal striking differences, illustrating their non-
redundancy. Overall, TGF-B1 is the most abundant iso-
form, with the largest sources of TGF-B1 being platelets
(20 mg/kg) and bone (200 pg/kg) (Janssens et al. 2005).

TGF-B1 is a ubiquitous, multifunctional growth factor
that regulates a broad range of biological processes,
including cell proliferation, cell survival, cell differentia-
tion, cell migration, and production of extracellular matrix
(ECM) molecules (Han et al. 2000). The combined actions
of these cellular responses mediate the global effects of
TGF-B1 on immune responses, angiogenesis, wound heal-
ing, development, and bone formation (Janssens et al.
2005). Regarding the diversity of processes in which TGF-
B1 is involved, it is not surprising that this cytokine is of
major importance both during embryogenesis and in
maintaining tissue homeostasis during life (Godér et al.
1999). Although the role of TGF-B1 in normal physiologic
processes is vital, several lines of evidence implicate the
role of this cytokine in the pathogenesis of autoimmune
diseases, malignancy, impaired wound healing and exper-
imental and human fibrotic conditions (Border and Noble
1995). Involvement of TGF-B1 in these diseases likely
occurs via its diverse effects on a number of factors
important in fibrosis, such as synthesis and deposition of
various ECM molecules. TGF-B1 stimulates fibroblasts to
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synthesize collagen, fibronectin and glycosaminoglycans
(Ignotz and Massague 1986; Sporn et al. 1987); it enhances
neovascularization and modulates the production of a
variety of proteases and their inhibitors (Ghahary et al.
1999). Collectively, these reports suggest that TGF- may
function as a double-edged sword with both therapeutic
and pathological potential.

TGF-p signaling pathway

TGF-f is stored in the ECM as a latent complex with its
prodomain. The extracellular concentration of TGF-
activity is primarily regulated by the conversion of latent
TGF-B to active TGF-f. Although tissues contain signifi-
cant quantities of latent TGF-, only a fraction of this
latent TGF-J is activated to generate a cellular response.
The secretion of members of the TGF-f family as latent
complexes necessitates the existence of regulated activa-
tion process, which is most probably mediated through the
activities of proteases that preferentially degrade the TGF-
B pro-segments and thereby release the highly stable and
active TGF-B dimer (Annes et al. 2003). A commonality
among these activators is that they are all indicative of
ECM perturbations. Indeed, given the profound effects of
TGF-B on matrix homeostasis, the primary change that the
TGF- sensor detects may be alterations in the matrix. To
name a few, latent TGF-f can be activated by plasmin,
matrix metalloproteases 9 and 2 (MMP-9 and 2), throm-
bospondin and avp6 integrin (Derynck et al. 2001).

The TGF-f receptors

TGF-p can interact with its receptor to induce signaling.
All members of the TGF-f superfamily signal through a
dual receptor system of type I and type II transmembrane
serine/threonine kinases. These receptors belong to a
family of glycoproteins characterized by a cysteine-rich
extracellular region, a single transmembrane o-helix, and a
cytoplasmic domain with a kinase domain (Fukuda et al.
1998). Although there is only one type II TGF- receptor
(TBRII), there are three type I receptors, namely activin
receptor like kinase 1, 2 and 5 (ALK1, 2 and 5) (Derynck
et al. 2001). For members of the TGF-f§ family, TBRII is
the sole type II receptor shown to mediate signaling. This is
reflected by the phenotypic identity of the rgfbr2 and those
tgfbl knockout mice that die in utero (Sanford et al. 1997).
Of the type I receptors, ALKS, ALK, and possibly ALK2,
can transmit TGF-B signals. ALKS (TPRI) is the most
important type I receptor for TGF-, which is underscored
by the comparable (although not identical) phenotypes of
tgfbl and alk5 knockout mice: histological examination of
the yolk sacs of rgfbrl—/— embryos shows an image very
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similar to that of tgfb/—/— embryos that die during
embryogenesis (Larsson et al. 2001). In bone cells, TPRI
seems to be the only type I receptor involved in signaling
(Dallas et al. 2002). Recently, it has been shown that
transcription intermediary factor 1y (Tifly) controls TBRI
turnover and promotes physiological aging of hematopoi-
etic stem cells (HSCs) (Quéré et al. 2014).

Betaglycan and endoglin are the so called type III or
accessory receptors, which are indirectly involved in sig-
naling through the modulation of ligand-binding specific-
ity. Betaglycan (TBRIII) can bind all three TGF-f isoforms
and is implicated in the presentation of TGF-f§ to TRRII
(Lopez-Casillas et al. 1993). For TGF-B2, which has a low
intrinsic affinity for TBRII, both in vitro and in vivo data
have demonstrated its signaling being dependent on the
presentation of this isoform by betaglycan (Sankar et al.
1995; Stenvers et al. 2003). Endoglin can bind TGF-f1 and
B3 in the presence of TPRII (Cheifetz et al. 1992). Muta-
tions in ENG, the gene encoding endoglin, lie at the basis
of the human disease, hereditary hemorrhagic telangiecta-
sia, an autosomal dominant disorder characterized by
multi-system vascular dysplasia (McAllister et al. 1994). A
murine model of this disorder presents with a phenotype
that is remarkably similar to that of rgfbl and tgfbr2
knockout mice, suggesting an in vivo requirement for en-
doglin in TGF-B1 signaling (Bourdeau et al. 1999). Bone
marrow stromal cells (BMSCs) and mature osteoblasts
express the two types of type IIl receptors, whereas
osteoclasts seem to lack betaglycan (Walsh et al. 2003).

In the absence of ligand, both type I and type II recep-
tors are present as homodimers. Upon ligand binding
TPRII recruits and phosphorylates TGF-f receptor-I
(TBRI) kinase activity. The ligand-induced multimerization
of the receptor is followed by a trans-phosphorylation of
the conserved glycine- and serine-rich (GS) domain of
TBRI by the constitutively phosphorylated TBRII kinase,
resulting in the activation of TBRI (Massague 1998). This
trans-phosphorylation is the first step in the intracellular
transmission of the signal (Fig. 1).

Smad-dependent signaling

It was almost 25 years ago that Smads were first discovered
to be key intracellular mediators of the transcriptional
responses to TGF-f (Raftery et al. 1995; Sekelsky et al.
1995). Soon after the genetic studies in Drosophila mela-
nogaster provided a breakthrough in our understanding of
intracellular TGF-p signaling through the identification of
mothers against dpp (Mad). Its protein product plays a role
in mediating the function of decapentaplegic (dpp), the D.
melanogaster ortholog of bone morphogenic protein 2 or 4
(BMP2 or 4) (Sekelsky et al. 1995). This discovery was
followed by the genetic identification of the homologous
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Fig. 1 Signaling by TGF- family members through the Smad-
dependent and Smad-independent pathways: TGF-B induces its
response by multimerization of TGF-B receptor II (TBRII) and
TGF-B receptor I (TPRI). Both the receptors have the same overall
domain structure—an extracellular cysteine rich domain (ED), a
single transmembrane helix and an intracellular serine-threonine
kinase domain (KD). TGBRII activates TPR1 by transphosphorylation
of its glycine- and serine-rich (GS) domains. The Smad-dependent
signaling is initiated by the binding of the Mad homology (MH) 2
domain of R-Smad to an adaptor protein (SARA). Eventually R-Smad
dissociates from TPRI and oligomerizes with Smad 4 to form a

Sma genes in Caenorhabditis elegans and subsequently the
Smad genes (for Sma and Mad related) in vertebrates
(Akiyoshi et al. 1999). The Smads turned out to play a
central role in the transmission of signals from all receptors
activated by TGF-B superfamily members to the target
genes in the nucleus (Wrana 2009).
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heterodimeric complex which translocates into the nucleus thereby
regulating the cellular response. The Smad-independent signaling is
initiated by activation of the mitogen-activated protein kinase
(MAPK) pathways—the p38 MAPK, c-Jun amino terminal kinase
(JNK) and p44/42 or the extracellular regulated kinase (ERK)1/2. The
MAPK pathways may or may not be regulated by the binding of
MAPK kinase kinase (MAPKKK), TGF--associated kinase (TAK) 1
with TAKI1-binding protein (TAB) 1 leading to the activation of
transcription factors—ATF, cJun and STAT proteins. Depending
upon the type of TGF-B signaling pathway initiated, the cell is
directed to undergo either proliferation or differentiation or apoptosis

Smads can be classified into three groups: receptor-
mediated Smads (R-Smads), common-partner Smad (Co-
Smads) and inhibitory Smads (I-Smads). Of the eight Smad
family members in humans, five (Smads 1, 2, 3, 5 and 8)
function as receptor substrates. Smads 2 and 3 do so as
substrates of TGF-B, nodal and activin receptors, and
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Smads 1, 5, and 8 as substrates of the receptors for BMPs,
myostatin and antimuellerian hormone. The only Co-Smad
identified so far in mammals is Smad 4, which is com-
monly used by all TGF-f superfamily members. The class
of the I-Smads comprises Smad 6 and 7. Smad 6 is an
inhibitor of BMP signaling, whereas Smad7 inhibits both
TGF-p/activin and BMP signaling (He et al. 2006).

The R and Co-Smads share a similar structure with
conserved amino- and carboxyterminal domains, the Mad
homology (MH)-1 and MH2 domains, connected by a more
divergent linker region. In addition, the R-Smads contain a
carboxyterminal phosphorylation site, the SSXS motif.
Lacking any recognizable enzyme activity, Smads achieve
their signaling capacity mainly through protein—protein or
DNA protein interactions, exerted by the different
domains. The MHI domain can mediate direct DNA
binding, whereas the MH2 domain is implicated in receptor
interaction, Smad oligomerization, and transcriptional
activation. Both domains further drive nuclear import and
allow binding to various transcription factors and cofactors.
The divergent linker region contains multiple phosphory-
lation sites, allowing fine tuning of Smad functioning by
many different signaling pathways in the cell, which con-
verge on phosphorylation of this region (Kretzschmar and
Massague 1998; Janssens et al. 2005).

Through their MH2 domain, R-Smads can bind to the
GS domain of TPBRI, an interaction promoted by adaptor
proteins such as Smad anchor for receptor activation
(SARA). SARA specifically interacts with TPRI and
functions to recruit Smad 2 and Smad 3 (R-Smads) to the
activated receptor complex, presumably in the endocytotic
compartment (Tsukazaki et al. 1998; Wu et al. 2000; Di
Guglielmo et al. 2003). Binding of the R-Smad to TPRI
causes phosphorylation of the former at its carboxy-ter-
minal SSXS motif by the TPRI kinase domain, which
causes R-Smad to dissociate from the receptor complex
and oligomerize with Smad 4 to form a heterodimeric
complex that is then translocated into the nucleus (Wu
et al. 2001; Qin et al. 2002; Inman and Hill 2002; Chacko
et al. 2004). R-Smad/Smad 4 complexes have been shown
to interact directly with specific Smad-binding elements
(SBEs), GC-rich regions in the promoter of TGF-f target
genes, as well as with transcription factors, co-activators
and co-repressors to regulate transcription of target genes
in both cell-type-specific and ligand dose-dependent man-
ner (Heldin et al. 1997; Derynck and Zhang 2003; Ten
Dijke and Hill 2004). R-Smads and Smad 4 bind to specific
DNA sequences with a 100-fold lower affinity than the
interacting high-affinity, DNA-binding transcription fac-
tors, yet their DNA binding (except Smad 2) is required for
transcriptional activation (Derynck and Zhang 2003).

The Smad complexes accumulate in the nucleus and
remain there for hours (Ten Dijke and Hill 2004). The
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levels of the Smad complexes in the nucleus, therefore,
determine the nature and the duration of the signal. Upon
discontinuation of the signal, the R-Smads get dephos-
phorylated and disassociated from Smad 4, and are
exported from the nucleus. If the receptors are active, Smad
signaling continues, but if the receptors are inactive, the
dephosphorylated Smads accumulate over time in the
cytoplasm and the signaling stops (Inman and Hill 2002;
Xu et al. 2002).

The I-Smads act as inhibitors of Smad-mediated signal
transduction by interacting with the type I receptor and
inhibiting the phosphorylation of R-Smads (Nakao et al.
1997), by recruiting E3-ubiquitin ligases to degrade the
activated type I receptors or by direct dephosphorylation
and subsequent inactivation of the type I receptor (Shi and
Massague 2003; Ten Dijke and Hill 2004). Alternatively,
I-Smads may compete with Smad 4 in binding R-Smads
and thereby prevent the formation of the R-Smad/Smad 4
complex. This general mechanism underlies a large number
of TGF-B gene responses controlling cell proliferation,
organization and fate (Larsson and Karlsson 2005).

Smad-independent signaling

Although the Smads are critical mediators in the TGF-$3
signaling pathway, a substantial body of evidence illus-
trates the existence of additional, Smad-independent path-
ways (Aubin et al. 2004). First, a partial preservation of
TGF-f signaling in Smad 4-deficient cells is highly sug-
gestive of a Smad-independent signaling (Dai et al. 1999;
Hocevar et al. 1999; Sirard et al. 2000). In addition, several
other lines of evidence point to the involvement of mito-
gen-activated protein kinase (MAPK) signaling pathways
in transmitting the TGF-f signals from receptor to nucleus.

In vitro kinase assays have demonstrated that TGF-f can
activate all three MAPK pathways—Ieading to extra-cel-
lular regulated kinase (ERK), c-Jun amino terminal kinase
(JNK) and p38 MAPK activation (Mulder 2000) and
phosphorylation of members of the Jun, Fos and activating
transcription factor (ATF) families, which homo and
heterodimerize to form the activator protein-1 (API)
(Johnson and Lapadat 2002). Also the observation that
MAPK consensus sites are found in all R-Smads further
adds to the complexity of TGF-f signaling and also sug-
gests that TGF- and MAPK crosstalk may constitute an
important mechanism regulating the cellular outcome of
TGF-f signals (Aubin et al. 2004).

Crosstalk can be obtained through physical interaction
between Smad 2, 3 and 4 and members of the Jun, Fos and
ATF families bound to their AP-1 site in the promoter of the
target genes (Zhang et al. 1998; Liberati et al. 1999). In
addition, JNK (activated by TGF-f) can phosphorylate Smad
3, thus facilitating activation and nuclear translocation of the
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latter in response to TGF-3 (Engel et al. 1999). When the
profile of hundreds of TGF-B-controlled genes in fibro-
blasts deficient in Smad 2, Smad 3 or ERK signaling
respectively was investigated, Smad 3 was demonstrated
to be the critical mediator for expression of immediate
early genes (IEGs). Smad 2 and the ERK pathways were
found to function predominantly in the trans-modulation
of immediate early and intermediate gene regulation
(Janssens et al. 2005). Despite ample in vitro evidence in
the literature for the involvement of MAPKSs in the TGF-f
signaling cascade, data that unequivocally demonstrate the
need for MAPK pathways in the in vivo TGF-B-mediated
responses are lacking. Although knockout and transgenic
mouse models of numerous MAPK signaling intermedi-
ates are available (Wada and Penninger 2004) none of
them are scored for defects in TGF-f signaling. However,
keratinocytes derived from MAPK kinase (MAPKK)—
MEKKI deficient mice show no migration in response to
TGF-B1 (Zhang et al. 2003) and MAPKK (MKK) 3(—/—)
mesangial cells are defective in TGF-B1-induced vascular
endothelial growth factor (VEGF) expression (Wang et al.
2004). TGF-B-induced activation of hyaluronan synthases
is mediated through the activation of p38 MAPK and
blocking of p38 MAPK inhibits TGF-$ effect by 90 %
(Stuhlmeier and Pollaschek 2004). These observations
clearly show the requirement for MAPK-dependent sig-
naling in transmitting the TGF-f signals.

TGF-B-associated kinase (TAK) 1 is a member of the
MAPKK kinase (MAPKKK) family (which functions in
TGF-fB signaling pathways in mammalian cells) and is
activated by various cytokines including TGF-f family
ligands and IL1 (Kishimoto et al. 2000). Upon stimulation
by IL1, TAKI constitutively associates with TAK1-bind-
ing protein (TAB 1) through a tumor necrosis factor
receptor-associated factor 6 (TRAF6)-dependent mecha-
nism, which further leads to the activation of JNK and
nuclear factor (NF)-xB pathways suggesting a role of TAB
1 as an adaptor that links TAK1 to TRAF6 in response to
IL1, thereby mediating TAKI1 activation (Takaesu et al.
2001). The association of the TAK1-TAB 1 complex also
leads to p38 kinase activation. Although TAB 1 was
originally thought to interact with and activate TAKI1
directly, recent research shows that TAB 1 can bind
directly to p38 and promote MKK-independent p38 auto-
phosphorylation (Lu et al. 2006). This demonstrates that
the stress kinases can be also regulated by an indirect
mechanism involving the TAK1-TAB 1 pathway either in a
TGF-B-dependent/independent mechanism further adding
to the complexity of the Smad-independent TGF-3
signaling.

To summarize, JNK, ERK, and p38 MAPK all con-
tribute considerably to the whole of the TGF-B-induced
responses, but further characterization is required to assess

their importance in relation to the Smad dependent and
other TGF-B-induced signaling pathways.

Role of TGF-p signaling in HSCs

A critical role for TGF-f in the regulation of HSCs and
progenitor cells was demonstrated more than 15 years ago.
The original findings showed a potent inhibition by TGF-
B1 on the growth of early multiple progenitor populations
(MPPs), while more mature progenitors were unaffected
(Ohta et al. 1987; Keller et al. 1988). A large number of
studies on both human and murine cells have supported
these original findings of potent growth inhibitory actions
on early hematopoietic progenitors (Ottmann and Pelus
1988; Sing et al. 1988; Keller et al. 1990; Jacobsen et al.
1991). Although the mechanism of TGF-B action on
hematopoietic progenitors is not fully understood, certain
studies reveal that the effects are in part due to down
regulation of cytokine receptors [like receptors of inter-
leukin (IL) 1, granulocyte monocyte-colony stimulating
factor (GM-CSF), IL3, granulocyte-colony stimulating
factor (G-CSF) and stem cell factor (SCF)] and modulation
of genes involved in cell cycle (Karlsson et al. 2007). A
study by Scandura et al. (2004) has shown that TGF-f
induces cell cycle arrest in human hematopoietic cells by
an upregulation of the cyclin-dependent kinase inhibitor,
pS7KIP2. This is supported by the findings demonstrating
reversibility in the growth inhibitory actions of TGF-p,
suggesting that TGF-f3 delays the proliferation rather than
exerting an irreversible negative effect such as induction of
apoptosis (Sitnicka et al. 1996; Batard et al. 2000). How-
ever, a number of reports have shown the involvement of
TGF-B in apoptosis of bone marrow (BM) progenitors. In
fact, both apoptotic and anti-apoptotic effects of TGF-3
have been described (Jacobsen et al. 1995; Veiby et al.
1996; Dybedal et al. 1997). Thus, TGF-B may regulate
growth of hematopoietic progenitors through effects on
both cell cycling and apoptosis. Furthermore, neutraliza-
tion studies using TGF-f§ monoclonal antibodies has shown
to recruit early progenitor cells into cell cycle determining
the role of endogenous TGF-f signaling in maintaining the
quiescence of HSCs (Scandura et al. 2004). TGF- is now
documented as a potent inhibitor of HSC proliferation
in vitro, while its role in vivo is largely unknown (Soder-
berg et al. 2009). In a recent study conducted by Park et al.
(2014), they showed that Mushashi-2 (Msi2) is an impor-
tant regulator of the HSC translatome that controls cell
fate, lineage bias and TGF-f signaling in HSCs.

On the other hand, it has been difficult to determine the
effects of TGF- on more mature progenitor cells due to
the expression of several receptors by them and because of
their dependence upon growth factors. For example TGF-J3

@ Springer



A. Vaidya, V. P. Kale

inhibits IL3-induced granulocyte-macrophage (GM) col-
ony formation; while GM-CSF-induced GM colony for-
mation is stimulated (Ruscetti and Bartelmetz 2001). These
studies demonstrate that the effects of TGF-B in these
in vitro systems are dependent on the differentiation stage
of the target cells and the actions of other cytokines.

Working at a common level of convergence for all TGF-
B superfamily signals, Smad 4 is the key player in
orchestrating these effects. Thus, the role of Smad 4 in the
regulation of HSCs has been keenly looked upon (Wrana
2009). Several groups have demonstrated that conventional
Smad—/— embryos die at embryonic day 7.5 because of
the impaired proliferation of ectoderm, resulting in a lack
of mesoderm formation (Sirard et al. 1998; Yang et al.
1998), while adult Smad 4 heterozygote mice develop
polyps and tumors of the gastrointestinal tract (Takaku
et al. 1999; Xu et al. 2000).

Such findings have also been observed in human
patients with juvenile polyposis syndrome caused by Smad
4 mutations (Howe et al. 1998). Hence, because of the
early embryonic lethality caused by the homozygous
knockout of the Smad 4 gene, its role in HSC function has
remained elusive. But Karlsson et al. (2007), were suc-
cessful in studying the complete role of Smad 4-dependent
signaling in HSCs and hematopoiesis by means of induc-
ible MxCre/Smad 4—/— mice, indicating that this Smad is
critical for the self-renewal of HSCs. Simultaneously, other
works have identified the nuclear protein intermediary
factor-1 y (TIF1y) as a competitor to Smad 4 for R-Smad
binding in human CD347 cells, demonstrating additional
complexities in the interaction between canonical Smad
pathway and other regulatory circuits in hematopoietic
cells (He et al. 20006).

One of the properties of the Smad-signaling pathway is
that they are inherently redundant and as a result, shared by
numerous ligands (Chadwick et al. 2005). Therefore, to
investigate whether a simultaneous blocking of Smad-sig-
naling branches in HSCs might affect fate decisions, such
as self-renewal and differentiation, Blank et al. (2006)
carried out a one of a kind study wherein they blocked the
entire Smad network in murine HSCs using over expres-
sion of the I-Smad 7 by a retroviral gene transfer approach.
Through the construction of such a model they were able to
successfully show that blocking of the entire Smad path-
way led to increased self renewal in vivo, as assessed by
both phenotypic and functional assays in primary and
secondary recipients. Most importantly, Smad 7-over-
expressing HSCs could give rise to both myeloid and
lymphoid cell compartments at normal distributions, pro-
viding evidence for an unperturbed differentiation capacity.
Furthermore, gene-expression analysis of purified HSCs
from BM of recipient mice revealed decreased levels of
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p21 in parallel with an increase of Bmi-1, thus suggesting a
plausible mechanism downstream of Smad 7. Despite the
success using gene knockout models, the overall molecular
mechanisms of receptor/Smad signal transduction in HSCs
still remain poorly characterized, mainly due to their rarity
in the BM and the requirement of large numbers of cells for
the functional analysis of signal transduction (Utsugisawa
et al. 2006).

In a study, the molecular mechanisms by which stromal-
derived factor (SDF) 1 exhibited a cell cycle promoting
effect and interacted with TGF-f’s negative effects on cell
cycle orchestration of human hematopoietic CD34" pro-
genitor cells was analyzed. They showed that a cross-talk
between SDF1 and TGF-p signaling pathways in the con-
trol of CD34% cell cycling was mediated through phospho-
inositide 3-kinase (PI3K)/AKT and Smad 3 signaling
pathways. These results shed new light on the intracellular
mechanisms of HSC hibernation (by TGF-) and activation
(by SDFI1) in maintaining hematopoietic homeostasis
(Chabanon et al. 2008).

Work carried out with both vertebrate and invertebrate
model systems indicates that TGF-B1 can serve as a potent
morphogen, acting across the developing tissues in a gra-
ded fashion to specify a patterned array of cell fate. A
defining feature of the morphogens is their ability to
specify multiple cell types over a range of concentrations
(Fortunel et al. 2000). Active sites of hematopoiesis, such
as fetal liver and red marrow, have been shown to have an
abundant presence of TGF-B1 (Schmid et al. 1991; Kale
and Limaye 1999), indicating that this pleiotrophic growth
factor indeed has an important role in the maintenance and
the regulation of all stages of hematopoiesis (Ruscetti and
Bartelmetz 2001). In the Dexter-type long-term cultures
(LTBMC), copious amounts of TGF-1 gets accumulated
over time and the cultures become static (Cashman et al.
1990; Eaves et al. 1991). However, neither its exact
function in maintaining the active hematopoiesis nor its
mode of action has been clearly defined (Kale 2004). TGF-
B1 has been reported to preserve the immaturity of the
primitive hematopoietic stem progenitor cells (HSPCs) by
increasing the expression of CD34 antigen on them (Batard
et al. 2000; Pierelli et al. 2002). It has also been demon-
strated in cell line models that an exogenous addition of
TGF-B1 causes upregulation of the CD34 antigen in the
primitive cell lines like TF1 and KG1a, but not in the more
differentiated cell lines like HL60 and K562 (Batard et al.
2000). Studies using ex vivo expansion assays have further
shown that in liquid culture system supplemented with
growth factors, TGF-B1 preserves the long-term culture
initiating cells (Garbe et al. 1997). These observations
suggest that TGF-B1 may protect the early HSPCs from
excessive differentiation signals.
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Discussion

Multiple signaling networks orchestrate the development
and the differentiation of embryonic as well as adult stem
cells into functional cells of neuronal, hematopoietic,
mesenchymal, and epithelial lineages. Among these, the
signaling mechanisms activated by TGF-[3 family proteins
have emerged as key players in various aspects of the stem
cell development such as the self-renewal and maintenance
of stem cells in their undifferentiated state (stem cell pool),
their commitment towards a specific differentiation line-
age, and the progression of differentiation along an indi-
vidual lineage (functional differentiation and maturation).
As an outcome of the gene knockout experiments carried
out in the ES cells, the TGF-B family proteins have
emerged as bifunctional regulators of the maturation of
cells in various lineages mentioned above (Mishra et al.
2005). TGF-B is also known to play an essential role in
regulating the homeostasis of cells in the lymphoid lineage.
Although, the TGF-f signaling is not required for normal
thymopoiesis, it is essential for regulating expansion,
activation, as well as for maintaining effector functions of
the mature CD4" and CD8" T cells in the peripheral
lymphoid organs and the target tissues (Letterio 2005).
Kale et al. have demonstrated that TGF-1 evokes a
biphasic dose-dependent response in the HSCs. They
reported that low concentrations induced p44/42 MAPK
activation whereas high inhibitory concentrations induced
p38 activation in KGla cells and a bidirectional or biphasic
effect of TGF-B1 on colony formation (CFU) of hemato-
poietic cells as a function of its concentration. Furthermore,
they showed that the signaling mechanisms induced by
high inhibitory concentrations of TGF-1 was mediated by
Smad 3—TAB 1-TAK 1—p38 MAPK—ATF2—c-Jun
pathway, whereas low concentrations induced proliferation
through activation of the p44/42 MAPK-STAT pathway
(Kale and Limaye 1999; Kale 2004; Kale and Vaidya
2004). Additionally, Challen et al. (2010) showed that
TGF-B1 appeared to be a general stimulatory factor for the
myeloid-biased HSC (My-HSC) proliferation, while having
an inhibitory effect on the lymphoid-biased HSC (Ly-
HSCs), thereby supporting the theory that distinct HSC
subtypes are indeed differentially regulated by TGF-f1.
Most of the studies have labeled TGF-B1 as a well-
known inhibitor of hematopoiesis, its action largely
dependent upon the differentiation status of the cells (Hu
and Zuckerman 2001; Kim and Letterio 2003). Whereas
the early HSPCs seem to be sensitive to the inhibition by
TGF-B1, more differentiated progenitors get stimulated by
this factor (Fortunel et al. 2000; Ruscetti and Bartelmetz
2001). A study by Yamazaki et al. (2009) uncovered a
critical role of TGF- as a candidate niche signaling mol-
ecule in the control of HSC hibernation or quiescence.

Since hibernation of HSCs is indispensable for the HSC
maintenance, it is quite possible that TGF-f could be used
as a novel tool for an ex vivo modeling of the HSC niche. It
is also possible that since TGF-B maintains the undiffer-
entiated state of HSCs—an important property of ‘stem-
ness’, other studies may have misinterpreted the role of
TGF-B1 as a negative regulator of early HSPC prolifera-
tion! Figuring out the precise molecular mecha-
nism(s) underlying HSC hibernation may be needed to
elucidate this issue.
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