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G protein-coupled receptors (GPCRs) are a large class of trans-
membrane receptors categorized into five distinct families:
rhodopsin, secretin, adhesion, glutamate, and frizzled. They
bind and regulate 80% of all hormones and account for
20-50% of the pharmaceuticals currently on the market.
Hundreds of GPCRs integrate and coordinate the functions of
individual cells, mediating signaling between various organs.
GPCRs are crucial players in tumor progression, adipogenesis,
and inflammation. Several studies have also confirmed their
central roles in embryonic development and stem cell main-
tenance. Recently, GPCRs have emerged as key players in the
regulation of cell survival, proliferation, migration, and self-re-
newal in pluripotent (PSCs) and cancer stem cells (CSCs). Our
study and other reports have revealed that the expression of
many GPCRs is modulated during the generation of induced
PSCs (iPSCs) or CSCs as well as during CSC sphere formation.
These GPCRs may have crucial roles in the regulation of self-
renewal and other biological properties of iPSCs and CSCs.
This review addresses the current understanding of the role of
GPCRs in stem cell maintenance and somatic reprogramming
to PSCs or CSCs. [BMB Reports 2015; 48(2): 68-80]

INTRODUCTION

Many tissues of the body —for example, skin, liver, and epi-
thelium—not only repair themselves but also self-renew, a
property found mainly in stem cells (1). Embryonic stem cells
(ESCs) have an even greater potential for self-renewal and
differentiation. Recently, mouse and human fibroblasts were
successfully reprogrammed into pluripotent stem cells (PSCs)
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with the introduction of a diverse set of stem cell-related tran-
scription factors including Oct4, Sox2, Klf4, and c-Myc (2, 3).
These induced PSCs (iPSCs) derived from somatic fibroblasts
had genetic, epigenetic, and developmental features that were
highly similar to those of ESCs. Although ESCs and iPSCs are
considered unlimited cell sources for regenerative medicine,
techniques for maintaining undifferentiated ESC or iPSCs re-
main inefficient, which can lead to inhomogeneous cell popu-
lations.

Tumor cells are assumed to include a population of cells re-
sponsible for initiating tumor development and growth, with
the capacity to metastasize and reoccur (4). Because of their
similarities to stem cells, these cells have been named cancer
stem cells (CSCs). CSCs have properties such as self-renewal,
heterogeneity, and resistance to apoptosis. CSCs likely arise
from stem cells, and the transformation of normal stem cells
into CSCs may be due to the accumulation of genetic mod-
ifications such as mutations in oncogenes, suppressor genes,
and mismatch repair genes or a result of epigenetic alterations
such as abnormal methylation and histone modifications (5).

The cell survival, proliferation, migration, and self-renewal
of PSCs and CSCs are regulated by various signaling molecules
including G protein-coupled receptors (GPCRs) (6). GPCRs, al-
so known as seven-transmembrane domain receptors, 7TM re-
ceptors, heptahelical receptors, serpentine receptors, and G
protein-linked receptors (GPLR), are a large class of trans-
membrane (TM) receptors that conduct extracellular signals in-
to cells by coupling with guanine nucleotide-binding proteins
(G proteins) and interacting with a diverse set of ligands. They
are by far the largest family of cell surface molecules, and they
modulate key physiological functions, including neurotrans-
mission, hormone and enzyme release, immune response, and
blood pressure regulation. Their signaling converges on com-
mon downstream effectors and modulators, such as G pro-
teins, arrestins, and GPCR kinases/G protein-coupled receptor
kinases. Most GPCRs activate one or multiple Gou proteins,
which can be subdivided into four major families: Gai, Gou12,
Gos, and Gog (7). GPCRs act more as molecular regulators
than on-off switches, so the engagement of different G proteins
and the duration of signaling may differ not only among
GPCRs but also for a given GPCR depending on the ligand and
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cellular environment (8). Considerable evidence now exists
demonstrating the important roles of various GPCRs in regulat-
ing the biological properties of PCSs or CSCs.

Recently, we analyzed the expression profiles of GPCRs dur-
ing somatic reprogramming to iPSCs or CSCs and during CSC
sphere formation (Fig. 1 and Table 1). More than 106 GPCRs
were over-expressed in the PCSs or CSCs, whereas the ex-
pression of 22 GPCRs was down-regulated during somatic re-
programming to iPSCs. Eighty-one GPCRs were differentially
expressed during somatic reprogramming to iPSCs, and the ex-
pression of 195 GPCRs was either up- or down-regulated dur-
ing somatic reprogramming to CSCs and sphere formation of
CSCs. These data suggest that various GPCRs may have key
roles in somatic reprogramming to iPSCs or CSCs and may be
involved in the regulation of self-renewal and other biological
properties of PCSs or CSCs. Recently, much evidence has ac-
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cumulated supporting the specific roles of GPCRs in somatic
reprogramming or transformation to iPSCs or CSCs. In the fol-
lowing section, we review the general role of GPCR signaling
pathways and the current understanding of the role of GPCRs
in stem cell maintenance and somatic reprogramming to PCSs
or CSCs.

GENERAL ROLE OF GPCR SIGNALING PATHWAYS

GPCRs bind and regulate the effects of 80% of all hormones in
the body and account for 20-50% of the pharmaceuticals on
the current market (9). Members of the GPCR superfamily have
seven transmembrane (TM) domains as well as extracellular N-
and cytosolic C-termini (10). The exact size of the GPCR su-
perfamily is unknown, but nearly 800 GPCR genes comprise
3-5% of the human genome. The superfamily has traditionally
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Fig. 1. Changes in G protein-coupled receptor (GPCR) expression in stem cell maintenance and/or during somatic reprogramming to iPSCs
or CSCs. The transcriptional profile of the selected GPCR family was analyzed using high-throughput RNA sequencing. (A) GPCRs showing
up- or down-regulated expression during stem cell maintenance. (B) GPCRs showing up- or down-regulated expression during somatic re-
programming to iPSCs. (C) GPCRs showing up- or down-regulated expression during CSC sphere formation. (D) GPCRs showing up- or
down-regulated expression during malignant transformation (somatic reprogramming) to CSCs.
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Table 1. Differential GPCRs showing up- or down-regulated expression during stem cell maintenanceor somatic reprogramming to iPSCs or CSCs

Condition Classification Family Subfamily (Gene)
Stem cell CLASS A Rhodopsin-like A1 (GPR137b, CCR4), A2 (CXCR7, GPR182), A4 (GPR1, GPR22), A5 (GPR100,
maintenance receptors GPR106, GPR142, CYSLTR2, GALR3), A6 (GPR103), A7 (GPR39), A8 (GPR44, GPR77,
CMKLR1), A9 (GPR19,GPR50, GPR73, GPR75, GPR83), A10 (GPR48, GPR49, LGR4),
A11 (GPR40, GPR43, GPR81, GPR82, GPR109b), A12 (GPR34, GPR87, GPR171), A13
(GPR3, GPR6, GPR12, MC5R, S1PR2, LPART, LPAR2), A14 (PTGERT1), A15 (LPAR4,
F2RL1, LPAR5, F2R, GPR4, LPAR6, GPR18, GPR20, GPR35, GPR65, GPR68, GPR119,
GPR132), A17 (ADRB1, ADRB2, ADRB3), A18 (GPR21, GPR27, GPR45, GPR61,
GPR63, GPR84, GPR85, GPR88, GPR173, ADORA2b), Orphan (GPR23, GPR26,
GPR33, GPR35, GPR37, GPR54, GPR83, GPR135, GPR146, GPR149, GPR150,
GPR151, GPR152, GPR153, GPR160)
CLASS B Secretin receptor B1 (GLP1R), B2 (GPR56, GPR64, GPR97, GPR110, GPR115, GPR126, GPR125,
family GPR128, GPR133, CD97, BAI2, CSLSR1, LPHN2, LPHN1, CELSR3, CELSR2, BAI1),
GPR116
CLASS C Metabotropic Group Il (GRM2), Group VI (GPRC6a), Orphan (GPRC5b, GPRC5¢, GPRC5d, GPR156,
glutamate receptor ~ GPR158)
Adhesion - GPR124, GPR126
CLASS F Frizzled FZD3, FZD4, FZD5, FZD6, FZD7, FZD9
Smoothened SMO
Somatic CLASS A Rhodopsin-like A4 (GPR22, GPR1), A5 (GPR100, GPR106, GPR142), A6 (GPR103), A7 (GPR39), A8
reprogramming receptors (GPR44, GPR77), A9 (GPR50, GPR73, GPR75, GPR19), A10 (GPR49, GPR48), A11
to iPSCs (GPR82, GPR40, GPR43, GRP109b, GPR81), A12 (GPR87, GPR34, GPR171), A13
(GPR3, GPR12, GPR6), A15 (GPR4, GPR68, GPR119, GPR35, GPR132, GPR18,
GPR65, GPR20), A18 (GPR61, GPR84, GPR85, GPR45, GPR63, GPR88, GPR173,
GPR27, GPR21), Orphan (GPR141, GPR23, GPR26, GPR33, GPR35, GPR37, GPR54,
GPR135, GPR149, GPR150, GPR151, GPR152, GPR153, GPR160)
CLASS B Secretin receptor B2 (GPR56, GPR64, GPR97, GPR110, GPR115, GPR126, GPR128, GPR133), GPR116
family
CLASS C Metabotropic Group VI (GPRC6a), Orphan (GPRC5b, GPRC5¢, GPR156, GPRC5d, GPR158)
glutamate receptor
Sphere formation  CLASS A Rhodopsin-like A1 (CCRL2, GPR137b), A2 (CCR10, CXCR4), A4 (OPRL1, SSR1, SSR2, SSR3, SSR4), A5
of CSCs receptors (GALT, LTB4R), A6 (GPR176), A7 (EDNRA, EDNRB, GPR37, GPR39), A10 (LGR4),
A11 (P2RY2), A13 (LPART, LPAR2, STPR1, STPR2, MC1R, GPR3), A14 (PTGER4), A15
(LPAR5, F2RL1, F2RL2, F2RL3, GPR68, GPR35, F2R), A16 (OPN3), A17 (ADRB2), A18
(HRH1, ADORA1, ADORA2B, GPR64, GPR161, GPR173), A19 (HTR?)
CLASS B Secretin receptor B1 (CRHRT1, GIPR, VIPR1)
family
CLASS F Frizzled FZD1, FZD2, FZD4, FZD5, FZD6, FZD7, FZD8
Somatic CLASS A Rhodopsin-like A1 (CCR2, CCR3, CCR4, CR8, CCRL2, CX3CR1, GPR137b), A2 (CCR6, CCR7, CCR9,
reprogramming receptors CCRL1, CXCRT1, CXCR2, CXCR3, CXCR4, CXCR5, CXCR6, CXCR?7, PER, GPR182), A3
to CSCs (GPR15, GPR25), A4 (GPR1, SSTR1, SSTR2, SSTR3, SSTR4, SSTR5), A5 (CYSLTRT,
CYSLTR2, GALR1 GALR2, GALR3, RXFP1, RXFP2, RXFP4), A6 (AVPR1b, CCKAR,
CCKBR, GNRHR, GPR176, GPR22, HCRTR2, QRFPR), A7 (BRS3, EDNRB, GHSR,
GPR37, GPR39, GPRP, TRHR), A8 (C3AR1, CMKLR1, FPR1, GPR1, GPR32, GPR77),
A9 (GPR19, GPR50, PPYR1, PRLHR, PROKR1, PROKR2, TACR1, TACR2, TACR3), A10
(TSHR), A11 (FFAR1, FFAR2, FFAR3, GPR31, GPR82, HCAR1, HCAR2, HCAR3,
OXGRT1, P2RY1, P2RY11, P2RY2, P2RY4, P2RY6, PWRY8), A12 (GPR171, GPR87,
P2RY13, P2RY14, PTAFR), A13 (CNR1, CNR2, GPR12, GPR3, GPR6, S1PR1, STPR2,
S1PR4, S1PR5), A14 (PTGDR, PTGER1, PTGER2, PTGER3, PTGER4, PTGER, PTGIR,
TBXA2R), A15 (F2R, F2RL1, F2RL2, F2RL3, GPR132, GPR17, GPR183, GPR35, GPR65,
P2RY10), A16 (RGR, RHO, RRH), A17 (DRD1, DRD2, DRD4, HRH2, HTR2A, HTR2B,
HTR2C, HTR6, TAAR1, TAAR2, TAAR3, TAAR5, TAAR6), A18 (CHRM1, CHRM2,
CHRM4, GPR161, GPR173, GPR21, GPR27, GPR45, GPR52, GPR61, GPR63, GPR78,
GPR85, GPR88, HRH1, HRH3, HRH4), A19 (HTR1D, HTR1F, HTR4, HTR?)
CLASS B Secretin receptor B1 (CRHR1, CRHR2, GCGR, GHRHR, GIPR, GLP1R, GLP2R, SCTR), B2 (BAI2, BAI3,
family CD97, CELSR1, ELTD1, EMR1, EMR2, EMR3, GPR110, GPR111, GPR113, GPR114,
GPR115, GPR123, GPR125, GPR126, GPR128, GPR144, GPR56, GPR64)
CLASS C Metabotropic Group | (GRM1, GRM5), Group Il (GRM4, GRM7, GRM8), Group Il (GRM2, GRM3)
glutamate receptor
CLASS F Frizzled FZD2, FZD3, FZD4, FZD5, FZD6, FZD7, FZD8, FZD9, FZD10
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been divided into three major families —class A/rhodopsin-like
receptors, class B/secretin-like receptors, and class C/gluta-
mate-like receptors. The largest class is class A, which ac-
counts for almost 85% of the GPCR genes. Recent bioinfor-
matics analyses have updated the phylogenetic characteri-
zation to five distinct families: glutamate, rhodopsin, adhesion,
frizzled (FZD), and secretin (i.e., the GRAFS classification sys-
tem) (Fig. 2) (11, 12).

GPCR stimulation triggers the activation of heterotrimeric G
proteins as guanosine triphosphate (GTP) replaces guanosine
diphosphate on the Go. subunit, promoting its dissociation
from the GPy subunits. Both o-GTP-bound and Gy subunit
complexes then stimulate multiple downstream signaling cas-
cades (7), including the rapid generation of multiple second
messengers. For example, Gos stimulates adenylyl cyclase, in-
creasing the cytosolic levels of cyclic adenosine monophos-
phate (CAMP), whereas Gai inhibits adenylyl cyclase and sub-
sequently decreases cAMP levels (13). Members of the Goq
family activate phospholipase-CB, which cleaves phosphatidy-
linositol-4, 5-bisphosphate into diacylglycerol and inositol
1,4,5-trisphosphate; the latter increases cytosolic calcium (14).
The targets of these diffusible second messengers include ion
channels, calcium-sensitive enzymes, and kinases such as
cAMP-dependent kinase, protein kinase C, cyclic guanosine
monophosphate-dependent kinase, and calcium-calmodulin
regulated kinases. Many of these kinases contribute to cancer
progression and metastasis (15). Although GPCRs can stim-
ulate multiple diffusible second messenger-generating systems,
their capacity to promote normal and aberrant cell prolifera-
tion often relies on the persistent activation of phosphatidyli-
nositol 3’-kinase/protein kinase B, Ras and Rho GTPases, and
mitogen-activated protein kinase cascades, thereby regulating
the activity of nuclear transcription factors and co-activators
such as JUN and FOS (16). The final biological outcome of
GPCR activation is a result of the integration of the GPCR-ini-
tiated biochemical response networks in each cellular and en-
vironmental context (8).

GPCRs IN STEM CELL MAINTENANCE

PCSs have great potential to aid in the understanding of the
early development and treatment of human diseases and tissue
disturbances. We found that optimizing the culture conditions
can enhance the pluripotency of stem cells (17, 18). The ex-
pression of certain membrane proteins, including GPCRs, re-
sult in the regulation of cell morphology, polarity and the mi-
gration of stem cells (19). Extensive evidence suggests that
GPCRs show dramatically different expressions when cells dif-
ferentiate, but the roles of GPCRs in stem cells maintenance
are poorly understood (20). The self-renewal and pluripotency
of PCSs are regulated by several Gs- and Gi-coupled GPCR sig-
naling pathways (21). Signaling mediated by the G proteins of
the Gi subfamily affects the morphology of iPSCs (20). Gs sig-
naling also promotes both proliferation and pluripotency of
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ESCs (21). Especially, during in vitro neural differentiation, dis-
tinct GPCR genes are specifically expressed at each differ-
entiation stage (22). The specific roles of GPCRs from the five
families (glutamate, rhodopsin, adhesion, FZD, and secretin)
are reviewed in the following section.

The glutamate family includes metabotropic glutamate re-
ceptors (MGluRs), y-aminobutyric acid B (GABAB) receptors,
taste receptors, and related orphan receptors (12). Glutamate is
abundant in the human body and is particularly prominent in
the nervous system. It is present in over 50% of nervous tissue
and is the most abundant excitatory neurotransmitter in the
central nervous system (CNS), playing a key role in the syn-
aptic plasticity required for learning and memory. It is also the
precursor for GABA, the primary inhibitory neurotransmitter in
the mammalian CNS. Glutamate receptors can be divided into
two groups according to the mechanism by which their activa-
tion gives rise to a postsynaptic current. lonotropic glutamate
receptors (iGluRs) form the pores for their own ion channels
while metabotropic glutamate receptors (mGluRs) indirectly
activate ion channels on the plasma membrane through a sig-
naling cascade that involves G proteins. mGluRs are respon-
sible for the glutamate-mediated postsynaptic excitation of
neural cells and are also reported to play an important role in
the cell growth and differentiation of ESCs. The mGIuR family
is composed of eight subtypes, classified as mGluR1 (GRM1)
to mGluR8 (GRM8), which are further divided into subtypes,
such as mGluR7a and mGluR7b. Receptor types are grouped
based on receptor structure and physiological activity. The
mGluRs in group I, comprised of mGIuR1 and mGIuR5, are
stimulated most strongly by the excitatory amino acid analog
L-quisqualic acid and couple to Gq proteins (23). Stimulation
of the receptors causes activation of phospholipase C, leading
to the formation of inositol 1,4,5-triphosphate and diacylgly-
cerol. These receptors are also associated with Na* and K*
channels. The receptors in group Il, mGluRs 2 and 3, and
group lll, which consist of mGluRs 4, 6, 7, and 8, prevent the
formation of cCAMP by activating a G protein that inhibits the
enzyme adenylyl cyclase. Receptors in groups Il and lII,
mGIuR 2, 3, 4, 6, and 7, interact with Gi G proteins to reduce
the activity of postsynaptic potentials, both excitatory and in-
hibitory, in the cortex. The activation of mGIuR 5 promotes
self-renewal by inhibiting glycogen synthase kinase-3[3
(GSK-3B) and leukemia inhibitory factor (LIF) activation of
phosphatidylinositol 3’-kinase (24). During ESC differentiation,
mGIuR5 expression decreases and mGluR4 expression is up-
regulated (25). The differentiation of neural stem cells is also
suppressed upon activation of mGlu3R via mitogen-activated
protein kinase-dependent inhibition of bone morphogenetic
protein signaling (26).

GABA plays the principal role in neuronal excitability reduc-
tion throughout the nervous system. Although GABAA re-
ceptors are ligand-gated ion channels, the metabotropic
GABAB receptors are GPCRs (glutamate GPCR family) which
interact with GABA and have obvious regulatory roles in neu-
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ronal activity. ESCs synthesize GABA and express functional
GABAA receptors and GABAB receptors (27). Both GABAR
types synergistically trigger intracellular calcium increase and
the interplay between the GABARs and downstream effectors
differentially modulates ESC proliferation and differentiation
through selective activation of second messenger signaling
cascades. Moreover, ESCs are reported to possess GABAergic
circuit machinery and establish a GABA niche via release of
the transmitter (28).

The rhodopsin family is the largest GPCR family, comprising
nearly 85% of GPCRs (12). Chemokine receptors, part of the
rhodopsin GPCR family, comprise a large subfamily of seven
TM proteins that bind one or more chemokines, which are
small cytokines that typically have chemotactic activity for leu-
kocytes (29). The chemokine receptor C-X-C chemokine re-
ceptor type 4 (CXCR4), also known as fusin or CD184 (cluster
of differentiation 184), may have an important role in stem cell
maintenance. CXCR4 is an alpha-chemokine receptor specific
for stromal cell-derived factor-1a. (SDF-1), which is also called
CXCL12 and important in hematopoietic stem cell homing to
the bone marrow and in hematopoietic stem cell quiescence
(30). It regulates the induction of proliferation, trafficking, lo-
comotion, and adhesion of PCSs and has a role in the homing
of engrafted stem cells (31). CXCR4 also regulates the migra-
tion of stem cells and has an important role in stem cell-based
therapies for multiple sclerosis. Currently, there are two known
receptors for SDF-1: CXCR4 and CXCR7. Recent reports in-
dicate that both CXCR4 and the SDF-1 scavenging receptor,
CXCR7/ACKR3 (CXCR?), are expressed in stem cells and play
important roles in stem cell therapy for remyelination (32).

The cannabinoid receptors are also members of the rhodop-
sin family of GPCRs and are activated by endogenous ligands
that include anandamide, anandamide derivatives (2-arachido-
noyl glycerol and noladin ether), virodhamine, and N-arach-
idonoyldopamine (33). There are currently two known sub-
types of cannabinoid receptors, termed CB1 and CB2. CB1 re-
ceptor expression is abundant in brain CNS and is involved in
a variety of physiological processes including memory, appe-
tite, mood, and pain-sensation. CB2 receptors are mostly ex-
pressed in hematopoietic cells, in T and B cells of the immune
system, and in macrophages. Additional cannabinoid receptors
that are non-CB; or non-CB; are expressed in endothelial cells
and in the CNS. Several orphan GPCRs such as GPR18,
GPR55, and GPR119 have been suggested to serve as cannabi-
noid receptors (34). Significant induction of CB1 and CB2 re-
ceptors in addition to the expression of endocannabinoids, the
ligands for both CB1 and CB2, are observed during the hema-
topoietic differentiation of ESCs. Treatment of ESCs with the
exogenous cannabinoid ligand led to the increased hema-
topoietic differentiation of ESCs, while addition of the CB an-
tagonists resulted in suppression of the embryoid body for-
mation, suggesting that endocannabinoids and CB receptors
are involved in the maintenance of ESCs. In addition, cannabi-
noid agonists induced the chemotaxis of embryoid bodies,
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which was specifically inhibited by CB1 and CB2 antagonists
(35). Recently, in addition to their roles in survival, homing,
and migration of stem cells, the potential role of CB2 receptors
as mediators of the anti-inflammatory properties of human
mesenchymal stromal cells was reported (36). Cannabinoid
signaling regulates cell proliferation, differentiation and surviv-
al and CB receptors are expressed and functional during devel-
opmental stages (37). After the receptor is activated by canna-
binoids, generated naturally inside the body (endocannabi-
noids) or introduced into the body as cannabis, CB receptors
interact with Gi G proteins and primarily inhibit adenylyl cy-
clase, leading to the suppression of cyclic AMP production.
CB receptors-mediated regulation of various signaling path-
ways including protein kinase A and C, Raf1, and MAPK, may
be involved in the maintenance of ESCs (35). CB receptors also
have roles in regulating the fate of stem cells in ectoderm-derived
neural progenitors and mesoderm-derived hematopoietic
progenitors. They regulate ESC survival and differentiation, and
thus may affect the formation of the three germ layers
(ectoderm, mesoderm and endoderm). CB1 and CB2 receptors
are present in neural progenitors and are reported to control
their self-renewal, proliferation and differentiation in opposite
patterns. CB1 receptor has a prosurvival function in mesen-
chymal stem cells and also plays a role in osteogenesis (38).

Lysophosphatidic acid (LPA) activates six rhodopsin family
GPCRs, namely LPA1 (EDG2), LPA2 (EDG4), LPA3 (EDG?7),
LAP4 (p2y9/GPR23), LPA5 (GPR92), and LPA6 (GPR87). It has
also been identified as an agonist for other orphan GPCRs
(PSP24, GPR87, and GPR35) as well as at receptors of the nu-
clear hormone peroxisome proliferator-activated receptor y
(39). LPA is reported to be a positive regulator of the self-re-
newal and pluripotency of PCSs (40). LPA may regulate ESC
maintenance, self-renewal and somatic cell reprogramming to
iPSCs via ERK-mediated activation of c-fos or by overexpression
of pluripotent transcription factors, such as c-Myc (41). The
mode of action in human ESCs (hESCs) also involves Gi- and
ERK-dependent mechanisms (42). Expression of specific LPA
receptors has been reported in stem cells, such as the ex-
pression of LPA1 and LPA2 in hematopoietic cells (43) and the
expression of LPA1-3 in mesenchymal stromal cells (44).

Sphingosine 1-phosphate (S1P), a signaling sphingolipid, ac-
tivates five rhodopsin family GPCRs known as S1P receptors
(STPR1-S1PR5) (45). The S1P receptors regulate fundamental
biological processes such as cell proliferation, angiogenesis,
migration, cytoskeleton organization, endothelial cell chemo-
taxis, immune cell trafficking and mitogenesis. Like LPA, S1P
also positively regulates the self-renewal and pluripotency of
PCSs via ERK activation (40). Expression studies in ESCs have
revealed that LPA1-3 and 5 together with STP1-5 are expressed
in ECSs and that LPA and S1P increase the expression of pluri-
potency genes and stimulate cell proliferation (46) through a
Gi-ERK-dependent pathway (40).

Rhodopsin family somatostatin receptors (SSTR1-5) are also
involved in the regulation of stem cell maintenance (47). So-
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matostatin inhibits the release of many hormones and other se-
cretory proteins at various sites by interacting with SSTRs that
are expressed in a tissue-specific manner. SSTR2, which is ex-
pressed at the highest levels in the cerebrum and kidneys, in-
teracts with SHANK2 (SH3 and multiple ankyrin repeat do-
mains protein 2), a synaptic protein involved in the main-
tenance of the typical morphology of ESCs. Addition of the
SSTR2 agonist octreotide or seglitide leads to promotion of the
self-renewal of ESCs, whereas the SSTR2 antagonist S4 results
in dose-dependent suppression of the SSTR2 agonist-induced
self-renewal. Furthermore, knock-down of SSTR2 significantly
decreases the self-renewal of ESCs and reduces the phosphor-
ylation and nuclear localization of STAT3, suggesting that
SSTR2 contributes to the self-renewal of ESCs via activation of
the STAT3 pathway.

Next, adhesion GPCRs are a class of 33 human protein re-
ceptors that can be divided into 8 groups, with two additional
adhesion GPCRs, VLGR1 and GPR128 (48). They are broadly
distributed in leukocytes, neurons, embryonic and larval cells,
cells of the reproductive tract, and a variety of tumors. Adhesion
GPCRs were also reported to be involved in embryogenesis
and development (49). Adhesion family GPCRs have adhesion
motifs containing long N-termini that are often involved in pro-
tein-protein interactions and that mediate signaling. Many ad-
hesion GPCRs undergo proteolytic events posttranslationally at
highly conserved Cys-rich motifs known as GPCR proteolysis
sites (GPS), which are located next to the first transmembrane
region. Once this protein is cleaved, the pieces are expressed
at the cell surface as a heterodimer. A Group VIII adhesion
GPCR, GPR56, has been shown to be cleaved at the GPS site.
The receptor became constitutively active after cleavage and
an upregulation of Ga12/13 was observed. GPR56 has a
known ligand, Collagen I, which is involved in neural
migration. The interaction between GPR56 and Go12/13 re-
sults in the induction of Rho-mediated cytoskeletal changes
and plays a role in stem cell maintenance and differentiation
(50). Additionally, the cadherin/CELSR subgroup of adhesion
receptors, Celsr1-3, have key roles in migration and prolifera-
tion during development (51). GPR125, which is a Group llI
adhesion receptor, may also be involved in stem cell main-
tenance (52).

The Wnt signaling pathways are a group of signaling path-
ways composed of proteins that pass Wnt-binding signals from
the outside to the inside of a cell through FZD cell surface re-
ceptors (53, 54). The FZD family receptors show the typical
structural characteristics of GPCRs and are activated by the
Whnt family, which comprises a diverse family of secreted cys-
teine-rich lipid-modified signaling glycoproteins with funda-
mental functions in ontogeny and tissue homeostasis. Previo-
usly, the FZD family receptors were not recognized as GPCRs.
However, they were officially classified as a GPCR family in
2005 by the International Union of Pharmacology (53, 54).
The Wnt and FZD proteins are highly conserved across species
and 11 FZD and 19 Wnt genes have been identified (55).
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Three Wnt/FZD signaling pathways have been characterized;
the canonical Wnt pathway, the noncanonical planar cell po-
larity pathway, and the noncanonical Wnt/calcium pathway
are implicated in regulation embryonic development and stem
cell maintenance. The Wnt signaling pathway contributes to
the maintenance of pluripotency in ESCs (56). ESCs express
members of the FZD7 receptor family and secrete FZD-related
proteins encoding soluble Wnt antagonists (57). Moreover, ac-
tivation of the Wnt pathway by wnt3a or the GSK-3 inhibitor
6-bromoindirubin-3’-oxime leads to self-renewal and pluri-
potency (58). Expression levels of Wnt3a and FZD7 in ESCs is
higher than those in differentiated cell types. Knockdown of
FZD?7 also leads to obvious changes in the typical morphology
of ESCs and decreases in Oct4 expression, implying that the
Whnt3a/FZD7 pathway is important for ESC maintenance (59).
In addition, TCF3, one of the key Wnt-activated transcriptional
regulators, is proposed to regulate the expression of key ESC
transcription factors including Oct4 and Nanog, and co-occu-
pies almost all promoter regions occupied by ESC-specific
transcription factors (58, 60). B-Catenin is reported to form a
complex with Oct4 in a TCF-independent manner to enhance
ESC pluripotency (61). However, B-catenin is also suggested to
be unimportant for pluripotent stem cell self-renewal and ex-
pansion (62-64), indicating that the effect of B-catenin may be
context-dependent.

The secretin receptor (SR) is a family of GPCRs that interact
with secretin, the gastrointestinal peptide hormone (11, 65).
Secretin is a member of the secretin-glucagon family and regu-
lates the secretion of bicarbonate ions into the duodenum
from the epithelia lining the pancreatic and biliary ducts. In
addition to regulating water homeostasis, secretin is reported
to have pleiotropic effects in several organ systems and has
been termed a neuroendocrine hormone. Vasoactive intestinal
peptide (VIP) and the pituitary adenylyl cyclase activating pol-
ypeptides (PACAPs) belong to the secretin peptide family and
display pleiotropic functions (66). The physiological actions of
these widely distributed peptides are reported to be through
the stimulation of three common GPCRs: Vasoactive intestinal
polypeptide receptor 1 (VPACT), VPAC2 and phosphatase of
activated cells 1 receptor (PAC1R). VPACT, VPAC2 and PAC1R
preferentially activate adenylyl cyclase and increase intra-
cellular cAMP, thereby regulating stem cell maintenance.

GPCRs IN SOMATIC REPROGRAMMING TO PSCs

The iPSC field advanced significantly in 2006 when Takahashi
and Yamanaka (2) discovered that retroviral transduction of
only four genes —Sox2, Oct4, c-Myc, and Klf4 —was sufficient
to induce pluripotency in somatic cells through somatic re-
programming to PSCs. Importantly, iPSCs provide an alter-
native to the use of human embryos, overcoming ethical
issues. In addition, iPSC technology allows the use of patient-
specific somatic cells to generate therapeutic iPSCs, over-
coming the potential for immune rejection. In human cells, re-
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programming using the additional factors Nanog and Lin28 to
replace c-Myc and Klf4 dramatically reduces the time required
to generate iPSCs (3). To avoid genetic modification and to im-
prove the efficiency of iPSC generation and differentiation,
iPSC production technology was advanced using techniques
that avoided stable integration of foreign genetic material into
the host genome (46, 67). Treatment of synthetic compounds
(small molecules) such as valproic acid favors the maintenance
and induction of the pluripotent state, enhancing somatic re-
programming to PCSs (2, 3, 46). The goal of patient-specific
iPSC therapy is to prepare somatic cells from patients, repro-
gram and differentiate them to replace diseased cells, and suc-
cessfully transplant them back into the same patients without
immune problems. Because pluripotent colony morphology is
closely associated with the maintenance of pluripotency, the
mechanisms through which these colonies form and organize
may be important for managing somatic cell reprogramming
(68). Our results showed that 81 GPCRs are differentially ex-
pressed during somatic reprogramming to iPSCs (Fig. 1B and
Table 1). Of these GPCRs, several have confirmed roles in reg-
ulating the self-renewal and other properties of PCSs. Several
GPCRs have been proposed to have crucial roles in somatic
reprogramming to PCSs.

Somatic reprogramming to iPSCs requires dramatic morpho-
logical and organizational cell changes (69). Interestingly, the
inhibition of Gi-coupled receptor signaling with pertussis toxin
retracts stem cell colonies inward into a dense multilayered
conformation without affecting proliferation, survival, or pluri-
potency (70). Activation of Gs-coupled receptor signaling with
cholera toxin did not affect colony morphology, suggesting
that Gi-coupled GPCRs may play a role in some aspects of so-
matic cell reprogramming to PSCs.

In mouse ESCs, mGIluR5 activation promotes self-renewal
through interactions with the LIF signaling pathway (24, 71).
Various mGIuR subtypes are involved in differentiation.
Specifically, the differentiation of mouse ESCs into embryoid
bodies is associated with the induction of mGluR4, which pro-
motes differentiation of GABAergic neurons (25, 72). Other
GPCRs are found in ESCs, but very few studies have described
their functional roles.

Specific lipids regulate various features of ESCs by binding
to GPCRs such as rhodopsin family LPA and S1P receptors
(40). Both S1P and LPA receptors are positive modulators of
ESC maintenance through ERK- and Ca”*-mediated pathways
(40, 73). ESCs express LPA and S1P receptor subtypes (42, 73).
The LPA and S1P signaling pathways that affect ESC main-
tenance and somatic reprogramming to PSCs activate the ERK
signaling pathway via GPCR/Gi-, protein kinase C-, and
c-Src-dependent mechanisms (40).

The adhesion GPCR, GPR125, is a potential marker for so-
matic reprogramming to PCSs. GPR125 is an orphan adhe-
sion-type GPCR also known as a germ-line progenitor marker
(74) and tumor endothelial marker 5-like. GPR125 is found in
proliferative adult spermatogonial progenitor cells and multi-
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potent adult spermatogonial-derived stem cells but is
down-regulated after differentiation (74). Members of the tu-
mor endothelial marker family have been identified by locat-
ing genes with elevated expression during tumor angiogenesis
(75). A recent study revealed that GPCRs display dramatic dif-
ferences in expression when cells differentiate (21). The au-
thors generated a real-time polymerase chain reaction-based
expression profile of 343 GPCRs in ESCs and revealed that 161
of them were expressed at low levels in undifferentiated ESCs,
30 were moderately expressed, and 7 were highly expressed.
GPR125 was one of the important GPCRs expressed differ-
entially in ESCs.

The Wnt/FZD signaling pathway is reported to promote re-
programming of somatic cells to PSCs (55, 76). Addition of
soluble Wnt3a or expression of constitutively active B-catenin,
a downstream component of the Wnt pathway, promotes re-
programming of fibroblasts to pluripotency (76). Recent study
revealed that Wnt3a and GSK-3 inhibitors successfully stim-
ulate reprogramming whereas Wnt/B-catenin enhances iPSCs
induction at the early stage of reprogramming by interacting
with reprogramming factors Klf4, Oct4, and Sox2, further in-
creasing the expression of pluripotency circuitry genes (77).
Without activation of reprogramming factors, Wnt3a/B-catenin
activation cannot return differentiated cells to iPSCs. However,
with the help of ectopic reprogramming factors, B-catenin can
promote the activation of the pluripotent network pathway at
the early reprogramming stage, leading to enhanced iPS cell
generation. This indicates that B-catenin is required for somatic
reprogramming to pluripotency but not required for pluri-
potency maintenance.

GPCR SIGNALING IN SOMATIC REPROGRAMMING
TO CSCs

CSCs were first discovered in 1994 when a cell type with low
abundance derived from human acute myeloid leukemia suc-
cessfully caused cancer in mice (78). The origin of CSCs is
still being debated; particularly whether they represent a stro-
mal stem cell that has undergone some sort of malignant
change or whether they are differentiated cells that acquire
stemness as part of the malignant somatic reprogramming or
transformation process. According to the CSC hypothesis, on-
ly a small fraction of immature cellular intermediates is re-
sponsible for mediating tumor expansion, resistance, and
metastases. Thus, CSCs are the tumor component that diffuses
out of the organ, where it cannot be eliminated by surgical
therapy and causes relapses resistant to chemotherapy and ra-
diotherapy (79). The presence of CSCs has important im-
plications for treatment, as current therapies may target the
bulk of tumor cells but overlook CSCs, resulting in tumor
recurrence. Consequently, future treatments specifically tar-
geting CSCs may be more effective.

Tumor-suppressor genes are often lacking in many CSCs,
and this absence may explain the capacity CSCs for self-renew-
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al (79). FZD and chemokine receptors are among the receptors
that collect signals within the environmental niche. Our results
showed that 195 GPCRs are differentially expressed during
transformation to CSCs or during CSC sphere formation (Fig.
1C, 1D, and Table 1). Of these GPCRs, several have confirmed
roles in regulating the self-renewal and other properties of
CSCs. Several GPCRs may have crucial roles in the transfor-
mation to CSCs.

Cancer cells or CSCs generate a supportive microenviron-
ment by activating various proliferation and stress signaling
pathways of normal cells (16). Conversely, stromal cells, such
as cancer-associated fibroblasts or tumor-associated macro-
phages, promote tumor progression by secreting growth fac-
tors, chemokines, and pro-migratory extracellular matrix com-
ponents (8). In particular, tumor-surrounding adipocytes ex-
hibit a specific and activated phenotype. These cells have
been designated cancer-associated adipocytes, and they con-
tribute to the progression of various tumors by stimulating lo-
cal and distant metastasis (80). Several fatty acid-sensing rho-
dopsin family GPCRs, such as GPR35, GPR41 (free fatty acid
receptor 3, FFAR3), GPR43 (free fatty acid receptor 2, FFAR2),
GPR81 (hydroxycarboxylic acid receptor 1, HCAR1), and
GPR120, are usually expressed in tumor microenvironments
and are suggested to be involved in somatic reprogramming to
CSCs.

The rhodopsin family chemokine receptors are centrally
linked to the organ-specific metastasis of a number of cancers,
in line with their normal immune cell function of directing re-
ceptor-bearing leukocytes toward the sites of chemokine
production. Similarly, tumor cells abnormally expressing che-
mokine receptors can induce the migratory activity of chemo-
kines, facilitating metastasis to other organs (8). Recent study
revealed that although both CXCR4 and CXCR7 have roles in
stem cell therapy for remyelination, the two SDF-1-interacting
chemokine receptors also play different and opposing roles in
tumor metastasis, with CXCR4 mediating breast cancer in-
vasion and CXCR?7 impairing invasion but enhancing primary
tumor growth through angiogenesis (32, 81, 82). CXCR4 is in-
cluded among stem cell markers (83), and evidence of its im-
portance in tumor development is rapidly emerging (84).
CXCR4 is expressed in various human cancers, including
breast cancer, and carcinoma-associated fibroblasts are a key
source of SDF-1 in the tumor microenvironment. Recent stud-
ies have revealed that high levels of SDF-1 expression is
closely correlated with poor prognosis of breast cancer pa-
tients and CXCR4 signaling has contrasting effects on normal
and malignant breast stem cell activity, demonstrating that it
specifically regulates breast CSC activities (85). CXCR4 acti-
vates Rac1 through P-REX1, which plays a central role in
metastasis in most types of breast cancer (40). CXCR4 can al-
so couple to G12/13 in basal-like breast cancer cells, in
which Ga13 protein expression is highly up-regulated, thus
driving metastasis through a Ga12/13-RhoA-dependent mech-
anism (86) similar to that of LPA and PAR-1 receptors, all of
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which can be considered potential targets for metastasis pre-
vention and treatment. Like CXCR4, CXCR?7 is also overex-
pressed in human breast cancer and implicated in enhancing
cancer cell adhesion to fibronectin and endothelial cells by
activating PI3K and MAPK (82). CXCR4 and CXCR7 can form
both homodimers and heterodimers and the heterodimer for-
mation may modulate CXCR4 signalling both positively and
negatively (87). Other chemokine receptors, including CCR7
and CCR10, have also been shown to have direct roles in the
metastatic homing of cancer cells as well as cancer cell sur-
vival and growth (8). Chemokines may enhance cytokine-rich
microenvironments and induce the release of matrix metal-
loproteases, which facilitate tumor cell survival, proliferation,
and invasion.

Expression of the rhodopsin family CB receptors is upregu-
lated in many cancers including breast and prostate cancers.
Activation of the receptors led to decreased cell viability, in-
creased apoptosis, and decreased androgen or estrogen re-
ceptor expression (88). Clinical studies utilizing cannabinoids
for patients with metastatic cancers may take advantage not
only of its beneficial effects on cancer but also of their an-
algesic properties for metastatic cancer pain. CB receptors al-
so modulate the differentiation of glioma stem-like cells, sup-
porting a possible anti-cancer role for cannabinoid receptors
(89).

In human mammals, there are two types of rhodopsin family
melatonin receptors: MT1 (Mel1A) and MT2 (Mel1B). Mela-
tonin is reported to suppress breast cancer cell proliferation
by inhibiting the up-regulation of estrogen-induced cyclin D1
via MT1 and down-regulating estrogen receptor alpha (90).
6-Hydroxymelatonin, an oxidated form of melatonin, has also
been shown to bind selectively to MT1 and to have anti-
oxidant properties (91).

The purinergic system plays a key role in cell growth in glio-
blastoma, the most common and aggressive tumor of the
brain, and may be characterized by a CSC subpopulation (92).
Some purinergic receptors, such as P1 and P2Y, are rhodopsin
family GPCRs and their expressions have been differently ex-
pressed in tumor spheres containing markers for CSCs, sug-
gesting that the purinergic system affects CSC biology.

The Wnt and FZD pathways are involved in various differ-
entiation events during embryonic development and tumor
formation (93). During malignant progression, cancers actively
rearrange the extracellular matrix and tumor stroma to create
suitable microenvironments. In cancers, the Wnt and FZD
pathways are typically associated with a transition from epi-
thelial to mesenchymal cellular stages as the tumor develops
during metastasis (94). Members of the FZD family activate up-
stream signaling that results in epithelial-mesenchymal tran-
sitions (79).

In addition, recent studies have uncovered a role for
GPR116, a member of the poorly characterized family of ad-
hesion GPCRs, in the invasion and migration of breast cancer
cells via a Goig-RhoA/Rac1-dependent mechanism (95).
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SUMMARY

The molecular functions of GPCR signaling pathways have
been thoroughly studied for more than a century from the per-
spectives of both basic science and therapeutic applications. In
this review, we addressed the current understanding of the
role of GPCRs in stem cell maintenance and somatic repro-
gramming to PCSs or CSCs. Differential GPCRs play crucial
roles not only in tumor progression, adipogenesis, and in-
flammation, but also in embryonic development and stem cell
maintenance. Recent studies demonstrate the important roles
of various GPCRs in the regulation of self-renewal and other
biological properties of PCSs or CSCs during maintenance.
Differential expression profiles of GPCRs may also be detected
during somatic reprogramming to iPSCs or CSCs and during
CSC sphere formation, indicating that specific GPCRs have key
roles in somatic reprogramming to iPSCs and transformation to
CSCs via regulation of cell survival, proliferation, migration,
and self-renewal of PCSs and CSCs. A more universal defi-
nition of the general systems through which GPCRs exert their
numerous physiological and pathological roles is necessary to
appreciate the overall implications for somatic reprogramming
and tumorigenesis. In particular, extensive cross talk and
co-regulation may occur between GPCR- and tyrosine kinase
growth factor receptor-initiated signaling pathways and through
receptor transactivation. Given the evidence discussed herein,
the significance of the roles of differential GPCRs in stem cell
maintenance and somatic reprogramming to PCSs or CSCs will
be manifested in various biological and developmental phe-
nomena. Modulation of various GPCRs’ expression and sub-
cellular localizations may have important implications for hu-
man health. A systems-level understanding may provide the
necessary molecular framework for the development of novel
approaches to therapeutic intervention in some of the most
prevalent human diseases.
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