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Abstract

Background—The diversity of cell types and tissue types that originate throughout development 

derives from the differentiation potential of embryonic stem cells and somatic stem cells. While 

the former are pluripotent, and thus can give rise to a full differentiation spectrum, the latter have 

limited differentiation potential but drive tissue remodeling. Additionally cancer tissues also have 

a small population of self-renewing cells with stem cell properties. These cancer stem cells may 

arise through dedifferentiation from non-stem cells in cancer tissues, illustrating their plasticity, 

and may greatly contribute to the resistance of cancers to chemotherapies.

Scope of review—The capacity of the different types of stem cells for self-renewal, the 

establishment and maintenance of their differentiation potential, and the selection of 

differentiation programs are greatly defined by the interplay of signaling molecules provided by 

both the stem cells themselves, and their microenvironment, the niche. Here we discuss common 

and divergent roles of TGF-β family signaling in the regulation of embryonic, reprogrammed 

pluripotent, somatic, and cancer stem cells.

Major conclusions—Increasing evidence highlights the similarities between responses of 

normal and cancer stem cells to signaling molecules, provided or activated by their 

microenvironment. While TGF-β family signaling regulates stemness of normal and cancer stem 

cells, its effects are diverse and depend on the cell types and physiological state of the cells.

General significance—Further mechanistic studies will provide a better understanding of the 

roles of TGF-β family signaling in the regulation of stem cells. These basic studies may lead to the 

development of a new therapeutic or prognostic strategies for the treatment of cancers. This article 

is part of a Special Issue entitled Biochemistry of Stem Cells.

✩This article is part of a Special Issue entitled Biochemistry of Stem Cells.
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1. Introduction

Stem cells are undifferentiated cells that have an indefinite expansion potential to produce 

progeny through self-renewal or differentiation processes. They exist in embryonic tissues, 

as well as in postnatal and adult tissues. The stem cells that have received most visibility are 

the pluripotent embryonic stem cells (ESCs), which are derived from the inner cell mass of 

blastocyst stage embryos and give rise to all three germ layers (Fig. 1) [1–4]. Other 

pluripotent stem cells exist, such as the epiblast stem cells (EpiSCs), which are originally 

derived from the epiblast of mouse post implantation stage (E5.5–6.5) embryos and regarded 

as cells that are more similar to human than mouse ESCs [5,6]. Following early 

embryogenesis, most organs have resident multipotent stem cells that can give rise to a more 

limited set of lineages. These are called somatic or tissue stem cells (Fig. 1). These stem 

cells multiply through symmetric or asymmetric cell divisions to give rise to new stem cells 

as well as differentiated cell types, replenish dying cells and regenerate damaged tissues. 

Due to the inherent differentiation plasticity of stem cells, extrinsic growth and 

differentiation factors, or ectopically expressed key transcription factors, have the ability to 

direct or redirect differentiation (Fig. 1) [7–10]. Through the orchestrated balance of self-

renewal and differentiation, tissues maintain their homeostasis. The properties of both ESCs 

and somatic stem cells are determined and maintained by their local cell environment, i.e. 

the stem cell niche [11–14]. For example, stem cell niches maintain somatic stem cells in 

quiescence, but, after tissue injury, the microenvironment signals stem cells to promote 

either self-renewal or differentiation to form new tissues. The niche saves stem cells from 

depletion, while protecting the host from abnormal stem cell proliferation. The interplay 

between stem cells and their niche creates a dynamic system required to sustain tissue 

integrity.

In addition to these natural stem cells, induced pluripotent stem (iPS) cells have been 

derived from differentiated cells. By transiently expressing the transcription factors Oct4, 

Sox2, Klf4 and c-Myc, or some alternative ones, differentiated adult cells, such as 

fibroblasts or skin cells, can be reprogrammed to dedifferentiate into pluripotent cells that 

acquire many characteristics of ESCs [15–17] (Fig. 1). This paradigm-shifting technique of 

somatic cell reprogramming has facilitated the generation, by directly reprogramming 

somatic cells with lineage-specific master genes, of a variety of differentiated cell types with 

defined functions, such as pancreatic β cells, brown adipocytes, cardiac myoblasts, natural 

killer cells and neurons [18–22].

A rare population of cells in cancer tissues has also been shown to have stem cell properties, 

including self-renewal capacity and multi-potency, and is required for tumor formation and 

maintenance. This small fraction of cancer cells, so-called cancer stem cells (CSCs), has 

been identified in tumors of various organs and tissues [23,24]. Although the origin of the 
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CSCs is subject of debate, an increasing number of studies indicate that many types of 

tumors initiate from normal tissue stem cells that acquired oncogenic mutations, and not 

from differentiated cells [25] (Fig. 1). Similarly to the normal stem cell niches, CSCs are 

supported by functional local microenvironments, and reciprocal interactions exist between 

CSCs and their microenvironment. CSCs affect the properties of the adjacent stromal cells 

and seem to alter the normal stem cell niche, while signals from an aberrant niche that 

mimics the normal stem cell niche helps maintain CSC properties [24,26] (Fig. 1).

Signaling by TGF-β family ligands plays key roles in cell differentiation and proliferation, 

and is important for many stem cell types. Among the TGF-β family proteins, signaling by 

TGF-β or activin proteins is essential for maintaining pluripotency of human ESCs [27] and 

mouse EpiSCs, and helps define the differentiation potential and proliferation of these cell 

types. Also somatic stem cells rely on TGF-β family signaling, either provided in an 

autocrine fashion, or by factors in their microenvironment where they reside. For example, 

quiescent hair follicle stem cells are activated for regeneration by TGF-β that is provided by 

the underlying mesenchymal dermal papillae [28]. TGF-β expressed by the follicle stem 

cells is also known to serve as a niche signal for melanocyte stem cells to enter quiescence 

[29]. Similarly to normal stem cells in development, TGF-β family signaling from the 

microenvironment also regulates the properties of the cancer stem cell population. One of 

the key events in acquiring stem cell properties of both breast cancer and normal mammary 

stem cells is an epithelial-mesenchymal transition (EMT) induced by TGF-β [30,31]. While 

TGF-β family signaling regulates stemness of normal and neoplastic stem cells, its effects 

are diverse and depend on the cell types, and microenvironment and physiological state of 

the cells. This review will focus on the roles of TGF-β family signaling in diverse functions 

and properties of ESCs, iPS cells, somatic stem cells, and CSCs.

2. TGF-β family signaling

The TGF-β family is encoded by 33 genes encoding structurally related polypeptides that 

correspond to ligand precursors. These comprise a large propeptide and the C-terminal 

mature polypeptide that is proteolytically cleaved from the precursor [32]. TGF-β family 

ligands are disulfide-linked homodimers or heterodimers of the C-terminal polypeptides, and 

include TGF-βs, activins, nodal, “growth and differentiation factors” (GDFs) and bone 

morphogenetic proteins (BMPs) [33,34]. TGF-β and myostatin are secreted as complexes 

with other proteins that prevent ligand binding to the receptors. These latent TGF-β 

complexes are activated and released by proteolytic cleavage of the propeptide [32]. TGF-β 

family members regulate a wide range of cellular responses, including most if not all cell 

differentiation events [35–38].

Signaling mediated by TGF-β ligands is transduced through cell surface receptor complexes 

of two distinct types of transmembrane kinases, the type I and type II receptors [34,39] (Fig. 

2). In mammals, seven type I receptors (ALK-1–7) and five type II receptors exist, and a 

variety of heteromeric combinations have been defined. Ligand binding stabilizes the 

formation of a tetrameric receptor complex, consisting of a pair of type II and a pair of type I 

receptors, in which the type II receptors, with their constitutively active kinases, 

phosphorylate the type I receptors. TGF-β and activin primarily activate the type I receptors 

Sakaki-Yumoto et al. Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2014 November 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



TβRI/ALK-5 and ActRIB/ALK-4, respectively, whereas BMPs activate ALK-1, ALK-2, 

BMPRIA/ALK-3 and BMPRIB/ALK-6. Nodal activates ActRIB/ALK-4 and ALK-7. The 

type I receptors are then poised to activate effector Smads and other signaling mediators that 

drive non-Smad signaling pathways [34,39] (Fig. 2). Activation of either Smad or non-Smad 

pathways by a specific ligand depends on many factors, including cell surface receptors, co-

receptors, antagonists and intracellular co-factors. Differential expression of these regulators 

in stem cells and the niche results in the diverse effects of TGF-β family signaling on 

different stem cells.

2.1. Smad-mediated signaling

In vertebrates, there are eight Smads, Smad1 to Smad8 [40]. Upon ligand stimulation and 

subsequent activation by type II receptors, type I receptors transmit intracellular signaling 

through phosphorylation of downstream effector Smads [40–42]. Smad1, Smad5 and Smad8 

are activated by BMP receptors, whereas Smad2 and Smad3 are activated by TGF-β/activin/

nodal receptors. These receptor-activated Smads (R-Smads) form trimers with Smad4, the 

common Smad shared by the TGF-β/activin/nodal and BMP signaling pathways, and 

translocate into the nucleus (Fig. 2). The R-Smads, except for Smad2, can bind to preferred 

DNA sequences, yet their affinity is not sufficient to support the association of Smads with 

regulatory promoter sequences. Thus, Smad complexes interact and cooperate with DNA 

sequence-specific transcription factors, and, together, they regulate gene transcription with 

the help of coactivators and corepressors [43]. In the Smad complexes, Smad4 acts as 

coactivator of Smad-mediated transcription regulation. Many genes are activated in response 

to TGF-β family ligands, whereas others are transcriptionally repressed. Various families of 

DNA-binding transcription factors with which Smads can functionally interact have been 

identified. Moreover, coactivators, such as CBP and p300, or co-repressors, such as histone 

deacetylases, that interact with Smads, define whether the target genes are activated or 

repressed, and the extent of activation or repression [40,42]. Many of the responses of stem 

cells to TGF-β family ligands are regulated by Smad-mediated transcription activation or 

repression of key genes. In various cell types, and in embryonic stem cells, Smads cooperate 

with master regulators of cell differentiation or pluripotency [44–53]. Moreover, Smads can 

regulate gene expression by initially using histone marks as a platform to switch master 

regulator genes from the poised to the active state, and by recruiting histone demethylases 

[54,55].

2.2. Smad-independent signaling

TGF-β also activates, in a Smad-independent manner, signaling pathways that are generally 

considered as important effector pathways for tyrosine kinase receptors [41,56,57]. TGF-β 

induces activation of these non-Smad pathways through interactions of signaling mediators 

with the type I or type II receptors, either directly or through adaptor proteins. Depending on 

the cell system, these non-Smad pathways can also be activated indirectly as a consequence 

of Smad-mediated changes in gene expression. TGF-β has been shown to directly activate 

the Ras–Raf–MEK–Erk MAPK pathway through association of ShcA with the TGF-β 

receptor complex, and direct tyrosine phosphorylation of ShcA by TGF-β type I receptor in 

response to TGF-β, taking advantage of the dual specificity of the TGF-β receptor kinases. 

The phosphorylated tyrosines on ShcA then provide a docking site for the recruitment of 
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Grb2 and Sos, and this complex initiates Ras activation leading to Erk MAPK signaling 

cascade [58]. TGF-β also induces p38 and JNK MAPK signaling through activation of 

TAK1 by the ubiquitin ligase TRAF6 that interacts with the TGF-β receptor complex 

[59,60]. Furthermore, TGF-β also regulates the activities of the small GTPase proteins Rho, 

Rac and Cdc42, which regulate the cytoskeletal organization and gene expression [61–63], 

but how receptor activation leads to signaling by small GTPases remains to be better 

defined. TGF-β-activated RhoA induces activation of its downstream targets ROCK and 

LIM kinase [64]. Finally, TGF-β induces Akt activation through PI3K [65,66]. Once 

activated, Akt initiates signaling pathways, e.g. through mTOR, that play roles in cell 

survival, growth, migration and invasion [67,68]. The roles of TGF-β-induced, Smad-

independent signaling in stem cells are still unclear and remain to be elucidated.

3. ESCs and iPS cells

The first ESCs were isolated about 30 years ago from the inner cell mass of mouse 

blastocysts [1]. Nowadays, studies on mouse and human ESCs have revealed similarities, 

yet also differences in the properties and behavior of ESCs from both species [1,3]. ESCs 

can expand indefinitely in cell culture by maintaining themselves, a process named self-

renewal, and produce most cell types that constitute the full organism, through various 

differentiation programs. These two properties, the potential to self-renew and the 

pluripotency, are defining characteristics of ESCs.

iPS cells are pluripotent stem cells that are artificially derived from non-pluripotent, 

differentiated cells [15]. By ectopically expressing certain genes, i.e. Oct4, Sox2, Klf4 and 

c-Myc, mouse and human somatic cells have been shown to acquire pluripotency [15–17]. 

iPS cells are similar to ESCs in many aspects, such as gene expression, chromatin 

modification patterns, cell doubling time, capacity of differentiation, chimera formation and 

germline transmission [15–17,69]. However, they retain an epigenetic memory of their 

somatic cell of origin [70–72], requiring further assessment of the full extent of their relation 

to ESCs [73].

3.1. Maintenance of pluripotency

Several factors are commonly important in the maintenance of pluripotency of ESCs and iPS 

cells, in both mouse and human cell systems. However, mouse and human cell systems also 

have characteristics that distinguish both species [74]. For example, their colony 

morphologies differ; mouse ESCs grow into compact, dome-shaped colonies, and are 

amenable to single-cell dissociation, whereas human ESCs form flat, two-dimensional 

colonies, and poorly survive single cell passaging. Most distinctly, in cell culture, mouse 

ESCs require leukemia inhibitory factor (LIF) (Fig. 3, orange zone) and BMP4 to maintain 

pluripotency, while human ESCs are maintained in the presence of basic fibroblast growth 

factor (bFGF) (Fig. 3, beige zone) and activin or TGF-β [27,75] (Fig. 3). In human cells, LIF 

signaling is dispensable for the maintenance of ESCs, whereas BMP signaling induces 

mesodermal and trophectodermal differentiation, and thus negatively affects cell 

pluripotency [5,6,76–78]. In mouse ESCs, BMP4 induces expression of Id proteins, which 

are DNA-binding transcription factors that inhibit differentiation into neuronal lineages 

[79,80]. The positive effect of BMP4 on self-renewal of mouse ESCs is additionally 
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accomplished by inhibition of both the Erk and p38 MAPK pathways [81]. In contrast to 

mouse ESCs, human ESCs and mouse EpiSCs rely on FGF-induced Erk MAPK signaling to 

maintain pluripotency and suppress apoptosis and neuronal differentiation.

Mouse EpiSCs can give rise to multiple lineages in vitro and teratomas in vivo. However, in 

contrast to mouse ESCs, these EpiSCs have a limited potential to contribute to the 

generation of chimeras when introduced into early embryos, and have not been reported to 

undergo germ line transmission [6,82]. Interestingly, mouse EpiSCs rely on the same 

signaling pathways as human ESCs to maintain pluripotency (Fig. 3). Inhibition of TGF-β/

activin signaling or activation of BMP signaling results in loss of pluripotency of both 

human ESCs and mouse EpiSCs, while activation of TGF-β/activin signaling induces 

differentiation of mouse ESCs in the absence of LIF (Fig. 3). Although the maintenance of 

mouse ESC pluripotency does not rely on TGF-β/activin signaling, it plays a key role in the 

proliferation of mouse ESCs [83].

It has been demonstrated that EpiSCs can be converted into mouse ESC-like cells in the 

presence of LIF without introducing an exogenous transcription factor, albeit with a lower 

efficiency [84]. This conversion, along with the withdrawal of TGF-β/activin and bFGF, can 

be enhanced by inhibiting the kinase activities of the TGF-β/activin type I receptors, thus 

inhibiting TGF-β/activin signaling, and/or inhibiting the Erk MAPK pathway, glycogen 

synthase kinase GSK3, or histone demethylase LSD1 [75,85–88]. Some reports indicate that 

a similar conversion can be achieved in human ESCs as well [89,90].

TGF-β/activin signaling also regulates Nanog expression and in this way acts to maintain 

pluripotency, in both mouse EpiSCs and human ESCs. Phosphorylated Smad2 or Smad3, 

which was not distinguished with the antibody used, was shown to bind to the Nanog 

proximal promoter region, and thus direct Nanog expression [50,51]. Upon BMP signaling, 

Nanog can interact with Smad1 and block BMP/Smad signaling [49], and conversely Smad1 

may attenuate Nanog's function as pluripotency transcription factor. Nanog expression is 

heterogeneous in mouse or human pluripotent stem cells [91]. ESC markers, such as Stella, 

which may be involved in chromosomal organization and RNA processing, the transcription 

factor Oct4, and the cell surface protein SSEA3, also have revealed distinct subpopulations 

of mouse ESCs, EpiSCs, and substantial heterogeneity in human ESCs [92–94]. Since the 

response of stem cells to TGF-β/activin signaling may vary between subpopulations, the 

heterogeneous Nanog expression in ESCs may originate from intrinsic heterogeneity in cell 

signaling of the cell population. Further mechanistic studies will provide a deeper 

understanding of the roles of TGF-β/activin signaling, in addition to its role in Nanog gene 

regulation.

3.2. Differentiation

Since diverse and detailed effects of TGF-β family signaling on the differentiation of ESCs 

have been reported [95–100], we focus on the presumed roles of TGF-β proteins in the very 

early lineage decisions of ESCs. The formation of the primitive streak, which provides the 

origin of mesodermal and endodermal cells, represents the first step of ESC differentiation. 

This process, which has been well studied in mice, is controlled by BMP and activin/nodal 

signaling [98,101,102]. Since bFGF in undifferentiated cells suppresses BMP signaling 
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[103], withdrawal of bFGF (Fig. 3 bottom, purple zone) potentiates the effects of the very 

low BMP levels in the media. Differentiation of the primitive streak population into 

definitive endoderm is then induced by treatment of the cells with activin or nodal 

[104,105]. Activation of Smad2, in response to activin/nodal signaling, results, through 

cooperation with other transcription factors, in the expression of definitive endodermal 

genes, such as Sox17, Cxcr4, Gata4, Gata6, FoxA2, Lhx1, and Gsc, and primitive streak 

genes, such as Eomes, Mixl1, Fgf8, and Wnt3 [106–108]. When BMP is further added to 

ESCs under differentiation-inducing conditions in the absence of serum, i.e. free from 

pluripotency growth factors such as activin and bFGF, the Brachyury-expressing 

mesendoderm cells are further specified toward a committed mesodermal state, 

characterized by expression of Flk1, the receptor for vascular endothelial growth factor 

(VEGF) [109]. In contrast, differentiation along the ectodermal lineage is induced in the 

absence of BMP and TGF-β signals. By adding inhibitors for BMP and TGF-β signaling, 

efficient induction of neuroectodermal differentiation can be achieved [110,111].

3.3. Reprogramming of somatic cells into iPS cells

Somatic cells can be reprogrammed into pluripotent, ESC-like cells by overexpressing 

defined transcription factors. This iPS cell technique was pioneered in mouse fibroblasts 

through ectopic expression of four transcription factors, Oct4, Sox2, Klf4 and c-Myc [15]. 

Depending on the reprogramming conditions, mouse somatic cells can be reprogrammed 

into iPS cells with either mouse ESC or EpiSC (i.e. similar to human ESC) states, i.e. naïve 

and primed pluripotency, respectively (Fig. 3). Naive pluripotency is maintained by LIF and 

low concentration of BMP, while primed pluripotency is maintained by bFGF and TGF-β/

activin signaling [16,112] (Fig. 3).

Interestingly, inhibition of the TGF-β/activin/nodal type I receptor kinases enhances iPSC 

induction and can eliminate the requirement to introduce Sox2 expression. Furthermore, a 

24–48 h treatment of intermediate, i.e. partially reprogrammed, iPS cells with this TGF-β 

receptor inhibitor surprisingly induces Nanog expression to promote full reprogramming 

[113,114]. Conversely, treating reprogramming iPS cells with TGF-β, or introducing an 

activated type I TGF-β receptor lowers the efficiency of iPS reprogramming [114,115]. 

Furthermore, expression of miRNAs that inhibits expression of the TGF-β type II receptor 

and blocks TGF-β-induced EMT through downstream genes, enhances iPS cell 

reprogramming processes [115–117]. Therefore, although TGF-β signaling is important for 

ES cell self-renewal, it inhibits reprogramming into iPS cells. Conversely, BMP signaling, 

which has been shown to induce mesenchymal-epithelial transition, and thus opposes TGF-β 

stimulation in some contexts, appears to promote reprogramming into iPS cells [118,119] 

(Fig. 3 blue arrow).

Regulation of TGF-β family signaling by miRNAs is also seen in other biological processes 

besides iPS reprogramming. In human undifferentiated ESCs, miR-302 is one of the most 

abundant microRNAs. It targets many genes such as cyclin D1 and NR2F2 [120,121], but 

particularly in the context of TGF-β family signaling, it targets the expression of TGF-β 

signaling components including Lefty, as well as BMP signaling inhibitors [122,123]. In 

mouse liver stem cells, miR-23b and miR-24-1 inhibit TGF-β signaling by downregulating 
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Smad3 expression, thus contributing to stemness [124]. In human hematopoietic progenitor 

cells, miR-24-1 inhibits TGF-β/activin signaling by targeting the type I receptor ALK-4 

[125]. miR-21 induces adipogenic differentiation of human adipose tissue-derived 

mesenchymal stem cells by downregulating the expression of the TGF-β type II receptor 

[126]. All these examples emphasize that miRNAs play a determining factor in stem cell 

behavior by modulating the activation of the signaling pathways. We will further discuss the 

role of TGF-β family signaling in somatic stem cells in the next section.

4. Somatic stem cells

As with ESCs, the stemness of somatic or tissue stem cells is regulated by intrinsic 

properties of the stem cells, and non-autonomous signals that are provided by their niche. 

Multiple external cues from soluble factors, membrane-bound molecules and extracellular 

matrix proteins influence the behavior, and ultimately direct the fate determination, of the 

somatic stem cells. To determine the key components that regulate maintenance and 

differentiation of somatic stem cells, the signals released in the niche need to be elucidated. 

TGF-β signaling by the niche cells has been implicated in the maintenance and 

differentiation of various types of somatic stem cells. In this section, we focus on their roles 

in mammary, intestinal, skin, mesenchymal, skeletal muscle, neural and hematopoietic stem 

cells.

4.1. Mammary stem cells

Mammary stem cells are the source of epithelial cells in the growth and development of the 

mammary gland during puberty and gestation. They have been identified in, and isolated 

from human and mouse mammary tissue, and from cell lines derived from the mammary 

gland [127–129]. Single mammary stem cells can give rise to both luminal and 

myoepithelial cells of the gland, and were shown to regenerate entire mammary gland 

structures in mice [130]. Whereas many signaling pathways, such as Hedgehog, EGF, Wnt, 

FGF, and Notch signaling, control mammary stem cell proliferation and survival, TGF-β 

signaling appears to play a critical role in stemness of normal mammary epithelial cells 

[131,132].

Increasing evidence links stemness of mammary epithelial cells with EMT. EMT is a key 

event in various differentiation contexts in normal embryogenesis, cancer invasion and 

metastasis, and fibrosis [133,134]. EMT occurs when epithelial cells lose their epithelial 

characteristics, and acquire mesenchymal phenotypes, resulting in increased motility. TGF-β 

is a potent inducer of EMT in normal mammary epithelial cells [8,135,136], and many 

studies have established crucial roles for TGF-β-induced EMT in tumor progression 

[133,137–140]. EMT in immortalized human mammary epithelial cells results in acquisition 

of mesenchymal markers, such as increased fibronectin and vimentin expression, increased 

invasiveness, and a CD44high/CD24low antigenic phenotype, which also characterizes 

mammary CSCs. Cells that have undergone EMT gain a higher potential to form 

mammospheres, a property associated with mammary epithelial stem cells [30]. 

Furthermore, TGF-β and Wnt signaling cooperate to induce activation of the EMT program, 

and function in an autocrine fashion to maintain the resulting stem cell state [31]. These 
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findings demonstrate that differentiated epithelial cells have a potential to dedifferentiate 

and gain stem cell properties through EMT.

4.2. Intestinal stem cells

Intestinal stem cells divide throughout life and give rise to the epithelial cells lining the 

surface of the small and large intestines [141]. Intestinal stem cells reside near the base of 

the stem cell niche, the crypts of Lieberkühn. Genetic, inducible fate mapping studies have 

identified two principal epithelial stem cell pools. One pool consists of columnar Lgr5-

expressing cells that proliferate rapidly and reside predominantly at the base of the crypts 

[142]. The other pool consists of Bmi1-expressing cells that proliferate slowly and largely 

reside above the crypt base [143]. Both stem cell populations were shown to give rise to 

differentiated epithelial cells [144,145], although, the functional relevance of having two 

different types of stem cell populations, and their relative contributions remain to be fully 

evaluated.

The proliferation and differentiation of the intestinal stem cells are regulated by factors 

secreted from the underlying mesenchymal layer, which include fibroblasts, enteric neurons, 

blood vessels, and extracellular matrix. Wnt signaling stimulates the proliferation of the 

stem cells and the transiently amplifying cells in the crypts [146], while BMP signaling acts 

as a negative regulator of stem cell proliferation in the crypts. BMP4 is highly expressed in 

the intravillus mesenchyme [147], and phosphorylation and nuclear localization of the BMP-

specific effector Smads have been observed in differentiated villus epithelial cells and 

intestinal stem cells [148]. These observations suggest that BMP signaling from the 

mesenchyme acts on adjacent, non-proliferating epithelial cells and slowly proliferating 

stem cells. Mutations in the genes encoding Smad4 [149] or BMPRIA/ ALK-3 [150] have 

been linked to juvenile polyposis in humans. Furthermore, exogenous expression of the 

BMP antagonist noggin in the mouse intestine leads to de novo ectopic formation of normal 

crypt-villus units, and, at later stages, formation of a complex architecture of branching villi 

with dilated cysts, similar to the intestinal phenotype of human juvenile polyposis [147]. In 

addition, conditional deletion of the Bmpr1a gene in crypts in mice disturbs the regeneration 

of intestinal epithelial cells, with expansion of stem and transiently amplifying cells, 

eventually leading to a type of intestinal polyposis, reminiscent of human juvenile polyposis 

[148]. These data suggest that BMP signaling is important for a balanced control of stem 

cell self-renewal, specifically in maintaining quiescence of Bmi1-positive slowly 

proliferating stem cells, and in terminal differentiation of intestinal epithelial villi, possibly 

by opposing Wnt signaling, which stimulates proliferation of the Lgr5-positive stem cell 

population.

4.3. Skin stem cells

The skin epidermis and its appendages provide a protective barrier to harmful microbes and 

prevent dehydration. To perform their functions and maintain tissue homeostasis, skin 

continuously rejuvenates by replenishing old cells with new cells that differentiate from skin 

stem cells. Based on their localization and function, three different types of skin stem cells 

have been discerned, i.e. epidermal, hair follicle, and melanocyte stem cells. We focus on 
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hair follicle stem cells (HFSCs) and melanocyte stem cells, since recent studies highlighted 

the role of TGF-β signaling in the maintenance of their stemness.

4.3.1. Hair follicle stem cells—Throughout adult life, HFSCs undergo dynamic, 

synchronized cycles of degeneration (catagen), quiescence (telogen), and regeneration 

(anagen) [151–153]. In the telogen phase, HFSCs are quiescent and reside in a specialized 

microenvironment, called the hair bulge [154]. In telogen, the base of the bulge is directly 

adjacent to the underlying dermal papilla, a signaling center for HFSCs.

TGF-βs are expressed by hair follicles in catagen, and their role in this state, through 

induction of apoptosis, has been well established [155,156]. However, targeted inactivation 

of the individual genes encoding the three TGF-β ligands resulted in differential effects on 

embryonic hair follicle development. For example, mice with a disruption of the Tgfb1 gene 

show slightly advanced hair follicle formation, while lack of the Tgfb3 gene does not have 

any effects. Tgfb2−/− mice exhibit a profound delay of hair follicle morphogenesis, with a 

50% reduced number of hair follicles [157]. Thus, the roles of TGF-β ligands in HFSCs 

appear to be very diverse. TGF-β2 expression in the dermal papilla acts as a critical signal in 

promoting HFSC regeneration, and HFSCs that cannot sense TGF-β exhibit significant 

delays in hair follicle regeneration. Additionally, TGF-β2 antagonizes BMP signaling in 

HFSCs by enhancing the expression of Tmeff1, an antagonist of the BMP pathway, thus 

restricting and lowering BMP responsiveness in the niche [28].

While TGF-β signaling needs to be activated for the transition of the dermal papilla from the 

quiescent to the regeneration state, BMP signaling supports the maintenance of quiescent 

HFSCs, reminiscent of a similar role in intestinal stem cells. When the Bmpr1a gene is 

inactivated in postnatal skin epithelium, the quiescent HFSCs are activated to proliferate, 

leading to loss of slowly proliferating cells [158]. In line with this observation, BMP 

inhibitory factors from the surrounding niche cells have been implicated in the induction of 

anagen [159–161]. Conversely, expression of a constitutively active BMPRIA in skin 

promotes premature hair follicle differentiation, further supporting the notion that BMP 

signals are critical in maintaining the properties of quiescent stem cells [158].

4.3.2. Melanocyte stem cells—Melanocytes are the pigment-producing cells in the skin, 

hair and eye that determine their color. In the hair bulge, melanocyte stem cells are found 

where the HFSCs reside [162]. Their differentiation state is defined by the expression of 

genes involved in pigmentation, which is driven by the master transcription factor Mitf 

[163,164]. Melanocyte stem cells are usually in a quiescent, non-cycling state and are 

activated only at early anagen to undergo stem cell division. A precise control mechanism 

through Mitf and Bcl2 is important in the maintenance of stemness of melanocytes, and to 

avoid depletion of the stem cell source, which leads to hair graying [165].

Expression of TGF-β ligands by niche cells in the hair bulge [166] plays an important role in 

the physiology of the melanocyte stem cells, as they induce cell cycle arrest in melanocyte 

stem cells to let them enter dormancy [29]. Furthermore, TGF-β induces downregulation of 

Mitf expression, consequently preventing expression of melanogenic differentiation genes 
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[29]. As a result, mice that specifically lack expression of the TGF-β type II receptor in 

melanocytes, exhibit mild but accelerated hair graying [29].

Interestingly, the HFSCs serve as melanocyte stem cell niche by expressing TGF-β [167]. 

Mice lacking collagen17α1, which exhibit hair loss due to the lack of the HFSC 

maintenance program, retain TGF-β1/2 expression in the bulge area of hair follicles at 5 

weeks, but gradually loose TGF-β expression by 8 weeks. Correlating with defects in HFSC 

maintenance upon loss of TGF-β signaling, aberrant melanocyte differentiation starts at 12 

weeks in col17a1−/− mice [167], suggesting that melanocyte stem cells are maintained by 

being adjacent to normal HFSC, which produces TGF-β as a niche signal for melanocyte 

stem cells. In this context, TGF-β stimulates hair regeneration by activating the cell cycle of 

HFSCs, while also inducing the entry to the quiescence of melanocyte stem cells to 

potentiate their function as a reservoir of a pigment-producing organ for longer periods.

4.4. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) have been isolated from various adult tissues including 

connective tissue, adipose tissue, muscle, bone marrow and teeth, blood, placenta and 

umbilical cord [168,169]. The differentiation potential of MSCs depends on the local tissue 

environment from which they are isolated, and, in vivo, is dictated by their localization and 

microenvironment. For example, bone marrow-derived MSCs are capable of differentiating 

into osteoblasts, adipocytes, chondrocytes, muscle cells, and hematopoiesis-supporting 

stromal cells, but not into hematopoietic cells [170]. Muscle-derived MSCs are able to give 

rise to myogenic, osteogenic, chondrogenic, and adipogenic cells [171]. Human MSCs 

derived from bone marrow can be expanded more than a billion-fold in culture without 

losing their stem cell capacity. Owing to their potential for clinical applications, MSCs have 

attracted much attention [172].

Proliferation of human MSCs is stimulated by Wnt or TGF-β signaling [173–175]. TGF-β1 

induces Smad3-dependent nuclear accumulation of β-catenin in MSCs, which is required for 

stimulation of MSC proliferation. On the other hand, BMP2 antagonizes Wnt3a signaling 

and inhibits proliferation of bone marrow-derived MSCs through interaction of BMP-

activated Smad1/5 with Dishevelled-1, a component of the Wnt signaling pathway [176].

TGF-β signaling has also been implicated in directing the differentiation fate of MSCs [177]. 

BMPs induce differentiation of mesenchymal cells into chondroblasts or osteoblasts in vitro. 

TGF-β and activin also provide competence for chondroblast differentiation at early stages, 

while TGF-β inhibits osteoblast maturation at late stages in differentiation [177]. 

Consequently, pharmacological inhibition of TGF-β/activin signaling strongly enhances 

osteoblast maturation [178]. These inhibitory effects are mediated by induction of 

expression of inhibitory Smads, such as Smad6, which in turn represses BMP signaling 

[179]. In addition, BMP7 was shown to induce the generation of brown fat from MSCs in 

the absence of the normally required hormonal induction [180]. Since brown fat is 

specialized in energy expenditure and can counteract obesity, a therapeutic strategy based on 

the use of BMP7 may be suggested as a treatment of obesity.
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While MSCs can differentiate into skeletal, smooth and cardiac muscle cells [181,182], 

many studies have focused on their potential to give rise to cardiomyocytes for cardiac 

tissue regeneration after infarction [183–189]. A correlation between in vivo transplantation 

of MSCs and repair of scarred myocardium after myocardial infarction in rats [190] has led 

to the idea that the implantation of MSCs into myocardium could be a useful clinical 

approach. Treatment of human MSCs with TGF-β induces the expression of the Notch 

ligand Jagged 1 along with cardiomyocyte markers, including α-smooth muscle actin, 

calponin 1, and myocardin. Increased expression of these genes depends on activation of 

Smad3 and Rho kinase. In addition, preventing Jagged 1 expression blocks the expression of 

cardiomyocyte genes shown above, suggesting that Jagged 1 plays an important role in 

TGF-β-induced expression of cardiomyocyte marker genes [191]. These studies implicate a 

role of the microenvironment in the induction of differentiation of MSCs along the 

cardiomyocyte lineage, and TGF-β signaling is a candidate key niche factor to promote this 

differentiation. Further studies in animal models will allow us to understand the underlying 

mechanisms of how in vivo niche factors, such as TGF-β, control MSC differentiation.

4.5. Skeletal muscle stem cells

Muscle stem cells show myogenic potential in response to environmental cues, and have 

been isolated from skeletal muscle [192–194]. They can be categorized into satellite cells, 

mesoangioblasts (vessel-associated stem cells), side population cells, muscle-derived stem 

cells, pericytes, and CD133-positive stem cells [194–199]. Among these stem cell types, 

satellite cells have been extensively studied. Since a fair amount of knowledge has 

accumulated in the past few decades, the role of TGF-β signaling in satellite cells has been 

well documented.

Satellite cells are located between the basal lamina and the sarcolemma of the muscle fiber, 

and become activated for proliferation and differentiation in response to trauma, mechanical 

injury or biological stimuli. Satellite cells are a heterogeneous cell population comprised of 

stem cells and committed progenitors, based on expression of Pax7 or Myf5 [200]. Once 

stimulated, satellite cells proliferate, differentiate into myoblasts, and fuse with existing 

muscle fibers or, alternatively, create fibers de novo [193,201].

In skeletal muscle, TGF-β family members have inhibitory effects on both muscle 

development and postnatal regeneration of skeletal muscle [202]. TGF-β1 represses skeletal 

muscle-specific gene expression, and regulates proliferation in satellite cells [203–208]. 

Myostatin is another important TGF-β family member in skeletal muscle development. Mice 

lacking myostatin expression exhibit increased muscle mass and fiber hypertrophy, which 

are indicative of the inhibitory effects of myostatin on muscle development [209–211]. 

Interestingly, short-term inhibition of myostatin in aged mice that normally retain less 

muscle regeneration potential, enhances muscle regeneration and activates satellite cell 

proliferation [212]. In aged human skeletal muscle, satellite cells are maintained but fail to 

be activated upon environmental stimuli. These cells exhibit a decline in Notch activation 

due to decreased Erk MAPK signaling [213]. Moreover, aged human muscle produces 

excessive TGF-β, but not myostatin, which induces unusually high levels of Smad3 

activation in resident satellite cells and interferes with their regeneration capacity [213].

Sakaki-Yumoto et al. Page 12

Biochim Biophys Acta. Author manuscript; available in PMC 2014 November 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Increased TGF-β signaling is also apparent in skeletal muscle of fibrillin-1-deficient and 

dystrophin-deficient mice, models of human Marfan syndrome and Duchenne muscular 

dystrophy, respectively. Antagonizing TGF-β signaling rescues skeletal muscle regeneration 

in fibrillin-1-deficient mice and restores the regeneration program in these mice [214]. 

Furthermore, fibrillin-1-deficient mice exhibit increased satellite cell numbers when TGF-β 

is antagonized [215]. These findings suggest that TGF-β and myostatin inhibit satellite cell 

activation, and thus lead to a failure of skeletal muscle regeneration.

Signaling by TGF-β or myostatin converges in activation of Smad2 and Smad3. Several 

studies have elucidated roles of Smad2 and Smad3 in TGF-β1-mediated myogenic inhibition 

and in normal differentiation [47,216]. Smad3, but not Smad2, is the key mediator of TGF-β 

inhibition of myogenesis, through inhibition of MyoD and other myogenic bHLH 

transcription factors that drive myogenic differentiation [47]. Smad3 associates physically 

with MyoD, inhibiting the transactivation properties of MyoD [47], and with MEF2C, thus 

decreasing its transcription activity [217]. MEF2C plays a role in the late stages of myogenic 

differentiation, and conditional deletion in skeletal muscle affects sarcomere integrity [218].

To fully understand the molecular mechanisms of the TGF-β and myostatin signaling 

pathways in skeletal muscle stem cells, further work in different stem cell types will be 

needed. Profiling TGF-β or myostatin target genes at a genome-wide level may give further 

insights into common and divergent roles of these differentiation factors.

4.6. Neural stem cells

The self-renewing neural stem cells give rise to neural progenitor cells and eventually to 

neurons, astrocytes and oligodendrocytes [219]. Adult neurogenesis, resulting in the 

formation of new neurons, has been demonstrated in brains of adult mice, songbirds and 

primates, including humans, specifically in the subventricular zone, which lines the lateral 

ventricles, and the dentate gyrus of the hippocampus [220]. These observations led to the 

identification of neural stem cells in these structures, although the presence of true self-

renewing stem cells there has been debated [221]. Under some circumstances, such as 

following tissue damage in ischemia, neurogenesis can be induced in other brain regions as 

well, including in the neocortex. Neural stem cells can be propagated in vitro as 

neurospheres, and differentiated into both neuronal and glia cells [219]; however, some 

studies suggest that this differentiation behavior is induced by culture conditions [222,223]. 

A better understanding of the growth factors or stimuli that control the proliferation and 

lineage decisions of these cells is warranted.

TGF-β signals play important roles in the maintenance and growth of neural stem cells 

[224]. Targeted inactivation of TGF-β type II receptor gene in the mid/hind brain enhanced 

the self-renewal, but not the multipotency, of mouse neural stem cells, resulting in an 

enlarged midbrain. Ectopic expression of FGF and Wnt ligands, such as FGF8 and Wnt1, 

was observed in these mutant brains, suggesting that TGF-β signaling antagonizes FGF and 

Wnt signaling, thus controlling the size of the midbrain by negatively regulating self-

renewal of neural stem cells.
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BMPs induce a variety of biological responses in embryonic neural stem cells [225]. 

BMP2/4 acts as a neuroepithelial proliferation signal at very early stages of embryonic 

central nervous system development [226]. Later in development, BMPs induce neuronal 

and astroglial differentiation of neural stem cells [227,228]. BMP signals have also been 

implicated in the maintenance of neural stem cells in adult brain. In the subventricular zone, 

where somatic neural stem cells reside [229], multiple cell types can be discerned, such as 

migrating neuroblasts, immature precursors, astrocytes, and ependymal cells. These 

astrocytes were shown to act as neural stem cells in both normal and regenerating brain 

[230]. Among the many signaling molecules that are expressed in the subventricular zone, 

BMPs induce the generation of astrocytes at the expense of new oligodendrocyte and neuron 

generation. In contrast, noggin is highly expressed in ependymal cells, which do not act as 

neural stem cells [231]. Local noggin expression may contribute to the formation of a 

neurogenic niche for stem cells in the subventricular zone, as it promotes differentiation. 

These findings suggest that BMPs play a role in the maintenance of neural stem cells, i.e. 

astrocytes, by inhibiting their commitment to neurons and oligodendrocytes.

4.7. Hematopoietic stem cells

Hematopoietic stem cells (HSCs) are found in bone marrow, and give rise to all blood cell 

types. Although various methods are used to purify HSCs [232], these cells are usually not 

defined by phenotype, but rather by their ability to reconstitute a hematopoietic cell 

population in bone marrow [233,234]. Accordingly, HSCs have been classified by their 

lineage differentiation capacity, assessed by serial transplantation of single HSCs [235]. 

Another classification of HSCs is based on repopulation kinetics in mice transplanted with 

limiting dilutions of whole bone marrow [236–238]. These findings indicate that each 

subtype of HSCs displays different responsiveness to the microenvironment, and thus 

different responses to growth factors in their niche.

TGF-β signaling has been implicated in the regulation of quiescence of HSCs [239]. Since 

TGF-β is produced in a latent form by a variety of cells, and multiple mechanisms can lead 

to TGF-β activation, the mechanism of activation of latent TGF-β in the context of HSC 

quiescence remains to be resolved. Non-myelinating Schwann cells were shown to be in 

contact with a substantial proportion of HSCs in bone marrow, and to mediate activation of 

TGF-β. These findings suggest that glial cells maintain HSC quiescence by limiting 

activation of latent TGF-β as components of a bone marrow niche [240].

In cell culture, TGF-β signaling-deficient HSCs have a higher proliferative capacity, 

whereas the quiescence and maintenance of HSCs in vivo may depend on TGF-β signaling 

[241,242]. Furthermore, the response of HSCs to TGF-β stimulation is biphasic; high 

concentrations of TGF-β inhibit, while low concentrations stimulate HSC proliferation 

[243]. Additionally, TGF-β signaling results in different effects on myeloid-biased (My-) 

and lymphoid-biased (Ly-) HSC subtypes in various assays, such as colony formation from 

single cells, cell cycle analyses, and proliferation in vivo [244]. These observations suggest a 

mechanism for differential regulation of distinct HSC subtypes. Differential responses 

between subtypes of leukemic cells, such as leukemic stem cells and non-stem cells, toward 

environmental cues can also be explained by cell heterogeneity.
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5. Cancer stem cells

Cancer stem cells (CSCs) are a small population of self-renewing cells with the ability to 

initiate tumor formation and give rise to heterogenous cancer cells. Increasing evidence 

highlights the importance of CSCs in cancer progression [23,245]. CSCs are thought to 

confer resistance to chemotherapy or radiotherapy, leading to recurrence and metastases 

[24]. Thus, characterizing the properties of CSCs and the mechanisms of their regulation by 

signaling pathways is of high importance. CSCs are thought to be maintained by a cancer 

cell microenvironment that is conceptually similar to a normal stem cell niche [26]. Growth 

factors and cytokines released from the cancer microenvironment are thought to regulate 

CSC maintenance, differentiation and function. Recent studies have revealed critical roles of 

TGF-β family signaling in CSC maintenance and differentiation in several types of tumors 

(Table 1). Their roles are strikingly similar to those in normal somatic stem cell maintenance 

and differentiation.

5.1. Epithelial cancer stem cells

Epithelial cancers, also called carcinomas, are cancers formed from epithelial tissues such as 

skin, breast, gastrointestinal tract, kidney and bladder. Epithelial cancers make up about 

85% of all the cancer types. Recent evidence suggests plasticity in epithelial cancer cells that 

allows non-CSCs to acquire CSC-like properties, and vice versa. Thus, the hierarchical, 

unidirectional model in which CSCs are often described as cells at the apex of a hierarchy is 

now being replaced with a model in which signals from the cancer microenvironment can 

create new CSCs from non-CSCs [246] (Fig. 4A). Several reports demonstrate that TGF-β-

induced EMT can lead to dedifferentiation and gain of stem cell-like properties in both 

cancer and normal cells [247] (Table 1, Fig. 4A).

5.1.1. Breast cancer stem cells—In human breast cancers, a small subpopulation of 

cancer cells with a CD44high/CD24low antigenic phenotype was shown to exhibit CSC 

properties [248]. High aldehyde dehydrogenase 1 (ALDH1) activity also identifies cell 

populations with CSC properties [249]. Interestingly, stem cell-like cells isolated from 

mouse or human mammary carcinomas, as well as normal mammary glands, were shown to 

express EMT markers. Transformed human mammary epithelial cells that have undergone 

EMT show an increased ability to form mammospheres, soft agar colonies and tumors, 

which correlates with their CSC properties [30]. Additionally, in immortalized human 

mammary epithelial cells, oncogenic Ras and TGF-β1 cooperate to produce CD24low stem 

cell-like cells from CD24high differentiated cells [250]. These observations link TGF-β-

mediated EMT with acquisition of the CD24low CSC phenotype. Furthermore, a 

mesenchymal cell subpopulation spontaneously arises from immortalized human mammary 

epithelial cells through EMT. In these mesenchymal cells, autocrine TGF-β signaling is 

necessary for maintaining the mesenchymal state and tumorigenicity [31]. In this cell 

system, in which BMP antagonizes TGF-β-induced EMT, BMP signaling is decreased and 

TGF-β signaling is increased, when compared to the normal epithelial cell population [31]. 

Supporting these reports, BMP2/7 antagonizes TGF-β-mediated EMT, and decreases the 

frequency of ALDHhigh/CD44high/CD24low breast CSCs. Bone metastasis, formed after 

intra-cardiac injection of MDA-MB-231 breast cancer cells in Balb/c nu/nu mice, is also 
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decreased with BMP2/7 treatment [251]. These reports shed light on the notion that normal 

mammary stem cells and breast CSCs may share similar mechanisms, which rely in part on 

TGF-β signaling-mediated EMT, to establish and maintain stemness. The concept of 

epithelial cancer plasticity through EMT may provide explanations for how multi-step 

cancer progression is achieved. If oncogenic changes that normally occur in non-CSCs can 

be introduced to CSCs by dedifferentiation through EMT, CSCs with second oncogenic 

mutations can drive metastasis and resistance to chemotherapies and radiotherapies. Thus, 

TGF-β-induced EMT may enhance cancer progression by inducing not only an invasive 

phenotype, but also dedifferentiation of non-CSCs into CSCs.

In contrast to reports demonstrating that TGF-β signaling induces expansion of the CSC 

population and promotes cancer progression, TGF-β has also been shown to decrease the 

number of CSCs and inhibit tumor formation. In immortalized and transformed human 

breast epithelial cells derived from MCF10A cells, TGF-β reduces the size of the side 

population cell fraction, which exhibits properties of CSCs [252]. In this model, TGF-β 

promotes differentiation of CSC population by decreasing the expression of Id1, which 

induces self-renewal and inhibits differentiation in many tissues. By enhancing 

differentiation and reducing the number of CSCs, TGF-β inhibits tumor formation [252]. 

These results suggest complex roles of TGF-β in the regulation of CSCs, and different 

effects of TGF-β on CSC populations from different tumors, that may result from 

differential expression of signaling regulators in different populations. Further studies on the 

roles and mechanisms of TGF-β in the regulation of CSCs using different tumor types are 

needed to develop treatments based on activities of TGF-β signaling.

5.1.2. Pancreas cancer stem cells—Pancreas cancers also harbor distinct 

subpopulations of CSCs with self-renewal capacity, abilities to differentiate and initiate 

tumorigenesis [253,254]. Human pancreas CSCs and stroma-derived pancreatic stellate cells 

express nodal and activin, important regulators of ESC pluripotency, and activated nodal/

activin signaling is required for self-renewal and tumorigenicity of pancreas CSCs [255]. 

Pharmacological inhibition of the nodal/activin type I receptor kinases reduces self-renewal 

and tumorigenicity of these CSCs, and enhances their sensitivity to chemotherapy [255]. 

These results suggest that, to maintain their self-renewal capacity, tumorigenicity and 

resistance to chemotherapy, pancreas CSCs may use the same signaling pathways as those 

that are involved in human ESC pluripotency. Inhibition of nodal/activin signaling, 

combined with chemotherapy, may provide a therapeutic strategy for targeting pancreas 

CSCs. On the other hand, about 50% of patients with pancreas cancer bear impaired Smad4 

function, which suggests other key mechanisms besides nodal/activin signaling to maintain 

pancreas CSCs. Further studies will be needed to define several potential therapeutic 

strategies that will be chosen according to the mutations.

5.1.3. Colon cancer stem cells—In human colon cancer, CSCs were initially identified 

as a CD133+ cell subpopulation [256,257]. These CSCs can be expanded as tumor spheres 

using serum-free media, but, when grown in spheres in the presence of serum, they acquire 

epithelial markers and lose tumorigenicity.
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BMPs promote differentiation of normal colon stem cells, and inactivation of BMP signaling 

confers increased tumorigenesis. Inactivation of BMP signaling by impaired BMPRIA or 

Smad4 function is often observed in human colon cancers [147,149,150]. Consistent with 

these observations, BMP4, which is expressed in non-CSCs, but not in CSCs, induces 

differentiation, apoptosis and sensitivity to chemotherapy in the CSC population of human 

colorectal cancer cells that do not have impaired Smad4 function and constitutive activation 

of PI3K [258]. This effect of BMP4 is mediated through inhibition of the PI3K–Akt 

pathway, which is normally activated in CSCs, through Smad-dependent and Smad-

independent mechanisms. These and other findings suggest that the same signaling 

pathways can enhance differentiation of both normal and cancer stem cells, and that BMP4 

may be used as a therapeutic agent against CSCs in colon cancers.

5.1.4. Melanoma stem cells—Similarly to other types of CSCs, malignant melanoma 

stem cells have the ability to initiate new tumors and generate a heterogeneous population of 

cells that includes CSCs [259]. Cell-surface markers specific for melanoma stem cells, such 

as CD20 and CD133 have been identified [260,261], but the correlation between expression 

of these markers and the cells' capacities for self-renewal and tumorigenesis remains to be 

elucidated. More recent reports have shown that a high proportion (at least 25%) of 

melanoma cells isolated from patients were able to initiate tumorigenesis from a single cell 

[262]. Furthermore, none of the 22 heterogenously expressed markers that are commonly 

used to identify CSCs, can isolate tumorigenic melanoma stem cells, and any large 

subpopulation of melanoma cells does not lack tumorigenicity [262]. Moreover, reversible 

epigenetic regulatory mechanisms allow melanoma cells to readily convert between a CSC 

state, which is quiescent and resistant to therapy, and a non-CSC state that cannot initiate 

tumor formation [263]. This phenotypic plasticity in melanoma cells may represent an 

extreme example of functional plasticity of epithelial cancers [264]. Signals from melanoma 

microenvironments play a key role in regulating this fate change from a stem cell-like to a 

non-stem cell-like state. Nodal, a regulator of human ESC pluripotency, is expressed in 

human melanoma cells, and is required, at least in part, for tumor cell plasticity and 

aggressiveness [265–267]. Anti-nodal antibodies can inhibit nodal-induced plasticity in vitro 

and lung colonization in mice [265,267]. Nodal expression is not detected in normal 

melanocytes, suggesting deregulated nodal signaling in melanoma cells. Nodal may 

represent a novel prognostic and therapeutic target for human melanoma.

5.1.5. Other epithelial cancers—TGF-β family signaling also plays important roles in 

other types of epithelial CSCs. In squamous cell carcinoma, a subpopulation of 

α6β1hiCD34hi cells is thought to function as CSCs. TGF-β signaling inhibits self-renewal 

and expansion of α6β1hiCD34hi cells in a Tgfbr2−/− mouse model of squamous cell 

carcinoma [268]. In human diffuse-type gastric carcinoma, TGF-β from the tumor 

microenvironment decreases the side population or ALDH1+ cells, which show CSC 

properties, and inhibits tumor formation in immunodeficient mice [269,270]. In primary 

human ovarian cancer cells, TGF-β secreted in the tumor microenvironment induces 

expression of tissue transglutaminase 2 (TG2). TG2 induces EMT and spheroid formation, 

which correlate with the CSC properties, to enhance metastasis [271]. In human prostate 

cancer, BMP7, secreted from bone stromal cells, induces reversible senescence of CSCs. 
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BMP7 signaling induces the CSCs to become dormant, in part by activating p38 MAPK and 

increasing the expression of the cell cycle inhibitor p21CIP1 and the metastasis suppressor 

NDRG1 (N-myc downstream-regulated gene 1) [272].

5.2. Glioma stem cells

Human gliomas, which are derived from multipotent neural stem cells, neural progenitor 

cells or glial progenitor cells [25], contain a small fraction of glioblastoma stem cells 

(GSCs), which retain many similarities to neural stem cells, including the abilities to self-

renew and differentiate into neural and glial cells. GSCs express specific markers such as 

CD133 and nestin that are commonly expressed in normal neural stem cells [273]. Similarly 

to BMP-induced astrocytic differentiation of embryonic neural stem cells, BMP4 inhibits the 

proliferation of GSCs, and induces their differentiation into glioma cells with an astroglial-

like fate [274]. Consequently, BMP4 delivered to the tumor in vivo, blocks tumor growth in 

mice following intracerebral grafting of human glioblastoma cells [274]. However, BMP-

induced astroglial differentiation appears to be impaired in a subpopulation of GSCs, due to 

epigenetic silencing of the BMPR1B gene [275]. These results suggest that new oncogenic 

alterations that could be beneficial for the expansion of GSCs may selectively accumulate 

under some conditions. These deregulated signals in GSCs may reveal themselves as 

possible targets for therapeutic approaches.

Increased TGF-β1 expression is commonly seen in malignant glioma cells, similarly to 

upregulated TGF-β1 expression in carcinomas and other tumors of neuro-ectodermal origin. 

Recent reports have revealed key roles of TGF-β signaling in the maintenance of stem cell-

like properties and the tumor initiating ability of GSCs. TGF-β maintains the tumorigenicity 

of human GSCs through Smad-mediated induction of LIF expression, which then, in an 

autocrine way, activates the JAK–STAT signaling pathway in GSCs, to increase self-

renewal and decrease differentiation [276]. TGF-β signaling maintains stem cell properties 

of human GSCs through Smad-dependent induction of SOX4 expression and subsequent 

induction of SOX2 expression. SOX2 is an ESC self-renewal gene, which regulates the 

expression of other transcription factors that are critical for maintaining stem cell-like 

properties of ESCs and neural stem cells [277]. These findings show that TGF-β signaling 

maintains GSCs' population and promotes glioblastoma formation. Accordingly, 

pharmacological inhibition of the TβRI kinase can augment the response to radiation 

treatment in a mouse model of orthotopic, intracranially implanted human glioblastoma cells 

[278]. By coordinately increasing apoptosis of glioma cells and GSCs, while blocking DNA 

damage repair, invasion, mesenchymal transition, and angiogenesis, the TβRI kinase 

inhibitor blocks glioma expansion [278]. The combination of radiotherapy with inhibition of 

TGF-β signaling may be a therapeutic strategy for gliomas.

5.3. Leukemic stem cells

Leukemic stem cells (LSCs) were first identified as a phenotypically and functionally 

distinct cell population in acute myeloid leukemia (AML) [279]. Various studies examined 

the role of the stem cell niche in the control of LSCs. In both AML and chronic myeloid 

leukemia (CML), the interaction of the stem cell marker CD44, which is expressed in LSCs, 

with hyaluronic acid moieties at the surface of stromal cells in bone marrow, is essential for 
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adherence of LSCs to the niche [280,281]. This mechanism resembles that of the interaction 

between normal HSCs and the vascular niche, again revealing parallels between normal 

HSCs and LSCs (Fig. 4B).

TGF-β signaling plays crucial roles in the maintenance of LSCs. In human CML, TGF-β 

produced by LSCs, or in the tumor microenvironment, is thought to be required for survival, 

proliferation, and maintenance of stem cell-like properties of LSCs, through activating Akt 

signaling, which induces nuclear localization of FOXO3a [282]. Regulation of Akt 

activation and nuclear localization of FOXO3a in response to TGF-β has also been shown in 

normal HSCs [239], demonstrating a common mechanism for normal HSCs and LSCs. 

TGF-β-induced FOXO3a nuclear localization was specific to LSC, and was not observed in 

the non-LSC cell population [282], suggesting that TGF-β has different effects on FOXO3a 

activation in LSCs and non-LSCs. Thus, inhibition of TGF-β-FOXO signaling may provide 

a possible therapeutic approach for the treatment of human CML.

In contrast to the stimulatory effect of TGF-β signaling on CML stem cell maintenance and 

proliferation, TGF-β-induced Smad signaling impairs initiation and progression of leukemia 

in a mouse model of AML [283]. Ina mouse model of human AML induced by HOXA9 or 

the fusion oncogene NUP98–HOXA9, Smad4 binds and stabilizes Hoxa9 in the cytoplasm, 

thus inhibiting nuclear localization of Hoxa9. Since nuclear Hoxa9 induces transformation 

of normal hematopoietic stem or progenitor cells to LSCs, Smad4 can negatively regulate 

the transformation of HSC into LSC [283]. Loss of Smad4 increases Hoxa9 levels in the 

nucleus, enhancing the transformation of HSC into LSC, and accelerating leukemogenesis 

[283]. The differences between LSCs from different leukemias or different subpopulations 

of LSCs may reflect complex mechanisms by which TGF-β differentially regulates the 

maintenance of normal HSC subpopulations [244]. Further studies on the effects of TGF-β 

on LSC maintenance, and their mechanisms, will yield additional prognostic methods and 

new therapeutic targets in the treatment of leukemia.

5.4. Tumor stromal cells

Functional interactions of CSCs with stromal cells that constitute the tumor 

microenvironment are important for tumor formation, maintenance and progression. Most of 

the tumor microenvironment consists of cancer-associated fibroblasts (CAFs), which closely 

resemble myofibroblasts and express α-smooth muscle actin. Although the origin of CAFs is 

not clear, several studies have demonstrated that bone marrow-derived MSCs and 

endothelial cells provide a source of CAFs [284,285]. TGF-β family signaling has important 

roles in the interactions between tumor cells and CAFs. In mouse models of inflammation-

dependent gastric cancer, TGF-β induces differentiation of bone marrow-derived MSCs to 

myofibroblasts, expansion of these cells and recruitment to tumors through induced 

expression of the secreted chemokine SDF-1α by myofibroblasts [286]. SDF-1α functions, 

in an autocrine fashion, as a stimulator of proliferation of myofibroblasts, and, in a paracrine 

fashion, as an attractant of myofibroblasts to tumor cells, which express the SDF-1α 

receptor CXCR4. The myofibroblasts are recruited to tumors and support cancer cells as 

CAFs [286]. Additionally, inhibition of TGF-β signaling or CXCR4 signaling reduces tumor 

growth in vivo [286]. On the other hand, cancer-associated MSCs isolated from ovarian 
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cancer ascites show increased expression of BMP2, 4 and 6, when compared with normal 

MSCs. BMPs expressed by cancer-associated MSCs increase the number of human ovarian 

CSCs and promote tumorigenesis [287]. TGF-β also stimulates the generation of CAFs from 

endothelial cells, which occurs through endothelial to mesenchymal transition [285]. 

Although various findings suggest the importance of TGF-β family signaling in the 

interactions of CSCs and CAFs, little is known about the roles of TGF-β family signaling in 

the regulation of tumor stromal cells. Further studies on the interaction of CSCs and tumor 

stromal cells may reveal additional roles of TGF-β family signaling in the maintenance of 

CSCs, through effects on tumor stromal cells.

6. Conclusions and future perspective

CSCs, and embryonic and somatic stem cells have striking similarities in their responses to 

signals from the surrounding microenvironment, yet some aspects are distinct. Since TGF-β 

family signaling appears to have different effects on subpopulations of certain tissue stem 

cells, such as intestinal stem cells or hematopoietic stem cells, it is to be expected that 

diverse effects of TGF-β family signaling are seen in different types of CSCs. According to 

their innate properties and acquired changes, several different approaches to target these 

sub-populations are needed. Further mechanistic studies on TGF-β family signal 

transduction and the cross-talk with other signaling pathways in different subpopulations of 

cancer and normal stem cells will provide a better understanding of the roles of TGF-β 

family signaling in the regulation of stem cells. These basic studies may lead to development 

of a new therapeutic or prognostic strategy for the treatment of cancers.
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Fig. 1. 
Schematic figure of four types of stem cells. Yellow area. Embryonic stem cells are derived 

from inner cell mass (ICM) of blastocyst stage embryos (green arrow). Induced pluripotent 

stem (iPS) cells are generated by reprogramming somatic cells into pluripotent cells (orange 

arrow). TE: trophectoderm. Pink area. Tissue stem cells, which reside in adult tissues, are 

the source of functionally committed cells. They generate all cell types in the same tissue 

through differentiation (red arrow). Some tissue stem cells are known to transdifferentiate 

toward other lineages (not shown). Blue area. Cancer stem cells (CSCs) represent a small 

subpopulation of undifferentiated cancer cells that have stem cell-like properties and are 

responsible for tumor expansion. The normal epithelial stem cell niche contains stromal cells 

with a mesenchymal phenotype that support tissue homeostasis. Oncogenic changes (red 

arrow) in normal somatic stem cells initiate tumorigenesis. CSCs and tumor tissues affect 

the properties of the stromal cells constituting the normal niche. The altered niche, where 

tumor stromal cells, including cancer-associated fibroblasts (CAFs), are recruited, supports 

the maintenance of CSCs.
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Fig. 2. 
Smad-dependent and Smad-independent TGF-β family signaling. Ligands of TGF-β family 

members bind to type I and type II receptors. Upon ligand binding, the type II receptors 

phosphorylate the type I receptors, which then phosphorylate and activate effector Smads. 

The activated Smads form complexes with Smad4, and translocate into the nucleus. The 

Smad complex interacts with other transcription factors, co-activators or co-repressors to 

regulate transcription of target genes. TGF-β also elicits activation of other signaling 

cascades independent of Smad pathways. TGF-β activates the Ras–Raf–MEK–Erk MAPK 

pathway through tyrosine phosphorylation of ShcA, and p38 and JNK MAPK signaling 

through activation of TAK1 by the TRAF6. TGF-β also activates the small GTPases Rho, 

Rac and Cdc42, and the PI3K–Akt pathway.
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Fig. 3. 
Roles of TGF-β family members in maintenance and differentiation of ESCs, and somatic 

cell reprogramming. ESCs derived from mouse blastocysts or human blastocysts have 

distinct mechanisms to maintain pluripotency. Mouse ESCs (yellow circle) rely on LIF 

signaling, while human ESCs (green hexagon) require bFGF signaling. Fully reprogrammed 

mouse and human iPS cells (yellow and green squares) require the same signaling mediators 

as ESCs from the same species. Low BMP levels promote pluripotency of mouse ESCs and 

iPS (yellow) cells in the presence of LIF (orange zone), whereas TGF-β/activin signaling 

induces differentiation in the absence of LIF. Pluripotent mouse EpiSCs, derived from 

epiblast stage embryos, require bFGF signaling, similarly to human ESCs and iPS (green) 

cells. These three cell types (green) require TGF-β/activin signaling together with bFGF 

signaling (beige zone), while BMP signaling impairs their pluripotency. Activation of TGF-

β/activin signaling in mouse ESCs causes transition from the naïve ESC to the primed 

EpiSC state, when LIF signaling is blocked. Primed human ESCs (green hexagon) also 

revert to the naïve state (yellow hexagon) upon blocking TGF-β/activin signaling (dotted 

brown arrow). Differentiation of pluripotent cells into the three germ layers is induced by 

Sakaki-Yumoto et al. Page 39

Biochim Biophys Acta. Author manuscript; available in PMC 2014 November 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



withdrawal of pluripotency factors such as LIF or bFGF (purple zone). Activin/nodal acts as 

an endoderm-inducing signal in the absence of bFGF. BMP and Nodal promote mesodemal 

differentiation, while blocking both activin/nodal and BMP signaling promotes 

neuroectoderm differentiation. BMP enhances somatic cell reprogramming (blue arrows), by 

inducing mesenchymal–epithelial transition. TGF-β type I receptor kinase inhibitors also 

promote iPS cell generation.
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Fig. 4. 
Cancer stem cells (CSCs) in tumor initiation and progression. (A) Plasticity of epithelial 

cancer cells through epithelial–mesenchymal transition (EMT) and its role in tumor 

progression. Epithelial CSCs have the ability to self-renew (orange arrow) or to differentiate 

(blue arrow) into different types of non-CSCs (blue, green), and acquire oncogenic changes. 

Non-CSCs can undergo EMT (red arrow), thus acquiring a mesenchymal phenotype and 

stem cell-like properties, and generating new CSCs from non-CSCs. A cancer cell in non-

CSC population may acquire an additional oncogenic change (pink arrow) that promotes 

tumor progression. Dedifferentiation of this non-CSC (pink) through EMT generates a CSC 

with a second oncogenic mutation (pink), which has a more malignant phenotype and drives 

expansion, invasion and metastasis of the tumor. (B) Leukemic stem cells (LSCs) and their 

niche. The interactions between LSCs and their niche have much in common with the 

interactions between normal hematopoietic stem cells (HSCs) and their bone marrow niche. 

The normal niche contains HSCs and supporting cells, such as osteoblasts. Oncogenic 

changes (pink arrow) in HSCs can lead to the generation of LSCs. LSCs alter the properties 

of normal niche cells, and the niche adapts to LSCs. Growth factors and cytokines released 

from the altered niche support the LSCs to maintain their stemness. Signals from the niche 

also induce additional genetic or epigenetic changes in LSCs. LSCs that are no longer 

dependent on the original niche survive in the blood vessel and may home to an alternative 

niche, leading to expansion of leukemic cells.
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Table 1

Reported cancer stem cells and corresponding literature.

Cancer type Roles of TGF-β family signaling References

Breast cancer TGF-β-induced EMT maintains stem-like properties [30,31]

TGF-β reduces the size of the SP fraction and the ability of tumor formation [252]

BMP2/7 decrease ALDH+/CD44high/CD24low stem cells [251]

Pancreas cancer Nodal/activin signaling drives self-renewal and tumorigenicity [255]

Diffuse-type gastric cancer TGF-β decreases the CSC fraction [269,270]

Colorectal cancer BMP4 induces differentiation, apoptosis and chemosensitization of CSCs [258]

Squamous cell carcinoma TGF-β/TβRII signaling restricts self-renewal and expansion of CSCs [268]

Ovarian cancer TGF-β-induced TG2 induces EMT and a CSC phenotype [271]

Prostate cancer BMP7 induces senescence in CSCs by activating p38 MAPK and increasing the expression of p21 
and NDRG1

[272]

Glioma TGF-β maintains tumorigenicity and stemness [276,277]

BMP4 inhibits proliferation and induces differentiation of human glioblastoma stem cells [274]

Leukemia TGF-β–FOXO pathway maintains stem cell-like properties [282]

Smad4 negatively regulates leukemia initiation and maintenance induced by HOXA9 gene or 
NUP98–HOXA9 fusion oncogene

[283]
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