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Figure 7

Accelerated morphological deterioration after aortic banding (TAC) was attenuated in Epac? KO. (A) Representative images of Masson-trichrome—
stained sections of sham-operated and TAC-operated heart of WT and Epac? KO at 3 weeks. Scale bars: 100 um. (B) Quantitative analysis of the
fibrotic area in sham-operated and TAC-operated heart at 3 weeks after TAC of WT and Epac? KO. Cardiac fibrosis was significantly increased
after TAC in WT and Epac? KO, but magnitude of the increase was much smaller in Epac? KO (n = 4, *P < 0.01). (C) TUNEL-positive myocytes
in LV myocardium were counted in WT and Epac7 KO and expressed as percentage of total myocytes. Number of TUNEL-positive myocytes was
significantly smaller in Epac? KO than in WT at 3 weeks after aortic banding (n = 4-6, *P < 0.05). (D) Expression of BAX protein was compared
between WT and Epac KO. Protein expression of BAX was determined by Western blot analysis, which showed greater expression in WT than
in Epac1 KO at 3 weeks after TAC (n = 4, *P < 0.05). Expression of BAX protein in the heart of sham-operated control WT was taken as 100%.
Representative immunoblofting results are shown. (E) Representative images of double-immunostaining for dystrophin (brown) and PECAM
(blue) of WT and Epac? KO at baseline and 3 weeks after aortic banding. Scale bars: 50 um. (F) Number of microvessels per cardiomyocyte was
compared in WT and Epac? KO at baseline and at 3 weeks after aortic banding (n = 4, *P < 0.01).

KO (WT versus Epacl KO: from 9091 + 240 to 6359 * 393 mmHg
[P <0.01} versus from 7246 + 226 to 6811+ 250 mmHg, n = 13-17) and
the magnitude of the decrease was much smaller in Epacl KO (Sup-
plemental Figure 14, A and D). Min dP/dt was significantly increased
in WT, while it remained unchanged in Epacl KO (WT versus Epacl
KO: from -9110 + 240 to -4389 * 469 versus from -6201 = 125 to
-5131 + 334 mmHg, » = 13-18, P = NS) and the magnitude of the
increase was much smaller in Epacl KO (Supplemental Figure 14, Band
E). End-diastolic pressure (EDP) was significantly increased in both
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WT and Epacl KO (WT versus Epacl KO: from 7.2+ 0.3 t0 16.8 + 1.4
versus from 6.8 £ 0.3 to 11.5 + 1.1 mmHg, n = 13-22, P < 0.01), but
the magnitude of the increase was significantly smaller in Epacl KO
(Supplemental Figure 14, Cand F).

We also examined the effect of long-term chronic pressure over-
load on cardiac hypertrophy and cardiac function at § weeks after
banding in Epacl KO (Supplemental Figure 15A). At 5 weeks after
banding, cardiac hypertrophy was increased in both WT and Epacl
KO and the magnitude of the increase was similar (WT versus Epacl
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Figure 8 Disruption of EPACI results in resis-

The duration of AF induced by transesophageal rapid atrial pacing was decreased in Epac? KO.
(A and B) Transesophageal pacing was performed at a cycle length of 30 ms for 1 minute, and the dura-
tion of pacing-induced AF was examined in Epac7 KO and WT (A). The duration of AF was significantly
decreased in Epac1 KO compared with WT controls. AF was induced in all WT mice and its duration
was 59 + 3.4 seconds (n = 4). In Epac1 KO, we found that AF was hardly inducible (1.4 + 1.0 seconds,

n=>5,*"P < 0.01 versus WT) (B).

KO, LV/tibia length ratio: 7.7 + 0.4 versus 7.7 + 0.2 mg/mm; LV/body
weight ratio: 4.4 + 0.3 versus 4.6 = 0.2 mg/g, » = 15, P = NS) (Sup-
plemental Figure 15, B and C). However, cardiac function was sig-
nificantly decreased in WT (P < 0.01), while it remained unchanged
in Epacl KO (from 60% + 1.1% to 61% + 0.7%, n = 15). LVESD was
increased significantly in WT at 5 weeks after banding (P < 0.01),
while it remained unchanged in Epacl KO (WT versus Epacl KO:
from 2.9 + 0.04 to 3.3 £ 0.1 versus from 3.3 £ 0.1 t0 3.2 £ 0.1 mm,
n =15-31) (Supplemental Figure 15, D-F). These results indicate
that Epacl KO developed hypertrophy similar to that of WT in
response to pressure overload, but did not develop cardiac failure.

Cardiac fibrosis and apoptosis are attenuated in Epacl KO. There was
no difference in degree of fibrosis between WT and Epacl KO
at baseline. Thus, the development of cardiac fibrosis was unaf-
fected in Epacl KO (WT versus Epacl KO: 0.3% + 0.09% versus
0.3% + 0.06%, n = S, P = NS). Aortic banding increased the area
of fibrosis in both WT and Epacl KO (Figure 5, D and E), but
the magnitudes of increase were much smaller in Epacl KO (WT
versus Epacl KO: 7.1% + 0.9% versus 1.7% + 0.8%, n = 4, P < 0.01)
(Figure 7, A and B).

Similarly, there was no difference in the number of TUNEL-pos-
itive cells between WT and Epacl KO at baseline (WT versus Epacl
KO: 0.08% + 0.01% versus 0.06% + 0.007%, » = 6, P = NS). Aortic
banding increased the number of TUNEL-positive cells in both WT
and Epacl KO, but the magnitudes of increase were much smaller in
Epacl KO (WT versus Epacl KO: 0.49% + 0.07% versus 0.24% = 0.05%,
n=4-6, P < 0.05) (Figure 7C). To examine changes in the molecules
involved in apoptosis signaling, we quantitated BAX protein, an
accelerator of apoptosis (31), in WT and Epacl KO and found that
its expression after banding was significantly increased, by 2.1-fold
in WT, but not in Epacl KO (n = 4-6, P < 0.05) (Figure 7D).

Myocardial blood flow is preserved in Epacl KO. We next examined
cardiac response to intravenous ISO infusion, which is a hallmark
of transmural myocardial blood flow, at 3 weeks after aortic band-
ing (47). The increase of LVEF and decrease of LVESD in response
to ISO were blunted in WT, but they were preserved in Epacl KO
(n=4-5,P <0.01 versus WT), suggesting that cardiac angiogenesis
during aortic banding might be preserved in Epacl KO (Figure 6,
E and F, and ref. 48).
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tance to long-term ISO infusion. We
also examined the effect of long-
term ISO infusion on LV function
(Supplemental Figure 16A). At
1 week after chronic ISO infusion,
LVEF was significantly decreased
in WT (P < 0.01), while it remained
unchanged in Epacl KO (WT versus Epacl KO: from 70 £ 0.8 to
60 + 1.1 versus from 62% = 1.4% to 60% + 0.9%, n = 14-31).

Cardiac fibrosis after long-term ISO infusion was also significant-
ly decreased in Epacl KO (WT versus Epacl KO: 4.6% + 1.6% versus
1.6% £ 0.2%, n =5, P < 0.01) (Supplemental Figure 16, B and C). Simi-
larly, cardiac apoptosis was also significantly attenuatéd in Epacl KO
after long-term ISO infusion (WT versus Epacl KO: 0.49% + 0.07%
versus 0.24% + 0.05%, n = 4-5, P < 0.05) (Supplemental Figure 16D).

The degree of cardiac hypertrophy was increased at 1 week, but
remained similar in Epacl KO and WT (LV/tibial length ratio for
WT versus Epacl KO: 5.7 + 0.2 versus 5.9 £ 0.1, n = 14-15, P= NS;
LV/BW ratio for WT versus Epacl KO: 3.5 + 0.2 versus 3.7 + 0.1,
n=14-15, P=NS) (Supplemental Figure 17, A and B).

Silencing of EPACI in cardiac fibroblasts did not alter cell proliferation.
Since the mouse model is a global Epacl KO, the phenotype of less
fibrosis after long-term ISO infusion or aortic banding may result
from altered cell proliferation or signaling in cardiac fibroblasts. We
thus examined the effect of silencing EPAC1 on neonatal rat cardiac
fibroblast proliferation in response to ISO, using 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sup-
plemental Figure 9B, Supplemental Figure 18, and ref. 49). Cardiac
fibroblasts were cultured in medium with 10% fetal bovine serum
for 24 hours and were starved for 48 hours without serum prior to
stimulation. At 24 hours after ISO (1 uM or 10 pM) stimulation,
MTT assay was performed. Cell proliferation was significantly
increased (P < 0.01) by ISO (10 uM) from baseline (control siRNA
versus EPACI siRNA: from 100% + 5.7% to 137% + 4.6% versus from
108% * 1.7% to 140% + 4.6%, n = 6-8), but the magnitudes of the
increase were similar (P = NS) in cells transfected with control or
EPACI1 siRNA (ref. 49 and Supplemental Figure 18A).

We also examined p44/42 MAPK (ERK1/2) phosphorylation on
tyrosine- 202/threonine-204 and SRC phosphorylation on tyro-
sine-416 because phosphorylations of ERK1/2 and SRC are impor-
tant for G protein-coupled receptor-mediated cardiac fibroblast
proliferation (50). ERK1/2 phosphorylation and SRC phosphory-
lation were similar in both control and EPAC1 siRNA-treated
cells (Supplemental Figure 18, B-D). However, both ERK1/2 and
SRC phosphorylations were significantly (P < 0.01) increased in
response to ISO (10 uM) in cells transfected with control or EPAC1
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Figure 9

A schematic model of cAMP/EPAC signaling as opposed to cAMP/
PKA signaling in the heart. Ca?* stored in the SR is released into the
cytosol to activate cardiac muscle contraction and subsequently reac-
cumulated to promote relaxation. PLN phosphorylation on serine-16 as
well as threonine-17 occurs via the EPAC/PLC/PKCe/CaMKIl pathway
(27, 28). However, under physiological conditions, PLN phosphoryla-
tion on serine-16 by PKA rather than on threonine-17 by CaMKIll is
the major regulator of Ca2+ cycling in the heart (56, 57). Our current
study indicates that PLN on serine-16 and RyR2 on serine-2808 and
serine-2814 are phosphorylated by EPAC1 in addition to and indepen-
dently of PKA or CaMKIl. More importantly, hyperphosphorylation of
PLN on serine-16 was recently reported to be associated not only with
an increase in cardiac function in young animals (186, 17), but also with
arrhythmia and cardiomyopathy after adrenergic stress, aortic band-
ing, or ischemia (18, 20, 21). Our results suggest that Epac7-mediated
hyperphosphorylation of PLN and RyR2 might be required for the
development of heart failure as well as arrhythmia, in addition to PKA-
or CaMKIl mediated activation.

siRNA, and the magnitudes of their increase were similar in the
2 cases (BRK1/2: control siRNA versus EPAC1 siRNA: from 100+ 2.5
to 151 + 2.0 versus from 108% + 3.7% to 154% + 6.7%, n = 4; SRC: con-
trol siRNA versus EPAC1 siRNA: from 100% + 2.5% to 233% = 12%
versus from 107% + 9.7% to 235% + 23%, n = 7-8). These darta indi-
cate that silencing EPAC1 in cardiac fibroblasts did not alter the
cell-proliferative response to B-AR-signaling stimulation.
Disruption of EPACI results in resistance to aging-related cardiony-
opathy. Key features of aging-related cardiomyopathy were exam-
ined, i.e., LV weight/tibial length ratio, LV function, apoptosis,
and fibrosis. The LV weight/tibial length ratio was not different
between old WT (5.6 + 0.5) and old Epacl KO (5.6 £ 0.5) at baseline
(24-32 months). However, aging-related changes of cardiac func-
tion (LVEF in WT versus Epacl KO: from 70% * 0.8% [young] to
58% = 1.3% [old] [P < 0.01] versus from 60% + 1.1% to 58% + 2.2%,
P = NS) (Supplemental Figure 16E), fibrosis (old WT versus old
Epacl KO: 3.2% + 0.2% versus 1.2% + 0.2%, n = 5-8, P < 0.01) (Sup-
plemental Figure 16F) and apoptosis (old WT versus old EpacI KO:
0.38% % 0.04% versus 0.22% = 0.03%,n = 5, P < 0.05) (Supplemental
Figure 16G) were all significantly decreased in Epacl KO.
Incidence of atrial fibrillation after rapid atrial pacing is attenuated in
Epacl KO. It has been reported that phosphorylations of RyR2 on
serine-2814 and PLN on threonine-17 are increased after rapid
atrial pacing in atrial myocytes and genetic inhibition of RyR2
phosphorylation on serine-2814 attenuates the incidence of atrial
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fibrillation (AF) induced by rapid atrial pacing (51). Accordingly,
we examined the effects of Epacl deletion on the initiation and
maintenance of AF in the mouse model (Figure 8 and ref. 52).
Transesophageal rapid atrial pacing was performed at a cycle
length of 30 ms for 1 minute, followed by measurement of the
duration of pacing-induced AF (Figure 8A). In all WT control
mice, AF was consistently induced for 50 to 60 seconds. In striking
contrast, lictle (less than 4 seconds) or no AF was induced in Epacl
KO. These data indicate that Epacl deletion may suppress the ini-
tiation and maintenance of AF after transesophageal rapid atrial
pacing, probably through inhibition of hyperphosphorylation of
RyR2 and/or PLN in atrial myocytes (AF duration for WT versus
Epacl KO: 58 + 3.8 versus 1.4 + 1.4 seconds, n = 4-5,P < 0.01).

Catecholamine-mediated spontaneous activity in the pulmonary vein
cardiomyocytes is attenuated in Epacl KO. High-frequency focal activ-
ity in the pulmonary vein cardiomyocytes may contribute to
arrhythmogenic activity, which is induced mostly via an increase
of intracellular Ca?* derived from SR (53, 54). The incidence of the
spontaneous activity was not different in WT (4/17:24%) and Epacl
KO (7/24:29%) at baseline (P = NS) (Supplemental Figure 19B).
However, it was increased after noradrenaline (1 uM) treatment in
both WT and Epacl KO, though its incidence was less in Epacl KO
(12/17:71%) than in WT (15/15:100%) (P < 0.05 evaluated by Fisher’s
exact probability test). These finding indicated that catecholamine-
mediated spontaneous activity in the pulmonary vein cardiomyo-
cytes is attenuated in Epacl KO (Supplemental Figure 19, A and C).

Disruption of EPAC2 does not prevent the cardiac hypertrophy and the
development of beart failure in response to pressure overload stress. In
order to examine the effects of EPAC2, another cardiac isoform
of EPAC, on the development of heart failure, we generated Epac2
KO (Supplemental Figure 20). Epac2 KO did not show any change
in the size of the heart or in cardiac function, despite the smaller
body weight, compared with that in WT (Supplemental Table 1).
We examined PLN phosphorylation on serine-16 and on threo-
nine-17 in Epac2 KO, bur the levels were similar in both WT and
Epac2 KO (Supplemental Figure 21).

In order to examine the role of EPAC2 in the development of
heart failure, we performed aortic banding in Epac2 KO and WT for
3 weeks. At baseline, there was no difference between WT and Epac2
KO in the LV weight (mg)/tibial length (mm) (LV/tibial length
ratio in WT versus Epac2 KO: 5.7 £ 0.1 versus 5.2 + 0.2 mg/mm,
n=5-7, P =NS). The degree of cardiac hypertrophy was signifi-
cantly (P < 0.01) increased at 3 weeks, but the magnitudes of the
increase were similar in both WT and Epac2 KO (LV/tibial length
ratio in WT versus Epac2 KO: 7.1 + 0.4 versus 6.8 + 0.2,n = 4, P= NS)
(Supplemental Figure 224).

At 3 weeks after banding, cardiac function (LVEF) was signifi-
cantly decreased in both WT and Epac2 KO from baseline (WT
versus Epac2 KO: from 73% + 1.1% to 55% + 3.1% [P < 0.01, n = 4-5]
versus from 72% = 1.1% to 58% + 5.2% [P < 0.05, n = 5-7] ), but the
magnitudes of the decrease were similar (P = NS) (Supplemental
Figure 22B). LVESD was increased in both WT and Epac2 KO at
3 weeks after banding (WT versus Epac2 KO: from 2.7 + 0.07 to
3.1+0.2[P<0.05,n=4-5] versus from 2.6 + 0.05 to0 3.1 £ 0.2 mm
[P <0.05, n = 4-13]), but the magnitudes of the increase were simi-
lar (P = NS) (Supplemental Figure 22C).

There was no difference in the degree of fibrosis between WT
and Epac2 KO at baseline (Supplemental Figure 22, D and E).
Thus, the development of cardiac fibrosis was unaffected in Epac2
KO (WT versus Epac2 KO: 0.4% = 0.08% versus 0.4% £ 0.09%,n =5,
Number 6 2795
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P =NS). Aortic banding increased the area of fibrosis in both WT
and Epac2 KO, but the magnirudes of the increase were similar
(WT versus Epac2 KO: 22% + 3.6% versus 18% + 5.3%, n = 4, P=NS)
(Supplemental Figure 22, D and E).

Similarly, there was no difference in the number of TUNEL-pos-
itive cells between WT and Epac2 KO at baseline (WT versus Epac2
KO: 0.09% + 0.02% versus 0.09% £ 0.01%, n = 5, P= NS) (Supplemen-
tal Figure 22F). Aortic banding significantly (P < 0.01) increased
TUNEL-positive cells in both WT and Epac2 KO, but the magni-
tudes of increase were similar (WT versus Epac2 KO: 0.8% + 0.04%
versus 0.8% = 0.05%, n = 4-5, P = NS) (Supplemental Figure 22F).
These results indicate that Epac2 KO did not show decreased cardi-
ac contractility and PLN phosphorylation at baseline and did not
show resistance after aortic banding, indicating that the cardio-
protective effects of EPAC under stress such as pressure overload
(Figures 5-7, Supplemental Figure 14, and Supplemental Figure
15), chronic catecholamine stress (Supplemental Figure 16, A-D),
aging stress (Supplemental Figure 16, E-G), and AF susceptibility
(Figure 8) are Epacl KO-specific phenotypes.

Discussion
RyR2 is a prominent regulator of systolic contraction and PLN is
a prominent regulator of myocardial diastolic relaxation via mod-
ulation of the activity of the SERCA2a. Specifically, RyR2 in its
phosphorylated state following the Ca?* influx through the L-type
Ca?* channel is an accelerator of Ca?* leakage from SR, and PLN in
its dephosphorylated state is an inhibitor of Ca?* transport to SR
via SERCAZ2a, while phosphorylation of PLN removes this inhibi-
tion, indicating that both molecules have central roles in modulat-
ing Ca®* homeostasis and, therefore, cardiac function (10, 11, 46).

Early studies of enhanced SR Ca?* leakage in heart failure
focused on PKA, a classic cAMP target. Recently, it has been
shown that B-AR stimulation can also induce PKA-indepen-
dent, i.e., CaMKII- or EPAC-mediated SR Ca?* leakage in vitro by
increasing RyR2 phosphorylation on serine-2814/2815 and PLN
phosphorylation on threonine-17 via PLCe/PLCe/CaMKII signal-
ing (27-30, 55). Nevertheless, key functional issues remain to be
clarified because most previous studies relied on pharmacologi-
cal stimulation with 8-CPT, an EPAC-selective but not isoform-
selective cAMP analogue, which could have off-target effects (37).
First, it is unknown whether these effects are mediated by EPAC1
or EPAC2. Second, it is unknown whether EPAC-regulated Ca?*
homeostasis is important for cardiac function and arrhythmogen-
esis under physiological conditions. Third, it remains unknown
whether EPAC regulates PLN phosphorylation on serine-16 in
addirtion to threonine-17, which is known to be a major regulator
of Ca?” cycling in the heart and closely associated not only with an
increase in cardiac function (16, 17, 56, 57), but also with arrhyth-
mia and cardiomyopathy after chronic catecholamine infusion,
aortic banding, or ischemia (18, 20, 21). We thus generated Epacl
KO and Epac2 KO in addition to silencing EPAC1 with siRNA
and selectively inhibiting PKA with Ad-PKI-GFP in cardiac myo-
cytes. The results clearly demonstrated that EPAC1-regulared Ca?*
homeostasis via PLN phosphorylation on serine-16, together with
RyR2 phosphorylation on serine-2808 and serine-2814, may cause
transition from hypertrophy to heart failure and evoke susceptibil-
ity to arrhythmia (Figure 9 and refs. 21, 58).

Pln-null mice show no gross developmental abnormalities, but
exhibit enhanced myocardial contractility owing to increased
SERCAZ2a pump activity and higher SR Ca?* load in cardiomyo-
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cytes (12). Ablation of PLN restored contractility in some cardio-
myopathic mouse models, such as cardiac-specific calsequestrin
overexpression, targeted disruption of muscle-specific LIM pro-
tein, or cardiac-specific $1-AR overexpression (16, 17, 59). Thus,
various therapeutic approaches targeting or inhibiting PLN have
been examined to rescue the failing heart (60, 61).

However, it was subsequently reported that ablation of PLN
shows no cardioprotective effect against chronic pressure over-
load or ischemic injury and, indeed, exacerbates cardiac dysfunc-
tion in mice with cardiac CaMKII8c overexpression, even if the
Ca?* transient is improved (19). More recently, it was reported that
hyperphosphorylation of PLN in mice with constitutively active
phosphatase inhibitor-1 increased contractile function in young
animals, but also resulted in increased susceptibility to arrhyth-
mias and cardiomyopathy in response to chronic catecholamine
stress and aging, probably through increased Ca?* leakage, lead-
ing to arrhythmogenicity and cardiomyocyte apoptosis (21). Our
current data obtained in Epacl KO and Epac2 KO demonstrated
that EPACI plays an important role in PLN phosphorylation on
serine-16 and EPAC1-mediated PLN phosphorylation rather than
PKA-mediated PLN phosphorylation might have a pivotal role in
the development of heart failure in response to chronic pressure
overload, catecholamine stress, and aging, because the PKA path-
way remains intact in Epacl KO.

For many decades, it has been believed that the major target of
catecholamine/cAMP signaling is PKA. Although acute sympa-
thetic stimulation and activation of the cAMP/PKA pathway rep-
resent a major mechanism of improvement of cardiac function,
previous studies by us and other groups using transgenic mod-
els have demonstrated that chronic activation of these pathways
arising from specific cardiac overexpression of $-AR, Gsa, and
PKA results in cardiomyopathy (3-5). On the other hand, disrup-
tion of type § AC, a major cardiac AC isoform, protects the heart
from chronic pressure overload and catecholamine stress without
affecting baseline cardiac function in mice (6-8). Interestingly,
our results indicate that cardiac function is preserved in response
to chronic pressure overload, chronic catecholamine, and aging
stress in Epacl KO, indicating that both phosphorylation of PLN
on serine-16 and phosphorylation of RyR2 on serine-2808 and ser-
ine-2814 by EPAC1, rather than PKA, might be essential for the
transition of hypertrophy to heart failure in response to chronic
activation of 3-AR signaling (11, 46, 58, 62).

Increased Ca?* leakage in atrial myocytes has been demonstrated
to be a cause and consequence of AF, but the mechanism remains
poorly understood (63). Recently, it was demonstrated that PLN
phosphorylation on serine-16, rather than threonine-17, was sig-
nificantly increased in the atrium of chronic AF patients while PKA
phosphorylation of inhibitory troponin subunit was unaltered
(22). Similarly, it was demonstrated that rapid atrial pacing induces
phosphorylation of RyR2 on serine-2814 and PLN on threonine-17
and genetic inhibition of RyR2 phosphorylation on serine-2814
prevents AF after rapid atrial pacing (64). These results indicate
that altered Ca?* homeostasis in atrial myocytes through EPAC-
mediared hyperphosphorylarion of PLN and RyR2 may cause sus-
ceptibility to AF. We thus hypothesized that EPAC1 plays an impor-
tant role in the occurrence of AF, and we confirmed this idea using
a transesophageal pacing-induced AF mouse model. American
College of Cardiology, American Heart Association, and Buropean
Society of Cardiology guidelines strongly recommend B-blockers
for the management of adrenergically induced AF, but itis difficult
Volume 124
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to use f3-blockers in patients with chronic obstructive pulmonary
disease or severe heart failure. Therefore, EPAC may be available as a
new target of pharmacotherapy for adrenergically induced AF (65).

PLN was demonstrated to be phosphorylated by PKC in vitro in
addition to PKA and CaMKII (39, 41), but the mechanism of PKC-
dependent PLN phosphorylation remains unclear and its impor-
tance for cardiac function is controversial (66, 67). Our current in
vitro studies, in agreement with earlier studies (27-29), indicate that
EPAC regulates PLN phosphorylation on both serine-16 and threo-
nine-17 through PLC/PKCe signaling. However, our in vivo studies
using Epacl KO show that EPAC1 regulates PLN phosphorylation
on serine-16 at baseline and under stress, but it does not affect the
phosphorylation on threonine-17. Previous in vitro studies have
shown that serine-16 of PLN and threonine-17 of PLN can be read-
ily and independently phosphorylated by PKA and CaMKI]J, respec-
tively. However, previous in vivo studies indicated that PLN phos-
phorylation on threonine-17 can be induced by B-AR stimulation
that is sufficient to increase cytosolic Ca?* concentration, which in
turn would activate CaMKII and/or inhibit the phosphatase that
dephosphorylates PLN. The apparent difference between in vitro
and in vivo PLN phosphorylation is yet to be reconciled (68), but
a possible explanation of the difference between our in vitro and
in vivo data on PLN phosphorylation at threonine-17 is that the
extent of CaMKII activation was not enough to produce a signifi-
cant difference between WT and Epacl KO under -AR stimulation
in response to ISO in the Langendorf-perfused heart system used in
this study. We also cannot exclude the possibility that this mightbe
due to a difference in the specificity of the gene-silencing technique
in vitro with siRNA and in vivo with genetic KO because complete
gene silencing can be achieved by genetic KO (31), but not by using
siRNA (Supplemental Figure 9 and ref. 69).

In contrast with Epacl KO, disruption of EPAC2 does not alter
the cardiac function or PLN phosphorylation at baseline and has
no protective effects after aortic banding. These data indicate that
EPAC1, but not EPAC2, is a major regulator of cardiac function at
baseline and under stress.

More importantly, cardiac function and the Ca?* transient are
similar in global Plce KO and WT at baseline even if the ISO-stimu-
lated Ca?* transient is smaller in Plce KO (70). Global Plce KO does
not show a protective phenotype against chronic catecholamine
stress (70) in contrast with Epacl KO. Otherwise, global Plce KO is
more susceptible than WT to the development of cardiac hypertro-
phy and fibrosis after chronic ISO infusion (70). In contrast with
global Plce KO, myocyte-specific Plce KO is not susceptible, but is
rescued from cardiac hypertrophy as well as cardiac dysfunction
after TAC (71). Also, PLCe was demonstrated to generate a mul-
tifunctional complex with muscle-specific A-kinase-anchoring
protein at or near the nuclear envelope along with Epacl, PKCe,
PKD, and RyR2 in cardiac myocytes (71). Pkce KO does not show
a protective phenotype and is not susceptible to development of
cardiac hypertrophy after TAC, in contrast with global Plce KO and
myocyte-specific Plce KO (72). These data indicate that disruption
of EPAC1 modulates or antagonizes the downstream PLCe/PKCe
pathway, which in turn is associated with the cardioprotective phe-
notype of Epacl KO under stress.

During the revision of this manuscript, another group reported
that cardiac function was not different between WT and Epacl KO
at baseline in contrast with our findings. The reason for the differ-
ence of the cardiac phenotype between our Epacl KO and that gener-
ated by the other group is not clear (30). However, the genetic back-
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grounds of Epacl KO generated by us (CBA-C57BL/6) and by the
other group (R1-C57BL/6) were different, and this might cause the
difference in the mouse phenotype (73, 74), as in the case of type S
AC KO (129/Sv]-C57BL/6) generated by us (6, 7) and another group
(C57BL/6) (75) and Plce KO generated by 2 different groups: 129/
Sv-C57BL/6 (76) versus 129/S6-C57B/6 (70). Also, environmental
influences have been reported to alter phenotype, as in the case of
Tgfb KO (77, 78), and we cannot exclude this as another possibility.
In summary, we have demonstrated that disruption of EPAC1
protects the heart from chronic pressure overload, chronic cate-
cholamine stress, aging-related cardiomyopathy, and AF suscepti-
bility through the inhibition of PLN phosphorylation on serine-16
in addition to the inhibition of RyR2 phosphorylation on ser-
ine-2808 and serine-2814. The cAMP/PKA pathway is believed to
be a major pathway for the development of heart failure as well as
arrhythmia (5, 21). Our present data show that the cAMP/EPAC1
pathway plays an important role independently of the cAMP/PKA
pathway in the development of heart failure and arrhythmia.

Methods
Reagents. All chemicals were obtained from Sigma-Aldrich, except 8-CPT-AM
(Biolog Life Science Institute) and Indo-1/AM (Dojindo Laboratories).

Mice. Generation of Epacl KO has been previously reported (31). Epac2
KO were similarly generated by means of homologous recombination.
Briefly, the targeting vector was constructed by inserting pENTR loxP/
PGK-Neo-pA/loxP (Laboratory for Animal Resources and Genetic Engi-
neering [LARGE]; http://www.cdb.riken.jp/arg/cassette.html) into exon 1
and intron 1 of the genomic Epac2 locus (Supplemental Figure 20A).
The targeting vector was introduced into TT2 embryonic stem cells (79),
and homologous recombinant clones were first identified by PCR, then
confirmed by Southern blot analysis (Supplemental Figure 20B and refs.
6, 31). The targeted embryonic stem cell clones were injected into CD
18-cell-stage embryos, and the resultant male chimeras were mated with
CS57BL/6 females to establish germ line transmission. All experiments
were performed on C57BL/6 and CBA mixed background 3- to 5-month-
old male homozygous Epac2 KO and WT littermates from F1 heterozy-
gote crosses. Mice were genotyped by PCR using a mixture of 2 primer
sets (F1, TGGGTGGGTGGTTTCCAATG; B1, CCTAACACAGACCTT-
GAGAGAGCG; F2, TCGTGCTTTACGGTATCGCCGCTCCCGATT;
B2, CGTAGCTCCAATCCTTCCATTCA). The PCR conditions consisted
of 95°C for S minutes, 35 cycles of 95°C for 30 seconds each, 60°C for
30 seconds, and 72°C for 30 seconds, followed by 72°C for 7 minutes (Sup-
plemental Figure 20C). mRNA expression of the Epac isoforms (Epacl and
Epac2) in the heart of Epac2 KO was examined by Northern blot analysis
(Supplemental Figure 20D and ref. 80).

All experiments were performed on 3- to 6-month-old homozygous KO
(Epacl, Epac2) mice and WT littermates.

Western blotting. Hearts were removed from each animal or Langendorf
apparatus, snap-frozen in liquid nitrogen, and stored at -80°C after
physiological studies. Crude cardiac membrane fraction or whole -issue
homogenate was prepared, separated on 6% to 15% SDS-polyacrylamide
gel and blotred onto nitrocellulose membrane. Western blotting was con-
ducted using commercially available antibodies. $1-AR, B2-AR, BARK, G,
Ggq, type 5/6 AC (AC5/6), and PKA-catalytic subunit antibodies were pur-
chased from Santa Cruz Biotechnology Inc. Gsa and Gia antibodies were
purchased from PerkinElmer. PLN, PLN phosphorylated on serine-16 and
threonine-17, RYR2, and RYR2 on serine-2808 and serine-2814 were pur-
chased from Badrilla. Antibodies to PKA regulatory subunits (RIla and
R1la) were purchased from BD Transduction Laboratories. EPAC1, EPAC2,
CaMKII, phospho-CaMKII (threonine-286), ERK1/2, phospho-ERK1/2
Number 6 2797
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(tyrosine-202/threonine-204), SRCc, and phospho-SRC (tyrosine-416)
antibodies were purchased from Cell Signaling Technology. SERCA2a
antibody was purchased from Thermo Scientific. Expression of proteins
was quantified by densitometry.

Real-time quantitative PCR. Total RNA was extracted using TRIzol Reagent
(Life Technologies) according to the manufacturer’s protocol. RNA con-
centration and quality were determined by spectrophotometry. To remove
contaminating genomic DNA, samples were treated with DNase I (Life
Technologies). Total RNA was reverse-transcribed with SuperScript First-
Strand Synthesis System for RT-PCR kit (Life Technologies) according to
the manufacturer’s instructions.

mRNA expression of Pkca, Pkeb, Pked, Pkeg, and Pkce was quantified by
quantitative real-time PCR using the ABI-PRISM 7700 Sequence Detec-
tion System with SYBR Green. The primer pairs for each subtype of PKC
were as follows:

Pkca, forward, 5'-GCCGCAGTGTCGTTATGAAAGTA-3', reverse,
5'-GCTCCATGTGTGCCATTCAATTAG-3'; Pkcb, forward, 5'-AAGA-
CATTCTGTGGCACTCCAGAC-3', reverse, 5'-AGCCAACATTTCATACAG-
CAGGAC-3'; Pked, forward, 5'-CAAAGGCCGCTTCGAACTCTAC-3', reverse,
5'-GGCCATCCTTGTCCAGCATTAC-3'; Pkeg, forward, 5-CACAGACTTC-
GGCATGTGTAAAGA-3', reverse, 5'-CCATAGGGCTGATAGGCAAAT-
GA-3';and Pkee, forward, 5'-ATGGCGTGACAACTACCACCTTC-3', reverse,
5’-CCGGCCATCATCTCGTACATC-3'. The amount of each subtype mRNA
was normalized to that of 18S rRNA to obtain the relative amount.

Neonatal cardiac myocyte/fibroblast preparation and transfection of siRNA. Pri-
mary cultures of neonatal rat or mouse cardiomyocytes or fibroblast were
prepared (81-83). Double-stranded siRNA to the selected region of each
subtype of PKC (a, B, ¢, 3, ¥), EPAC1, and negative siRNA (control) were
purchased from QIAGEN. At 48 hours after plating, cultured neonatal rat
cardiac myocytes/fibroblasts (1.2 x 105 cells per 24-mm plate) were trans-
fected with siRNA using Lipofectamine RNAIMAX (Life Technologies),
according to the manufacturer’s instructions.

Briefly, siRNA (20 nM) in 50 pl of OptiMEM I medium (Life Technolo-
gies) and 0.5 pl of Lipofectamine RNAIMAX (Life Technologies) in 50 pl
OptiMEM I medium were mixed and then added to the dishes. At 24 hours
after transfection, the culture medium (minimum essential medium) was
replaced with fresh medium and incubation was continued for 24 hours
in a humidified atmosphere of 5% CO; in air at 37°C. ISO treatment was
performed at 1 uM (mouse) or 10 uM (rat), which was chosen based on
preliminary experiments performed with reference to previous studies on
PLN phosphorylation (70, 84). The efficiency of knockdown of each sub-
type of PKC was evaluated at 24 to 48 hours after transfection by means
of real-time quantitative PCR. Negative siRNA used as a control was pur-
chased from QIAGEN (Cat no. 1027281). The siRNA sequences of PKC
subtype were as follows: PKCa, forward, 5'-GAAGGGUUCUCGUAUGU-
CATT-3', reverse, S-UGACAUACGAGAACCCUUCAA-3'; PKCB, forward,
5'-GAAGAAGGCGAGUACUUUATT-3/, reverse, 5'-UAAAGUACUCGC-
CUUCUUCCT-3'; PKC9, forward, 5'-CCUUUAAGCCCAAAGUGAATT-3',
reverse, 5'-UUCACUUUGGGCUUAAAGGGC-3'; PKCy, forward,
5'-GGGCGAGUAUUACAAUGUATT-3', reverse, 5'-UACAUUGUAAU-
ACUCGCCCTC-3'; and PKCe, forward, 5'-CGAUGAGUUCGUCA-
CUGAUTT-3', reverse, 5'-AUCAGUGACGAACUCAUCGTG-3".

Generation of adenovirus. A DNA oligo corresponding to the coding
sequence for amino acids 1-25 (MTDVETTYADFIASGRTGRRNATHD) of
mouse protein kinase (cAMP-dependent, catalytic) inhibitor o (Pkiz) (mouse
Entrez Gene ID 18767) was synthesized. Recombinant adenovirus encoding
PKIo-GFP infusion gene was generated using the AdEasy system (44).

Adult mouse ventricular myocytes preparation. Adult mouse ventricular myo-
cytes were prepared from mice by Langendorf perfusion and collagenase
digestion, as described (45, 85, 86).
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Measurement of intracellular Ca?*. Intracellular Ca?* was measured with
Indo-1, as in our previous study (87). The cells were preincubated at 37°C
with the acetoxymethyl derivative of Indo-1 (Indo-1/AM 10 pM, 45 min-
utes) in the experimental chamber. After preincubation, the chamber was
placed on a fluorescence microscope (Olympus IX70; Olympus Corp.) and
perfused with HEPES-Tyrode solution as described above. Ca?* transients
were evoked at 1 Hz through platinum wire pairs with rectangular current
pulses of 3 ms duration generated by an electrical stimulator (SEN-3303;
Nihon Kohden). The cells were excited at 360 nm with an Axenon lamp,
and the emission bands at 395 to 415 nm and 470 to 490 nm (Indo-1)
were separated by means of dichroic mirrors (W-VIEW system; Hamamatsu
Photonics) and detected with a high-speed cooled CCD camera (C6790;
Hamamatsu Photonics) at a time resolution of 1.95 ms.

The ratio of emission between short-wavelength fluorescence and long-
wavelength fluorescence was calculated (Aquacosmos software; Hama-
matsu Photonics). In situ calibration of Indo-1 fluorescence ratio values to
intracellular Ca?* concentration was performed as described previously (87).
The time constant (t) for the Ca?* transient decay was obtained by fitting
the decay of the transients to a single exponential equation: Y(t) =4 x exp -k
x t + b, where a = Ca? transient amplitude; b = baseline value; k is the rate
coefficient. k was obtained from the fitting, and T was calculated ast=1/ k.

Measurement of contractile force. Myocardial contractile force was measured
as previously described (88). RV free wall strips (approximate length and
width: 4 and 2 mm, respectively) were rapidly isolated from mice anesthe-
tized with ether. Preparations were placed horizontally in a 20 ml organ bath
containing modified Ringer solution of the following composition: 135 mM
NaCl, S mM KCl, 2 mM CaCl,, 1 mM MgCl;, 15 mM NaHCO3, and 5.5 mM
glucose (pH 7.4 at 36°C). The solution was gassed with 95% O2-5% CO, and
maintained at 35-36°C. The preparations were driven by a pair of platinum
plate electrodes (field stimulation) with rectangular current pulses (1 Hz,
3 ms, 1.5x threshold voltage) generated by an electronic stimulator. Devel-
oped tension was recorded isometrically with a force-displacement trans-
ducer connected to a minipolygraph.

Patch-clamp recording. The L-type Ca?* channel current (Ica ) was measured
as described, with minor modifications (89, 90). Briefly, Ic.. was measured
in the whole-cell patch-clamp configuration with EPC8 (HEKA) via an A/D
converter, Digidata1440A, and Clampex 10.0 (Axon Instrument) at room
temperature. Data were analyzed by Clampfit 10.0 (Axon Instrument) and
GraphPad Prism 4 (GraphPad Software). Patch -pipettes were fabricated
from borosilicate glass and had tip resistance of 1.2-2.2 MQ when filled
with pipette solution containing the following: 120 mM CsCl; 20 mM tet-
raethylammonium chloride; S mM adenosine 5'-triphosphate magnesium
salt; $ mM creatine phosphate disodium salt; 0.2 mM guanosine 5'-tri-
phosphate; 14 mM EGTA; 10 mM Hepes; titrated ro pH 7.3 with CsOH.
The extracellular solution contained the following: 137 mM NaCl; 5.4 mM
KCl, 10 mM HEPES, 1 mM MgCl, 10 mM glucose, 2 mM CaCly, 0.01 mM
tetrodotoxin; titrated to pH 7.4 with NaOH. Ixy, the inward rectifier K* cur-
rent, was suppressed by the addition of BaCl, at 0.2 mM to the extracellular
solution. The extracellular solution surrounding the patch-clamped cell
was rapidly changed by a custom-made concentration clamp system (91).
Ica was isolated as the current component blocked by CdCl, at 0.2 mM.

The Na*-Ca?* exchange current (Incx) was measured with pipette solution
containing the following: 50 mM CsOH; 10 mM Cs-methanesulfonate; 10 mM
TEA-CL;20 mM NaCl; 5 mM Mg?"-ATP; 10 mM HEPES; 20 mM BAPTA; 10mM
CaCl; (226 nM free Ca?"); titrated to pH 7.3 with CsOH. Extracellular solu-
tion contained the following: 137 mM NaCl, 5.4 mM CsCl, 10 mM HEPES,
1 mM MgCl,, 10 mM glucose, 2 mM CaCl,, 0.01 mM tetrodotoxin, 0.2 mM
BaCl,, 10 mM 4-AP, 0.01 mM nitrendipine, 0.1 mM niflumic acid, 0.005 mM
ryanodine; titrated to pH 7.4 with NaOH. In order to exclude the second-
ary effect of intracellular Ca** handling on Incx, the concentration of free
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Ca?* was buffered with a high concentration of BAPTA. Incx was recorded by

applying ramp pulse ranging from 80 mV to -150 mV for 100 ms following

step pulses to ~40 mV for 40 ms and to 0 mV for 10 ms to inactivate Iy, and
Icas, respectively, from the holding potential of =70 mV. Incx was isolated as
the current component blocked by NiCl, at 5 mM.

Physiological studies. Mice were anesthetized with isoflurane vapor titrated
to maintain the lightest anesthesia possible. On average, 1.5% vol/vol iso-
flurane vapor was required to maintain adequate anesthesia. Echocardio-
graphic measurements and invasive hemodynamic measurements were
performed (6-8, 92). Intravenous infusion of ISO (0 to 0.40 ug/kg/min
for 5 minutes) was performed using an infusion pump (6, 8). Transverse
aortic banding and long-term infusion of ISO were performed for 7 days at
60 mg/kg/d as described previously by us (7, 8). ECG recordings of awake,
free-moving mice were obtained using a telemetric method (PhysioTel;
Data Science International). AF was induced by transesophageal rapid
atrial pacing in mice as described previously (52).

Histological analysis. Heart specimens were fixed with formalin, embedded
in paraffin, and sectioned at 6-um thickness. Interstitial fibrosis was evalu-
ated by Masson trichrome staining using the Accustatin Trichrome Stain
Kit (Sigma-Aldrich). DNA fragmentation was detected in situ by TUNEL
staining as described previously (7, 8). Frozen cross sections of the heart
samples were immunohistochemically double-stained by the use of anti-
bodies against PECAM (BD Biosciences — Pharmingen) and dystrophin
(Novocastra Laboratories). The number of microvessels per cardiomyocyte
was calculated as described previously (48).

Proliferation assay. MTT cell viability assay was used to measure neonatal
rat cardiac fibroblast proliferation using Cell Proliferation Kit I according
to the manufacturer’s instructions (Roche) (49). Briefly, cardiac fibroblast
were seeded onto 96-well tissue culture plates (1 x 103 cells per well) in
DMEM with 10% fetal bovine serum for 24 hours and starved for 48 hours
with 1% bovine serum albumin prior to stimulation. ISO (1 pM or 10 uM)
was added to the medium. At 24 hours after incubation, the supernatants
were aspirated, 10 pul of MTT solution (5 mg/ml) was added to each well,
and incubation was continued for 4 hours. After incubation, the superna-
tants were aspirated and 100 pl of 10% SDS in 10 mM HCl was added. The
amount of metabolized MTT was determined with a microplate reader.

Recording of spontaneous activity in myocardial sleeves of pulmonary veins. Pul-
monary veins were separated from the atrium at the left atrium-pulmonary
vein junction and separated from the lungs at the end of the pulmonary
vein myocardial sleeves. Tubular pulmonary veins were cut open and pinned
down, endocardial side up, on the bottom of the 20-ml recording chamber.
The extracellular solution contained the following: 118.4 mM NaCl, 4.7 mM
KC, 2.5 mM CaClz, 1.2 mM MgSOs, 1.2 mM KH,PO4, 24.9 mM NaHCOs,
and 11.1 mM glucose, pH 7.4); it was gassed with 95% O2-5% CO; and main-
tained at 36 + 0.5°C. Action potentials were recorded in pulmonary vein
tissue preparations by using standard microelectrodes inserted from the
luminal side. The glass microelectrodes filled with 3M KCl had resistances
of 20 to 30 MQ. The output of a microelectrode amplifier with high input
impedance and capacity neutralization (MEZ8201; Nihon Kohden) was digi-
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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.

Introduction

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

cells. Exchange protein activated by cAMP (Epac), a
guanine nucleotide exchange factor, was found as an
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)

Significance

There is an emerging need for elucidating‘ the mechanism Qf,ckéyl:I,—cé‘l:lxHi'n,"tyelra‘ctiﬂc‘)h mmelanomaprogressmn .
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
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,

which permits use and distribution in any medium, provided the original work is properly cited,

the use is non-commercial and no modifications or adaptations are made.



Baljinnyam et al.

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.,
2009b). 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 CaZ*-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 et al.,, 2009). In addition, it was
suggested that Epac1 overexpression increases N-sulf-
ation of HS chain (Baljinnyam et al., 2009).These data led
us to examine the hypothesis that Epac1 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 cells activates
angiogenesis in vivo, which may support the survival of
other melanoma cells expressing lower amounts of
Epact. Therefore, in addition to our previous reports
showing the role of Epacl 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 Epacl
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 celi 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 Epact (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 Epac1 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
Epact-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 Epacl knockdown (Figure 2C, D). These
data suggested that Epacl in melanoma cells have the
ability to induce angiogenesis via FGF2- and/or HS-
mediated celi/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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Figure 2. Epac1 in melanoma cells activates angiogenesis. {A) C8161/control CM increased tube formation of human umbilical vein endothelial
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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 celis (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. Epac1 overexpression (OE) in Epacl-
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 Epacl knockdown in SK-Mel-2 cells (Fig-
ure 3B). These data suggested the specific role of Epac’
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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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

B 1P: FGF-2

FGF receptors bound to FGF2 were decreased by
knockdown of Epact (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
Epac1 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). Epacl 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 Epaci-rich melanoma celfls themselves but
also of Epac1-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 Epacl-rich melanoma cells. Therefore, we
examined whether coinoculation of melanoma celis with
high Epac1 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 Epacl, and WM1552C cells, which
poorly express Epac1 (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 5A), 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 BA-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 Epacl-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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Epac and FGF2 signaling in melanoma migration

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 Epacl-rich
melanoma cells play a major role in melanoma progres-
sion through migration of the Epaci-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

SK-Mel-2 GFP+
SK-Mel-2-RFP

WM1552C-RFP+
SK-Mel-2 -GFP

~0— WM1552C-RFP+
WM1552C -GFP

34 38 41 45 48 52 55

WM1552C-RFP D SK-Mel-2-RFP WM1552C-RFP
+ +

+
SK-Mel-2-GFP SK-Mel-2-GFP SK-Mel-2-GFP

Figure 5. Epaci-rich melanoma cells support survival of Epaci-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 Epac1-rich and Epaci-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 Epac1 knockdown (Figure 4B, C).
Therefore, it is proposed that Epaci-rich melanoma cells
can affect FGF2 signaling in neighboring cells via modi-
fication of N-sulfation of HS on perlecan. Meanwhile,
knockdown of Epacl 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, Epacl potentially may regulate perlecan
expression itself in addition to N-sulfation of HS, sug-
gesting multiple roles of Epact on biosynthesis HSPG.
However, further studies would be required to confirm
this because another study found that Epacl 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 Epaci-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 Epac1-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,O5-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 5B), whereas rigorous examination
for the protection against antioxidative stress should be
performed to obtain conclusive evidence.

fn summary, this study for the first time demonstrated
Epac1-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, Epac1-rich mela-
noma cells. Future research should attempt to examine
the effect of Epacil-specific inhibitors on melanoma
progression.

Methods

Reagents and cell lines

HEMA-LP was purchased from Invitrogen (Carlsbad, 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/Epac1{-)].

Migration assay

Migration assay was performed using the 24-well Boyden
chambers (8 um 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 10° cells/100 pl 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. In 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 '?°|-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). /n 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 Epacl shRNA
deletions {108 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 Epacl1 expression) were used: (a) SK-Mel-2-
GFP + SK-Mel-2-RFP injected mice n = 8/group; (b)
SK-Mel-2-GFP+WM-1652C-RFP  cells injected mice
n = 8/group; c. 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 n/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-distilied
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-iT 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.

Acknowledgement

This study was supported by the American Heart Association (SDG
0835596D), the Foundation of UMDNJ and Melanoma Research
Foundation (K. lwatsubo).

References

Aviezer, D., lozzo, R.V., Noonan, D.M., and Yayon, A. (1997).
Suppression of autocrine and paracrine functions of basic fibroblast
growth factor by stable expression of perlecan antisense cDNA.
Mol. Cell. Biol. 77, 1938-1946.

Baljinnyam, E., Ilwatsubo, K., Kurotani, R., Wang, X., Ulucan, C.,
lwatsubo, M., Lagunoff, D., and lIshikawa, Y. (2009). Epac
increases melanoma cell migration by a heparan sulfate-related
mechanism. Am. J. Physiol. Cell Physiol. 297, C802-C813.

Baljinnyam, E., De Lorenzo, M.S., Xie, L.H., Iwatsubo, M., Chen, S.,
Goydos, J.S., Nowycky, M.C., and Iwatsubo, K. (2010). Exchange
protein directly activated by cyclic AMP increases melanoma cell
migration by a Ca2 + -dependent mechanism. Cancer Res. 70,
5607-5617.

8 © 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd.



Baljinnyam, E., Umemura, M., De Lorenzo, M.S., Iwatsubo, M.,
Chen, S., Goydos, J.S., and Iwatsubo, K. (2011). Epact promotes
melanoma metastasis via modification of heparan sulfate. Pigment
Cell Melanoma Res. 24, 680-687.

Bos, J.L. (20086). Epac proteins: multi-purpose cAMP targets. Trends
Biochem. Sci. 31, 680-686.

De Lorenzo, M.S., Farina, H.G., Alonso, D.F., and Gomez, D.E.
(2004). Role of protein kinase C-dependent signaling pathways in
the antiangiogenic properties of nafoxidine. Anticancer Res. 24,
1737-1744.

De Lorenzo, M.S., Baljinnyam, E., Vatner, D.E., Abarzia, P., Vatner,
S.F., and Rabson, A.B. (2011). Caloric restriction reduces growth of
mammary tumors and metastases. Carcinogenesis 32, 1381-1387.

De Rooij, J., Zwartkruis, F.J., Verheijen, M.H., Cool, R.H., Nijman,
S.M., Wittinghofer, A., and Bos, J.L. (1998). Epac is a Rap1
guanine-nucleotide-exchange factor directly activated by cyclic
AMP. Nature 396, 474-477.

Faham, S., Hileman, R.E., Fromm, J.R., Linhardt, R.J., and Rees, D.C.
(1996). Heparin structure and interactions with basic fibroblast
growth factor. Science 2717, 1116-1120.

Furuta, G.T., Dzus, A.L., Taylor, C.T., and Colgan, S.P. (2000). Parallel
induction of epithelial surface-associated chemokine and proteo-
glycan by cellular hypoxia: implications for neutrophil activation.
J. Leukoc. Biol. 68, 251-259.

Galderisi, U., Peluso, G., Di Bernardo, G., Calarco, A., D'apolito, M.,
Petillo, O., Cipollaro, M., Fusco, F.R., and Melone, M.A. (2013).
Efficient cultivation of neural stem cells with controlled delivery of
FGF-2. Stem Cell Res. 70, 85-94.

Garrido, T., Riese, H.H., Aracil, M., and Perez-Aranda, A. (1995).
Endothelial cell differentiation into capillary-like structures in
response to tumour cell conditioned medium: a modified chemo-
taxis chamber assay. Br. J. Cancer 77, 770-775.

Gartside, M.G., Chen, H., lbrahimi, O.A. et al. (2009). Loss-of-func-
tion fibroblast growth factor receptor-2 mutations in melanoma.
Mol. Cancer Res. 7, 41-54.

Grandoch, M., Lopez De Jesus, M., Oude Weernink, P.A., Weber,
AA., Jakobs, K.H., and Schmidt, M. (2009a). B cell recep-
tor-induced growth arrest and apoptosis in WEHI-231 immature
B lymphoma cells involve cyclic AMP and Epac proteins. Cell.
Signal. 27, 609-621.

Grandoch, M., Rose, A., Ter Braak, M., Jendrossek, V., Rubben, H.,
Fischer, J.W., Schmidt, M., and Weber, A.A. (2009b). Epac inhibits
migration and proliferation of human prostate carcinoma cells. Br.
J. Cancer 701, 2038-2042.

Hibino, S., Shibuya, M., Hoffman, M.P., Engbring, J.A., Hossain, R.,
Mochizuki, M., Kudoh, S., Nomizu, M., and Kleinman, H.K. (2005).
Laminin alphab chain metastasis- and angiogenesis-inhibiting
peptide blocks fibroblast growth factor 2 activity by binding to
the heparan sulfate chains of CD44. Cancer Res. 65, 10494-10501.

lozzo, R.V., and San Antonio, J.D. (2001). Heparan sulfate proteogly-
cans: heavy hitters in the angiogenesis arena. J. Clin. Invest. 108,
349-355.

lwatsubo, K., Toya, Y., Fujita, T., Ebina, T., Schwencke, C.,
Minamisawa, S., Umemura, S., and Ishikawa, Y. (2003). Ischemic
preconditioning prevents ischemia-induced beta-adrenergic recep-
tor sequestration. J. Mol. Cell. Cardiol. 35, 923-929.

Iwatsubo, K., Minamisawa, S., Tsunematsu, T., Nakagome, M., Toya,
Y., Tomlinson, J.E., Umemura, S., Scarborough, R.M., Levy, D.E.,
and Ishikawa, Y. (2004). Direct inhibition of type 5 adenylyl cyclase
prevents myocardial apoptosis without functional deterioration.
J. Biol. Chem. 279, 40938-40945.

Knox, S., Merry, C., Stringer, S., Melrose, J., and Whitelock, J.
(2002}. Not all perlecans are created equal: interactions with
fibroblast growth factor (FGF) 2 and FGF receptors. J. Biol. Chem.
277, 1465714665,

Epac and FGF2 signaling in melanoma migration

Kreuger, J., Prydz, K., Pettersson, R.F., Lindahl, U., and Salmivirta,
M. {1999). Characterization of fibroblast growth factor 1 binding
heparan sulfate domain. Glycobiology 9, 723-729.

Lamalice, L., le Boeuf, F., and Huot, J. (2007). Endothelial cell
migration during angiogenesis. Circ. Res. 700, 782-794.

Lissitzky, J.C., Parriaux, D., Ristorcelli, E., Verine, A., Lombardo, D.,
and Verrando, P. (2009). Cyclic AMP signaling as a mediator of
vasculogenic mimicry in aggressive human melanoma cells in vitro.
Cancer Res. 69, 802-809.

Little, A.S., Smith, P.D., and Cook, S.J. (2012). Mechanisms of
acquired resistance to ERK1/2 pathway inhibitors. Oncogene 32,
1207-1215.

Maccarana, M., Casu, B., and Lindahl, U. {1993). Minimal sequence
in heparin/heparan sulfate required for binding of basic fibroblast
growth factor. J. Biol. Chem. 268, 23898-23905.

Maurer, G., Tarkowski, B., and Baccarini, M. (2011). Raf kinases
in cancer-roles and therapeutic opportunities. Oncogene 30,
3477-3488.

Meier, F., Nesbit, M., Hsu, M.Y. et al. (2000). Human melanoma
progression in skin reconstructs: biological significance of bFGF.
Am. J. Pathol. 1566, 193-200.

Meier, F., Caroli, U., Satyamoorthy, K. et al. (2003). Fibroblast growth
factor-2 but not Mel-CAM and/or beta3 integrin promotes progres-
sion of melanocytes to melanoma. Exp. Dermatol. 72, 296-306.

Montesano, R., Vassalli, J.D., Baird, A., Guillemin, R., and Orci, L.
(1986). Basic fibroblast growth factor induces angiogenesis in vitro.
Proc. Natl Acad. Sci. USA 83, 7297-7301.

Moscatelli, D., Presta, M., Joseph-Silverstein, J., and Rifkin, D.B.
(1986). Both normal and tumor cells produce basic fibroblast
growth factor. J. Cell. Physiol. 129, 273-276.

Movafagh, S., Hobson, J.P., Spiegel, S., Kleinman, H.K., and
Zukowska, Z. (2006). Neuropeptide Y induces migration, prolifer-
ation, and tube formation of endothelial cells bimodally via Y1, Y2,
and Y5 receptors. FASEB J. 20, 1924-1926.

Nugent, M.A., and lozzo, R.V. (2000). Fibroblast growth factor-2. Int.
J. Biochem. Cell Biol. 32, 115-120.

Ozen, M., Medrano, E.E., and Ittmann, M. (2004). Inhibition of
proliferation and survival of melanoma cells by adenoviral-mediated
expression of dominant negative fibroblast growth factor receptor.
Melanoma Res. 74, 13-21.

Ponta, H., Wainwright, D., and Herrlich, P. (19398). The CD44 protein
family. Int. J. Biochem. Cell Biol. 30, 299-305.

Quilliam, L.A., Rebhun, J.F., and Castro, A.F. {2002). A growing
family of guanine nucleotide exchange factors is responsible for
activation of Ras-family GTPases. Prog. Nucleic Acid Res. Mol.
Biol. 77, 391444,

Reiland, J., and Rapraeger, A.C. (1993). Heparan sulfate proteoglycan
and FGF receptor target basic FGF to different intracellular
destinations. J. Cell Sci. 705(Pt 4}, 1085-1093.

Schlessinger, J., Plotnikov, A.N., Ibrahimi, O.A., Eliseenkova, A.V.,
Yeh, B.K., Yayon, A., Linhardt, R.J., and Mohammadi, M. (2000).
Crystal structure of a ternary FGF-FGFR-heparin complex reveals a
dual role for heparin in FGFR binding and dimerization. Mol. Cell 6,
743-750.

Sharma, B., Handler, M., Eichstetter, 1., Whitelock, J.M., Nugent,
M.A., and lozzo, R.V. (1998). Antisense targeting of perlecan
blocks tumor growth and angiogenesis in vivo. J. Clin. Invest. 102,
1599-1608.

Sola, F., Gualandris, A., Belleri, M. et al. (1997). Endothelial cells
overexpressing basic fibroblast growth factor (FGF-2) induce
vascular tumors in immunodeficient mice. Angiogenesis 7,
102-116.

Taylor, W.R., Greenberg, A.H., Turley, E.A., and Wright, J.A. (1993).
Cell motility, invasion, and malignancy induced by overexpression
of K-FGF or bFGF. Exp. Cell Res. 204, 295-301.

© 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd. 9



Baljinnyam et al.

Tiwari, S., Felekkis, K., Moon, E.Y., Flies, A., Sherr, D.H., and Lerner,
A. (2004). Among circulating hematopoietic cells, B-CLL uniquely
expresses functional EPAC1, but EPAC1-mediated Rap1 activation
does not account for PDE4 inhibitor-induced apoptosis. Blood 703,
2661-2667.

Watts, T.L., and Cui, R. (2012). Malignant melanoma induces
migration and invasion of adult mesenchymal stem cells. Laryngo-
scope 122, 2769-2772.

Whitelock, J.M., Graham, L.D., Melrose, J., Murdoch, A.D., lozzo,
R.V., and Underwood, P.A. (1999). Human perlecan immunopuri-
fied from different endothelial cell sources has different adhesive
properties for vascular cells. Matrix Biol. 78, 163-178.

Yamamoto, M., Hara, H., and Adachi, T. (2000). Effects of homocy-
steine on the binding of extracellular-superoxide dismutase to the
endothelial cell surface. FEBS Lett. 486, 159-162.

Yarwood, S.J., Borland, G., Sands, W.A., and Palmer, T:M. (2008).
Identification of CCAAT/enhancer-binding proteins as exchange
protein activated by cAMP-activated transcription factors that medi-
ate the induction of the SOCS-3 gene. J. Biol. Chem. 283, 6843-6853.

Supporting Information

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. Epac1 regulates CM-induced migration of
primary melanoma cells. (A) Western blot of C8161 cells
with or without Epac1shRNA (Sigma Aldrich) transduc-
tion. (B) Epact 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 <0.0b
versus CM, n = 4.

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

Figure 85. 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.
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