Chapter 6
Signaling Pathways Regulating Stem Cells

Xingting Guo, Jun Chen, Zhaohui Li and Rongwen Xi

Abstract Stem cells have a unique ability to self-renewal and a potential to
differentiate into one or more types of specialized cells. These properties in vivo
are commonly maintained and regulated by signaling pathways involved in cell-
to-cell communications. Signaling communications occur between stem cells
and the niche supporting cells, as well as between stem cells and their differenti-
ated daughter cells. Different types of stem cells within the same tissue are also
coordinately regulated by signaling pathways to maintain tissue architecture and
function. Signaling pathways are also critical in mediating stem cell activation in
response to tissue damage for accelerated regeneration. This chapter will review
signaling mechanisms in controlling various behaviors of several well-character-
ized tissue stem cells, including self-renewal, differentiation, and regenerative acti-
vation of stem cells.
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6.1 Introduction

Adult stem cells or tissue stem cells have been a research of focus for many years,
due to their prominent roles in a variety of biological processes, including tis-
sue homeostasis, regeneration, organogenesis, and tumorigenesis. Stem cells are
a population of undifferentiated cells that can self-renew via mitosis and differ-
entiate into specialized progenies. There are many types of adult stem cells, such
as hematopoietic stem cells (HSCs), neuronal stem cells (NSCs), intestinal stem
cells (ISCs), and germline stem cells (GSCs) (Li and Xie 2005; Gancz and Gilboa
2013). Tightly controlled proliferation and differentiation of these stem cells
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throughout adulthood is critical for normal tissue homeostasis and damage repair.
Once such regulation is disrupted, uncontrolled stem cells may lead to tumor ini-
tiation or stem cell depletion and consequently degenerative diseases (Voog and
Jones 2010).

Adult stem cells commonly reside in a specialized tissue microenvironment
or niche, and secreted signals from the niche have important roles in regulating
stem cell maintenance, proliferation, and differentiation (Schofield 1977; Morrison
and Spradling 2008). These secreted niche signals usually directly activate surface
receptors on the cell membrane of stem cells, followed by the activation of signal
cascades in the cytoplasm and eventually the activation of transcription factors and
gene expression programs, which controls the proliferation, survival, or differenti-
ation of stem cells. Signaling pathways are also commonly involved in mediating
the response of stem cells to external stimuli (nutrient, tissue damage, and bacterial
infection, etc.) to coordinate stem cell activity with demands. Recent advances in
cell biology and biochemistry have largely illustrated details of these signaling path-
ways, and genetic analysis on model organisms such as Drosophila melanogaster
and Mus musculus has provided insights into their functions in stem cell regulation.
In the following parts, we will provide an overview of several commonly utilized
signaling pathways and their roles in the regulation of adult stem cells.

6.2 Wnt Pathway

The Wnt signaling is highly conserved from invertebrates to vertebrates (Klaus
and Birchmeier 2008). Since the discovery of the Drosophila segment polarity
gene Wingless and its homologue Int-1 in the murine (Nusse and Varmus 1982;
Rijsewijk et al. 1987), more mutations identified in Drosophila with similar phe-
notypes with wg™'~ have led to the identification of downstream signaling com-
ponents, which constitute the canonical Wnt signaling cascade (Nusse et al.
1991). Activation of the pathway requires the binding of secreted Wnt ligands to
Frizzled receptors and LRP5-LRP6 co-receptors in the plasma membrane (Finch
et al. 1997). The central player during Wnt signal transduction is a cytosolic pro-
tein called B-catenin. Under quiescent state, newly synthesized B-catenin binds to
a destructive complex consisting of two scaffold proteins—the tumor suppressor
adenomatous polyposis coli (APC) and Axin—and two kinases in this complex,
CKI and GSK3, and sequentially phosphorylates a set of conserved Ser and Thr
residues in the N-terminus of B-catenin afterward (Peters et al. 1999; Amit et al.
2002). The phosphorylated signal can be recognized by a b-TrCP-containing E3
ligase and lead to proteasomal degradation of B-catenin (Liu et al. 2002; Aberle
et al. 1997). Meanwhile, with little B-catenin in the nucleus, transcription factors
such as TCF and LEF interact with c-repressor Groucho or CtBP to repress Wnt-
specific target genes (Cavallo et al. 1998; Fang et al. 2000).

Upon activation by Wnt binding, LRP5-LRP6 phosphorylation and Dishevelled
aggression serve as mediator and lead to the translocation of Axin to the plasma
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membrane and thus inactivates the destructive complex (Bili¢ et al. 2007).
Cytosolic p-catenin could accumulate and enter the nucleus afterward, and the
mechanism of the translocation still remains unclear. In the nucleus, it forms a
transcriptionally active complex with LEF and TCF transcription factors by dis-
placing Groucho and interacting with other co-activators such as BCI9, Pygopus,
CBP (CREB-binding protein), or Hyrax, promoting activation of Wnt target genes
(Hecht et al. 2000; Mosimann et al. 2006) (Fig. 6.1).

In addition to canonical Wnt pathway described above, some Wnt ligands and
Frizzled receptors, and the Dishevelleds, are capable of activating a B-catenin
independent, non-canonical Wnt signaling cascade, including the planar cell polar-
ity (PCP) pathway and the Ca’>*-dependent Wnt signaling pathway (Seifert and
Mlodzik 2007; Veeman et al. 2003). They may function in regulating polarization
of cells and directed cell motility, as well as transforming capacity in cell culture.
However, mutations in non-canonical Wnt pathway components have not been
reported to be associated with tumorigenesis.
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Fig. 6.1 The canonical Wnt signaling pathway. Under quiescent state, newly synthesized
B-catenin binds to and is phosphorylated by a destructive complex consisting of two scaffold pro-
teins—APC and axin—and two kinases, CKI and GSK3 (Peters et al. 1999; Amit et al. 2002).
The phosphorylated B-catenin can be recognized by a b-TrCP-containing E3 ligase, which leads
to proteasomal degradation of B-catenin (Liu et al. 2002; Aberle et al. 1997). Wnt binding to the
receptors leads to inactivation of the destructive complex (Bili¢ et al. 2007). Cytosolic B-catenin
then accumulates and enters the nucleus. In the nucleus, B-catenin forms a transcriptionally
active complex with LEF and TCF transcription factors and other co-activators such as BCI9,
Pygopus, CBP (CREB-binding protein), or Hyrax to displace Groucho and promote activation of
Wht target genes (Hecht et al. 2000; Mosimann et al. 2006)
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Decades of studies on model organisms have revealed that a variety of stem
cells are regulated by the Wnt signaling pathway. In vitro-cultured mouse ESCs
were laid on a layer of fibroblasts in order to obtain the necessary factors, among
which Wnt signal was found to be necessary for mESC self-renewal and pluripo-
tency maintenance (Young 2011). Other approaches that activate this pathway are
also effective, including overexpression of an active form of B-catenin or treat-
ment with GSK3 inhibitors (Sato et al. 2003). However, in terms of human ESC,
whether Wnt/p-catenin signaling maintains them in an undifferentiated and self-
renewing state, or whether it promotes differentiation, remains controversial (Day
et al. 2005). During the process of gastrulation, Wnt pathway is required for gen-
eration of primitive streak (PS), which will ultimately differentiate into mesoderm
or definitive endoderm, whereas ectoderm formation is blocked by this pathway
(Lindsley et al. 2006; Aubert et al. 2002). Further differentiation after germ layer
formation is also regulated by Wnt/B-catenin signaling; for example, it inhibits
cardiac differentiation and may redirect the cells to alternate mesodermal fates like
hematopoietic lineage (Murry and Keller 2008; Trompouki et al. 2011). Reports
also show that non-canonical Wnt/PCP and Wnt/B-catenin signaling cooperates to
regulate the cell-fate choice in asymmetrically dividing cells in Xenopus embryo
by restricting Lrp6 to the basolateral part of the stem cell (Glinka et al. 2011).

During adulthood, Wnt/B-catenin pathway also regulates proliferation and dif-
ferentiation of adult stem cells, among which the best well characterized might be
ISC. In mammalian small intestine, ISCs are located in the bottom of the crypt,
while their progenies move upward to the villi. Paneth cells surrounding ISCs
secrete WNT3 to maintain ISCs via induced expression of Wnt target genes such
as cMyc and cyclin D (Li and Xie 2005). Other targets of f-catenin/Tcf signaling
include ephrin receptors EphB2 and EphB3, which function in establishing crypt—
villus boundaries and positioning of paneth cells at the crypt bottom (Batlle et al.
2002). Besides, additional Wnt signals could promote differentiation of paneth
cells by the activation of genes specific to paneth cells, such as cryptidin (van Es
et al. 2005).

Compared to its mammalian counterparts, Drosophila midgut provides a sim-
pler model to study ISC regulation (Micchelli and Perrimon 2005). Along the
midgut, Wg ligand secreted by the underlying muscle cells contributes to self-
renewal of ISCs to maintain the stem cell pool (Lin et al. 2008). During tissue
regeneration, Wg could also be induced in progenitors to promote ISC prolifera-
tion (Cordero et al. 2012). Hair follicle stem cells are also regulated by the Wnt/
B-catenin signaling pathway. In comparison with ISCs, bulge stem cells remain
quiescent when undergoing a resting phase and reside in a Wnt-restricted envi-
ronment (DasGupta and Fuchs 1999). TCF3 with no B-catenin association may
function to maintain skin stem cells in an undifferentiated state through repres-
sion of specific TCF target genes. Once entering regenerative phase, Wnt signaling
pathway is activated and f-catenin stabilized, which will relieve TCF3 repression.
Meanwhile, p-catenin interacts with another LEF/TCF member LEF1, which will
activate bulge stem cells and generate new hair follicles (Lowry et al. 2005). As
the stem cells proliferate and undergo a differentiated lineage, p-catenin binds to
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other TFs to promote hair shaft cell differentiation, while p-catenin deficiency
leads to the genesis of epidermal cell, indicating that Wnt signaling also partici-
pates in fate choice (Lowry et al. 2005). These studies indicate that by binding
to different partners, Wnt/B-catenin pathway could coordinately regulate self-
renewal, proliferation as well as terminal differentiation of hair follicle stem cells
(Blanpain et al. 2007; Choi et al. 2013).

HSC residing in bone marrow is the origin of blood cells and immune cells.
Whnt ligands, secreted by HSCs themselves as well as by the microenvironment,
are responsible for self-renewal of HSC and progenitor cells, as well as maintain-
ing them in an undifferentiated state (Rattis et al. 2004). Deletion of B-catenin in
mouse models blocks long-term growth and maintenance of HSC and reduced
possibility to develop BCRABL-induced chronic myelogenous leukemia (Austin
et al. 1997; Jamieson et al. 2004).

In the nervous system, both central and peripheral, astrocytes generate Wnt3a
to promote proliferation and neuronal fate commitment of neural precursors via
canonical Wnt/B-catenin pathway (Lee et al. 2004). Wnt also promotes differ-
entiation of NSCs into neuronal and astrocyte lineages in a time- and location-
dependent manner (Toledo et al. 2008). In other systems, including mammary
stem cells (MaSC) and airway stem cells, canonical Wnt pathway regulates their
maintenance and self-renewal in a manner similar to that described above (Zeng
and Nusse 2010; Zhang et al. 2008).

The common requirement in various types of stem cells makes the Wnt signal-
ing cascade critical in both organ development and tumorigenesis. Depletion of
Whnt/B-catenin activities will result in a series of morphological and functional
defects, including the absence of intestinal crypts or hair follicles (Pinto et al.
2003; Andl et al. 2002). On the contrary, aberrant activation of Wnt pathway will
lead to hyper-accumulation of stem and progenitor cells, which further might
induce tumorigenesis. Leukemia, breast cancer, and the majority of familial and
sporadic colon tumors are, to some extent, associated with mutations that lead to
constant activation of Wnt signaling pathway (Jamieson et al. 2004; Korkaya et al.
2009; Phelps et al. 2009).

6.3 Notch Pathway

The first Notch mutant was identified in Drosophila a century ago by Morgan
(1917). The Notch pathway is evolutionarily conserved from invertebrates to ver-
tebrates and plays fundamental roles in a broad range of development processes.
In the canonical Notch pathway of Drosophila, the receptor Notch, a single-
pass transmembrane receptor consisting of a large extracellular region with epi-
dermal growth factor-like repeats and an intracellular region, interacts with
the membrane-bound ligands Delta(Dl) or Serrate(Ser) (Delta-like and Jagged
in mammalian) from the neighboring cells. A cascade of proteolytic events is
triggered after the ligand-receptor interaction, resulting in the release of the
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intracellular domain (NICD) of Notch to the cytoplasm. The NICD then trans-
locates into the nucleus to form a transcriptional complex with the co-activator
Mastermind (Mam) and the DNA-binding protein Suppressor of Hairless [Su(H)]
(CSL, CBF1/RBPJK in mammalian) to regulate gene expression (Bray 2006;
Kopan and Ilagan 2009) (Fig. 6.2). There is also increasing evidence for a ligand-
or transcription-independent non-canonical Notch pathway that exerts important
biological functions, which we will not discuss here but have been reviewed else-
where by Heitzler (2010), Andersen et al. (2012).

Notch signaling has been implicated to function critically in many kinds of
stem cell lineages, such as stem cells in skin, nervous system, hematopoietic sys-
tem, muscle, liver, kidney, and intestine. As mentioned above, Notch signaling is
a very simple signaling cascade even without a second messenger, but its function
is highly context dependent and can be modulated at multiple levels, allowing it
to play a variety of biological roles from stem cell maintenance to multiple cell
lineage differentiation. Here, we mainly focus on its roles in embryonic stem cells
(ESCs) and adult stem cells in hematopoietic system and intestine.
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Fig. 6.2 The canonical Notch signaling pathway in Drosophila. The single-pass transmembrane
receptor Notch can be activated by the membrane-bound ligands, Delta (DI) or Serrate (Ser),
from neighboring signal-sending cells. The ligand-receptor interaction induces a cascade of pro-
teolytic events, which leads to the release of Notch intracellular domain (N/CD) from the cell
membrane. The NICD translocates into the nucleus, where it forms a transcriptional complex
with the co-activator Mastermind and the DNA-binding protein Suppressor of Hairless (Su(H))
to regulate its target gene expression
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There is no detectable Notch activity in human embryonic stem cells (hESCs),
and Notch is not required for the hESC maintenance (Noggle et al. 2006). But
Notch plays important roles in cell-fate decision during ESC differentiation.
Activation of Notch signaling in ESCs under differentiation condition promotes
the neural commitment of ESCs, resulting in differentiation into neuroectodermal
progenitor cells (Lowell et al. 2006). Conversely, loss or downregulation of the
Notch activity leads to cardiac mesodermal differentiation (Schroeder et al. 2003;
Nemir et al. 2006; Jang et al. 2008). Therefore, Notch is not required for ESC
maintenance but modulates the outcome during differentiation.

The hematopoietic system is relatively complex, which consists of multiple
cell lineages. Notch has involved in many aspects of hematopoiesis. Notch sign-
aling is required for the generation of HSCs in the aorta-gonad-mesonephros
(AGM) region during embryogenesis and in the long-term definitive hematopoie-
sis past the early fetal liver stage (Kumano et al. 2003; Robert-Moreno et al. 2008;
Hadland et al. 2004). It also functions in HSC maintenance in the marrow. Many
Notch ligands are expressed by the hematopoietic niche (Karanu et al. 2001;
Fernandez et al. 2008), and increased Notch activity in HSCs promotes expansion
of HSCs and hematopoietic progenitor cells in vivo and in vitro (Calvi et al. 2003;
Butler et al. 2010; Stier et al. 2002; Varnum-Finney et al. 2003; Karanu et al.
2000). In contrast, inhibition of Notch activity in HSCs displays no detectable
effect on HSC maintenance (Mancini et al. 2005; Maillard et al. 2008). Therefore,
Notch signaling is dispensable for adult HSC maintenance, but its activation
is sufficient to promote HSC proliferation. In addition, Notch signaling is also
essential for the differentiation of HSCs and other hematopoietic progenitor cells.
Enforced Notch activity in the hematopoietic progenitor cells promotes T cell
commitment (de La Coste et al. 2005; Radtke et al. 2004), and loss of the activity
leads to T cell deficiency (Radtke et al. 1999). Notch also plays a role in cell-fate
decision among myeloid progenitors, and activation of Notch both in vivo and in
vitro induces megakaryocyte development (Mercher et al. 2008). Therefore, the
role of Notch signaling in hematogenesis is important for lineage commitment at
multiple branch points of hematopoiesis. Further investigation into the mechanism
of the Notch function in different lineages may facilitate the understanding of the
complexity of Notch function in hematopoietic system.

Compared to the mammalian system, the Drosophila midgut is a much simpler
model system for studying signaling regulation of stem cells. The midgut ISCs
usually asymmetrically divide into a new ISC and an intermediate enteroblast
(EB), and EB can further differentiate into either an enterocyte (EC) or an enter-
oendocrine (ee) cell (Micchelli and Perrimon 2005; Ohlstein and Spradling 2005,
2007). Notch signaling plays crucial roles in the binary cell-fate decision and ter-
minal differentiation of EB. The Notch ligand Dl is specifically expressed in ISCs
and activates Notch activity in their immediate daughter EBs. Overexpression of
the NICD in progenitor cells invariably induces EC differentiation, while loss of
Notch leads to the expansion of ISC-like cells and ee cells. Therefore, it has been
proposed that EBs that receive high levels of Notch activity will differentiate into
ECs, whereas EBs that receive low or no Notch activity will differentiate into ee
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cells (Micchelli and Perrimon 2005; Ohlstein and Spradling 2005, 2007). In mam-
malian intestine, Notch regulates both the maintenance and differentiation of ISC.
In contrast to that in Drosophila gut, ISCs in mammals are also signal-receiv-
ing cells where the receptors Notchl and Notch2 are expressed (Fre et al. 2011;
Pellegrinet et al. 2011). Activation of Notch in ISCs promotes their amplification,
and activation of Notch in progenitor cells favors absorptive cell differentiation
over secretory cell differentiation (Fre et al. 2005; Ueo et al. 2012). Conversely,
loss of Notch activity leads to the loss of ISCs and increased production of the
secretory goblet cells (Ueo et al. 2012; Riccio et al. 2008; Milano et al. 2004).
In addition to HSCs and ISCs, Notch is involved in the regulation of many other
types of stem cells, which will not be discussed here but are summarized by Liu
and Carolina (Liu et al. 2010; Perdigoto and Bardin 2013).

Taken together, Notch signaling is involved in many aspects of stem cell
behavior, including maintenance, cell-fate decision, and terminal differentiation.
Immediate questions remaining to be answered include how the specificity of
Notch function in a different context is achieved and how the pathway is regu-
lated to meet the needs during tissue homeostasis and in response to environmen-
tal changes.

6.4 EGFR Pathway

As a central element for a variety of cellular response and signaling transduction
network, the epidermal growth factor receptor (EGFR) family has fundamental
roles in the development of multicellular organisms. EGFR signaling pathway
has been reported to regulate many cellular functions including the cell survival,
motility, proliferation, and cell-fate decision. Disruption of the signaling pathway
is frequently implicated in the development of human tumors, proposing EGFR
as a prognostic marker or target in cancer therapy. In this part, we will focus on
the critical role of EGFR signaling pathway as regulators of stem cell properties
including maintenance and differentiation.

The role of EGFR in regulating stem cell proliferation and self-renewal has
been well described in many tissues, including neural system, intestine, and mam-
malian epidermis.

Proliferation of stem cells is crucial for tissue homeostasis and regeneration
during wound repairing, especially in tissues with high turnover. A typical sys-
tem is Drosophila intestine, where EGFR promotes the proliferative capacity
of ISCs to maintain gut homeostasis and regeneration after damage (Jiang et al.
2011). The EGFR ligand, Vein, is specifically expressed in visceral muscle sur-
rounding the midgut epithelium as a proliferating niche signal. And two addi-
tional EGFR ligands, Spitz and Keren, serve as autocrine signals to redundantly
promote ISC proliferation and maintenance (Biteau and Jasper 2011; Xu et al.
2011). Damage in midgut epithelium induces multiple EGFR ligands to acti-
vate EGFR/Ras/MAPK signaling pathway in ISCs, which is required in ISC
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proliferation and tissue regeneration (Jiang et al. 2011). The synergetic coopera-
tion of EGFR with other signaling pathways, including JAK/STAT and Wingless
signaling, is essential for ISC maintenance (Jiang et al. 2011; Xu et al. 2011;
Buchon et al. 2010).

Similar in Drosophila intestine, interaction of EGFR with other signaling path-
ways is also crucial in the regulation of stem cell maintenance in nervous system.
In the adult brain, the subventricular zone (SVZ) and the dentate gyrus are the
niches that maintain neural stem cells (NSCs) and neural progenitor cells (NPCs),
and balance of sizes between these two populations is critical for brain homeostasis
(Alvarez-Buylla and Lim 2004). In the SVZ, Notch signaling is required to main-
tain NSCs, while EGFR is responsible for the development of NPCs (Hitoshi et al.
2002; Alexson et al. 2006; Lillien and Raphael 2000). Through direct interaction
between NSCs and NPCs, the cooperation of EGFR signaling and Notch signaling
occurs to maintain the balance between these two populations (Aguirre et al. 2010).

Along with its well-described role in regulating cell survival and prolifera-
tion, EGFR signaling also functions in the differentiation of certain types of stem
cells or progenitor cells. In Drosophila eye disc, EGFR activation triggers differ-
entiation of all retinal cell types (Freeman 1996). The generation of distinct cell
fates depends on the combinatorial effect of EGFR signaling with other signal
responses (Flores et al. 2000). Combination of EGFR and Notch signaling regu-
lates cone cell specification, while specification of R7 cells requires the Sevenless
receptor tyrosine kinase besides EGFR and Notch signaling (Flores et al. 2000;
Cooper and Bray 2000). In other species like freshwater planarians, EGFR signal-
ing is also essential in the process of differentiation and morphogenesis. Silencing
planarian EGFR gene using RNAI results in the abnormal differentiation of certain
cell types and various tissue defects (Fraguas et al. 2011).

EGFR also regulates the mobility of stem cells. In various tissues, EGFR
signaling is linked to a more mobile phenotype in both immature progenitors and
committed cells. In transplanted embryonic progenitor cells, continuous EGF
signaling stimulates their proliferation and migration (Fricker-Gates et al. 2000).
In the case of mature tissue system, active EGFR signaling also enhances the
migration of NSCs and HSCs, providing a possible pharmacological strategy for
cellular transplantation in disease therapy (Ryan et al. 2010; Boockvar et al. 2003;
Ayuso-Sacido et al. 2010).

EGFR signaling pathway plays a central role in a variety of fundamental cel-
lular functions including cell growth, proliferation, transformation, and mobi-
lization. The ability that the single receptors function in such diverse processes
attributes to the cell types that receive the EGF stimulation and combinatorial
effect of multiple signaling pathways. Due to the complexity of the EGFR trans-
duction network, the mechanism regulating the interconnected network and the
resulting responses still remains incompletely clear. Since EGFR signaling is fre-
quently implicated in hyper-proliferative diseases, more mechanistic studies of its
involvement in cellular responses under both normal and pathological conditions
are needed for the understanding of disease mechanisms and the development of
therapies.
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6.5 BMP Pathway

BMP signaling has diverse functions in multicellular organism development and
recently has been reported to function as an essential regulator of stem cell main-
tenance and cell-fate decision. In this section, we will discuss how BMP signaling
regulates stem cell properties and its potential role in cancer development.

BMPs belong to TGF-f superfamily and signal through receptor-mediated
intercellular pathway to regulate expression of target genes. There are two types
of receptors, one with type I receptor (Bmpr II) and three with type II receptors
(Alk2, Alk3, and Alk6). Activation of the BMP pathway involves the formation of
heteromeric complex of type I receptor and type II receptor upon ligand binding,
which mediates the phosphorylation of type I receptor. Then, downstream intercel-
lular messengers are three classes of Smad proteins: receptor-mediated Smad1/5/8
(R-Smad), the common mediator Smad4 (Co-Smad), and the inhibitory Smad6/7
(I-Smad). Activated type I receptor mediates R-Smad phosphorylation, which
induces the formation of R-Smad/Co-Smad complex. The heteromeric Smad com-
plex then translocates to the nucleus and regulates target gene expression in coop-
eration with other transcription factors. I-Smad functions to negatively regulate
the Smad signaling pathway. A downstream pathway in parallel with the canoni-
cal BMP pathway is TAKI/MAPK pathway. TAK1 is a MAPKKK tyrosine kinase,
which is activated by linking to the receptor mediated by X-linked inhibitor of apop-
tosis (XIAP). Notably, TAK1 also participates in JNK and NF-kB pathway, provid-
ing a possible means of cross talk between BMP and other signaling pathways.

The BMP pathway has a role in maintaining mammalian embryonic stem cell
self-renewal. ESCs are stem cells with widest developmental capacity, which
can contribute to all three germ layers: the ectoderm, mesoderm, and endoderm
(Chambers and Smith 2004). ESCs are derived from the inner cell mass (ICM)
of the blastocyst embryos and can be stably maintained in in vitro culture under a
proper condition, thus providing a widely used system to study self-renewal and
commitment of stem cells.

A series of studies in mouse ES cells have shown that BMP pathway is able to
maintain cultured mES cells in undifferentiated state (Ying et al. 2003). mESCs
can be cultured with a layer of mouse embryonic fibroblast (MEF) cells to pro-
duce supporting factors including leukemia inhibitory factor (LIF). LIF effectively
supports mESCs’ self-renewal in culture conditions containing serum, but in the
absence of feeder cells or serum, LIF alone cannot maintain pluripotency but
induce neural differentiation of mESCs (Ying et al. 2003; Ying and Smith 2003).
However, treatment in combination with LIF and BMP4 suppressed neural differ-
entiation and is sufficient to maintain pluripotency of mESCs without feeder cells
or serum (Ying et al. 2003). It is well known that in contrast to LIF, which favors
neural differentiation through Stat3, BMP signaling inhibits neural differentiation
(Ying et al. 2003; Tropepe et al. 2001). Therefore, coordination of LIF and BMP
signaling and their balanced mutual inhibition are crucial for mESC maintenance.
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By contrast, BMPs in human ESCs promote differentiation (Pera et al. 2004).
Unlike mESCs, hESCs need basic fibroblast factors (bFGF) rather than LIF to
support self-renewal and pluripotency when cultured with a feeder layer or fibro-
blast-conditioned media. High level of BMP signaling was found in uncondi-
tionally cultured hESCs. Moreover, in the absence of feeder layer or conditioned
media but in the presence of bFGF, cultured hESCs require exogenous BMP
antagonist Noggin to maintain pluripotency (Wang et al. 2005; Xu et al. 2005).
This divergent response to BMP signaling may be due to the fundamental distinc-
tions between mESCs and hESCs, as they are probably at different pluripotent
states (Pera and Trounson 2004).

BMP signaling is also one of the key regulators of cell-fate commitment in
stem cell differentiation. Here, we take neural crest stem cells (NCSCs) as an
example. In vertebrates, the neural crest originates from dorsal neural tube dur-
ing early development and will later migrate and generate multiple cell types
including melanocytes, smooth muscle, and neurons and glia of peripheral neural
system. Among the neural crest are subsets of pluripotent NCSCs, which can self-
renew and differentiate into diverse cell types. In rat NCSCs, BMPs can induce
their differentiation into autonomic precursor cells expressing Mashl, while con-
tinuous BMP signaling contributes to neuronal commitment (Shah et al. 1996).
Therefore, cell-fate determination directed by BMPs is a multistep process.

The BMP pathway has a central role in the maintenance of GSCs in
Drosophila. GSCs and their surrounding niche cells are located at the germarium
in Drosophila ovary. The cap cells directly contacting GSCs, together with the fil-
ament cells, form the supporting niche for GSCs (Lin 2002; Xie and Spradling
2000). BMPs, including Dpp and Gbb, are key molecules that are secreted by cap
cells in GSC maintenance and self-renewal. Dpp/Gbb signaling promotes GSC
expansion and disruption of their expression resulting in GSC loss (Lin 2002;
Xie and Spradling 2000). Inhibition of the differentiation-promoting gene, bag of
marbles (bam), is critical for Dpp/Gbb to regulate GSC self-renewal (Chen and
McKearin 2003; Song et al. 2004). This machinery also functions in maintaining
GSCs in Drosophila testis, where hub cell plays the role of niche to support GSCs.
But in testis, other pathways including JAK/STAT signaling are also essential for
GSC maintenance (Kiger et al. 2001; Tulina and Matunis 2001).

In summary, BMP signaling pathway has diverse functions in different organ-
isms at different developmental stages. Much evidence has shown that BMP sign-
aling plays an essential role in promoting self-renewal of many types of stem cells,
such as mammalian ESC, Drosophila GSC and various somatic stem cells. BMP
signaling is also involved in the regulation of cell-fate determination, which is well
studied in the development of NCSCs. In most cases, BMP functions in coordi-
nation with other signaling pathways to regulate stem cell properties. Therefore,
balanced control of stem cell activity involves delicate mechanisms, which usually
requires the cooperation of multiple signaling pathways.
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6.6 JAK-STAT Pathway

The Janus kinase/signal transducers and activators of transcription (JAK-STAT)
pathway, initially discovered in mammalian about two decades ago (Firmbach-
Kraft et al. 1990; Wilks et al. 1991; Shuai et al. 1993; Muller et al. 1993; Watling
et al. 1993; Shuai et al. 1993), are conserved between Drosophila and mammals.
Subsequent studies in Drosophila and mammals have uncovered its role in regulat-
ing diverse biological processes.

The JAK-STAT pathway consists of three main components: the receptors,
JAKs, and STATs. The two JAKSs, which are associated with the closed receptor,
are brought together after ligand—receptor binding and phosphorylate each other.
The phosphorylated JAK can recruit and phosphorylate STAT in the cytoplasm.
Then, two phosphorylated STATs dimerize and translocate into the nucleus and
bind to DNA to promote transcription. The JAK-STAT signaling pathway can be
activated by several kinds of ligands, such as interferons, interleukins, and growth
factors. It can also be regulated by multiple modulators at several levels. For
example, protein phosphatases can inhibit active JAK by removing its phosphates,
and protein inhibitors of activated STAT (PIAS) can prevent binding of active
STAT to DNA (Ungureanu et al. 2003, 2005; Rakesh and Agrawal 2005).

A role for the JAK-STAT pathway in stem cell maintenance was first implicated
in Drosophila germline stem cell niche (Tulina and Matunis 2001; Kiger et al.
2001), and now, it has become clear that it plays important roles in a variety of
stem cells. The JAK-STAT pathway plays an important role in the maintenance
of ESC in mouse and swine and in facilitating the reprogramming (Onishi et al.
2012; Wu et al. 2014; Tang et al. 2012; Tang and Tian 2013; Ernst et al. 1999; Hao
et al. 2006). But its function between mouse and human is a little controversial
(Dreesen and Brivanlou 2007; Humphrey et al. 2004). Here, we mainly review its
role in regulating tissue-specific stem cells and cancers.

In the Drosophila testis, the JAK/STAT signaling ligand Upd is specifi-
cally secreted from the hub, the niche of the GSCs, and somatic cyst stem cells
(CySCs), which activates the JAK-STAT signaling pathway in GSCs and CySCs
(Tulina and Matunis 2001; Kiger et al. 2001). JAK-STAT activity in CySCs is suf-
ficient to induce self-renewal of both GSCs and CySCs, while its activity in GSCs
is required for DE-cadherin-mediated attachment of GSCs to the hub (Leatherman
and DiNardo 2008, 2010). There is evidence that STAT3 can regulate spermato-
gonial stem cell differentiation in mouse (Oatley et al. 2010). In addition, the
differentiated GSC induced by the depletion of JAK-STAT signal can undergo
dedifferentiation when the JAK-STAT signal is restored to its normal level
(Brawley and Matunis 2004).

Similar to the stem cells in testis, the Drosophila prohemocyte progenitor cells
are supported by a niche named posterior signaling center (PSC). Signals from
PSC lead to JAK-STAT activation in the prohemocytes for prohemocyte mainte-
nance (Krzemien et al. 2007). But unlike in testis, JAK-STAT activation in pro-
hemocytes is not likely induced by Upd, and other signals from PSC are needed
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(Makki et al. 2010). JAK-STAT signaling is also required for hematocyte—lamel-
locyte transition after infestation (Stofanko et al. 2010). The JAK-STAT path-
way also functions in hematopoietic stem cell maintenance and differentiation in
mammalian (Bradley et al. 2004; Snow et al. 2002; Kato et al. 2005; Wang et al.
2009). For example, the loss of STATS activity in mice leads to the deficiency
of multipotent hematopoietic progenitors and consequently several hematopoi-
etic cell lineages, which causes inefficient repopulation upon irradiation (Bradley
et al. 2004; Snow et al. 2002). The mechanism of JAK-STAT regulation in mam-
malian hematopoiesis is rather complex and is extensively reviewed by Stine and
Matunis (2013).

Together with other signaling pathways, the JAK-STAT pathway regulates both
proliferation of ISCs and differentiation of intestinal EBs to maintain homeostasis
of the fly midgut. Loss of the JAK-STAT activity in ISCs decreases the prolifera-
tion rate of ISC and vice versa (Beebe et al. 2010; Lin et al. 2010; Liu et al. 2010).
JAK-STAT activity is also essential for EB differentiation, as mutation in the
pathway blocks the progenitor cell differentiation at EB stage (Beebe et al. 2010;
Lin et al. 2010). The JAK-STAT pathway can also induce rapid proliferation and
differentiation of the progenitor cells in response to stress or bacterial infection
(Jiang et al. 2009; Buchon et al. 2009).

The JAK-STAT signaling pathway is important in controlling the balance
between stem cell self-renewal and differentiation in Drosophila neural system. It
is required for neuroepithelial (NE) stem cell maintenance, and the loss of JAK-
STAT activity leads to the loss of NE due to precocious differentiation (Yasugi
et al. 2008; Ngo et al. 2010; Wang et al. 2011). The JAK-STAT pathway also plays
important roles during neurogenesis in mammals to ensure the appropriate genera-
tion of the right cell type at different developmental stages of the neural system.
For example, the elevated JAK-STAT activity is required for neurogenesis—glio-
genesis transition (Barnabé-Heider et al. 2005; He et al. 2005).

The JAK-STAT pathway may also function in cancer stem cells (CSCs). The
upregulation of JAK-STAT signaling activity has been found in many CSCs (Zhou
et al. 2007; Birnie et al. 2008; Cook et al. 2014), and the activity is required for
the maintenance of CSCs (Zhou et al. 2007; Cook et al. 2014; Sherry et al. 2009).
Consistent with its role in CSCs, many inhibitors that target the JAK-STAT path-
way could be useful in the treatment of certain types of cancers (Hart et al. 2011;
Pardanani et al. 2013; Harrison et al. 2012; Verstovsek et al. 2012; Mascarenhas
et al. 2014).

In conclusion, the JAK-STAT pathway plays an important role in regulating
tissue homeostasis by regulating the balance between stem cell self-renewal and
differentiation. It usually runs in parallel or interacts with many other signaling
pathways to control the stem cell maintenance and differentiation. Many studies of
the JAK-STAT pathway have been done in Drosophila because of less redundancy
and complexity of this pathway. More investigations are needed in mammals to
determine whether the lessons learned from Drosophila can be applied to mam-
malian stem cells and to study its relationship with other signaling pathways in the
regulation of tissue stem cells and cancer.
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6.7 Hedgehog Pathway

The Hedgehog (Hh) family proteins are key morphogens that direct cell patterning
of embryonic tissues and tissue homeostasis throughout animal development. The
Hh signaling pathway regulates diverse cellular responses including cell survival,
proliferation, and fate determination. Disruption of Hh signaling is often involved
in developmental disorders and tumorigenesis. Here, we will discuss the role of
Hh signaling in regulating stem cell maintenance.

The Hh gene was first identified in Drosophila. Vertebrate Hh counter-
parts, including the Desert Hedgehog (Dhh), Indian Hedgehog (Ihh), and Sonic
Hedgehog (Shh), were found shortly thereafter, and the developmental func-
tion of Hh molecules is evolutionarily conserved in Drosophila and vertebrates.
Moreover, main components of Hh signal transduction pathway are also evolution-
arily conserved. In both Drosophila and mammals, ligand-free Patched (Ptc) pro-
tein restrains the activation of the transmembrane protein Smoothened (Smo) by
triggering Smo degradation and blocking membrane localization of Smo. Binding
of Hh blocks Ptc activity and liberates Smo to translocate to the membrane. The
downstream intercellular cascade resulting from Smo activation ended with the
translocation of Ci/Gli family into nucleus to direct the expression of target genes.
Significant differences still exist in the pathway components between invertebrates
and mammals, especially the transduction machinery from the receptor to the
Ci/Gli transcription factors.

In addition to its well-established function as developmental morphogen, Hh
signaling also regulates stem cell self-renewal and tissue homeostasis. In mam-
mals, the expression of several stem cell-related genes, including genes encoding
MYC, BMII, Cyclin D1, Nanog, and insulin-like growth factor 2 (IGF2), is pro-
moted by Hh signaling (Davidson et al. 2012; Briscoe and Therond 2013).

Hh is required for the maintenance of stem cells in a variety of adult tissues. In
neural system, blockage of Hh signaling by inhibiting Smo decreases the prolif-
erative capacity of neural stem cell both in vitro and in vivo (Machold et al. 2003;
Lai et al. 2003). In the case of HSC, treatment of Shh increases the expansion of
HSCs in vitro and in vivo (Bhardwaj et al. 2001). Similar phenomena are found in
Drosophila ovary system, where Hh is a major factor controlling proliferation and
maintenance of ovary somatic stem cells (Zhang and Kalderon 2001).

Consistent with its crucial role in controlling cell patterning and stem cell self-
renewal, Hh is implicated in the regeneration and damage repair of a variety of
tissues. In newt lens and limb, the Hh proteins are often expressed in the injury-
induced dedifferentiated cells, and tissue regeneration is blocked by treatment with
cyclopamine, a specific inhibitor of Hh pathway (Tsonis et al. 2004; Imokawa and
Yoshizato 1997; Roy and Gardiner 2002). Blocking Hh pathway by cyclopamine
also disrupts tissue repair in other species, such as the fin of zebrafish and the
facial nerves of mouse (Laforest et al. 1998; Akazawa et al. 2004).

However, Hh families do not always function to promote cell proliferation
during tissue regeneration. Different tissue types within an organ system may
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have different responses to a single signaling molecule, depending on the type
of responding cells and the coordination of multiple signaling pathways. A good
example is the Hh signaling network in gastrointestinal tract, where epithelial
proliferation is regulated by multiple signaling pathways including Hh signaling
and Wnt signaling. The proliferation of epithelium in the esophagus, stomach,
and pancreas is promoted by Hh signaling, but proliferation in the intestine is sup-
pressed by Hh signaling through its negative effects on Wnt signaling pathway
(Katoh and Katoh 2006).

In summary, Hh is an evolutionarily conserved signaling pathway that has vari-
ous and critical functions in the process of embryonic morphogenesis and adult
tissue homeostasis. Diverse cellular responses, including cell survival, growth,
proliferation, and cell-fate specification, are regulated by Hh signaling pathway
network. Moreover, Hh signaling pathway has been implicated in various human
tumors, proposing Hh signaling components as potential targets in cancer therapy.
However, because of its complexity, the machinery of Hh is not completely under-
stood yet. Therefore, many questions remain to be studied in exploring the details
of Hh signaling network as well as the mechanisms of this process in regulating
tumor progression for developing therapeutic strategies.

6.8 Hippo Pathway

The Hippo pathway is a newly characterized, evolutionarily conserved signaling
cascade. The first component of this pathway was first identified by Wan Yu’s and
Peter J. Bryant’s group in 1995 through mosaic clonal screens for genes involved
in tissue growth control in Drosophila (Xu et al. 1995; Justice et al. 1995). The
mutation in this pathway leads to increased organ size through increased cell
proliferation and decreased cell death. The number and the activity of the stem
cells in organs may play an important role for the organ size (Stanger et al. 2007).
Therefore, the Hippo pathway may control the organ size by regulating the tissue
stem cells (Camargo et al. 2007; Song et al. 2010; Lee et al. 2010; Jansson and
Larsson 2012; Nejigane et al. 2013).

The core components of this pathway have been well characterized (Xu et al.
1995; Justice et al. 1995; Tapon et al. 2002; Wu et al. 2003; Udan et al. 2003;
Harvey et al. 2003; Jia et al. 2003; Pantalacci et al. 2003; Dong et al. 2007), which
consists of a highly conserved kinase cascade (Ste20-like kinase Hippo and NDR
family kinase Warts in Drosophila, MST1/2 and LATS1/2 in mammalian) and
downstream transcription co-activators (Yorkie in Drosophila, YAP/TAZ in mam-
mals). In Drosophila, Hippo (Hpo) forms an active complex with the scaffolding
protein Salvador (Sav) to directly phosphorylate and activate Warts (Wts) and its
regulatory protein Mob (Tapon et al. 2002; Lai et al. 2005). Then, the active Wts/
Mob complex phosphorylates the Yorkie (Yki) to promote its binding to 14-3-3
protein, which inhibits the translocation of Yki into the nucleus, where it act as
the co-activator for the TEAD/TEF family transcription factor Scalloped (Sd) to
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promote gene expression, thereby facilitating cell proliferation and survival (Dong
et al. 2007; Vassilev et al. 2001; Huang et al. 2005; Mahoney et al. 2005; Oh and
Irvine 2008; Ren et al. 2010; Staley and Irvine 2012). The signal transduction in
mammals is similar to that in flies (Wu et al. 2003; Lai et al. 2005; Huang et al.
2005; Tao et al. 1999). Although the core components in this pathway are well
characterized, its upstream regulators are not well defined. It has been shown that
apical-basal polarity proteins, cellular junction proteins, and some extracellular
hormones can regulate the Hippo pathway, a subject that has been comprehen-
sively reviewed by Jung-Soon Mo (Ramos and Camargo 2012).

The Hippo pathway was firstly characterized to control organ size by inhibit-
ing proliferation and promoting apoptosis, and the current studies show that Hippo
pathway can also regulate stem cell self-renewal and has important roles in tissue
regeneration (Lian et al. 2010; Varelas et al. 2008; von Gise et al. 2012; Yimlamai
et al. 2014). The Hippo pathway plays a critical role in regulating ESCs, adult
progenitor cells, and CSCs. The phosphorylation of LATS together with YAP can
suppress TEAD4 activity in the inside cell of preimplantation mouse embryo to
distinguish mouse ICM from trophectoderm (Nishioka et al. 2009). YAP is also
required for mouse ESC pluripotency, directly binds to a large number of pluripo-
tency-related genes, and enhances reprogramming efficiency of mouse iPSs (Lian
et al. 2010). TAZ is required for maintaining pluripotent gene expression in human
ESC, and knockdown of TAZ results in differentiation (Varelas et al. 2008). YAP
and TEAD?2 are activated by LIF in mouse ESCs and are downregulated during
differentiation (Tamm et al. 2011). In addition to ESC, the Hippo pathway also
functions in tissue-specific progenitor cells. YAP activation in postnatal liver leads
to dramatic increase in the liver size (Camargo et al. 2007). Mst1/2 mutation also
results in liver overgrowth (Song et al. 2010). More recently, the Hippo pathway
has been demonstrated to be essential for the maintenance of the differentiated
state of hepatocyte. Its inactivation in vivo is sufficient for hepatocytes to dedif-
ferentiate into progenitors (Yimlamai et al. 2014). The intestinal epithelium is also
regulated by the Hippo pathway, and YAP overexpression results in the expansion
of the intestinal progenitor cells (Zhou et al. 2011). Similarly, YAP activation in
the skin leads to skin hyperplasia, which is driven by the excessive proliferation
of the interfollicular stem cells (Schlegelmilch et al. 2011). But the overgrowth of
the heart induced by Sav1 knockout results from the expansion of the cardiomyo-
cytes, not the cardiac progenitors (Heallen et al. 2011), and TAZ overexpression
leads to the myogenic differentiation (Jeong et al. 2010). In the nervous tissues,
YAP co-localizes with neural progenitor maker Sox2, while activation of YAP or
inactivation of MST1/2 results in neural progenitor expansion (Cao et al. 2008;
Gee et al. 2011). More information about functions of the Hippo pathway in tis-
sue-specific progenitor cells has been summarized (Ramos and Camargo 2012)
elsewhere (Ramos and Camargo 2012). Abnormal activity of Hippo signaling has
also implicated in various cancers. TAZ is essential for the self-renewal of breast
CSCs and tumor progression (Cordenonsi et al. 2011). Moreover, upregulation
of YAPI1 acts as a determinant for maintaining esophageal CSC properties (Song
et al. 2014). TAZ and YAP are also highly expressed and activated in a variety of
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human cancers (Liang et al. 2014; Perra et al. 2014; Steinhardt et al. 2008; Yue
et al. 2014).

The role of the Hippo signaling pathway in stem cell regulation stimulates a
new line of research in cancer- and degeneration-related diseases. Although it is
evident that YAP activation can mediate Wnt or Notch signaling pathway in some
tissues (Yimlamai et al. 2014; Heallen et al. 2011; Xin et al. 2011) and LIF (Tamm
et al. 2011) and TGF-B or BMP signaling pathway (Varelas et al. 2008; Alarcén
et al. 2009; Beyer et al. 2013) in others, the immediate upstream regulators of the
Hippo pathway and the mechanisms that turn on and off the pathway are still not
well understood. How the Hippo pathway integrates the inputs from these multi-
ple signals to generate the correct outputs for context-dependent function? What
are the target genes that drive the appropriate cellular response? In addition, the
Hippo pathway could regulate stem cell expansion and tumorigenesis through dif-
ferent mechanisms, and loss of different components in this pathway sometimes
leads to diverse phenotypes. Therefore, further studies are needed to fully eluci-
date the exact role of each component of the Hippo pathway in regulating stem
cells. Answers to these questions will ultimately contribute to our understanding of
tissue homeostasis control, regeneration, and tumorigenesis.

6.9 Insulin Pathway

Endocrine system plays an important role in coordinately regulating the growth of
multiple organs. These systemic signals, along with short-range niche signals, can
function together to regulate tissue stem cells (Gancz and Gilboa 2013).

Among these hormones, insulin is a well-characterized signal that is conserved
in various organisms. After binding to insulin receptor (InR), it activates a down-
stream cascade that ultimately affects Forkhead Group O (Foxo) and tuberous
sclerosis complex 2 (TSC2), two important nodes in metabolism and energy con-
trol. Thus, insulin pathway could serve as a link between nutrient state and stem
cell activity (Grewal 2009). For example, as the most energy-consuming process
in female Drosophila, oogenesis is tightly regulated by this pathway in multiple
ways. For the regulation of GSCs, insulin binds to InR on the surface of GSCs and
autonomously regulates its division. Besides, it can indirectly regulate GSC activ-
ity by regulating Notch signaling in the cap cells and DE-cadherin between cap
cells and GSCs (Hsu et al. 2008; Hsu and Drummond-Barbosa 2009, 2011).

Another tissue that closely relates to food consumption and metabolism is
the intestine. Either in Drosophila or in mice, intestine changes its size accord-
ing to the abundance of food. This may attribute to the altered rate of ISC prolif-
eration and number of ECs caused by the altered production of insulin (O’Brien
et al. 2011). Locally secreted Drosophila insulin-like peptide 3 (DILP3) by vis-
ceral muscle cells underneath the ISCs is the major player, while systemic DILPs
that originated from brain IPCs may also participate in this process. Elevated level
of DILPs will lead to a switch from asymmetric to symmetric division of ISCs
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and expand the pool of stem cells. Besides, in response to tissue damage in the
Drosophila midgut, systemic DILP2 secreted by brain cells participates in promot-
ing ISC division and consequently epithelial regeneration (Amcheslavsky et al.
2009). The Drosophila ISCs show declined proliferation in response to caloric
restriction. By contrast, ISCs in mouse small intestine increase their proliferation
and number. ISCs’ closest neighbors, the paneth cells, sense the caloric restriction
via mTORCI1 pathway. Repression of this pathway in paneth cells promotes ISC
proliferation via a secreted enzyme that generates cyclic ADP ribose (cADPR)
(Yilmaz et al. 2012). However, the activity of transient amplifying cells is reduced
in response to caloric restriction. Therefore, different responses to insulin signal-
ing between ISCs and transient amplifying cells may provide a mechanism to pro-
tect stem cell population under starvation conditions and at the same time to limit
the production of stem cell progenies for energy reservation.

The insulin/Tor pathway also regulates homeostasis of HSCs. Cell autono-
mous activation of insulin/Tor pathway disrupts quiescence of HSC and finally
lead to exhaustion of stem cells due to reduced self-renewal capacity. On the other
hand, insulin/Tor pathway activation in the niche supports HSC self-renewal and
preservation of the stem cell population (Chen et al. 2008; Kharas et al. 2010;
Kobayashi et al. 2010). In addition to insulin, other hormones have also been
found to regulate stem cells. Ecdysone is one example, which plays multiple roles
in orchestrating development and homeostasis of GSCs in Drosophila (Ables and
Drummond-Barbosa 2010; Konig et al. 2011; Morris and Spradling 2012). This
hormone functions autonomously to promote GSC maintenance and self-renewal
by Nurf-dependent activation of BMP activity, which otherwise will lead to differ-
entiation. The major source of ecdysone has been located to maturing egg cham-
bers, whose survival is dependent on food supply (Ables and Drummond-Barbosa
2010). Via this regulatory loop, the oogenesis could be modulated based on the
nutrient status.

6.10 Conclusion Remarks

Tissue stem cells are important for maintaining tissue homeostasis due to their
unlimited or prolonged ability of self-renewal and their cellular multipotency.
These abilities are intrinsic properties but can be maintained and regulated by
signaling pathways. As reviewed above, in both invertebrate and vertebrate mod-
els, self-renewal and differentiation of stem cells are commonly regulated by local
signals as well as systemic signals. The local microenvironment ensures long-term
maintenance of stem cells and proper division activity and differentiation poten-
tial required for tissue homeostasis. The systemic signals usually serve to coordi-
nate stem cell activity with tissue/organ growth and with needs, such as nutrient
availability. Although many signaling pathways are frequently utilized to control
stem cells, there is no common signaling circuitry that controls stemness of all or
most types of tissue stem cells. Instead, each type of tissue stem cells is usually
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regulated by a distinct set of signaling pathways. Some of them are critical for
self-renewal and proliferation, whereas some of them are more important for the
differentiation of progenitor cells. Several examples of stem cells and their regula-
tion are summarized in Table 6.1. Because cells in different tissues have distinct
transcriptional programs required for their specific functions, distinct regulatory
mechanisms underlying self-renewal of different types of tissue stem cells may

Table 6.1 Signaling pathways regulating self-renewal, proliferation, and differentiation of stem

cells

Signaling pathways regulating
self-renewal and proliferation

Signaling pathways regulating
differentiation

Embryonic stem cell (mouse)

Whnt* (Young 2011), EGFR
(Fricker-Gates et al. 2000),
BMP#* (Ying et al. 2003)

Notch (Lowell et al. 2006)

Embryonic stem cell (human)

EGFR (Fricker-Gates et al.
2000), TGF-B (James et al.
2005), bFGF (Wang et al.
2005)

Wnt* (Davidson et al. 2012;
Kielman et al. 2002), BMP*
(Pera et al. 2004)

Intestinal stem cell
(Drosophila)

Whnt (Li and Xie 2005; Lin

et al. 2008), EGFR (Jiang et al.
2011), JAK-STAT (Beebe
etal. 2010), Hippo (Zhou et al.
2011), Integrin (O’Brien et al.
2011)

Notch (Ohlstein and Spradling
2007; Fre et al. 2005), JAK-
STAT (Beebe et al. 2010),
BMP (Auclair et al. 2007)

Intestinal stem cell
(mammalian)

Whnt (Li and Xie 2005; Lin
et al. 2008), Notch (mamma-
lian)** (Pellegrinet et al. 2011)

Notch (Ohlstein and Spradling
2007; Fre et al. 2005), BMP
(Auclair et al. 2007)

Hair follicle stem cell

What (low) (Lowry et al. 2005),
Hedgehog (Blanpain and Fuchs
2006)

Whnt (high) (Lowry et al.
2005), BMP, Notch (Blanpain
and Fuchs 2006; Brack et al.
2008)

Hematopoietic stem cell

Whnt (Rattis et al. 2004), Notch
(Butler et al. 2010)

Notch (Mercher et al. 2008)

Germline stem cell (Drosophila
testis)

BMP (Kiger et al. 2001), JAK-
STAT (Tulina and Matunis
2001), insulin (Ueishi et al.
2009)

Cyst stem cell (Drosophila
testis)

JAK-STAT (Stine and Matunis
2013), Hedgehog (Michel et al.
2012)

Germline stem cell (Drosophila
ovary)

BMP (Xie and Spradling
2000), Ecdysone (Ables and
Drummond-Barbosa 2010),
insulin (Ueishi et al. 2009)

Follicle stem cell (Drosophila
ovary)

Hedgehog (Zhang and
Kalderon 2001), JAK-STAT
(Vied et al. 2012), Wnt (Song
and Xie 2003)

Notch (Adam and Montell
2004), Hippo (Chen et al.
2011)

(continued)
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Signaling pathways regulating
self-renewal and proliferation

Signaling pathways regulating
differentiation

Neural stem cell

Notch (Alvarez-Buylla and
Lim 2004), EGFR (Aguirre

et al. 2010), Hedgehog (Klein
et al. 2001), JAK-STAT (Wang
etal. 2011)

BMP (Shah et al. 1996)

Satellite muscle cell

Wnt7a (non-canonical) (Le
Grand et al. 2009), Notch
(Kuang et al. 2007)

Wht (canonical) (Polesskaya
et al. 2003)

Mammary stem cell

Wnt (Zeng and Nusse 2010),
Hedgehog (Liu et al. 2006)

Notch (Dontu et al. 2004)

Airway stem cell

Whnt (Zhang et al. 2008), Notch
(Paul et al. 2014)

Hippo (Zhao et al. 2014),
Notch (Rock et al. 2011)

*Wnt and BMP have distinct functions in mouse and human ESCs; **Notch activation promotes
ISC self-renewal in mammals, while inhibits ISC self-renewal in Drosophila

facilitate the execution of unique transcriptional programs required for cell-type-
specific functions during cell lineage differentiation. Therefore, coupling stem cell
identity with tissue identity could be an efficient and effective mechanism in con-
trolling the self-renewal and differentiation of tissue stem cells.

Although signaling pathways involved in regulating various types of tissue
stem cells have been elucidated and characterized, potential signaling cross talk or
coordination for balanced self-renewal and differentiation is much less well under-
stood. The downstream transcriptional factors that mediate signaling pathway-
induced various stem cell behaviors are also in general less well understood. As
signaling pathways have a central role in controlling stem cell properties and have
been implicated in various diseases, further dissecting out their function and regu-
lation in stem cells will not only contribute to our understanding of disease mecha-
nisms, but also pave the way for regenerative medicine and drug discovery.
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