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Discussion

GGA, an anti-ulcer medication has been shown to have cardio-
protective effects and modulate heat shock proteins, however the
exact mechanisms on how this oral medication is able to enter the myo-
cardial cell is unknown. We show that caveolae and Cav-3 are essential
for GGA uptake and cardiac protection, by mediating the activation of
HSP 70. Furthermore, these effects are not only mediated by caveolae
and caveolins, but also directly affect mitochondrial function. These
data suggest that GGA utilizes caveolae and caveolins in order to
navigate the complex cell structure and facilitate protective signaling
via mitochondria.

Caveolae are cholesterol and sphingolipid enriched invaginations
of the plasma membrane that play a role in physiological functions
and vital to cardio-protective mechanisms. In some cases, caveolae
and caveolins regulate receptor stability, myocardial hypertrophy
(Horikawa et al., 2011), signaling (Lisanti et al., 1994; Ostrom et al,,
2001, 2002; Patel et al.,, 2007; Steinberg and Brunton, 2001), calcium
homeostasis (Fujimoto, 1993), and endocytosis (Anderson, 1993). Re-
cently, a decreased number of myocardial caveolae was described in
Cav-3 KO mice although Cav-1 levels remained stable (Hagiwara et al.,
2000; Horikawa et al., 2008; Tsutsumi et al., 2010b). Furthermore,
these mice lose the ability to undergo preconditioning-like cardiac pro-
tection from ischemia/reperfusion injury (Horikawa et al., 2008). These
results implicate a role for Cav-3 and the presence of caveolae in cardiac
protection from ischemia/reperfusion injury. The current data show
that GGA similarly requires Cav-3 and caveolae. These effects are likely
due to the ability of Cav-3 and caveolae to be able to regulate mitochon-
drial pore activity and mediate mitochondrial mediated cell death.
Furthermore, recent investigations have revealed that caveolae and
caveolins can directly interact with mitochondria and regulate mito-
chondrial function, suggesting a potential regulatory role in surface
and inter-organelle signaling (Fridolfsson et al., 2012).

In the present study, we show that the administration of GGA led to
a significant increase in Cav-3 protein expression within the buoyant
fraction, and that HSP 70 directly localized and interacted with Cav-3.
Many previous studies using GGA have focused on HSP 70 induction
(Hirakawa et al.,, 1996; Sakabe et al., 2008) and have suggested that
GGA protects the myocardium by activating heat shock proteins espe-
cially HSP 72 (Kitahata et al,, 2008; Ooie et al., 2005; Ooie et al,, 2001;
Yamanaka et al.,, 2003). Although there has been little evidence regard-
ing the relationship between caveolae, caveolins and heat shock pro-
teins within the heart, other organ systems including skin and cancer
have investigated this relationship. In skin models, HSP have been
shown to localize into caveolae, which then can regulate intracellular
HSP expression (Black et al,, 2011). Furthermore, in tumor cells, Cav-1
has been shown to have direct effects on HSP expression (Ciocca et al.,
2012). Perhaps, in regard to GGA, caveolae are spatial hubs that localize
GGA and HSP, together regulating temporal relations and activation.
Given the multifaceted nature of caveolae and caveolins, multiple
survival pathways are being activated simultaneously.

Glucose transporter 4 receptor (Glut4) has also been implicated in
delayed preconditioning of the myocardium. Interestingly, Cav-3 KO
mice are unable to be protected via isoflurane, due to its inability to
translocate Glut 4, although this is preserved in Cav-1 KO, making this
a Cav-3 specific phenomenon (Tsutsumi et al., 2010b). Perhaps GGA
may also have effects on Glut4 translocation and expression.

There are several limitations in the present study. First, we evaluated
the effects of Cav-3 and HSP 70 in experiments that investigated
ischemia/reperfusion injury. GGA induces a broad class of the protective
proteins, including various families of HSPs (Brundel et al., 20063,
2006b), protein kinase C (Yamanaka et al, 2003), and nitric oxide
(Yamamoto et al., 2005). Second, the dose and time period used for car-
diac protection in mice are unknown. Previous studies have all been in
rats, where a single oral dose of 200 mg/kg GGA induced HSP and cardiac
protection against ischemia/reperfusion (Ooie et al, 2005, 2001;

Shinohara et al., 2007; Yamanaka et al., 2003). The same concentration
and dose were applied in this study.

Taken together these data demonstrate that GGA had delayed
cardio-protective effects that are dependent on caveolae and Cav-3. We
show that caveolae and Cav-3 are the vital conduits between HSP-70 ac-
tivation and subsequent mitochondrial respiration suggesting an impor-
tant role for this structural protein. Furthermore, these data suggest that
GGA may be a unique way to clinically increase caveolae and caveolin-3
expression, which have both shown to have significant cardioprotective
effects against ischemic injury and detrimental remodeling.

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Acknowledgments

Supported by JSPS KAKENHI Numbers 23592994, 24592300,
25462404, and 25462405 from Japan Society for the Promotion of Sci-
ence, Tokyo.

References

Anderson RG. Potocytosis of small molecules and ions by caveolae. Trends Cell Biol 1993;
3:69-72.

Black AT, Hayden PJ, Casillas RP, Heck DE, Gerecke DR, Sinko PJ, et al. Regulation of Hsp27
and Hsp70 expression in human and mouse skin construct models by caveolae
following exposure to the model sulfur mustard vesicant, 2-chloroethyl ethyl sulfide.
Toxicol Appl Pharmacol 2011;253:112-20.

Brundel BJ, Henning RH, Ke L, van Gelder IC, Crijns HJ, Kampinga HH. Heat shock protein
upregulation protects against pacing-induced myolysis in HL-1 atrial myocytes and in
human atrial fibrillation. ] Mol Cell Cardiol 2006a;41:555-62.

Brundel BJ, Shiroshita-Takeshita A, Qi X, Yeh YH, Chartier D, van Gelder IC, et al. Induction
of heat shock response protects the heart against atrial fibrillation. Circ Res 2006b;99:
1394-402.

Ciocca DR, Cuello-Carrion FD, Natoli AL, Restall C, Anderson RL. Absence of caveolin-1
alters heat shock protein expression in spontaneous mammary tumors driven by
Her-2/neu expression. Histochem Cell Biol 2012;137:187-94.

Fridolfsson HN, Kawaraguchi Y, Ali SS, Panneerselvam M, Niesman IR, Finley JC, et al.
Mitochondria-localized caveolin in adaptation to cellular stress and injury. FASEB ]
2012:26:4637-49.

Fujimoto T. Calcium pump of the plasma membrane is localized in caveolae. ] Cell Biol
1993:120:1147-57.

Fujimoto M, Yamanaka T, Bessho M, Igarashi T. Effects of geranylgeranylacetone on
gastrointestinal secretion in rats. Eur ] Pharmacol 1982;77:113-8.

Hagiwara Y, Sasaoka T, Araishi K, Imamura M, Yorifuji H, Nonaka [, et al. Caveolin-3
deficiency causes muscle degeneration in mice. Hum Mol Genet 2000;9:3047-54.

Hirakawa T, Rokutan K, Nikawa T, Kishi K. Geranylgeranylacetone induces heat shock
proteins in cultured guinea pig gastric mucosal cells and rat gastric mucosa. Gastro-
enterology 1996;111:345-57.

Hirose K, Tsutsumi YM, Tsutsumi R, Shono M, Katayama E, Kinoshita M, et al. Role of the
O-linked beta-N-acetylglucosamine in the cardioprotection induced by isoflurane.
Anesthesiology 2011;115:955-62.

Horikawa YT, Patel HH, Tsutsumi YM, Jennings MM, Kidd MW, Hagiwara Y, et al.
Caveolin-3 expression and caveolae are required for isoflurane-induced cardiac pro-
tection from hypoxia and ischemia/reperfusion injury. ] Mol Cell Cardiol 2008;44:
123-30.

Horikawa YT, Panneerselvam M, Kawaraguchi Y, Tsutsumi YM, Ali SS, Balijepalli RC, et al.
Cardiac-specific overexpression of caveolin-3 attenuates cardiac hypertrophy and
increases natriuretic peptide expression and signaling. ] Am Coll Cardiol 2011,57:
2273-83.

Kitahata H, Nozaki ], Kawahito S, Tomino T, Oshita S. Low-dose sevoflurane inhalation
enhances late cardioprotection from the anti-ulcer drug geranylgeranylacetone.
Anesth Analg 2008;107:755-61.

Lisanti MP, Scherer PE, Tang Z, Sargiacomo M. Caveolae, caveolin and caveolin-rich mem-
brane domains: a signalling hypothesis. Trends Cell Biol 1994;4:231-5.

Murakami M, Oketani K, Fujisaki H, Wakabayashi T, Ohgo T. Antiulcer effect of
geranylgeranylacetone, a new acyclic polyisoprenoid on experimentally induced gas-
tric and duodenal ulcers in rats. Arzneimittelforschung 1981;31:799-804.

Ooie T, Takahashi N, Saikawa T, Nawata T, Arikawa M, Yamanaka K, et al. Single oral
dose of geranylgeranylacetone induces heat-shock protein 72 and renders pro-
tection against ischemia/reperfusion injury in rat heart. Circulation 2001;104:
1837-43.

Ooie T, Kajimoto M, Takahashi N, Shinohara T, Taniguchi Y, Kouno H, et al. Effects of insu-
lin resistance on geranylgeranylacetone-induced expression of heat shock protein 72
and cardioprotection in high-fat diet rats. Life Sci 2005;77:869-81.

Ostrom RS, Gregorian C, Drenan RM, Xiang Y, Regan JW, Insel PA. Receptor number and
caveolar co-localization determine receptor coupling efficiency to adenylyl cyclase.
J Biol Chem 2001;276:42063-9.



48 Y.M. Tsutsumi et al. / Life Sciences 101 (2014) 43-48

Ostrom RS, Liu X, Head BP, Gregorian C, Seasholtz TM, Insel PA. Localization of adenylyl
cyclase isoforms and G protein-coupled receptors in vascular smooth muscle cells:
expression in caveolin-rich and noncaveolin domains. Mol Pharmacol 2002;62:
983-92.

Palade G. Fine structure of blood capillaries. ] Appl Phys 1953;24:1424-36.

Patel HH, Tsutsumi YM, Head BP, Niesman IR, Jennings M, Horikawa Y, et al. Mechanisms
of cardiac protection from ischemia/reperfusion injury: a role for caveolae and
caveolin-1. FASEB ] 2007;21:1565~74.

Patel HH, Murray F, Insel PA. Caveolae as organizers of pharmacologically rel-
evant signal transduction molecules. Annu Rev Pharmacol Toxicol 2008;48:
359-91.

Sakabe M, Shiroshita-Takeshita A, Maguy A, Brundel BJ, Fujiki A, Inoue H, et al. Effects of a
heat shock protein inducer on the atrial fibrillation substrate caused by acute atrial
ischaemia. Cardiovasc Res 2008;78:63-70.

Shinohara T, Takahashi N, Kohno H, Yamanaka K, Ooie T, Wakisaka O, et al. Mitochondria
are targets for geranylgeranylacetone-induced cardioprotection against ische-
mia-reperfusion in the rat heart. Am J Physiol Heart Circ Physiol 2007;293:
H1892-9.

Steinberg SF, Brunton LL. Compartmentation of G protein-coupled signaling pathways in
cardiac myocytes. Annu Rev Pharmacol Toxicol 2001;41:751-73.

Tsutsumi YM, Patel HH, Lai NC, Takahashi T, Head BP, Roth DM. Isoflurane produces
sustained cardiac protection after ischemia-reperfusion injury in mice. Anesthesiology
2006;104:495-502.

Tsutsumi YM, Yokoyama T, Horikawa Y, Roth DM, Patel HH. Reactive oxygen species trig-
ger ischemic and pharmacological postconditioning: in vivo and in vitro characteriza-
tion. Life Sci 2007;81:1223-7.

Tsutsumi YM, Horikawa YT, Jennings MM, Kidd MW, Niesman IR, Yokoyama U, et al.
Cardiac-specific overexpression of caveolin-3 induces endogenous cardiac protection
by mimicking ischemic preconditioning. Circulation 2008;118:1979-88.

Tsutsumi YM, Kawaraguchi Y, Horikawa YT, Niesman IR, Kidd MW, Chin-Lee B, et al. Role
of caveolin-3 and glucose transporter-4 in isoflurane-induced delayed cardiac protec-
tion. Anesthesiology 2010a;112:1136-45.

Tsutsumi YM, Kawaraguchi Y, Niesman IR, Patel HH, Roth DM. Opicid-induced precondi-
tioning is dependent on caveolin-3 expression. Anesth Analg 2010b;111:1117-21.

Tsutsumi YM, Tsutsumi R, Mawatari K, Nakaya Y, Kinoshita M, Tanaka K, et al. Compound
K, a metabolite of ginsenosides, induces cardiac protection mediated nitric oxide via
Alkt/PI3K pathway. Life Sci 2011;88:725-9.

Yamamoto K, Sarukawa M, Ito T, Aoki H, Ichida M, Shimada K. An anti-ulcer drug,
geranylgeranylacetone, suppresses inducible nitric oxide synthase in cultured vascu-
lar smooth muscle cells. ] Hypertens 2005;23:1847-53.

Yamanaka K, Takahashi N, Ooie T, Kaneda K, Yoshimatsu H, Saikawa T. Role of protein
kinase C in geranylgeranylacetone-induced expression of heat-shock protein 72
and cardioprotection in the rat heart. ] Mol Cell Cardiol 2003;35:785-94.

Zhu Z, Takahashi N, Ooie T, Shinohara T, Yamanaka K, Saikawa T. Oral administration of
geranylgeranylacetone blunts the endothelial dysfunction induced by ischemia and
reperfusion in the rat heart. ] Cardiovasc Pharmacol 2005:45:555-62.



PIGMENT CELL & MELANOMA

Res earch

Epacl increases mlgratlon of endothellal cells
and melanoma cells via FGF2 medlated

paracrine signaling .
Erdene Baljinnyam, | Masanarl Umemura, Chnstme Chuang,

Mariana S. De Lorenzo, Mizuka Iwatsubo, Suzie Chen,
James S. Goydos, Yoshihiro Ishikawa, John M. Whitelock
and Kousaku Iwatsubo

DOI: 10.1111/pemr.12250

If you wish to order reprints of this article,
please see the guidelines here

Supporting Information for this article is freely a\)ailable here

EMAIL ALERTS
Receive free email alerts and stay up-to-date on what is publlshed
in Pigment Cell & Melanoma Research — click here

Submit your next papér to PCMR online at

Subscribe to PCMR and stay up -to-date W|th the only Journal commxtted to publlshmg
basic research in melanoma and pigment cell bxology ‘

As a member of the IFPCS or the SMR you automatically get online access to PCMR. Sign up as
a member today at www.ifpcs.org or at www.societymelanomaresarch.org

To take out a personal subscription, please click here

More information ab{sut fﬁo ment Cell & Melanoma Research at




ORIGINAL ARTICLE

Pigment Cell Melanoma Res..

Epac1 increases migration of endothelial cells and
melanoma cells via FGF2-mediated paracrine signaling

Erdene Baljinnyam®, Masanari Umemura'?, Christine Chuang®, Mariana S. De Lorenzo', Mizuka
Iwatsubo', Suzie Chen*, James S. Goydos®, Yoshihiro Ishikawa’?2, John M. Whitelock® and Kousaku
Iwatsubo'?

1 Department of Cell Biology and Molecular Medicine, New Jersey Medical School-Rutgers, The State
University of New Jersey, Newark, NJ, USA 2 Cardiovascular Research Institute, Yokohama City University
Graduate School of Medicine, Yokohama, Japan 3 The Heart Research Institute, Newtown, NSW, Australia

4 Susan Lehman Cullman Laboratory for Cancer Research Ernest Mario School of Pharmacy, Rutgers, The State
University of New Jersey, Piscataway, NJ, USA 5 The Cancer Institute of New Jersey, New Brunswick, NJ, USA
6 Graduate School of Biomedical Engineering, The University of New South Wales, Kensington, NSW, Australia

KEYWORDS Epac/heparan sulfate/human umbilical
vein endothelial cells/cell-cell communication/FGF2/
migration/angiogenesis/paracrine signaling

PUBLICATION DATA Received 5 April 2013, revised
and accepted for publication 9 April 2014, published
online 11 April 2014

CORRESPONDENCE Kousaku Iwatsubo and Erdene Baljinnyam, e-mails: iwatsuko@njms.rutgers.edu;

baljiner@njms.rutgers.edu doi: 10.1111/pcmr.12250

Summary

Fibroblast growth factor (FGF2) regulates endothelial and melanoma cell migration. The binding of FGF2 to its
receptor requires N-sulfated heparan sulfate (HS) glycosamine. We have previously reported that Epac1, an
exchange protein activated by cAMP, increases N-sulfation of HS in melanoma. Therefore, we examined whether
Epac1 regulates FGF2-mediated cell-cell communication. Conditioned medium (CM) of melanoma cells with
abundant expression of Epac1 increased migration of human umbilical endothelial cells (HUVEC) and melanoma
cells with poor expression of Epac1. CM-induced increase in migration was inhibited by antagonizing FGF2, by
the removal of HS and by the knockdown of Epac1. In addition, knockdown of Epac1 suppressed the binding of
FGF2 to FGF receptor in HUVEC, and in vivo angiogenesis in melanoma. Furthermore, knockdown of Epac1
reduced N-sulfation of HS chains attached to perlecan, a major secreted type of HS proteoglycan that mediates
the binding of FGF2 to FGF receptor. These data suggested that Epac1 in melanoma cells regulates melanoma
progression via the HS-FGF2-mediated cell-cell communication.

cells. Exchange protein activated by cAMP (Epac), a

Introduction . ,
guanine nucleotide exchange factor, was found as an

Despite recent advances in melanoma therapies utilizing
inhibitors of the ERK-signaling pathway, prognosis of
advanced melanoma is still poor. In addition, acquired
resistance becomes a critical problem with those inhib-
itors (Little et al., 2012; Maurer et al., 2011). Therefore,
the development of a novel therapeutic strategy is an
urgent demand for this life-threatening disease. cAMP
signaling controls a variety of cellular functions in cancer

additional target of cAMP apart from the conventional
one, that is, protein kinase A (De Rooij et al., 1998). Two
isoforms of Epac, Epacl and Epac2, mediate cAMP
signaling by the activation of a small-molecular-weight G
protein, Rap1 (Bos, 2006). In cancer cells, reports have
demonstrated following functions of Epacs such as cell
adhesion in human ovarian carcinoma Ovcar3 cells
(Quilliam et al., 2002), apoptosis (Tiwari et al., 2004)

Signi‘fica’nce ’

There is an emerging need for elucidating the mechaniém of cell—cell interaction in melanoma progression.
Our study provides information regarding FGF2-related cell-cell interaction between melanoma/endothelial
- and melanoma/melanoma cells which is regulated by melanoma cells with the higher expression of Epac1.

© 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd. 1
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and growth arrest (Grandoch et al., 2009a) in B lym-
phoma cells, formation of embryonic vasculogenic net-
works in melanoma cells (Lissitzky et al., 2009), and
proliferation of prostate carcinoma cells (Grandoch et al.,
2008b). We have previously reported that Epacl is
expressed in various melanoma cell lines (Baljinnyam
et al., 2011) and plays a role in cell migration via
modification of heparan sulfate (HS) glycosaminoglycan
(HSPG) chains. The increased migration by Epacl-
enhanced metastasis to the lungs in mice (Baljinnyam
et al., 2009). Recently, we have also found that, in
addition to this HS-related mechanism, a Ca®*-depen-
dent mechanism is also involved in Epacl-induced
melanoma cell migration. Epac1 releases cytosolic Ca?*
from the endoplasmic reticulum (ER) via the phospho-
lipase C (PLC)/inositol triphosphate (IP3)/IP3 receptor
pathway (Baljinnyam et al., 2010). These data suggested
that Epacl plays a critical role in melanoma cell
migration via at least two independent mechanisms,
that is, the HS-related and the Ca®*-dependent mecha-
nisms.

Fibroblast growth factor-2 (FGF2) is known to increase
tumor growth and metastasis by the activation of
migration of cancer and vascular endothelial cells (Hibino
et al.,, 2005; Meier et al., 2003; Montesano et al., 1986;
Moscatelli et al., 1986; Nugent et al., 2000; Ponta et al.,
1998; Sola et al., 1997; Taylor et al., 1993). Binding of
FGF2 to FGF receptor requires coordination with N-
sulfated glucosamine (Faham et al., 1996; Kreuger et al,,
1999; Maccarana et al., 1993; Schlessinger et al., 2000),
a component of HS chain (lozzo and San Antonio, 2001).
In addition, perlecan, one of the HSPGs, attaches to
FGF2 for its binding to FGF receptors (Knox et al., 2002;
Sharma et al., 1998). We have previously reported that,
in a human melanoma cell line, Epac1 increases NDST-1,
which converts N-acetylated glucosamine into N-sulfated
form (Baljinnyam etal., 2009). In addition, it was
suggested that Epacl overexpression increases N-sulf-
ation of HS chain (Baljinnyam et al., 2009).These data led
us to examine the hypothesis that Epacl can control
FGF2 signaling by modification of N-sulfation of HS, most
probably on perlecan. Further, as secreted FGF2 can act
in a paracrine fashion, it is possible that melanoma cells
expressing Epacl regulate migration of surrounding
endothelial or other melanoma cells. In this study, we
found that Epac1 in melanoma cells increases N-sulfation
of secreted perlecan and activates migration of endothe-
lial/melanoma cells by FGF2/HS-mediated cell-cell inter-
action. In addition, the Epac1 in melanoma celis activates
angiogenesis in vivo, which may support the survival of
other melanoma cells expressing lower amounts of
Epac1. Therefore, in addition to our previous reports
showing the role of Epact in melanoma cells, this study
demonstrated that expression of Epacl in melanoma
cells plays a role in melanoma progression by controlling
cell/cell communication with endothelial cells and other
melanoma cells.

Results

Epac1 in melanoma cells increases migration of
neighboring endothelial cells via cell/cell
communication

It was suggested that Epac1-expressing melanoma cells
can increase migration of neighboring endothelial cells via
N-sulfation of HSPG, and subsequently, the activation of
paracrine-acting FGF2 signaling. Therefore, we investi-
gated whether melanoma cells with abundant Epaci
expression can increase migration of those with scarce
Epac1 expression. According to our previous report
(Baljinnyam et al., 2010, 2011), in this study, we have
divided the cell lines into two groups: Epac1-rich cell lines,
in which Epac1 expression is of the same or higher level
than that in SK-Mel-2 (SK-Mel-2, SK-Mel-24, SK-Mel187,
and C8161 cells). Epaci-poor cell lines, in which Epac1
expression is lower than a half of Epac1 expression in SK-
Mel-2 (HEMA-LP, WM3248, WM1552C, and WM115
cells). Conditioned medium (CM) of C8161 cells, which
expresses abundant Epacl (Baljinnyam et al., 2011),
increased migration of human umbilical vein endothelial
cells (HUVEC) (Figure 1A). Both a neutralizing antibody
against FGF2 and heparitinase, a HS-cleaving enzyme,
inhibited the CM-induced HUVEC migration. Knockdown
of Epact in C8161 cells (Figure 1B) suppressed the CM-
induced HUVEC migration (Figure 1A). Hence, these data
suggested that Epacl in melanoma cells can increase
migration of endothelial cells via FGF2- and/or HS-depen-
dent mechanisms.

Epac1 in melanoma cells induces tube formation of

endothelial cells via cell/cell communication

As endothelial cell migration is fundamental for angio-
genesis (Lamalice et al., 2007), we examined whether
Epac1-expressing melanoma cells can stimulate endo-
thelial tube formation, which mimics in vivo angiogenesis.
As shown in Figure 2A, B, CM of C8161 cells increased
tube formation of HUVEC. Similar to migration (Fig-
ure 1A), the CM-induced tube formation was inhibited
by the neutralizing antibody against FGF2 and by hepar-
itinase. In addition, CM of C8161 cells in which Epac1
was knocked down showed reduced tube formation
(Figure 2A, B). In vivo angiogenesis assay showed the
same effect of Epac1 knockdown (Figure 2C, D). These
data suggested that Epacl in melanoma cells have the
ability to induce angiogenesis via FGF2- and/or HS-
mediated cell/cell communication.

Epac1 in melanoma cells increases migration of
neighboring melanoma cells via cell/cell
communication

Based on the increased HUVEC cell migration shown
previously, we hypothesized that a similar cell/cell inter-
action may also exist among melanoma cells. To test this
hypothesis, we examined whether CM derived from a
melanoma cell line affects migration of other melanocyte/

2 © 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd.
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formation described in A. (C and D) Epac1 knockdown reduces angiogenesis in vivo. C8161 cells with or without Epac1 knockdown (1 x 10° cells)
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melanoma cells. CM from WM3248 or WM115 cells,
both primary melanoma cell lines, did not change cell
migration of HEMA-LP melanocyte cells (Figure 3A). In
contrast, CM sourced from SK-Mel-2 or C8161 cells, both
metastatic melanoma cell lines, increased migration of
HEMA-LP. Migration of WM1552C cells, a primary
melanoma cell line of the radial growth phase (RGP),
was examined next (Figure 3B). CM of WM3248, a
melanoma cell line of the vertical growth phase (VGP),
SK-Mel-187, SK-Mel-2, or C8161 cells, all metastatic
melanoma cell lines, increased WM1552C cell migration
(Figure S3). In contrast, migration of the metastatic
melanoma cell line, C8161 cells, was not affected by
CM of SK-Mel-2. Epact overexpression (OE) in Epaci-
poor melanoma cells indeed increased cell migration in
both WM115 and WM3248 cells (Figure S1), suggesting
that Epac1’s effect on migration is saturated in Epac1-rich

melanoma cells such as C8161 and SK-Mel-2 cells. Epac1
knockdown by two different Epac1 shRNAs (from Santa
Cruz Biotechnology and Sigma Aldrich) in C8161 cells
inhibited the CM-induced migration of HEMA-LP and
WM1552C cells (Figure 3A, B and S2). Similar result was
obtained in Epac1 knockdown in SK-Mel-2 cells (Fig-
ure 3B). These data suggested the specific role of Epac1
in the CM-induced migration.

The CM-induced migration of HEMA-LP and WM1552C
cells were inhibited by heparitinase (Figure 3A and B),
and the CM-induced migration of WM1552C cells was
suppressed by the neutralizing FGF2 antibody (Fig-
ure 3B). The neutralizing FGF2 antibody inhibited CM-
induced migration in other combinations of CM and cell
lines used for migration (Figure S3). In addition, Epac1 OE
in WM3248 cells increased their migration, and it was
reduced by neutralizing FGF2 antibody (Figure S4).These

© 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd. 3
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lines were used for the Boyden chamber migration assay of HEMA-LP cells. Conditioned media from SK-Mel-2 and C8161 cells, but not those
from WM3248 and WM115 cells, increased migration of HEMA-LP cells. Knockdown of Epac1 (C8161/Epaci(—) CM) as well as heparitinase
inhibited the CM-induced migration. *P < 0.05 versus control medium, *P < 0.05 versus C8161/control CM, n = 4. (B) Conditioned media of
indicated melanoma cell lines were used for the Boyden chamber assay of WM1552C cells. Conditioned media of all cell lines examined increased
migration of WM1552C cells. Knockdown of Epac1 inhibited migration induced by CM derived from SK-Mel-2 and C8161 cells. Heparitinase and
the nFGF-2 antibody suppressed migration induced by CM of C8161 cells.*P < 0.05 versus control medium, #P < 0.05 versus CM, n = 4. (C) The
Boyden chamber assay showed that CM of SK-Mel-2 cells did not increase migration of C8161 cells, n = 4.

data suggested that CM-induced migration was regulated
by Epac1, HS and/or FGF2 signaling.

Epac1 augments the binding of FGF2 to FGF receptor
We next investigated the effects of Epacl on HS
including N-sulfation and FGF2 signaling. It has been
demonstrated that perlecan interacts with FGF2 via its HS
chains (Knox et al., 2002; Sharma et al., 1998). We thus
examined perlecan expression of CM by isolation with
chromatography. N-sulfated HS chains of perlecan were
detected by the anti-HS antibody (clone 10E4)
(Figure 4A). The N-sulfation of HS bound to the perlecan
was significantly reduced by Epac1 knockdown. In addi-
tion, both the amount of N-sulfation and the number of

1P: FGF-2

FGF receptors bound to FGF2 were decreased by
knockdown of Epac1 (Figure 4B). In contrast, neither
the expression of total HS bound to FGF2 nor FGF2 itself
in CM were changed by Epacl1 knockdown (Figure 4B),
suggesting that Epacl enhances FGF2-binding to FGF
receptor via N-sulfation of HS. The binding assay showed
that CM from C8161 cells increases FGF2 binding to FGF
receptor expressed in HUVEC cells. The CM-induced
FGF2 binding was inhibited by the FGF2 antibody and by
Epacl knockdown in C8161 cells (Figure 4C). Taken
together, these data demonstrated that Epac1-expressing
melanoma cells regulate paracrine-acting FGF2 signaling
in neighboring cells such as endothelial and melanoma
cells by modification of HS.
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Figure 4. Epac1 enhances the binding of fibroblast growth factor (FGF2) to FGF receptor via N-sulfation of HS. (A) Perlecan was isolated from the
DEAE chromatography fractions using a polyclonal antiperlecan antibody. The presence of HS chains on perlecan was detected using an anti-HS-
specific antibody {10E4). Epac1 knockdown reduced the amount of N-sulfated HS attached to perlecan. *P < 0.05 versus C8161/control CM,

n = 8. (B) CM of C8161 was subjected to immunoprecipitation with the antibody against FGF2 followed by Western blot for indicated antibodies.
Both N-sulfated HS and FGF receptor 1 (FGFR1) attached to FGF2 were reduced by Epac1 knockdown whereas the amount of FGF2 in the CM
was not different. (C) The binding assay for FGF2 in human umbilical vein endothelial cells (HUVEC) was performed with indicated CM. C8161/
control CM increased the binding of FGF2 to HUVEC. The neutralizing antibody for FGF2 (nFGF2 ab) and knockdown of Epac1 inhibited the CM-
induced FGF2 binding. *P < 0.05 versus control medium, #P < 0.05 versus C8161/control CM, n = 4.
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Epac1-rich melanoma cells support proliferation of
Epac1-poor melanoma cells in vivo

Increased angiogenesis by Epacl (Figure 2) suggested
that Epac1-rich melanoma cells can support proliferation
not only of Epacl-rich melanoma cells themselves but
also of Epaci-poor melanoma cells via newly supplied
blood flow. If this is the case, melanoma cells expressing
low Epacl that cannot survive in vivo are rescued by
coexistence of Epaci-rich melanoma cells. Therefore, we
examined whether coinoculation of melanoma cells with
high Epacl expression and those with low Epacl
expression enables the second type of cells to survive
in mice. To show this, we used SK-Mel-2 cells, which
abundantly express Epacl1, and WM1552C cells, which
poorly express Epacl (Baljinnyam et al.,, 2011). In addi-
tion, we used green fluorescent protein (GFP) — or red
fluorescent protein (RFP) to distinguish WM1552C cells
from SK-Mel-2 cells. Our study showed that SK-Mel-2
cells inoculated in athymic nude mice, but not WM1552C
cells, formed a tumor (Figure BA), suggesting that
WM1552C cells alone cannot survive in mice. A tumor
was formed by WM1552C cells coinoculated with SK-
Mel-2 cells, but not with WM1552C cells inoculated alone
(Figure 5A-C). The tumor formed by the coinoculation
showed both GFP- and RFP-fluorescent signal (Fig-
ure 5D). In addition, fluorescence-activated cell sorting
(FACS) analysis demonstrated that individual cells iso-
lated from the tumor have either RFP signal or GFP signal
(Table 1). These data showed the existence of both
WM1552C and SK-Mel-2 cells in the tumor and thus
suggested that Epac1-rich melanoma cells can support
the survival of Epacl-poor melanoma cells. As the
percentages of GFP- and RFP-positive cells are not equal
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even in the same SK-Mel-2 cells (Table 1) under in vivo
conditions, it seems that one of the two inoculated cell
lines becomes dominant. As CM of SK-Mel-2 cells did not
increase proliferation of WM1552C cells (data not
shown), these data suggest that SK-Mel-2 cells enable
WM-1552C to survive in vivo most probably by modifica-
tion of the extracellular matrix and enhanced angiogene-
sis.

Discussion

Our previous reports showed that Epacl increases
migration of melanoma cells themselves (Baljinnyam
et al., 2009, 2010, 2011). Epacl in melanoma cells may
regulate the cell-cell communication, which could lead to
an augmented migration of neighboring endothelial and
melanoma cells. Our findings suggest that Epact-rich
melanoma cells play a major role in melanoma progres-
sion through migration of the Epac1-rich melanoma cells
themselves, but also through increasing migration of
neighboring Epac1-poor melanoma cells and more impor-
tantly, by the increased migration of neighboring endo-
thelial cells that can accelerate tumor growth via
angiogenesis. Therefore, it is plausible that Epaci-rich
population in the melanoma tumor critically regulates
tumor growth rate.

Although a number of reports demonstrated the role of
FGF2 in melanoma progression (Gartside et al., 2009;
Hibino et al., 2005; Meier et al., 2000; Ozen et al., 2004),
little attention was focused on the role of paracrine-acting
FGF2. Using B16F10, an invasive mouse melanoma cell
line, CM-activated capillary formation of bovine aortic
endothelial cells (Garrido et al., 1995). CM from A375, a
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WM1552C -GFP
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Figure 5. Epac1-rich melanoma cells support survival of Epac1-poor melanoma cells. {A) Tumor growth of WM1552C and SK-Mel-2 cells
expressing Red Fluorescent Protein (RFP) and Green Fluorescent Protein (GFP) is shown. A mixture of indicated cells was injected in the right
dorsolateral flank region in athymic BALB/c nude mice. Tumor size was measured twice a week to calculate tumor volume. Tumor failed to grow
in the mixture of RFP- and GFP-labeled WM1552C. (B and C) Representative images of the tumors in the 12 weeks after the inoculation are
shown. The mixture of RFP-labeled WM1552C cells and GFP-labeled SK-Mel-2 cells formed a tumor. (D) Representative images of
coimmunostaining for RFP and GFP of the tumors formed by the indicated cell mixtures. Blue indicates 6-diamidino-2-phenylindole (DAPI) staining.
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Table 1. Fluorescence activated cell sorting (FACS) analyses for the
population of red fluorescent protein (RFP)- and green fluorescent
protein (GFP)-positive cells in melanoma tumor

Cell lines Fluorescent % of total sorted
coinoculated signal used cells in tumor SD
WM1552C-RFP + RFP 0.26 0.21
SK-Mel-2-GFP GFP 85.9 4,72
SK-Mel-2-RFP + RFP 3.22 1.8
SK-Mel-2-GFP GFP 42 1.6

Formed tumors with coinoculation of indicated cell lines were
isolated, dissected, and subjected to FACS analyses, n = 4.

human melanoma cell line, but not from normal melano-
cytes, increased migration and invasion of human mes-
enchymal stem cells. The CM-induced migration was
inhibited by neutralization of FGF2 (Watts and Cui, 2012).
Our results are consistent with these studies showing
that CM of human melanoma cells increased migration of
human endothelial cells via FGF2 signaling (Fig. 1).
Furthermore, we have demonstrated the role of Epacl
in migration of endothelial cells via paracrine-acting FGF2
signaling, which subsequently results in increased angio-
genesis (Figure 2). In addition, our results indicated the
existence of FGF2-dependent cell/cell communication not
only between melanoma and endothelial cells but also
between melanoma and melanoma cells. This melanoma/
melanoma cell communication in migration was obvious
between Epaci-rich and Epacl-poor melanoma cells, but
unclear between Epacl-rich and Epacl-rich melanoma
cells (Figure 3C). This lacking of cell/cell communication
is probably explained by saturated migration via abundant
expression of Epacl in the same cells as we have
previously shown (Baljinnyam et al., 2011) and by the
minimal effect of autocrine FGF2 signaling. Regarding
WM1552C migration (Figure 3B), although Epacl’s
expression varies between the cell lines used for the
study, the degree of migration did not directly reflect the
degree of Epacl expression. This was attributable, at
least in part, to saturation of paracrine-acting FGF2
signaling and is supported by the data showing that
FGF2 receptor expression is much higher in WM1552C
cells compared with HEMA-LP (data not shown) in which
the effects of CM are variable. Altogether, in terms of
melanoma progression, Epac1’s role in migration affects
three types of cells: 1) Epacl-rich melanoma cells
themselves, 2) Neighboring endothelial cells, 3) Neigh-
boring Epac1-poor melanoma cells. Accordingly, targeting
Epac1 would be an inhibitory mechanism for melanoma
progression.

Perlecan is necessary for the binding of FGF2 to FGF
receptor in human melanoma cells {Aviezer et al., 1997).
N-sulfation of HS chains is critical for this interaction
(Faham et al., 1996; Kreuger et al., 1999; Maccarana
et al., 1993; Schlessinger et al.,, 2000). Although N-
sulfation is largely regulated by NDSTs, little is known

about how the expression/activity of NDSTs is regulated.
We have shown that Epacl can increase NDST-1
expression in melanoma cells (Baljinnyam et al., 2009).
In addition, N-sulfation of HS was increased in the
mixture of medium and cell lysate (Baljinnyam et al,,
2011). In the present study, N-sulfation of secreted
perlecan in the CM was reduced by Epac1 knockdown
(Figure 4A). Furthermore, FGF2 binding to FGF receptor
was inhibited by Epact knockdown (Figure 4B, C).
Therefore, it is proposed that Epac1-rich melanoma cells
can affect FGF2 signaling in neighboring cells via modi-
fication of N-sulfation of HS on perlecan. Meanwhile,
knockdown of Epac1 reduced the amount of perlecan as
demonstrated by Western blot analysis with a perlecan-
specific antibody (CCN-1) (data not shown). Interestingly,
expression of perlecan is regulated by the cAMP
response element (CRE) as its promoter (Furuta et al.,
2000). Thus, Epact potentially may regulate perlecan
expression itself in addition to N-sulfation of HS, sug-
gesting multiple roles of Epac1 on biosynthesis HSPG.
However, further studies would be required to confirm
this because another study found that Epact does not
regulate transcription through CREB transcription factors
and that the best characterized route for Epacl to
regulate transcription is through C/EBP transcription
factors (Yarwood et al., 2008, JBC).

Our data showed that melanomas formed by coinoc-
ulation of Epacl-rich and Epac1-poor melanoma cells
involved both melanoma populations (Figure 5D and
Table 1). These data suggest that cell/cell communication
within melanomas may support the survival of melanoma
cells with lower malignancy potential. To confirm that
Epac1 in Epac1-rich melanoma cells affect proliferation of
another Epac1-poor melanoma cells, it is necessary to
examine whether Epacl knockdown decreases the
number of Epac1-poor melanoma cells in vivo. However,
inhibition of Epac1 itself affects angiogenesis as shown in
our data (Figure 2), which may result in decreased
proliferation of Epacl-rich (SK-Mel-2) cells themselves.
Indeed, knockdown of Epac1 reduced tumor growth in
vivo (data not shown). Therefore, knockdown of Epac1
itself may affect the local blood supply and thus survival
and proliferation of Epaci1-poor melanoma cells. There-
fore, when Epac1 is knocked down in Epacl-rich mela-
noma cells, multiple factors may affect proliferation of
Epac1-poor melanoma cell, suggesting difficulty of inter-
pretation of the acquired data. Recently, specific Epac1
inhibitors have become commercially available. These
inhibitors, HJC-0350 and ESI-09, indeed suppressed CM-
induced migration in WM3248 cells (Figure Sb), suggest-
ing potential usage of these inhibitors for melanoma
therapy, which will be addressed in our future study.
Finally, HS binds to and regulates the activity of extracel-
lular superoxide dismutase (EC-SOD), which results in
increased protection against oxidative stress (Yamamoto
et al., 2000). In addition, a device containing HS to deliver
FGF2 enhanced FGF2's antioxidative property (Galderisi
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et al., 2013). Accordingly, one could argue that Epac1 has
antioxidative stress effects via the modification of HS-
FGF2 signaling. Indeed, CM of SK-Mel-2 cells inhibited
H,0,-induced apoptosis of WM1552C cells (data not
shown). This antiapoptotic effect of the CM may modify
the survival of WM1552C cells coinoculated with SK-Mel-
2 cells in vivo (Figure 5), whereas rigorous examination
for the protection against antioxidative stress should be
performed to obtain conclusive evidence.

In summary, this study for the first time demonstrated
Epacl-mediated cell/cell communication by modification
of FGF2-HS interaction. Our findings may lead to a new
strategy for the melanoma therapy targeting a certain
population of melanoma cells, that is, Epaci-rich mela-
noma cells. Future research should attempt to examine
the effect of Epaci-specific inhibitors on melanoma
progression.

Methods

Reagents and cell lines

HEMA-LP was purchased from Invitrogen (Carisbad, CA,
USA), HUVEC was from VEC Technologies. WM1552C
was from Dr. Meenhard Herlyn, Wistar Institute. C8161
cell line was provided by Dr. Mary JC Hendrix. SK-Mel-2
cells (ATCC) were maintained in MEM containing 10%
FBS, 1% penicillin/streptomycin. WM1552C and C8161
cells were maintained in RPMI with 10% FBS, 1%
penicillin/streptomycin. HEMA-LP and HUVEC cells
were maintained in EndoGRO medium (EMD Millipore,
Billerica, MA, USA) containing 5% FBS. Antibodies
against Epac1, FGF2, and FGFR-1 were from Cell Signal-
ing, anti-NDST-1 antibody was from Abnova and anti-o-
tubulin antibody was purchased from Abcam (Cambridge,
MA, USA).

Short hairpin RNA transduction

Short hairpin RNA (shRNA) transductions with lentivirus
(Santa Cruz Biotechnology) were performed as we
previously described (Baljinnyam et al., 2010). C8161
cells were incubated with 8 pg/ml of Polybrene and
lentiviral particles harboring shRNA were selected with
puromycin dihydrochloride for 1 week. Fresh puromycin-
containing medium was replaced every 3-4 days. Estab-
lished cell lines are as follows: C8161 cells with control
shRNA (C8161/control), C8161 cells with Epac1 shRNA
[C8161/Epac(—)].

Migration assay

Migration assay was performed using the 24-well Boyden
chambers (8 pm pores, BD Biosciences, San Jose, CA,
USA) as we previously described (Baljinnyam et al,,
2009). The cells were plated at a density of
1 x 108 cells/100 pi of medium in the inserts and incu-
bated for 16 h at 37°C in the conditioned media. The
insert membranes were stained using the Diff-Quick kit
(Dade Behring). Pictures were taken and migrated cells

Epac and FGF2 signaling in melanoma migration

were counted with Image J software using 10 randomly
chosen fields.

Purification of human perlecan

About 2 L of conditioned medium for 72 h by confluent
cultures of human melanoma cells was purified by DEAE-
Sepharose chromatography (Whitelock et al., 1999)
(100 ml bed volume, flow rate 1 ml/min) which had been
equilibrated with 250 mM NaCl (20 mM Tris, 10 mM
Methylenediaminetetraacetic acid, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, pH 7.5). The col-
umn was washed extensively with the buffer, and bound
proteins were eluted using 1 M NaCl, 20 mM Tris,
10 mM Methylenediaminetetraacetic acid. The presence
of HS-bound perlecan was monitored in column fractions
using antibodies to HS (10E4) in an enzyme-linked
immunosorbent assay (ELISA). The protein concentration
was measured using the Coomassie Plus assay (Pierce),
and aliquots were stored at —70°C until used for further
Western blot analyses.

Western blot analysis

Western blot analysis was performed as previously
described (lwatsubo et al., 2003, 2004). Briefly, cells
were lysed and sonicated in RIPA lysis buffer. Equal
amounts of protein were subjected to SDS-PAGE, were
transferred to Millipore Immobilon-P membrane, and
immunoblotting with respective antibodies was per-
formed.

Tube formation assay

Human umbilical vein endothelial cells under seven
passages were used in all experiments. /n vitro angio-
genesis tube formation assay was performed as we
previously described with some modifications (De Lore-
nzo et al., 2004; Movafagh et al., 2006). HUVEC (5000/
well) were seeded in 24-well plates coated with Matrigel
(Biosciences Discovery), incubated in CM for 4 h at 37°C.
The tube formation was quantified by counting the
number of connecting branches between two discrete
endothelial cells.

Immunoprecipitation

Dynabeads-Protein G for immunoprecipitation (Life Tech-
nologies, Carlsbad, CA, USA) were incubated with the
primary antibodies and added to the soluble cell lysate
fraction. These antibody-coated Dynabeads™, Life Tech-
nologies, Carlsbad, CA, USA bound to the target proteins
were separated by the magnet and after repeated
washing three times, the isolated protein complexes
were subjected to SDS-PAGE and immunoblotting with
respective antibodies.

FGF2-binding assay

FGF2-binding assay was performed as previously
described (Reiland and Rapraeger, 1993). Briefly, HUVEC
cells were plated in 24-well plate with 1.5 x 10° cells
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density and incubated with and without indicated. The
cells were pulsed with 50 pM "251-bFGF for 2 h at 4°C in
binding buffer, washed three times with 20 mM HEPES
(pH 7.4) containing 150 mM NaCl and 0.2% BSA at 4°C.
Low-affinity HSPG-binding sites were detected by two
collected 1-ml washes of 20 mM HEPES (pH 7.4)
containing 2 M NaCl and 0.2% BSA at 4°C. High-affinity
FGFR complex binding sites were detected by two
collected 1-ml washes of 20 mM sodium acetate (pH
4.0) containing 2 M NaCl and 0.2% BSA at 4°C. Collected
washes were counted in a Cobra 5003 counter (Packard/
Perkin Elmer, Waltham, MA, USA). Control experiments
were performed with unlabeled FGF2 to determine non-
specific binding. Results were reported as the relative
binding of experimental condition compared with
untreated controls.

Generation of GFP- and RFP-labeled melanoma cells
Cells were incubated with lentiviral particles for GFP and
RFP expression (Biogenova, Potomac, MD, USA) and
were selected with FACS before the inoculation to obtain
the cells homogenously expressing RFP or GFP. FACS
cell sorting was performed by a FACS Caliburs (BD
Biosciences). In vivo imaging of RFP- and GFP-labeled
tumor cells were carried out by in vivo imaging system
(IVIS).

Tumor growth assay

BALB/c athymic (nu/nu) mice were inoculated in the right
flank with C8161 cells with or without Epac1l shRNA
deletions (10° cells/0.1 ml culture medium) (n = 6/group).
In another series of experiments, prelabeled SK-Mel-2
cells (MM, high Epac1 expression) and WM1552C cells
(RGP, low Epac1 expression) were used: (a) SK-Mel-2-
GFP + SK-Mel-2-RFP injected mice n = 8/group; (b)
SK-Mel-2-GFP+WM-1552C-RFP  cells injected mice
n = 8/group; ¢. WM-1552C-GFP+ WM-1552C-RFP cells
injected mice, n = 4/group. Tumor growth was assessed
twice a week by caliper measurement of tumor diameter
in the longest dimension (L) and at right angles to that
axis (W) (De Lorenzo et al., 2011). Tumor volumes were
estimated using the formula, L x W x W x #/6. At the
end of the experiment, half of each tumor was fixed by
immersion in 10% phosphate-buffered formalin, dehy-
drated, and embedded in paraffin. Major organs were
subjected to gross pathology and histology analysis to
determine metastases. Studies were approved by the
Animal Care and Use Committee of New Jersey Medical
School.

Immunofluorescent staining

The paraffin-embedded slides of melanomas from BALB/
¢ mice were subjected to deparaffinization in xylene,
followed by treatment with a graded series of alcohols
(100%, 95%, and 80% ethanol [v/v] in double-distilled
H,O) and rehydration in PBS (pH 7.5). For antigen
retrieval, the sections were submerged in a boiling

temperature citrate buffer (pH 6.0) for 15 m. The samples
were blocked with the Image-T FX signal enhancer
(Invitrogen) to prevent non-specific staining and incubated
with primary antibodies and respective secondary
antibodies. Alexa Fluor 488- and 594-conjugated goat
anti-rabbit and anti-mouse antibodies (Molecular Probes,
Life Technologies) were used as secondary antibodies.
The slides were mounted using Prolong Gold mounting
media with 4, 6-diamidino-2-phenylindole (DAPI).

For the study of RFP- and GFP-labeled cells in tumors,
tissue sections from tumors were immunostained with
rabbit antibody against GFP (dilution 1:100, Abcam),
mouse antibody against RFP (dilution 1:200; Abcam).
Negative controls without the primary antibody were
performed to show. specificity of the antibody.

Immunohistochemical staining

Tumor angiogenesis was evaluated by immunostaining for
CD31 (dilution1:250, Santa Cruz Biotechnologies, Santa
Cruz, CA, USA). Tissue sections were cut and immuno-
stained with the primary antibody for CD31 using the
standard VectaStain ABC kit (Vector Laboratories,
Burlingame, CA, USA). Microvessel density was assessed
by counting the number of microvessels positive for CD31
at x400 magnification. Negative control without the
primary antibody was performed at the same time.

Overexpression of Epac1

Adenoviral OE of Epact in melanoma cells was per-
formed as we previously described (Baljinnyam et al.,
2009).

Data analysis and statistics

Statistical comparisons among groups were performed
using one-factor anova with Bonferroni post hoc test.
Statistical significance was set at the 0.05 level.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Epacl overexpression (OE) increases
migration of primary melanoma cell lines. (A) Western
blot of Epac1 OE in WM115 and WM3248 cells 24 h after

adenoviral infection. (B) Epac1 OE increased migration of
WM115 and WM3248 cells. *P < 0.05 versus control,
n=4.

Figure S2. Epaci regulates CM-induced migration of
primary melanoma cells. (A) Western blot of C8161 cells
with or without Epac1shRNA (Sigma Aldrich) transduc-
tion. (B) Epac1 knockdown with Epac1 shRNA (Sigma) in
C8161 cells inhibited the CM-induced migration of
WM1552C cells.

Figure S3. FGF2 is involved CM-induced migration of
primary melanoma. Indicated combinations of cells for
the evaluation of migration and CM preparation were
examined. The neutralizing FGF2 antibody reduced cell
migration in all examined combinations. #, P < 0.05
versus CM, n = 4.

Figure S4. FGF2 is involved in Epac1 OE-mediated CM
migration. CM of WM3248 cells with adenoviral Epac1
OE increased migration of SK-Mel-2 cells. The nFGF2
antibody inhibited the Epac1 OE-induced migration, n = 4.

Figure S5. Epac1 inhibitors reduce CM-induced migra-
tion. Migration of WM3248 cells was inhibited by CM of
SK-Mel-24 cells were treated with indicated Epac inhib-
itors, n = 4.

10 © 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd.



1521-0081/65/3/1010-1052825.00 o~ http/idx.dol.org/10.1124/pr. 112.007185
PWOLOG(GAL Revizws Pharmacol Rev 65:1010-1052, July 2013
Copyright © 2013 by The American Society for Pharmacology and Experimental Therapeutics

ASSOCIATE EDITOR: DAVID R. SIBLEY

‘The Prostanoid EP4 Receptor and Its Slg‘nah:ng
-Pathway
Titako Y;kcyama, Kousaku Iwatsube, Masanari Umemura, Takayuki Fujita, and Yoshihire Ishikawa

Cardiovascular Research Institute, Yokohama City University, Yokohama, Japan (U.Y., M.U., T'.F., Y.1); and Department of Cell Biology
and Molecular Medicine University of Medicine and Dentistry of New Jersey-New Jersey Medical School, Newark, New Jersey (K.L)

B T T S 1012
R € oo B Tctra (o5« O 1012
II. Discovery and Charactenzatmn .......................................................... ...1013
N O 1 < ¢ T~ 1013
B. Structure and Evolution . ... 1014
1. Receptor Structure .......coooriiir i, N 1014
2. Gene SEIUCLUTE. .. ..ottt et e e e e e e 1014
TR o) U7 T’ « g G 1015
C. Slgnahng P WY oot e e 1015
B € s ' 1« 1015
2. Adenylyl Cyelase . . oo s 1016
3. Protein Kinase AL ..ot e e, 1017
4. Exchange Protein Directly Activated by cAMP .. ... . i e 1017
5. Phosphodiesterase. . .. v ottt e e e e e 1018
‘6. Phosphatidylinositol 3-Kinase .. ... .o e 1018
7. Desensitization and Arrestin Signaling .............. PO N 1019
8. Extracellular Signal-Regulated Kinase. .. ... i 1018
9. Compartmentalization. ... ... ..o i e e ..1018
ITI. Biologic Function and Diseases . ... ouii ittt e vt an s ....1020
A, Cardiovascular Syshemm ... ..o e e i 1020
B = =Y 72 P 1020
a. Bxpression............. e e e e e e e e e e 1020
b, UG O . . e e e 1020
B2 B 1% Tl ' TRV o ') o o 13 0 U= S 1022
DN 154 o) ¢ 1=1 1 o W P e 1022
b, Function. ..ot e e e 1022
3. Other Vessels ..ot e 1023
. Expression.......c.ociiiiiiiiiiiiiean O K 025
b. Function................ e P 1023
A, ATNETOSClErO8IS . o oLt e e e 1024
ST Y=t 6> o5 WA 1024
5 TR O - OO 1025
1. Colorectal Cameer .. oottt e e e 1025
EUN 115 o) § 373 Lo+ WU N 1025

This work was supported by grants from the Ministry of Bducation, Culture, Sports, Science and Technology of Japan (to UY., Y.L}
Adaptable and Seamless Technology Transfer Program Through Target-Driven R & D (Grant AS231Z00231G) (to U.Y.); Grant-in-Aid for
Scientific Research on Innovative Areas [Grants 23116514 and 25116719 (to U.Y.)22136009 (to Y.L)]; the Ministry of Health, Labor and
Welfare {to Y.L); the Yokohama Foundation for Advanced Medical Science (to U.Y.); the Grant for Research and Development Project of
Yokohama City University (to Y.1.); the Takeda Science Foundation (to U.Y., Y.L); the Japan Heart Foundation Research Grant (to U.Y.); the
Sumitomo Foundation {(to U.Y.); the Mochida Memorial Foundation for Medical and Pharmaceutical Research {to U.Y.); and the Kanae
Foundation for the Promotion of Medical Science (fo U.Y.)

Address correspondence to: Yoshihiro Ishikawa, Cardiovascular Research Institute, Yokohama City University, 3-9 Fukuura,
Kanazawa-ku, Yokohama, Kanagawa 226-0004, Japan. E-mail: yishikaw@med.yokohama-cu.acjp
. dx.doi.org/10.1124/pr.112.007195.

1010




EP4 Signaling

B O OmL. . oot e e
LD CamCeT . e e e
. Cervical Cancer

.......................................................................

.....................................................................

. Other Cancers ............ h e e e e e i e e,

C. Immume Sy stem. ..ottt e s
1. Monocytes/Macrophages/Dendritic Cells. .. ..oovvrnerirnet e iiiiineinenannns

a. Expression

b. Function

=IO O O
&
®
B
Q
4
[¢]
H

.......................................................................
.........................................................................

.........................................................

ii. Monocyte chemoattractant protein-1..........cooiiiiiiiiiiiniiiiiiiienienn.s
il Interlenkin-6 .. .. ... o e
iv. Matrix metalloproteinase-0. ... irinieirei ittt
v.Interleukin-12. ... ... e e

.....................................................................

..............................................................................

a. Expression................iiiiiiiiiiiii. e e e
b. Function

.........................................................................

................................................................

D. Osteoarticular System ................... R U
1. Expression.......cooeoiiieniiniinannnnn.. b e e e e e e

D 5 4T T+ O

a. Osteoblasts

......................................................................

b. Osteoclasts ............ccooviiniinnnn. e B
¢. Boneresorption.................... e ettt e
d. Bome anabolisI. . .o e e e
e. Bone healing. ... ... oo et e,
f. Rheumatoid arthritis and other diseases ..............coviivivnnn... e

ABBREVIATIONS: AC, adenylyl cyclase; AGN205203, [[3-[[(1R,2S,3R)-3-hydroxy-2-[(1E,35)-3-hydroxy-4-{3-(methoxymethyl)phenyl}-1-
butenyl}-5-o0xocyclopentyljthio]propyljthio)-acetic acid; AH23848, (Z)-7-[(1R,2R,58)-2-morpholin-4-yl-3-0%0-5-[(4-phenylphenylimethoxylcyclo-
pentyllhept-4-enoic acid; AH23848B, [la(z),285x)-(+)-7-[5-[[(1,1'-biphenyl)-4-yllmethoxy]-2-(4-morpholinyl)-3-0xo-cyclopentyl]-4-heptenoic
acid; AH6809, 6-isopropoxy-9-oxoxanthene-2-caboxylic acid; AH19437, 1a(Z2),28,5¢(*)-methyl,7-2-(4-morpholinyl)-3-oxo-5(phenylmethoxy)cy-
clopentyl-5-heptenocate; AKAP, A-kinase anchor protein; AP, activator protein; bp, base pair; BB94, (2R,3S)-N-hydroxy-N'-[(1S)-1-
(methylcarbamoyl)-2-phenylethyl]-2-(2-methylpropyl)-3-[(thiophen-2-ylsulfanyl)methyl]butanediamide; CAIA, collagen antibody-induced ar-
thritis; CIA, collagen-induced arthritis; CJ-023423, N-{({2-[4-(2-ethyl-4,6-dimethyl-1H-imidazo [4,5<] pyridin-1-yI) phenyljethyl}ami-
no) carbonyll-4-methylbenzenesulfonamide; CJ-042794, 2-[3-[[(4-tert-butylphenyl)methyl-pyridin-3-ylsulfonylamino}methyllphenoxylacetic acid;
COX, cyclooxygenase; CREB, cAMP-response element-binding protein; DP, prostaglandin Dp; EGFR, epidermal growth factor receptor; EGR-
1, early growth response gene-1; Epac, exchange protein activated by cAMP; ER818762, (S)-1'-(3,5-dimethylbenzyl)-2-ethyl-7,9-dimethoxy-10-
methyl-5,10-dihydrospire [benzolelimidazo [1,5-aJazepine-1,4’-piperidin}-3(2H)-one; ERK, extracellular signal-regulated kinase; ET-1,
endothelin-1; FD1, 6-[N-(2-isothiocyanatoethyl) aminocarbonyllforskolin; FD6, 6-[3-(dimethylamino)propionyl}-14,15-dihydroforskolin; GFB,
glomerular filtration barrier; GPCR, G protein—coupled receptor; GRK, G protein~coupled receptor kinase; GSK3, glycogen synthase kinase 3;
GW627368, 2-[4-(4,9-diethoxy-3-0x0-1H-benzo|flisoindol-2-yl)phenyl]-N-phenylsulfonylacetamide; H-89, N-[2-[{3-(4-bromophenyl)-2-propenyljami-
nolethyl)-5-isoquinolinesulfonamide; IFN-v, interferon-v; IL, interleukin; ILK, integrin-linked kinase; IP,, inositol trisphosphate; JG,
juxta-glomerular granular; kb, kilobase; KO, knockout; KT-5720, hexyl (15R,16R,188)-16-hydroxy-15-methyl-3-0x0-28-0xa-4,14,19-triazaocta-
cyclo[12.11.2.115:38 02,6 0727 (818 19,26 920,25} 405 c05a-1(26),2(6),7(27),8,10,12,20,22,24-nonaene-16-carbozylate;  L-161,982,
N-[2-[4-[{3-butyl-5-0x0-1-[2-{triftuoromethyl)phenyl]-1,2,4-triazol-4-ylimethyliphenyliphenyljsulfonyl-5-methylthiophene-2-carboxamide; LPS, lipo-
polysaccharide; LY-294002, 2-morpholin-4-yl-8-phenylchromen-4-one; MAPK, mitogen-activated protein kinase; MCP-1, monocyte chemo-
attractant protein-1; MDL-123304, (=+)-N-{(1R* 2R*)-2-phenylcyclopentyl-azacyclotridec-1-en-2-amine hydrochloride; MEK, MAPK/ERK kinase;
MIP-le, macrophage inflammatory protein-lo; MMP, matrix metalloproteinase; NF-«B, nuclear factor «B; NSAID, nonsteroidal anti-
inflammatory drug; ONO-4819, 4-[2-[(1R 2R 3R)-3-hydroxy-2-{(E,3S)-3-hydroxy-4-[3{methoxymethyl)phenyl}but-1-enyl]-5-oxocyclopentyllethyl-
sulfanyl]butanoate; ONO-AE1-437, deesterified active form of 2-{(4-{[2-((1R,2R,3R)-3-hydroxy-2-{(1E,35)-3-hydroxy-4-[3{methoxymethyl)phenyllbut-1-
enyl}-5-ozocyclopentylethyllsulfanylJbutanoyloxylethyl nonanoate; ONO-AE1-329, 2-[3-(1R,2S,3R}-3-hydroxy-2-[(E,38)-3-hydroxy-5-[2-(methox-
ymethyl)phenyl}pent-1-enyl]-5-oxocyclopentyllsulfanylpropylsulfanyljacetic acid; ONQ-AE1-734, methyl-7-[(1R 2R, 3R)-3-hydroxy-2-[(E)-(35)-3-
hydroxy-4-{m-methoxymethylphenyl)-1-butenyll-5-oxocyclopenthl}-5-thiaheptanoate; ONO-AE2-227, 2-[2-[[2<(1-naphtyl)propanoyljaminojben-
zyllbenzoic acid; ONO-AE3-208, 4-{4-cyano-2-[2-(4-flucronaphthalen-1-yl)propanoylamincjphenyljbutancic acid; PDE, phosphodiesterase;
PGE;, prostaglandin Eo; PISK, phosphatidylinositol 3-kinase; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; RANKL.,
receptor activator of NF-«xB ligand; Runx2, runt-related transcription factor 2; S-145, 5Z-7-(3-endo-phenylsulfonylamino-(2.2.1.)-bicyclohept-2-
exo-yl) heptenoic acid; SC-19220, 1-acetyl-2-(8-chloro-10,11-dihydodibenz[bAl1,4}oxazepine-10-carbonyl)hydrazine; TNF-e, tumor necrosis
factor-a; W-13, N-(4-amincbutyl)-5-chloro-2-naphthahydrochloride; VEGF, vascular endothelial growth factor.




1012

+ Yokoyama et al.

g. Chondrocytes ................ P, DU e v e n e r e et earanrans 1035

E. Gastrointestinal Tract .. ... i o e e e e 1035
B 5 oY v+ W S A 1035

B B L e Vol 1T« N A 1035

a. Mucin secretion........ A 1036

b. Mucosal cell ImJumy . ..o e 1036

c. HCO3 secretion................ e e 1036

o TR 101 T O G 1038

e. Inflammatory bowel disease. .. ... vt e e e e 1037

f Epithelial barrier ... ... e 1037

B Renal System ..o e e e e e 1038
B 5 ' 1= T« NP P A 1038

b2 B Yt 5 o o O 1038

G. Reproduchive SYSLEIM .. ...t . ittt e 1039
BB 0> q % - 1o« GO P 1039

B (V' Vot 5 s + U 1039

D 5 <= 1040
B -4 o5 ot Uo7 U PP 1040

DA v 11 % T o 1040
<« N P 1041
Lo ERDIESSION . o ottt e e e e 1041

DB TG Vot » o « S O A 1041

B TR o TR 1 - s« O 1041
B 35 7 LY Lo« R 1041

2. Function.......... e e e e e e e 1041

K Other Systemms . oottt e e e 1041
F R 0703 2 c3 13 0 - AR 1042
References ......ocoviin i e e e 1042

Abstroct——The EP4 prostanoid receptor is one of
four receptor subtypes for prostaglandin E,. It belongs
to the family of G protein—coupled receptors. It was
originally identified, similar to the EP2 receptor as
a Gga-coupled, adenylyl cyclase-stimulating receptor.
EP4 signaling plays a variety of roles through cAMP
effectors, i.e., protein kinase A and exchange protein
activated by cAMP, However, emerging evidence from
studies using pharmacological approaches and genetically
modified mice suggests that EP4, unlike EP2, can also
be coupled to G;a, phosphatidylinositol 3-kinase,
B-arrestin, or B-catenin. These signaling pathways
constitute unique roles for the EP4 receptor. EP4 is

widely distributed in the body and thus plays various
physiologic and pathophysiologic roles. In particular,
EP4 signaling is closely related to carcinogenesis,
cardiac hypertrophy, vasodilation, vascular remodeling,
bone remodeling, gastrointestinal homeostasis, renal
function, and female reproductive function. In addition
to the classic anti-inflammatory action of EP4 on
mononueclear cells and T cells, recent evidence has shown
that EP4 signaling contributes to proinflammatory action
as well. The aim of this review is to present current
findings on the biologic functions of the EP4 receptor.
In particular, we will discuss its diversity from the
standpoint of EP4-mediated signaling.

1. Introduction

Among the prostanoids, prostaglandin E, (PGE,) is
most widely produced within the body and most
broadly distributed throughout animal species. PGE,
is involved in a number of physiological and patho-
physiological responses (Sugimoto and Narumiya,
2007; Woodward et al., 2011). PGE; is one of the major
products generated by the actions of cyclooxygenases
(COX) on arachidonic acid and is well known to be an
important mediator of fever, pain, and inflammation.
The discovery of PGE has resulted in the recognition of
clinically important targets. For example, COX inhibitors,
belonging to nonstercidal anti-inflammatory drugs

(NSAIDs), are currently the most prescribed medications
for treating inflammatory conditions such as arthritis.
Historically, PGE was inditially identified as a blood
pressure-lowering component from the prostate. The
presence of PGE was first suggested by Kurzrok and
Lieb (1930). They discovered the pharmacodynamic
effects of this lipid-soluble substance in human seminal
plasma and male accessory glands (Kurzrok and Lieb,

'1930). Subsequently, Goldblatt (1933) and von Euler

(1934) independently found that the substance stimu-
lated different smooth muscle organs and lowered
blood pressure. A further study by Bergstrom and
Sjovall (1957) isolated PGE, in crystalline form from
the vesicular glands of sheep. They also confirmed the
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strong blood pressure-reducing activity of PGE,
(Bergstrom et al., 1959%a,b). PGE, and PGE; were
subsequently found in the prostate glands (Van Dorpd
et al,, 1964). PGE,, PGE,, and PGE4 are biosynthe-
sized from three fatty acid precursors: dihomo-y-lino-
lenic acid, arachidonic acid, and timnodonic acid,
respectively. The numerals refer to the number of
carbon-carbon double bonds present. Since arachidonic
acid is the most important precursor in animals, PGEy
is by far the most abundant.

In the late 1960s, studies on adenylyl cyclase (AC)
and second messenger molecules (e.g., cAMP) bloss-
omed, as initiated by Sutherland (Robison et al., 1967).
Following the discovery of PGEs, Butcher and Baird
(1968) were the first to demonstrate an association
between prostaglandins and AC/cAMP. In 1982,
Kennedy et al. (1982) described a comprehensive
classification of prostancid receptors based upon re-
sponse to pharmacological stimulation using prosta-
noids, TP antagonist (AH19437), and EP1 antagonist
(8C-19220). They proposed that prostanoid receptors
were to be termed P receptors, and that their ligands,
natural prostanoids, were to be indicated by a pre-
ceding capital letter. Thus, the receptors sensitive to
prostaglandins Dy, Es, Fea, I, and thromboxane A,
were termed the DP, EP, FP, IP, and TP receptors,
respectively. The use of the letter P preceded by
another letter was intended to avoid possible confusion
with purinergic receptors, because these had also been
termed P receptors. Kennedy et al. (1982) also
subdivided the PGE-sensitive receptors into EP1 and
EP2, which were SC-19220-sensitive and SC-19220-
insensitive, respectively. The use of terms such as EP1
and EP2 was intended to avoid any implication that
they represent in this case specific receptors for PGE,
and PGEgy, respectively. In 1987, Coleman et al. (1987)
demonstrated that there was anocther EP receptor,
which was insensitive to EP1 antagonist (8C-19220)
and EP2 antagonist (AH6809) and thus was termed
EP3. EP4 is the most recently identified subtype of the
EP receptor, having been discovered in the piglet
saphenous vein (Coleman et al., 1894a) as an EP receptor
insensitive to the agonists of EP1, EP2, and EP3.

Prostanoid receptors are classified into three groups
according to molecular evolution, associated primary G
proteins, and second messengers (Woodward et al.,
2011). Cluster 1 consists of EP2, EP4, IP, and DPL,
which are coupled with G proteins and therefore
activate AC to increase cAMP. Cluster 2 consists of
EP1, FP, and TP. Although only a few studies have
suggested the EPl-mediated activation of phospholi-
pase C (PLC)protein kinase A (PKA) (Nicola et al.,
2005; Tang et al., 2005), the members of this cluster are
considered to be coupled with Gye. Cluster 3 consists of
the inhibitory receptor, EP3, which is coupled with Gja.

Both EP2 and EP4 receptors share the classic features
of PGE receptors, 1.e., coupling to G.e, stimulation of AC,
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and cAMP production (Coleman et al, 1994b; Regan
et al., 1994b; Narumiya et al., 1999). EP4, however, has
unique signaling pathways and biclogical functions
distinet from those of EP2, as described later in this
article. Since the 1990s, many such features have been
identified through the use of selective pharmacological
tools for each EP subtype as well as through the use of
recombinant receptor technology. In addition, gene
deletion studies have revealed the roles of EP receptor
signaling in vivo in physiclogy and pathophysiology. Two
lines of systemic-null EP4-deficient mice were generated
independently (Nguyen et al., 1997; Segi et al., 1998),
followed by three lines of EP2-deficient mice in 1899
(Hizaki et al.,, 1999; Kennedy et al., 1999; Tilley et al.,
1999). These extensive studies have contributed signif-
icantly to our understanding that EP4 signaling plays
a variety of roles not via the cAMP pathway alone but
via others as well. It now appears that EP4 signaling is
associated not only with G.e but also with Gie (Leduc
et al, 2009), phosphatidylinositol 3-kinase (PISK)
(Regan, 2003), S-arrestin (Buchanan et al., 2006; Kim
et al., 2010), and B-catenin (Banu et al., 2009; Jang et al.,
2012), as described in section ILC.

The EP4 receptor, unlike the EP2 receptor, is ex-
pressed in a variety of tissues and cells, including the
immune, ostecarticular, cardiovascular, gastrointestinal,
and respiratory systems, and cancer cells (An et al., 1993;
Bastien et al., 1994; Honda et al., 1993; Sando et al,,
1894). Recent findings have suggested that the regu-
lation of EP4 signaling could be involved in therapeutic
strategies for colon cancer (Mutoh et al., 2002; Yang
et al, 2006), aortic aneurysm (Cao et al., 2012;
Yokoyama et al., 2012), rheumatoid arthritis (Murase
et al., 2008; Okumura et al., 2008; Chen et al., 2010),
osteoporosis (Yoshida et al., 2002; Ifo et al., 2006; Ke
et al., 2008), and autoimmune disease (Yao et al,
2009). Accordingly, the regulation of EP4 signaling has
received even greater attention as a potential thera-
peutic target.

Several excellent and comprehensive reviews of the
EP receptors as a group already exist and must be
mentioned here (Coleman et al., 1994b; Narumiya et al,,
1999; Sugimoto and Narumiya, 2007; Woodward et al.,
2011). In this review, we will focus on the properties of
EP4 from the perspective of its downstream signaling
pathways, not only its conventional AC/cAMP second
messenger system but also more recently identified
systems. We will also describe its physiologic and
pathologic roles, including its therapeutic implications.

II. Discovery and Characterization
A. Cloning

Cloning of the EP receptors was initiated by the
identification of the TP receptor. By 1994, all four EP
receptors had been identified through TP-homology
screening. Ushikubi et al. (1989) purified the human
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TP receptor protein from human platelets using the
radiolabeled ligand S-145. On the basis of the partial
amino acid sequence of the purified protein, cDNA for
the TP receptor was isclated in 1991 (Hirata et al,,
1991). Subsequently, all EP receptors were identified.
The first was EP3 (Sugimoto et al., 1992), first found in
a mouse cDNA library through the use of polymerase
chain reaction and cross-hybridization, followed by
similar cloning of the mouse and human EP1 receptors
(Funk et al., 1993; Watabe et al., 1993).

At that time, there was some confusion regarding the
nomenclature of the EP2 and EP4 receptors. It was
believed that EP2 was the only EP subtype that could
stimulate AC/cAMP production. Therefore, the first-
cloned EP receptor subtype that stimulated AC was
named EP2 (An et al., 1993; Bastien et al., 1994;
Honda et al., 1993; Sando et al., 1994). This EP2 was
found in humans, mice, and rats. However, it is
puzzling that this receptor subtype did not bind to
butaprost, an EP2 agonist. This puzzle was solved, at
least in part, by Regan et al. (1994b), who identified
another EP receptor subtype that could stimulate AC/
¢cAMP formation and was sensitive to butaprost.
Concurrently, pharmacological studies suggested the
presence of a fourth subtype within the EP receptor
family, which appeared to stimulate AC but was in-
sensitive to butaprost (Coleman et al., 1994a).
Nishigaki et al. then demonstrated that the receptor
initially named “EP2” was sensitive to the EP4-specific
antagonist AH23848B (Nishigaki et al.,, 1995). In con-
trast, a mouse homolog of the receptor subtype cloned
by Regan et al. (1994b) had pharmacological properties
of the EP2 receptor (Katsuyama et al., 1995). These
results indicated that the receptors which had origi-
nally been cloned in mice, humans, and rats and
named “EP2” were in fact EP4 (Narumiya et al., 1999;
Regan, 2003). As this historical background shows,
EP4 is the most recently identified receptor subtype
within the EP receptor family. EP2 and EP4 are
similar in that both stimulate AC but are different as
proven by their specific ligand binding properties. We
describe the unique features of this receptor subtype
in this review.

B. Structure and Evolution

1. Receptor Structure. The prostanoid receptors
belong to the seven-transmembrane G protein—coupled
receptor (GPCR) superfamily. Thus, EP4 also shares
this membership. The properties of the GPCR super-
family include an aspartate in the second transmem-
brane domain, which is involved in receptor-ligand
interaction (Savarese and Fraser, 1992). Another
shared property is a pair of conserved cysteine residues
in the second and third extracellular domains, which
form a disulfide bond critical for stabilization of
receptor conformation and for ligand binding (Savarese
and Fraser, 1992). N-Glycosylation of asparagine
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residues is also conserved and plays a role in ligand -
binding in the GPCRs. All of these particular residues
or motifs characteristic of the GPCRs are seen in the
EP receptors.

In addition to the features preserved among GPCRs,
several other motifs are conserved among the prosta-
noid receptors in the third and seventh transmem-
brane domains and in the second extracellular loop.
In particular, the arginine in the seventh trans-
membrane domain may be the binding site of the
prostanoids (Narumiya et al., 1999). This arginine is
also conserved in all EP4 clones from different animal
species, i.e., human, mouse, rat, dog, rabbit, chicken,
and zebrafish, suggesting its ancestral origin during
evolution.

Despite the presence of the above-mentioned con-
served motifs and their common response to PGE,,
amino acid identity is limited among the EP receptor
family (Narumiya et al., 1999; Sugimoto and Narumiya,
2007). The amino acid identity of EP4 to EP1 is 30%,
whereas that of EP4 to EP3 is 37%. EP4 and EP2 have
similar signaling pathways in terms of activation of G
and subsequent cAMP production, but the amino acid
identity of EP4 to EP2 is only 38%. In contrast, among
animal species, amino acid identity of EP4 is main-
tained. Among various mammals, such as monkey, cow,
mouse, and rat, the homology ranges from 88 to 99%.
The sequence homology between human and mouse
EP4 is 88%.

Further comparison of the amino acid sequence
homology between EP2 and EP4 was performed by
Regan (2003), who identified particular differences in
the intracellular domains. The EP4 receptor has
a longer serine- and threonine-rich intracellular car-
boxyl terminus than EP2 (148 vs. 40). In addition,
there is an insertion of 25 amino acids in the third
intracellular loop in EP4 but not in EP2 (Regan, 2003).

2. Gene Structure. The human and mouse EP4
genes consist of three exons separated by two introns
(Arakawa et al., 1996; Foord et al., 1996). A similar
exon-intron relationship is present in the other types of
prostanocid receptors, such as the DP, EP1, EP2, EP3,
FP, and IP receptors (Hirata et al., 1994; Regan et al,,
1994a; Batshake et al., 1995; Ogawa et al., 1995; Boie
et al., 1997; Hasumoto et al., 1997; Katsuyama et al.,
1998b). In the human EP4 receptor, the first exon [530
base pair (bp)] is noncoding. After an intron of 472 bp,
the second exon contains a short (43 bp) 5’ sequence
before a 289-amino acid open reading frame. An 11.5-
kilobase (kb) intron is found at the end of the sixth
transmembrane, and the rest of the open reading
frame is in the third exon.

The deduced initiation site of the human EP4 does
not contain a conventional TATA box, but is 70% GC-
rich and contains CCAAT boxes (Foord et al., 1996).
The promoter region of the mouse EP4 has a TATA box
(Arakawa et al., 1996). The ATG start codon is located
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16 bp downstream of the translational start site in the
mouse EP4 (Arakawa et al, 1996). It is noteworthy
that the human EP4 receptor gene contains several
motifs responsive to proinflammatory agents such as
nuclear factor interleukin (IL) 6, nuclear factor «kB (NF-
kB), and H-apfl in addition to a Y box, activated
activdtor protein-1 (AP-1) sites, and AP-2 sites (Foord
et al., 1996). The mouse EP4 receptor gene also
contains AP-1 sites, AP-2 sites, SP-1 sites, an NF-«B
element, an E box, an nuclear factor interleukin 6
element, a glucocorticoid-responsive element, and Pit-1
sequences (Arakawa et al., 1996). NF-«B is known to be
activated rapidly in response to stress signals and
proinflammatory cytokines such as IL-1, resulting in
its regulation of immune responses (Li and Verma,
2002). Therefore, EP4 can be upregulated in inflam-
matory diseases and be involved in inflammmatory
responses. Indeed, EP4 expression was upregulated
in RAW 264.7 macrophage cell lines after stimulation
with bacterial lipopolysaccharide (LPS) (Arakawa
et al., 1996). ‘

3. Evolution. Phylogenetic studies have shown
that the COX pathway was initiated as a system
composed of PGE and its receptor. The subtypes of
prostanoid receptors later evolved from this ancestral
primitive PGE receptor by gene duplication to
mediate different signal transduction pathways (Regan
et al, 1994b; Boie et al, 1995; Toh et al, 1995;
Narumiya et al., 1999; Breyver et al, 2001). The
primitive PGE receptor may have mediated signal
transduction through cAMP metabolism (Regan
et al., 1994b). The primitive receptor was first divided
into two subclusters. One was an ancestral receptor for
the EP3 subtype, from which an ancestral receptor for
the EP1 subtype diverged. The other subcluster in-
cluded IP, DP, EP4, and EP2. After EP4 and EP2
diverged, IP and DP further diverged from EP2.
Hence, the receptors for PGI, PGD, and PGE (the EP2
and EP4 subtypes), all of which share the cAMP
signaling pathway, are phylogenetically closer to each
other than they are to the other EP receptor subtypes,
EP1 and EP3.

Kwok et al. (2008) presented the evolutionary relation-
ships between EP2 and EP4 in different species, in-
cluding humans, mice, rats, dogs, cattle, chickens, and
zebrafish. The phylogenetic tree suggested that the
functional divergence between EP4 and EP2 occurred
before the divergence of an ancestral bony fish. The
unigue signaling pathways of the EP4 receptor might
have developed during ifs period of independent
evolution.

The genes encoding human, mouse, and rat EP4 have
been mapped to chromosomes 5pl3.1, 15, and 2qi6
(Taketo et al., 1994; Duncan et al., 1995), respectively.
The EP4 receptor is also present in nonmammalian
vertebrates, such as chickens (Kwok et al., 2008) and
zebrafish (Cha et al., 2008).
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In terms of signaling pathways, AC/cAMP was the
major research focus in the E series of prostaglandins
prior to the cloning of EP receptors (Fig. 1). Elevation
of cAMP via AC by PGE, was first demonstrated in rat
tissues involving fat pads, lungs, spleens, and kidneys
(Butcher and Baird, 1968). A similar effect of PGEs was
observed in the corpora lutea (Marsh, 1971). In
contrast, an inhibitory effect of PGEs on ¢cAMP pro-
duction was demonstrated in isolated fat cells (Butcher
and Baird, 1968), suggesting that PGEs can have
opposite effects on cAMP signaling. The cloning of EP
receptors led to an explanation, at least in part, for
these counteracting signal transductions because EP
receptors target both stimulatory and inhibitory G
proteins. Among the four receptors, i.e., EP1-EP4,
there are biochemical similarities between EP2 and
EP4, e.g., both subtypes are coupled with stimulatory
G protein and thus can activate AC to produce cAMP.
The EP3 subtype has been demonstrated to have an
inhibitory effect on cAMP production (Sugimoto et al.,
1993). In 1987, the EP1 subtype was shown to be
linked with the Ggo protein (Nemoto et al., 1997).
Recent studies, however, have identified differences
between EP2 and EP4 downstream signaling, such as
the coupling of EP4 to the inhibitory G protein (Fujino
and Regan, 2006) and PI3K (Fujino et al., 2002; Fujino
and Regan, 2003; Pozzi et al., 2004; Yao et al., 2009),
which results in further differences in the downstream
signaling pathways of the two receptors and thus their
cellular functions. These findings suggest that EP4 is
not just another EP2; rather, it has unique biologic
properties as an independent target receptor of PGEo,
which will be further discussed in the following sections.

1. G Protein. EP4 is classified as a member of the
prostanoid receptor family, which belongs to GPCRs
that consist of approximately 900 receptors (Lappano
and Maggiolini, 2011). Heterotrimeric G protein is
a direct downstream effector of GPCRs. Upon ligand
binding, the inactive, GDP-bound form of G protein is
transformed into its active, GTP-bound form followed
by the dissociation of the « and By subunits. The Ga
subunit includes four major subtypes, i.e., the stimu-
latory (Gee) and inhibitory (Gy.a) subtypes, Gqa, and
G12/13e¢. Gy stimulates AC, a membrane-bound
cAMP-generating enzyme. The activated Gyoo sub-
units inhibit AC activity, resulting in a decrease in
intracellular cAMP levels. Activation of Gyo results in
the release of relatively high amounts of 8y subunif,
thus activating the By-mediated multiple signaling pro-
cesses (Wettschureck and Offermanns, 2005; Smrcka,
2008). The dissociated By subunit itself stimulates AC
subtypes, Le., AC2, AC4, and AC7, and could eventually
increase cAMP as described later in this article. Gya tar-
gets PLC, leading to activation of inesitol trisphosphate
(IP3)- or diacylglycerol-mediated signaling pathways.
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Fig. 1. Upon activation of the EP4 receptor by PGEq, the Ga subunit is dissociated from the receptor and GBy. Conventionally, EP4, similar to EP2,
activates Gyz, leading to increased AC catalytic activity and thus cAMP production. In some cases, however, EP4, unlike EP2, may activate Ge,
leading to decreased cAMP signaling. This may require the presence of a G;e-inhibitable AC isoform(s). Cyclic AMP signaling activates two major
target molecules, PKA and Epac. PKA, a ¢cAMP-dependent kinase, phosphorylates multiple downstream molecules including CREB, a major cAMP-
regulated transcription factor, and thus regulates their function. Epac is a guanine nucleotide exchange factor for Rap that acts independently from
PKA. Cyclic AMP is eventually degraded to 5’-AMP by PDE. EP4 stimulates cAMP-independent signaling as well. This is achieved through activation
of the GRK/B-arrestin/Sro/PISK/GSK3 pathway, leading 1o, for example, nuclear translocation of B~catenin. This pathway may be modified by GBy dissociated
from Ge via interaction with PISK upon EP4 activation. Thus, EP4 can elicit multiple signaling pathways within a cell. B-arr, B-arrestin; B-cat, S-catenin.

G12/13a is known to regulate the activity of guanine
nucleotide exchange factor for RhoGEF.

EP4 is coupled not only with Gya but also with Ge
(Fujino and Regan, 2006), as mentioned earlier. This
phenomenon would partially explain why the potency
of EP4 to increase cAMP is less than that of EP2 and is
reminiscent of the relationship between the B1- and
B2-adrenergic receptors; the Bl-adrenergic receptor is
coupled with only G.a, whereas the pB2-adrenergic
receptor is coupled with both Gsa and Gie (Feldman,
1993; Ho et al., 2010). Since several studies, especially
those in the cardiovascular field, have demonstrated
that the role of the B2-adrenergic receptor is distinct
from that of the Bl-adrenergic receptor (Ho et al,
2010), this is potentially the case for EP4 as well. In
other words, it is possible that the cellular functions
evoked by PGE, are unique to each EP receptor.

2. Adenylyl Cyclase. AC, a target enzyme of G
and Gsa, is a 12-transmembrane enzyme that converts
ATP to cAMP, a major second messenger (Iwatsubo
et al., 2008; Ho et al., 2012). The AC family consists of
nine membrane-bound isoforms and one cytosolic,
soluble isoform. Membrane-bound ACs are classified
according to their tissue expression, amino acid homol-
ogy, and biochemical properties (Iwatsubo et al., 2003).
Historically, membrane-bound ACs were classified into

four groups. Group 1 consists of AC1, 3, and &, originally
found to be expressed in the central nervous system and
regulated by Ca®"/calmodulin. Group 2 consists of AC2,
4, and 7, ubiquitously expressed isoforms that are
regulated by GBv subunits. Group 3 consists of the
isoforms AC5 and 6, which are mainly expressed in the
heart and the brain, and are sensitive to inhibition by
Gia subunit the micromolar range of Ca>*. AC9 is the
only member of group 4 and is regulated by calcineurin.
The intracellular domains of AC, i.e., the Cla and C2a
domains, form a cleft that serves as a catalytic core.
Within this catalytic core, ATP is converted into cAMP.
Regulators such as G proteins or forskolin, a direct AC
stimulator (Iwatsubo et al., 2003), can change the con-
formation of the catalytic core, resulting in alteration of
enzymatic activity.

It is well known that EP4 increases cAMP (An et al,,
1993; Coleman et al., 1994a; Nishigaki et al., 1995),
indicating an EP4-mediated activation of AC via G.a.
It remains unknown, however, which AC isoform(s) can
be preferentially regulated by EP4. An example of such
association occurs in the ductus arteriosus. Our group
has demonstrated that EP4 is a predominant EP
subtype in the rat ductus arteriosus, and activation of
EP4 significantly increased hyaluronan production via
cAMP signaling (Yokoyama et al., 2006). Regarding AC




