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Increased retinal vascular permeability contributes to macu-
lar edema, a leading cause of vision loss in eye pathologies such
as diabetic retinopathy, age-related macular degeneration, and
central retinal vein occlusions. Pathological changes in vascular
permeability are driven by growth factors such as VEGF and
pro-inflammatory cytokines such as TNF-�. Identifying the
pro-barrier mechanisms that block vascular permeability and
restore the blood–retinal barrier (BRB) may lead to new thera-
pies. The cAMP-dependent guanine nucleotide exchange factor
(EPAC) exchange-protein directly activated by cAMP promotes
exchange of GTP in the small GTPase Rap1. Rap1 enhances bar-
rier properties in human umbilical endothelial cells by promot-
ing adherens junction assembly. We hypothesized that the
EPAC–Rap1 signaling pathway may regulate the tight junction
complex of the BRB and may restore barrier properties after
cytokine-induced permeability. Here, we show that stimulating
EPAC or Rap1 activation can prevent or reverse VEGF- or TNF-
�–induced permeability in cell culture and in vivo. Moreover,
EPAC activation inhibited VEGF receptor (VEGFR) signaling
through the Ras/MEK/ERK pathway. We also found that Rap1B
knockdown or an EPAC antagonist increases endothelial per-
meability and that VEGF has no additive effect, suggesting a
common pathway. Furthermore, GTP-bound Rap1 promoted
tight junction assembly, and loss of Rap1B led to loss of junc-
tional border organization. Collectively, our results indicate
that the EPAC–Rap1 pathway helps maintain basal barrier
properties in the retinal vascular endothelium and activation of
the EPAC–Rap1 pathway may therefore represent a potential
therapeutic strategy to restore the BRB.

The retinal vasculature provides oxygen and nutrients to the
inner retina and forms the inner blood-retinal barrier (iBRB)2

that helps maintain the retinal environment, allowing for
proper neural function (1). The BRB maintains strict regulation
of vascular permeability through a continuous endothelium
lacking fenestrations, has limited transcellular vesicles, and
controls the flux through the intercellular spaces between
endothelial cells through the formation of a well developed
junctional complex (2, 3).

Tight junctions (TJs) promote endothelial cell barrier prop-
erties by restricting the passage of molecules through the inter-
cellular space (gate function) and conferring cell polarity by
preventing lateral diffusion of lipids and proteins in the plasma
membrane (fence function) (4). Over 40 proteins make up the
TJs that are subdivided into transmembrane and scaffolding
proteins (5). Important retinal endothelial cell transmembrane
proteins include, but are not limited to, occludin and claudin-5
along with scaffolding proteins zonula occludens, ZO-1, -2, and
-3, which connect the TJ to the actin cytoskeleton. Eye pathol-
ogies that result from elevated levels of permeabilizing agents
such as vascular endothelial growth factor (VEGF) and pro-
inflammatory cytokines like TNF-� exhibit increased retinal
vascular permeability, which occurs at least in part by disrupt-
ing TJ organization (6). TJ disruption may be mediated
by VEGF-induced occludin phosphorylation (7), or TNF-�–
induced reduction in claudin-5 and ZO-1 expression (8) as well
as currently uncharacterized mechanisms. Current medical
therapies for macular edema involve intraocular injection of
anti-VEGF agents, which demonstrate good effectiveness in
approximately half of treated patients (9).

The second messenger cAMP regulates several cell signaling
pathways including barrier properties in endothelial cells (10,
11). In addition to the well studied cAMP effector protein
kinase A (PKA) an additional cAMP effector was identified,
named exchange-protein-directly activated by cAMP (EPAC)
(12). This exchange factor targets the small GTPase, Ras-asso-
ciated protein (Rap), promoting exchange of GDP for GTP and
activation of Rap (13). Mammals express two isoforms of the
EPAC protein, EPAC1 (RapGEF3), which is widely expressed,
and EPAC2 (RapGEF4), which is prominently expressed in the
brain and adrenal gland (14). The Rap proteins are small
GTPases in the Ras family involved in several cell-signaling
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mechanisms. Mammals express two Rap proteins from sepa-
rate genes, Rap1 and Rap2, which share �60% protein sequence
homology (15, 16). Rap1 is further divided into two highly ho-
mologous isoforms, Rap1A and Rap1B, which are encoded by
different genes (17). Rap2 has three isoforms (Rap2A, Rap2B,
and Rap2C) and their functions have not been well character-
ized (18). Vascular development requires Rap1 proteins, as vas-
culature conditional gene deletion of both Rap1A and Rap1B
leads to complete embryonic lethality by E15.5 (19). Interest-
ingly, mice with Rap1A deleted and only one Rap1B allele are
viable, whereas mice with Rap1B deleted and only one Rap1A
allele are not, suggesting a critical role for Rap1B in endothelial
vasculature (19). Active Rap1 proteins are known for their role
in cell adhesion in leukocytes (20) and cell adherens junction
regulation (21). However, the relationship of Rap to TJs is not
well understood.

The development of EPAC-specific cAMP analogs, such
as 8-(4-chloro-phenylthio)-2�-O-methyladenosine-3�,5�-cyclic
monophosphate (8-CPT-2�-O-Me-cAMP) and the improved
membrane permeable 8-CPT-2�-O-Me-cAMP-AM (8-CPT-
AM), which contains an acetoxymethyl group (AM) to mask
the negative charge from the phosphate group, has allowed
investigation of the cAMP—EPAC–Rap1 pathway indepen-
dent of PKA signaling. Studies focusing on the activation of
EPAC–Rap1 signaling in endothelial cells such as human
umbilical vein endothelial cells (HUVEC) have identified a role
for EPAC/Rap in regulating barrier properties through a corti-
cal actin increase at the endothelial junctions (22), recruitment
of junctional proteins such as VE-cadherin (23), and inhibition
of the small GTPase, RhoA, known to be involved in permea-
bility (24). However, very little is known about the role of the
EPAC–Rap1 signaling pathway in endothelial cells that form
barriers of the CNS such as the BRB.

In the present study, we demonstrate a role for the EPAC–
Rap1 signaling pathway in retinal vascular endothelial cells. We
show Rap1B confers basal barrier properties to retinal endothe-
lial cells and that pharmacologic activation of the EPAC–Rap1
pathway can prevent and restore BRB properties after both
growth factor- and inflammatory factor-induced permeability.
Furthermore, activation of EPAC–Rap1 signaling is shown to
promote TJ organization and reduce paracellular permeability.

Results

Activation of EPAC prevents VEGF- and TNF-�–induced
permeability and reverses ischemia reperfusion-induced
permeability in vivo

Activation of the EPAC–Rap1 signaling pathway via the
EPAC-specific cAMP analog, 8-CPT-2�-O-Me-cAMP, regu-
lates barrier properties in endothelial cells such as HUVEC,
pulmonary endothelial cells, and in rat mesenteric microvascu-
lature (24 –26). However, little is known about the role of
EPAC–Rap1 signaling in the endothelial cells of the BRB or the
relationship of EPAC–Rap1 signaling to vascular permeabiliz-
ing factors such as VEGF and TNF-�. Long-Evans rats were
utilized to determine whether pharmacological activation of
the EPAC–Rap1 signaling pathway prevents retinal vascular
permeability in vivo. First, to determine the localization of Rap1

expression in retinas, immunofluorescent staining of rat retinas
was performed using an anti-Rap1 antibody, which binds both
the Rap1A and -B isoforms; retinas were co-stained with IB4 to
identify blood vessels. Rap1 was located only in the capillary
vessels and colocalizes with IB4 staining (Fig. 1A). Next, VEGF
and TNF-� were intravitreally co-injected into Long-Evans rats
and 3 h later, Evan’s Blue was administered through the femoral
vein to assess Evan’s Blue dye accumulation in the retina tissue
as a measure of retinal vascular permeability. VEGF and TNF-�
increased retinal vascular permeability by 2-fold in comparison
to control (Fig. 1B). The retinas that were intravitreally co-in-
jected with either 10 or 50 �M 8-CPT-AM, along with both
VEGF and TNF-�, had no significant increase in retinal vas-
cular permeability compared with controls, showing that
8-CPT-AM treatment blocks VEGF/TNF-�–induced permea-
bility (Fig. 1B). To determine whether activation of the EPAC–
Rap1 signaling pathway can restore barrier properties to the
retinal vasculature, an ischemia reperfusion model was used. In
rodent models, ischemia reperfusion (IR) rapidly induces a
VEGF-dependent increase in retinal vascular permeability,
which persists for at least 48 h and leads to expression of a host
of inflammatory factors (27). IR was induced in mice and 48 h
later, 8-CPT-AM was administered intravitreally and retinal
vessel permeability was compared with vehicle-injected control
eyes. The 100 �M 8-CPT-AM concentration used for intravit-
real injection was a dose shown to activate EPAC independent
of PKA activation in retinal pigment epithelium (RPE) and cho-
roid (28, 29) and was shown to not increase PKA activity (Fig.
S1A). Animals with ischemia displayed a 2-fold increase in ret-
inal vascular permeability (Fig. 1C), as previously observed in
rat (27). Mice that received intravitreal injection of 100 �M

8-CPT-AM after ischemia showed a reversal of ischemia-in-
duced retinal vascular permeability by measuring accumulation
of FITC-BSA (Fig. 1C) or 70-kDa dextran-Texas Red in the
retina (Fig. S1B).

Activation of the EPAC–Rap1 pathway prevents and reverses
VEGF- or TNF-�–induced endothelial permeability

The EPAC–Rap1 signaling pathway in VEGF- or TNF-�–
induced endothelial permeability was examined in primary cul-
ture of bovine retinal endothelial cells (BREC). Western blot-
ting reveals that EPAC and Rap1 proteins are expressed in
BREC (Fig. 2A). To validate that 8-CPT-AM activates the
EPAC–Rap1 signaling pathway in these cells, we used the active
Rap1 capture assay, which captures active, GTP-bound Rap1
through binding to a GST-linked peptide for the downstream
Rap1 effector RalGDS. Confluent monolayers of BREC were
treated with VEGF, or first pretreated with 8-CPT-AM then
VEGF or 8-CPT-AM alone, and compared with controls. BREC
treated with 8-CPT-AM (1 �M) showed a significant 2.5-fold
increase in Rap1 bound to GTP. One hour of VEGF had
no apparent effect on Rap1 GTP loading with or without
8-CPT-AM (Fig. 2, B and C). To determine whether longer
exposure of VEGF affected the ability of 8-CPT-AM to induce
Rap1 GTP loading, BREC were stimulated with VEGF for 24 h
followed by 30 min of 8-CPT-AM (1 �M). Longer exposure of
VEGF had no effect on Rap1 GTP loading and again 8-CPT-AM
alone or after VEGF induced a significant 2–3-fold increase

EPAC–Rap1 activation promotes vascular blood-retinal barrier

718 J. Biol. Chem. (2018) 293(2) 717–730

http://www.jbc.org/cgi/content/full/M117.815381/DC1
http://www.jbc.org/cgi/content/full/M117.815381/DC1
http://www.jbc.org/cgi/content/full/M117.815381/DC1


Figure 1. Cyclic AMP analog, 8-CPT-AM, regulates retinal vascular permeability. A, Rap1 is found in the capillary plexus of the retina. Immunofluorescence
analysis was utilized to detect the presence of Rap1 (green) in rat retina. IB4 vascular marker (purple) and Hoechst nuclear stain was used. Ganglion cell layer
(GCL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL) are shown. Scale bars, 75 and 25 �m for zoom images. B, 8-CPT-AM blocks
retinal vascular permeability. Long-Evans rats received intravitreal co-injection of VEGF (50 ng) and TNF-� (10 ng) or 8-CPT-AM at 355 ng (an estimated vitreous
concentration of 10 �M) or 1.78 �g (estimated 50 �M) with VEGF and TNF-� and compared with vehicle control. After 3 h, rats received a femoral vein injection
of Evan’s Blue and retinal dye accumulation was determined. C, 8-CPT-AM reverses ischemia reperfusion-induced permeability. Retinal ischemia in mice was
achieved by increasing the intraocular pressure with PBS delivered to the anterior chamber to prevent blood flow for 90 min followed by natural reperfusion.
48 h later vehicle or 8-CPT-AM at 278 ng (estimated vitreous concentration of 100 �M) was delivered by intravitreal injection and FITC-BSA dye accumulation
was determined. Results are expressed as the mean relative to the control � S.D., Bonferroni post hoc test, ##, p � 0.01 compared with control.

Figure 2. 8-CPT-AM Rap1 activation prevents VEGF-induced permeability of BREC. A, Western blot analysis from BREC lysates shows the presence of the
GEF EPAC1 and small G-protein Rap1. B, GTP bound Rap1 was determined by capture assay using GST-RalGDS RBD. 8-CPT-AM (1 �M) was added 30 min prior
to VEGF (50 ng/ml) for a total time of 1.5 h. Assay controls GTP�S and GDP were added to lysates before capture. Quantification is shown in C with a total n �
11. D, solute flux assay was used to test permeability to 70-kDa RITC-dextran after 8-CPT-AM at varying concentrations on BREC, n � 6. E, 8-CPT-AM prevents
VEGF-induced permeability. BREC stimulated with 8-CPT-AM at the doses indicated are 30 min prior to VEGF addition. Doses from 0.5 to 2 �M blocked
VEGF-induced permeability. Average Po values for control were 7.1 � 10�7 and VEGF were 1.4 � 10�6 (cm/s), total of n � 8. F, low dose 8-CPT-AM does not
activate the PKA pathway. 8-CPT-AM at 1 �M was added to BREC for 1 h and no increase in CREB phosphorylation was observed. Incubation of 8-CPT-AM or
forskolin (FSK) at 100 �M for 1 h increased CREB phosphorylation. G, quantification shown in F with a total n � 3. All results are expressed as the mean � S.D.
relative to the control. One-way ANOVA and Bonferroni post hoc test: #, p � 0.05; ##, p � 0.01; ###, p � 0.001; ####, p � 0.0001 compared with control in C–E
and G. **, p � 0.01; ****, p � 0.0001 compared with VEGF in C and E or 8-CPT-AM (1 �M) in G.
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in Rap1 activation (Fig. S2, A and B). Additionally, a VEGF
time response was performed to determine whether VEGF
directly affected active Rap1 levels in confluent BREC, but no
differences in comparison to control were observed (Fig. S2,
C and D).

Having established the ability of 8-CPT-AM to activate
EPAC–Rap in BREC, we tested whether activation of EPAC
increases endothelial barrier properties and reverses permea-
bility after VEGF or TNF-�. A dose-response of 8-CPT-AM
was performed in BREC both with and without VEGF, and per-
meability to 70-kDa rhodamine isothiocyanate (RITC)-dextran
was measured. 8-CPT-AM at concentrations of 2, 1, and 0.5 �M

significantly reduced basal permeability in comparison to con-
trol (Fig. 2D). To determine whether 8-CPT-AM was capable of
blocking VEGF-induced retinal endothelial permeability,
BREC were treated with varying doses of 8-CPT-AM for 30 min
prior to VEGF (50 ng/ml) and solute flux was measured begin-
ning 30 min after VEGF addition. 8-CPT-AM at concentrations
of 2, 1, and 0.5 �M completely blocked VEGF-induced perme-
ability (Fig. 2E). Based on these results, 1 �M 8-CPT-AM was
used for all additional experiments unless otherwise stated.

To verify that 1 �M 8-CPT-AM was specifically activating the
EPAC signaling pathway independently of PKA signaling, we
quantified phosphorylation of CREB, a downstream PKA tar-
get. BREC were stimulated for 1 h with either 1 or 100 �M

8-CPT-AM, or with 100 �M forskolin (FSK) as a positive control
to elevate cAMP (Fig. 2F). Cells were lysed and prepared for
Western blot analysis. The BREC treated with FSK or 100 �M

8-CPT-AM had a 2-fold increase in phosphorylation of CREB,
but 1 �M 8-CPT-AM did not increase phosphorylation of CREB
(see Fig. 2, F and quantified in G).

To address the question of whether activation of the EPAC–
Rap1 signaling pathway can reverse permeability, we pretreated
BREC with VEGF or TNF-� followed by 8-CPT-AM and mea-
sured permeability to 70-kDa RITC-dextran using the solute
flux assay. BREC were stimulated with cytokine (VEGF or
TNF-�) alone, 8-CPT-AM alone, pretreatment with 8-CPT-
AM 30 min prior to cytokine (pre-8-CPT), or treatment with
cytokine 30 min prior to 8-CPT-AM treatment (post-8-
CPT). The results demonstrate that 8-CPT-AM both pre-
vents and reverses VEGF-induced endothelial permeability
(Fig. 3A) or TNF-�–induced permeability (Fig. 3B). The
combination of VEGF and TNF-� induces an additive 3-fold
increase in endothelial permeability (Fig. 3C) and pre-
treatment with 8-CPT-AM completely prevents combined
VEGF/TNF-�–induced permeability as well as reverses the
effects of both VEGF/TNF-� (Fig. 3C).

Permeability to ions was also determined as a measure of
paracellular permeability by measuring the transendothelial
electrical resistance (TEER) in BREC monolayer using the ECIS

Figure 3. 8-CPT-AM blocks and reverses permeability induced by VEGF and TNF-�. A, BREC were stimulated with VEGF (50 ng/ml) or/and 8-CPT-AM (1 �M).
Pre�, BREC were stimulated with 8-CPT-AM 30 min before VEGF treatment. Post�, BREC were treated with 8-CPT-AM 30 min after VEGF. 70 kDa RITC-dextran
was added 30 min after the last treatment. Average Po values for control and VEGF were 9.7 � 10�7 and 1.7 � 10�6 (cm/s), respectively, n � 6. B, BREC were
pretreated for 30 min before stimulated with TNF-� (10 ng/ml) and 70 kDa RITC-dextran was added 1 h later. Average Po values for control and TNF-� were 1.1 �
10�6 and 1.7 � 10�6 (cm/s), n � 12. C, BREC were stimulated with TNF-� (10 ng/ml) for 1 h followed by VEGF for 30 min. Pre�, 8-CPT-AM (1 �M) was added 30
min before TNF-� � VEGF or Post�, 8-CPT-AM (1 �M) was added 1.5 h after TNF-� � VEGF. 70-kDa RITC-dextran was added 30 min after the last treatment.
Average Po values for control were 7.5 � 10�7 and for TNF-� � VEGF were 1.9 � 10�6 (cm/s), n � 15. Results are expressed as the mean relative to the control �
S.D. One-way analysis of variance: ##, p � 0.005; ###, p � 0.001; ####, p � 0.0001 compared with control. ****, p � 0.0001 compared with VEGF, TNF-�, or
VEGF � TNF-� in A, B, and C, respectively. D, BREC were seeded on 8W10E� arrays and TEER was measured every hour on the ECIS Z	 instrument. 8-CPT-AM
(2 �M) added 30 min prior to VEGF increases resistance and prevents VEGF-induced TEER loss for up to 6 h. 8-CPT-AM post-VEGF restores endothelial barrier
after VEGF-induced ion permeability. Data represents the mean � S.E. with analysis by two-way analysis of variance Bonferroni post hoc test: ****, p � 0.0001
compared with VEGF, n 
 3/group.
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system. The BREC cells were either pretreated or post-treated
with 8-CPT-AM (2 �M) and the monolayer’s resistance was
measured for 5 h. BREC treated with VEGF display a 40%
decrease in TEER compared with control (Fig. 3D). BREC pre-
treated with 8-CPT-AM block VEGF from decreasing TEER,
and BREC post-treated with 8-CPT-AM reverse the effects of
VEGF and increase the TEER levels to control (Fig. 3D). To
determine how long the 8-CPT-AM effect on VEGF reduction
is maintained, we measured TEER for 24 h. 8-CPT-AM at 1 �M

was statistically different from VEGF for 8 h (Fig. S3A), and a
higher dose of 8-CPT-AM (5 �M) was statistically different
from VEGF for 16 h (Fig. S3B).

8-CPT-AM prevents and reverses VEGF-induced tight junction
disorganization

To assess the role of 8-CPT-AM in junctional complex orga-
nization we performed immunofluorescence staining of BREC
TJs. Cells were treated with VEGF (50 ng/ml) for 1 h,
8-CPT-AM (1 �M) alone for 90 min, pretreated with 8-
CPT-AM for 30 min followed by 1 h of VEGF, or treated with
VEGF for 1 h prior to 30 min of 8-CPT-AM. VEGF induced
significant disorganization, with large invaginations (arrows)
and junctional border breaks (arrowheads) in all 3 TJ proteins
analyzed (ZO-1, occludin, and claudin-5) (Fig. 4A) and as pre-
viously reported (30). 8-CPT-AM alone induced a significantly
more linear and continuous organization of all 3 TJ proteins at
the junctions in comparison to control as assessed by scoring in
a blinded fashion (Fig. 4A). 8-CPT-AM pretreatment blocked
and post-treatment reversed VEGF induction of TJ disorgani-
zation (Fig. 4A). It is notable that the increased cytoplasmic
staining for both occludin and claudin-5 after VEGF treatment
was not lost with 8-CPT-AM post-treatment but the border
organization was dramatically increased. To determine
whether 8-CPT-AM or VEGF was causing a change in total TJ
protein levels, we performed Western blotting of the TJ pro-
teins ZO-1, occludin, and claudin-5 after the same treatment
with VEGF for 1 h, 8-CPT-AM for 90 min, or 8-CPT-AM �
VEGF. TJ proteins ZO-1, occludin, and claudin-5 (Fig. 4, B–E)
and adherens junction protein VE-cadherin (Fig. S4A) showed
no total protein changes in this short time course, suggesting
that EPAC–Rap1 activation promotes TJ assembly at the
border.

8-CPT-AM attenuates VEGF signaling

The mechanistic connection between 8-CPT-AM and VEGF
signaling was investigated by Western blotting for phosphory-
lation of signal transduction proteins known to function down-
stream of VEGF. BREC were treated with VEGF (50 ng/ml) for
15 min, 8-CPT-AM (1 �M) alone for 45 min, or pretreated with
8-CPT-AM for 30 min followed by VEGF for 15 min and com-
pared with control cells. VEGF caused a significant increase in
phosphorylation of VEGFR2 (Tyr-1175) and Erk1/2 (Fig. 5,
A–D). 8-CPT-AM alone caused a 50% decrease in both Erk1
and Erk2 basal phosphorylation in comparison to control (Fig.
5, C and D). No phosphorylation changes were observed in
VEGFR2 between control and 8-CPT-AM (Fig. 5B). However,
pretreatmentof8-CPT-AMsignificantlyreducedthephosphor-
ylation of both VEGFR2 (Tyr-1175) and Erk1/2 in comparison

to VEGF alone (Fig. 5, B–D). This effect was specific, as both
VEGF and 8-CPT-AM promote an additive increase in AKT
(Ser-473) phosphorylation (Fig. 5E).

Inhibition of EPAC increases basal permeability in BREC

The EPAC inhibitor, HJC0350, was used in a dose-response
solute flux assay. BREC were incubated with different HJC0350
concentrations for a total time of 45 min. HJC0350 at 5 and 10
�M caused approximately a 2-fold permeability increase (Fig.
6A). Inhibition of EPAC with HJC0350 at 5 and 10 �M blocked
8-CPT-AM (1 �M) from decreasing basal permeability. To
determine potential cytotoxicity of HJC0350, a viability assay
was performed. Viability of BREC treated with HJC0350, ESI 09
(an inhibitor of both EPAC1 and EPAC2), DMSO (50% as a
positive control for BREC cytotoxicity), and VEGF (50
ng/ml) were tested for 1.5 h using the CellTiter-Fluor Cell
Viability assay. VEGF, HJC0350 (0.1–50 �M), and ESI 09
(1–10 �M) did not cause cell death (Fig. S5), whereas 50%
DMSO caused �75% cell death, and 30 �M ESI 09 caused
33% cell death (Fig. S5).

To determine which EPAC isoform contributes to regulating
basal permeability properties we used siRNA to knock down
EPAC1 or EPAC2 specifically and measured solute flux. BREC
with EPAC1 knockdown demonstrated a 3-fold permeability
increase in comparison to control siRNA (Fig. 6B). EPAC2
knockdown did not show a difference in basal permeability in
comparison to control BREC. Additionally, we performed a
double knockdown of EPAC1 and -2 and observed a 3.5-fold
increase in permeability in comparison to control (Fig. 6C),
similar to EPAC1 knockdown alone. Fig. 6, D and E, reveal
siRNA to EPAC1 yielded a 58% knockdown and siRNA to
EPAC2 yielded a 65% knockdown as measured by qRT-PCR. In
all knockdown conditions, 8-CPT-AM could still induce bar-
rier properties likely due to incomplete knockdown of EPAC.
Collectively, these data reveal EPAC1 contributes to basal bar-
rier properties in BREC.

Rap1B isoform regulates basal permeability and tight junction
organization

Mammals possess two isoforms of EPAC proteins, EPAC1
and EPAC2, and two isoforms of Rap1 proteins, Rap1A and
Rap1B (17, 31). We designed primers for each isoform and per-
formed PCR demonstrating BREC express mRNA for both
Rap1A and Rap1B isoforms, as well as EPAC1 and EPAC2 iso-
forms (Fig. 7A). A composite of 3 Rap1A and 3 Rap1B specific
siRNAs (transfected at 100 nM) caused a specific Rap1A or
Rap1B knockdown, respectively, in BREC as measured by qRT-
PCR (Fig. 7B). Furthermore, Rap1B siRNA caused a 66% knock-
down of Rap1 protein in BREC as assessed by Western blot
analysis (Fig. 7C), whereas Rap1A siRNA had no effect (Fig.
S6A). This antibody detects both Rap1A and -B, and no iso-
form-specific antibody is available. To determine the role of
Rap1B in basal endothelial permeability, we silenced the Rap1B
gene in BREC and measured permeability using the 70-kDa
solute flux assay. BREC with scramble siRNA behaved compa-
rably to wild-type BREC in response to both VEGF and
8-CPT-AM (Fig. 7D). BREC with Rap1B knockdown demon-
strated a 2-fold increase in basal permeability comparable with
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Figure 4. 8-CPT-AM prevents and reverses VEGF-induced tight junction disorganization. A, immunofluorescence staining of TJ proteins ZO-1, occludin,
and claudin-5 was performed to assess their organization after the addition of 8-CPT-AM (1 �M) for 30 min and/or VEGF (50 ng/ml) for 1 h. Yellow arrows show
loss of linear organization (invaginations), and yellow arrowheads show border breaks or gaps between adjacent cells. Histograms show scoring of TJ proteins
as percent organization. ZO-1, occluding, and claudin-5 border staining were quantified by a semi-quantitative ranking score system based on a graded scale
from 1 to 5: Grade 1 for near complete disorganization of border staining 0 to 25%; Grade 2 for 25 to 50% continuous border staining; Grade 3 for 50 to 75%
continuous border staining; Grade 4 for 75% to 100% continuous border; and Grade 5 completely continuous border. B, changes in TJ total protein expression
with VEGF or 8-CPT-AM were measured using Western blot analysis. C–E, no changes in ZO-1, occludin, and claudin-5 expression were observed in any of the
experimental conditions. Results are expressed as the mean relative to the control � S.D. with analysis by one-way analysis of variance and Bonferroni post hoc
test: #, p � 0.01; ##, p � 0.005; ####, p � 0.0001, or ****, compared with VEGF.
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VEGF treatment (Fig. 7D); notably this response was also com-
parable with addition of the EPAC antagonist or EPAC1 siRNA
(Fig. 6). VEGF addition to BREC with Rap1B knockdown had no

additional change in permeability. BREC with Rap1B knock-
down had a significant decrease in basal permeability in the
presence of 8-CPT-AM, which could be due to the presence of

Figure 5. 8-CPT-AM attenuates VEGF-Erk1/2 signal transduction. A, immunoblotting was used to detect phospho-Tyr-1175 and total VEGFR2, phospho and
total Erk1/2, and phospho-Ser-473 and total AKT changes in BREC pre-treated with 8-CPT-AM (1 �M) for 30 min followed by 15 min of VEGF (50 ng/ml). B, VEGFR2
Tyr-1175 phosphorylation was reduced by 8-CPT-AM when added prior to VEGF, n � 12. C, 8-CPT-AM decreased Erk1 and D, Erk2 phosphorylation, n � 10. E,
both VEGF and 8-CPT-AM increase AKT phosphorylation, n � 4. Values are mean � S.D. ####, p � 0.0001 or ###, p � 0.001 or ##, p � 0.005 or #, p � 0.05
compared with control and ****, p � 0.0001 or **, p � 0.01 compared with VEGF.

Figure 6. EPAC contributes to basal barrier properties in BREC. A, solute flux assay was used to test EPAC antagonist, HJC0350, at different concentrations
on BREC. HJC0350 5 to 10 �M had a significant increase in basal permeability and blocked 8-CPT-AM barrier induction. Average Po values for control and
HJC0350 were 2.2 � 10�7 and 4.4 � 10�7 (cm/s). Results are expressed as the mean � S.D. relative to the control with a total of n � 3, ####, p � 0.0001 or ##,
p � 0.001 compared with control or scramble control in B and C and ****, p � 0.0001; ***, p � 0.001; **, p � 0.01; *, p � 0.05 compared with 8-CPT-AM or siRNA
EPAC1 in B or siRNA EPAC1 and EPAC2 in C. B, solute flux assay was used to test permeability in BREC with either EPAC1 or EPAC2 knockdown. Scramble (ctrl),
EPAC1 and EPAC2 siRNA at 100 nM were used in BREC. Average Po values for scramble control, EPAC1 and EPAC2 siRNA were 1.1 � 10�7, 3.1 � 10�7, and 1.3 �
10�7 (cm/s). C, solute flux assay was used to test permeability in BREC with double knockdown of EPAC1 and EPAC2 in BREC. EPAC1 and EPAC2 siRNA were used
at 100 nM. Average Po values for scramble control and double EPAC1 and 2 siRNA were 0.86 � 10�6 and 3.1 � 10�6 (cm/s). D, SYBR Green qRT-PCR was used to
quantify EPAC1 and E, EPAC2 mRNA after siRNA knockdown.
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Rap1A or Rap2 isoforms or failure of complete Rap1B knock-
down (Fig. 7D). To ensure specificity of the composite Rap1B
siRNA, the 3 siRNAs were tested individually and one of the

siRNAs (Rap1B-1 siRNA) was found to yield a 58% knockdown
of Rap1 expression (Fig. S6B) comparable with the composite
Rap1B siRNA. Rap1B-1 siRNA at 100 nM again led to a signifi-

Figure 7. Rap1B contributes to basal permeability and tight junction organization. A, both Rap1 (Rap1A and Rap1B) and EPAC (EPAC1 and EPAC2)
isoforms were found to be present in BREC by PCR. B, SYBR Green qRT-PCR was used to test Rap1 isoform siRNAs specificity. #, p � 0.05. C, Western blot shows
that composite Rap1B (100 nM) siRNA results in a 66% knockdown, Student’s t test ####, p � 0.0001, n � 9. D, solute flux assay was used to test permeability in
BREC with Rap1B knockdown. Scramble and Rap1B siRNA at 100 nM were used in BREC. Average Po values for scramble control and Rap1B siRNA control were
2.4 � 10�7 and 5.4 � 10�7 (cm/s). E, solute flux assay was used to test permeability in BREC with individual Rap1B-1 siRNA. Scramble and Rap1B-1 siRNA at 100
nM were used in BREC. Average Po values for scramble control and Rap1B-1 siRNA control were 9.0 � 10�8 and 2.3 � 10�7 (cm/s). F, immunofluorescence
staining of TJ proteins ZO-1, occludin, and claudin-5 was performed to assess the organization of TJ proteins after Rap1B knockdown with and without VEGF
(50 ng/ml) for 1 h. Scale bar, 10 �m. Histograms of scoring TJ show % organization of TJs. All results are expressed as the mean relative to the scramble control
with a total of n � 4. ZO-1, occludin, and claudin-5 border staining were assessed by semi-quantitative ranking score system based on scale grades from 1 to
5. Immunofluorescence results are expressed as the mean relative to the scramble control n � 4 with analysis by one-way analysis of variance and Bonferroni
post hoc test, ****, p � 0.0001 compared with scramble control and ##, p � 0.05; ###, p � 0.001; ####, p � 0.0001 compared with Rap1B siRNA VEGF.
Permeability results are expressed as the mean relative to the scramble control two-way analysis of variance analysis and Bonferroni post hoc test: *, p � 0.05;
**, p � 0.01; and ##, p � 0.01 comparison between scramble and Rap1B or Rap1B-1 siRNA controls.
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cant increase in basal permeability in comparison to scramble
siRNA control (Fig. 7E).

To determine whether Rap1B contributes to TJ organization,
we silenced Rap1B expression in BREC using siRNA followed
by immunofluorescence staining of the TJ proteins ZO-1,
occludin, and claudin-5. Scramble siRNA had no effect on basal
organization, and BREC treated with VEGF for 1 h showed
disorganization of all three TJ proteins (Fig. 7F). BREC with
Rap1B knockdown showed a significant percentage of TJ disor-
ganization in comparison to scramble siRNA control with
invaginations (arrows), gaps (arrowheads), and regions of bor-
der separation between cells (white arrows) (Fig. 7F). The com-
bination of VEGF and Rap1B knockdown showed an even
greater effect on TJ disorganization in comparison to scramble
siRNA with VEGF. Similar to the solute flux assay results, BREC
with Rap1B knockdown treated with 8-CPT-AM alone or with
8-CPT-AM plus VEGF for 1 h showed increased organization
of the TJs at the cell border (Fig. S6C). These results are likely
due to the remaining Rap protein available to respond to
8-CPT-AM.

Discussion

The present study provides compelling evidence that activa-
tion of the EPAC–Rap1 signaling pathway via the cAMP analog,
8-CPT-AM, promotes barrier properties in retinal vascular
endothelial cells. Previous research on the role of EPAC–Rap1
signaling in barrier properties has focused on HUVEC and epi-
thelial cells (32, 33). In this work, we demonstrate that the GEF,
EPAC, and the small GTPase, Rap1B, regulate basal retinal
endothelial barrier properties and contribute to TJ complex
organization. We demonstrate that activation of EPAC–Rap1
blocks permeability induced by VEGF and TNF-� both in cells
and in vivo. Importantly, activation of EPAC–Rap1 reverses
permeability induced by these cytokines in cell culture and
reverses retinal vascular permeability induced by ischemia rep-
erfusion in vivo. 8-CPT-AM activation of EPAC–Rap1 regu-
lates TJ organization and reverses the effect of TJ disorganiza-
tion by VEGF, which likely contributes to the control of
endothelial barrier properties. We further show that 8-CPT-
AM specifically attenuates the VEGF–ERK signaling pathway.
Together these data indicate that EPAC–Rap1 signaling con-
tributes to basal barrier properties and TJ organization of reti-
nal endothelial cells and activating this pathway can restore
barrier properties of the BRB.

Previous studies support a role for activation of the EPAC–
Rap1 signaling pathway in blocking permeability induced by
permeabilizing agents. In vivo studies show that activation of
the EPAC–Rap1 signaling pathway attenuates platelet-activat-
ing factor-induced permeability in the mesenteric microvascu-
lature (26) and inhibits VEGF-induced dermis vascular perme-
ability (22). Activation of the EPAC–Rap1 signaling pathway
also has been shown to block thrombin-induced permeability
in HUVEC (24). Additionally, activation of the EPAC–Rap1
pathway restores barrier properties in endothelial cells and in
blood vessels. For example, activation of EPAC–Rap1 reverses
the TEER decrease caused by TNF-� and TGF-� in HUVEC
(34). Our study builds upon these previous reports demonstrat-
ing that activation of EPAC–Rap1 reversed IR-induced perme-

ability in vivo and reversed VEGF- and TNF-�–induced perme-
ability in BREC and in vivo. Together these data show
pharmacologic activation of EPAC–Rap1 signaling promotes
and restores the BRB.

The EPAC1 and EPAC2 protein isoforms are both expressed
in the retina (35). In the endothelium, EPAC1, but not EPAC2,
is expressed in HUVEC (25). EPAC2 has been detected in
human pulmonary aortic endothelial cells (24), and we show
that EPAC1 and -2 mRNA are present in BREC. EPAC1 is
known for its involvement in regulating cell-cell junctions and
endothelial barrier properties (25, 32), and EPAC2 has been
observed in modulating neuronal activity (36). Here, we show
that EPAC1 plays a role in retinal endothelial barrier. In BREC,
when EPAC is pharmacologically inhibited, basal permeability
is increased, and 8-CPT-AM cannot restore the barrier. Using
siRNA specific for EPAC1 and -2 reveals a role for EPAC1 in
basal permeability in BREC. In a previous study, it was observed
that ischemic retinopathy in EPAC2-deficient mice induced a
more severe retinal edema and a larger expression of aquaporin
AQP4 surrounding the blood vessels in the inner BRB in
comparison to the EPAC1-deficient mice (37). The EPAC2-
and EPAC1-decificient mice, without ischemic retinopathy,
appeared relatively normal in comparison to the wild-type
mice. Future studies may address the role of EPAC in BRB
properties after cytokine challenge or diabetes.

The Rap1B isoform contributes a major role in endothelial
barrier regulation, vasculogenesis, and angiogenesis (19, 38).
Even though the Rap1 isoform proteins have a high protein
sequence homology, gene deletion studies on mice of the indi-
vidual Rap1 isoforms show different viability outcomes. The
Rap1A null mice were viable and had no size difference in com-
parison to wild-type mice. On the other hand, the Rap1B null
mice show an 80% embryonic lethality between embryonic (E)
days 13.5 and 18.5 (39, 40). Global or endothelial specific double
Rap1A and Rap1B gene deletion is completely embryonic lethal
and mice die within E10.5 to E15.5 (19). Post-mortem analysis
revealed that Rap1B and double Rap1A and Rap1B null mice
manifested vascular hemorrhage (19, 20). The Rap1B null via-
ble mice exhibited defective angiogenesis, which led to a retar-
dation in retinal neovascularization (20). Consistent with these
studies, we reveal that silencing the Rap1B gene in BREC was
sufficient to induce an increase in endothelial permeability
and disruption of the TJs. However, addition of 8-CPT-AM
decreased solute flux and promoted TJ organization at the cell
periphery in BREC with Rap1B knockdown. These data are
unsurprising Rap1A as well as Rap2A/B/C, or residual Rap1B
from incomplete knockdown, may compensate with the phar-
macologic dose of 8-CPT-AM and EPAC activation.

Activation of the EPAC–Rap1 pathway contributes to endo-
thelium barrier properties through junction complex mainte-
nance (41) and down-regulation of small G-protein RhoA,
known to be involved in permeability (42). EPAC activation in
HUVEC leads to the recruitment of VE-cadherin to the cell
border and formation of long linear and continuous adherens
junctions (24). VE-cadherin-mediated junctional organization
in HUVEC results in a decrease in solute flux (25). Additional
observations of EPAC–Rap1 activation include reduction of
actin stress fiber formation, and maintenance of VE-cadherin
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and cortical actin at the cell periphery (24). Here, we show for
the first time in BREC that EPAC–Rap1 signaling protects TJ
organization of the proteins ZO-1, occludin, and claudin-5.
EPAC–Rap1 signaling blocks and reverses VEGF-induced TJ
invaginations, gap formations, and TJ border breaks. As it has
been observed with VE-cadherin organization (24, 25), we also
observed that 8-CPT-AM alone increases the recruitment and
continuous linear organization of TJ at the cell border but does
not increase TJ protein expression.

The mechanism by which activation of EPAC–Rap1 recruits
and maintains TJ proteins at the cell borders of BREC remains
to be fully understood. However, studies in endothelial cells
show that organization and stabilization of the adherens junc-
tional complex proteins may occur through the recruitment
and interaction of afadin (AF-6) and Krev interaction trapped 1
(Krit1) with active Rap1 (43, 44). In human pulmonary artery
endothelial cells, activation of Rap1 promotes colocalization
of AF-6 with both VE-cadherin and ZO-1 and interaction
between AF-6 and p120-catenin (44). In HUVEC active Rap1
recruits Krit1 to the cell-cell junctions, which interacts with
�-catenin, p120-catenin, and AF-6 but not with ZO-1 (43).
Therefore, additional studies are necessary to determine
whether EPAC–Rap1 activation mediates TJ recruitment and
organization in BREC via AF-6.

Permeabilizing agents such as VEGF, TNF-�, and thrombin
all activate RhoA (24, 44, 45). Activation of RhoA induces stress
fiber formations associated with junctional complex alterations
and formation of intercellular gaps resulting in increased per-
meability (46). Inhibition of RhoA downstream targets such
as RhoA/Rho kinase (ROCK) blocks permeability (45). In
HUVEC, activation of EPAC–Rap1 signaling reduced permea-
bility induced by permeabilizing agents by down-regulating
RhoA activity (24). Studies in HUVEC show that active Rap1
interacts with rasip1 and together with Rap associating with the
DIL domain (radil), recruits Rho GTPase-activating protein
29 (ArhGAP29), which down-regulates RhoA activity (47).
Recently, it has been observed that rasip1 and radil are recruited
to the cell membrane via the transmembrane protein heart of
glass 1 (HEG1) (48). An interesting finding from this group
showed that interaction of Rap1–rasip1 and rasip1—radil–
ArhGAP29 was not affected by HEG1 knockdown. Immunoflu-
orescent studies show that rasip1 has a perinuclear localization
(49) but moves to the cell border during nascent junction for-
mation after a calcium switch assay (50). Together these data
suggest that rasip1 serves a dual function, to interact with radil
and ArhGAP29 to suppress RhoA activity and localizing to the
cell border through HEG1 where it regulates recruitment and
stabilization of junctional proteins, for a mechanism schematic
refer to Ref. 51.

Studies of the outer retina show that Rap1 activation pro-
motes barrier integrity in the RPE and inhibits choroidal neo-
vascularization (28, 52). In a retinal epithelial cell line (ARPE-
19) Rap1 knockdown led to mislocalization of cadherins and a
decrease in transepithelial electrical resistance (52) in a Rap1A-
specific manner (28). Studies in RPE show that Rap1A regulates
barrier integrity by modulating the interaction of �-catenin and
IQGAP, a scaffold protein involved in actin cytoskeleton and
cell-cell adhesion regulation (53, 54). This barrier stabilization

inhibits choroidal endothelial cells transmigration (28, 55). The
results from the ARPE-19 cells and in vivo studies indicate that
the Rap1A isoform is the major contributor to RPE barrier
integrity in contrast to the role of Rap1B in retinal vascular
endothelial barrier properties observed here. These data sug-
gest that individual Rap1 isoforms control barrier properties in
a cell-specific manner.

Rap1 signaling regulates several cell processes including sup-
pression of the Ras–Raf–Erk signaling pathway (56). The extra-
cellular signal-regulated kinase (Erk1/2) is involved in several
cell pathways including but not limited to cell proliferation, cell
survival, and migration (57). In retinal endothelial cells, binding
of VEGF to the VEGFR2 induces an increase in Erk1/2 signal-
ing. We showed that in BREC, activation of EPAC–Rap1 signal-
ing attenuates the Erk1/2 signaling and reduces the phosphor-
ylation of the VEGFR2 on Tyr-1175. Previous studies have
shown VEGFR2 activation leads to activation of the kinase,
PKC�, which phosphorylates occludin, promoting ubiquitina-
tion and leading to endocytosis of occludin and other junctional
proteins, resulting in permeability (27, 58, 59). Even though
8-CPT-AM addition blocks VEGF-induced permeability,
8-CPT-AM does not attenuate phosphorylation of (Ser-490)
occludin (data not shown). 8-CPT-AM treatment does reverse
or prevent the internalization of junctional proteins suggesting
either dominance of the junctional assembly pathway or inhi-
bition of junctional internalization at a separate step.

In conclusion, the EPAC -Rap1 pathway, specifically the
EPAC1 and Rap1B isoforms, contributes to basal permeability.
Further, stimulating the EPAC-Rap pathway shows promise as
a therapeutic strategy to restore barrier properties after VEGF
or inflammatory cytokine-induced permeability.

Experimental procedures

Reagents

The following reagents were purchased from Tocris Biosci-
ence: the cAMP analog 8-CPT-AM specific for EPAC (cata-
logue number 4853), EPAC2 inhibitor (HJC 0350) 2,4-dimeth-
yl-1-[(2,4,6-trimethylphenyl) sulfonyl]-1H-pyrrole (catalogue
number 4844), and EPAC inhibitor (ESI 09) �-[(2-(3-chloro-
phenyl)hydrazinylidene]-5-(1,1-dimethylethyl)-�-oxo-3-
isoxazolepropanenitrile (catalogue number 4773). Recombi-
nant human VEGF165 was from R&D Systems (Minneapolis,
MN). Power SYBR Green PCR Master Mix (catalogue number
4367659) was from Thermo Fisher Scientific (Warrington,
UK).

Antibodies

The following antibodies were used for Western blotting.
Purchased from Cell Signaling were: AKT rabbit polyclonal
(pAb) (catalogue number 9272), phospho-AKT (Ser-473) rab-
bit monoclonal (mAb) (catalogue number 4060), phospho-
CREB (Ser-133) rabbit mAb (catalogue number 9198), CREB
rabbit mAb (catalogue number 9197), VEGFR2 rabbit mAb
(catalogue number 2479), phospho-VEGFR2 (Tyr-1175) rabbit
mAb (catalogue number 3770), Erk1/2 rabbit pAb (catalogue
number 9102), phospho-Erk1/2 (T202/Y204) mouse (catalogue
number 9106L), and �-actin mouse mAb (catalogue number
3700). EPAC rabbit pAb (catalogue number sc-25632) was pur-
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chased from Santa Cruz Biotechnology (Santa Cruz, CA). The
following were used in tissue and cell staining: Rap1A mouse
mAb (catalogue number sc-373968) Santa Cruz Biotechnology;
IB4, Hoescht); ZO-1 rat (catalogue number MABT11, Milli-
pore), Claudin-5 rabbit (catalogue number 34-1600, Invitro-
gen), and Occludin mouse 488 Alexa (catalogue number
331588, Lifetech, USA).

In vivo permeability assays

For the Evan’s Blue permeability assay, male Long-Evans rats
(Charles River Laboratories, Wilmington, MA) weighing 200 –
250 g were housed in accordance with the guidelines of the
institutional animal care and use committee (IACUC) and con-
sistent with the ARVO Statement for the Use of Animals in
Ophthalmic and Visual Research. The IACUC approved all ani-
mal procedures. Rats were anesthetized with intramuscular
injection of ketamine and xylazine (66.7 and 6.7 mg/kg of body
weight, respectively). A 32-gauge needle was used to create a
hole for an intravitreal injection (2 �l/eye) using a 5-�l Hamil-
ton syringe. The experimental animal groups received an intra-
vitreal injection of VEGF (50 ng) and TNF-� (10 ng) together,
or VEGF/TNF-�/8-CPT-AM either at 10 (355 ng) or 50 �M

(1.78 �g) simultaneously. The animals recovered for 3 h and
were then anesthetized again for the permeability assay as
described by our group previously (60).

Ischemia reperfusion assay

For studies using ischemia reperfusion to induce vascular
permeability and retinal sterile inflammatory response, mice
were anesthetized with ketamine and xylazine. Mice underwent
ischemia on their left eye by inserting a needle horizontally into
the anterior chamber of the eye and avoiding the lens. The
intraocular pressure in the anterior chamber is increased to 120
mm Hg with PBS and maintained constant for 90 min to block
the blood supply from the retinal artery followed by natural
reperfusion, as described previously (27).

Solute flux assay

Primary BREC were isolated and grown in culture as previ-
ously described (61) to model the vascular endothelial blood-
retinal barrier in vitro (30). BREC were seeded on 0.4-�m pore
transwells filters (Corning Costar, Acton, MA) coated with 1
�g/cm2 fibronectin. BREC were grown to confluence in
MCDB-131 medium, supplemented with 10% fetal bovine
serum (FBS), 22.5 �g/ml of endothelial cell growth factor, 120
�g/ml of heparin, 0.01 ml/ml of antibiotic/antimycotic. Then
cell culture media was changed to stepdown media, MCDB-131
supplemented with 1% FBS, 0.01 ml/ml of antibiotic/antimy-
cotic, and 100 nmol/liter of hydrocortisone, for 48 h prior to the
experiment. For experiments with TNF-� treatment, no hydro-
cortisone was in the stepdown media. The cells were treated
with VEGF (50 ng/ml) for 30 min, and/or with TNF-� (10
ng/ml) or 8-CPT-AM (1 �M unless otherwise stated) for the
indicated time. Cell monolayer permeability to 70-kDa RITC-
dextran (Sigma) was calculated by measuring the rate of flux of
the substrate over a 4-h time course followed by calculating the
diffusive permeability (Po) across the monolayer (62).

Po � �FL⁄�t�VL�⁄FAA� (Eq. 1)

Where Po is in cm/s, FL is basolateral fluorescence, FA is api-
cal fluorescence, �t is the change in time, A is the surface area of
the filter, and VL is the volume of the basolateral chamber.

TEER assay

Cell monolayer ion flux was measured by electrical resistance
using an electrical cell-substrate impedance sensing (ECIS)-Z	
system at 4000 Hz (Applied Biophysics, Troy, NY). BRECs were
seeded on 8-well 8W10E� ECIS plates containing gold elec-
trodes. Cells were left to grow overnight or until 90% confluent
followed by media changed to stepdown media for 48 h. After
48 h of stepdown the monolayers of cells were treated with
compounds of interest.

GTP bound Rap1 pulldown and detection assay

Pulldown for active Rap1 based on capture using the GST-
linked peptide of the downstream Rap1 effector Ral guanine
nucleotide dissociation stimulator (RalGDS) Rho-binding
domain (RBD) kit was purchased from (Thermo Scientific,
Rockford, IL) (kit catalogue number 16120) and used per the
manufacturer’s instructions. Cells were lysed with 500 �l of 1�
lysis/binding/wash buffer provided in the kit, centrifuged at
16,000 � g for 15 min at 4 °C, and the supernatant was trans-
ferred onto a spin cup collection tube containing glutathione
resin. GST–RalGDS–RBD fusion protein (20 �g/spin cup) was
added to the supernatant and incubated for 1 h with gentle
rocking at 4 °C. Samples were then centrifuged at 6,000 � g for
30 s, washed 3 times, and eluted with 50 �l of 2� reducing
sample buffer (1-part �-mercaptoethanol to 20 parts 2� SDS
sample buffer; Thermo Scientific). Eluted samples, 25 �l, and
total cell lysates, 30 �g, were loaded onto NuPAGE SDS gels for
Western blot analysis. Captured GTP-bound Rap1, as well as
total Rap1 protein in lysate was detected using the anti-Rap1
rabbit mAb provided by the GTP-Rap1 pull-down kit (Thermo
Scientific).

Immunofluorescent staining

For immunofluorescent staining and imaging, BREC were
fixed with 1% paraformaldehyde for 10 min at room tempera-
ture. The cells were permeabilized with 0.2% Triton X-100 fol-
lowed by blocking with 10% milk in 0.1% Triton X-100 for 1 h at
room temperature. Cells were stained with primary antibodies
for 2 days at 4 °C. Cells were washed, then stained with second-
ary antibodies overnight at 4 °C. Cells were imaged with Leica
confocal microscope (TCS SP5; Wetzlar, Germany).

Western blot

Cell lysates, 30 �g of protein, were loaded into each well of
NuPAGE SDS gels (Life Technologies) and separated by elec-
trophoresis. After nitrocellulose membrane transfer, mem-
branes were blocked in 2% ECL Prime Blocking Reagent and
incubated with primary antibodies overnight at 4 °C. Secondary
antibodies IgG conjugated with HRP were detected with Lumi-
gen ECL ultra chemiluminescent reagent (TMA-100, Lumigen,
Inc., Southfield, MI).

Viability assay

To measure viability of cells, the CellTiter-Fluor Cell Viabil-
ity assay was used according to the manufacturer’s protocol
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(Promega, Madison, WI). The fluorescent signal proportional
to the number of living cells is generated by the cell-permeant
peptide substrate (glycyl-phenylalanyl-aminofluorocoumarin),
which is cleaved by live cell protease activity. Cells were grown
on a 96-well plate until they reached confluence and then
changed to step down media for 48 h. VEGF (50 ng/ml), DMSO
(50%), ESI 09, HJC 0350, or vehicle were diluted in media,
applied to the cells at a final volume of 100 �l, and incubated for
1 h. The CellTiter-Fluor Reagent was added in an equal volume,
mixed briefly using an orbital shaker, and incubated for 30 min
at 37 °C. Fluorescence was measured after 1.5 h using a fluo-
rometer (excitation 355 nm/emission 520 nm).

Gene expression knockdown experiments

Composite and individual Rap1B siRNAs specific for bovine
(sc-270595, sc-270595A (Rap1B-1 siRNA), sc-270595B, and
sc-270595C; Santa Cruz Biotechnology) and composite bovine-
specific EPAC1 and EPAC2 siRNAs (sc-270604 and sc-270605)
were purchased from Santa Cruz Biotechnology. BRECs were
transiently transfected with 100 nM of either experimental gene
siRNA or scramble (ctrl) siRNA (siGENOME Non-Targeting
siRNA#1, D-001210-01-05; Dharmacon GE Healthcare) using
the nucleofection technique (Lonza). Briefly, cells were
trypsinized and 5 � 105 cells were used per nucleofection.
Nucleofection solution and supplement solution were used to
resuspend the cell pellet in a final volume of 100 �l. The cell
suspension was mixed with 100 nM siRNAs in cuvette and
nucleofection was carried out per the manufacturer’s instruc-
tions (setting S-05; Amaxa Biosystems). Cell were diluted with
0.5 ml of MCDB-131 media and added onto 6-well plates con-
taining 1.5 ml of media. Nucleofected cells were gently mixed in
a total of 2 ml of media, then 0.5 ml of cell suspension was plated
directly onto fibronectin-coated 0.4-�m pore transwell filters.
After 4 h, the media was replaced with fresh MCDB-131 media.
Confluent cells were then changed to step down media for 48 h
and treated with compounds of interest followed by in vitro
Solute Flux assay as described above.

qRT-PCR

Total RNA was isolated from BREC after gene expression
knockdown using the RNeasy Plus Mini kit (catalogue number
74134 from Qiagen). Complementary DNA (cDNA) was syn-
thesized using oligo(dT) primers and the OmniScript reverse
transcriptase (Qiagen). For the qRT-PCR the specific oligonu-
cleotide primers used, forward and reverse, respectively, were
as follows: for Rap1A, 5�-GCCAACAGTGTATGCTCGAA-3�
and 5�-TACTCGCTCGTCTTCCAGGT-3�, for Rap1B 5�-GGT-
CACAAGGCCTAAGTTGC-3� and 5�-CATTTGGCCACCT-
CAAAAGT-3�, for EPAC1 5�-GCAGTCCTGCTCTTTGA-
ACC-3� and 5�-CTGCTTGTCCACACGAAGAA-3�, and for
EPAC2 5�-CATGAGGGGAACAAGACGTT-3� and 5�-TCT-
ATGGTCGACGAGGCTCT-3�.

The qRT-PCR samples were prepared in a 20-�l mixture
composed of forward and reverse primers at 2 �M and 5 �l of
the Power SYBR Green PCR master mix. The qRT-PCR was
performed in a CFX384 Real-time system C1000 thermal cycler
(Bio-Rad). After 39 cycles of PCR, the average threshold cycle
(Ct) values from triplicate qRT-PCR experiments were normal-

ized against the average Ct values of Scramble siRNA �-actin
and the relative mRNA was quantified using the ��Ct method.
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