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Abstract Despite the current progress in cancer research
and therapy, breast cancer remains the leading cause
of mortality among half a million women worldwide.
Migration and invasion of cancer cells are associated
with prevalent tumor metastasis as well as high mortal-
ity. Extensive studies have powerfully established the role
of prototypic second messenger cAMP and its two ubiq-
uitously expressed intracellular cAMP receptors namely
the classic protein kinaseA/cAMP-dependent protein
kinase (PKA) and the more recently discovered exchange
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protein directly activated by cAMP/cAMP-regulated gua-
nine nucleotide exchange factor (EPAC/cAMP-GEF)
in cell migration, cell cycle regulation, and cell death.
Herein, we performed the analysis of the Cancer Genome
Atlas (TCGA) dataset to evaluate the essential role of
cAMP molecular network in breast cancer. We report that
EPACI1, PKA, and AKAP9 along with other molecular
partners are amplified in breast cancer patients, indicat-
ing the importance of this signaling network. To evaluate
the functional role of few of these proteins, we used phar-
macological modulators and analyzed their effect on cell
migration and cell death in breast cancer cells. Hence, we
report that inhibition of EPACI activity using pharmaco-
logical modulators leads to inhibition of cell migration and
induces cell death. Additionally, we also observed that the
inhibition of EPACI resulted in disruption of its associa-
tion with the microtubule cytoskeleton and delocalization
of AKAPY from the centrosome as analyzed by in vitro
imaging. Finally, this study suggests for the first time the
mechanistic insights of mode of action of a primary cAMP-
dependent sensor, Exchange protein activated by cAMP 1
(EPAC1), via its interaction with A-kinase anchoring pro-
tein 9 (AKAPY). This study provides a new cell signaling
cAMP-EPAC1-AKAP9 direction to the development of
additional biotherapeutics for breast cancer.

Keywords EPACI - AKAP9 - Breast cancer -
Microtubule - ESI-09 - cAMP signaling

Abbreviations

AKAP A-kinase anchoring protein

PKA  Protein kinase A

EPAC Exchange protein activated by cAMP
TCGA The Cancer Genome Atlas

ESI EPAC-specific inhibitor
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Introduction

Breast cancer is a leading cause of death globally among
women. Although a number of highly effective first-line
therapies have prolonged survival, the recurrent behavior
of cancer due to metastasis renders the disease incurable.
Tumor metastasis is primarily mediated by detachment
of cancer cells from primary tumor and their entry into
the bloodstream or lymphatic vessels that are lined by the
endothelial cells [1]. Several signaling pathways have been
discovered till now which are involved in tumor progres-
sion. G-protein-coupled receptors (GPCRs) signaling is
one of the signaling mechanism that activates adenylate
cyclase (AC) and leads to the generation of second messen-
ger molecule cAMP, involved in many known cell signal-
ing pathways in cancer cells [2—4].

Earlier studies attributed all the effects of cAMP mol-
ecule to the activation of classical protein kinase A (PKA)-
dependent pathway. More recently, exchange protein acti-
vated by cAMP (EPAC) has been shown to regulate several
physiological functions by acting as guanine nucleotide
exchange factors for small Ras-like GTPases (Rap-1 and
Rap-2). EPAC has two isoforms, EPAC1 and EPAC2, with
EPACI expressing predominantly in adipose tissue, blood
vessels, kidney, and uterus, while the central nervous sys-
tem, adrenal gland, and pancreas show the expression of
EPAC2 [5]. EPAC proteins interact with several effectors
like tubulin, ERM (ezrin-radixin—myosin) proteins, nucleo-
porin RanBP2, and A-kinase anchoring protein 9 (AKAP9)
(commonly known as AKAP450/350/CG-NAP/PRKA9Y/
Hyperion) [6-8] to exert pivotal role in regulating various
cellular processes like cell adhesion, cell proliferation, cell
survival and apoptosis, and vascular permeability [9, 10].
Altered expression of EPAC proteins has been reported
in different carcinomas and it is different and cell specific
in context of migration. In human prostate cancer, EPAC
proteins have been shown to inhibit cell proliferation and
migration [11], and interestingly accelerate migration in
melanoma cells. The role of EPACI in integrin-mediated
cell adhesion has been postulated in human ovarian car-
cinoma cells [12]. Moreover, EPAC1 over-expression is
observed in pancreatic ductal adenocarcinoma [13]. The
recent study showed increased uptake of sugar by EPAC/
RAPI1 in breast cancer cells prime to activation of onco-
genic pathways [14].

Tumor metastasis involves microtubule-meditated
movement of tumor from primary to secondary site and
could be a very good target against breast cancer [15,
16]. Microtubule movement towards periphery of cells
is controlled by microtubule-organizing center (MTOC)
[17, 18]. Specific proteins like AKAPs regulate MTOC
activity by acting as regulatory scaffolds for proteins
involved during cell cycle [19, 20]. AKAP is a family of
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scaffold proteins which are functionally related and bind
to PKA. Binding of PKA to these AKAP proteins con-
fines the activity of PKA to specific sets of substrates.
One of these AKAP proteins, AKAP9, is confined intra-
cellularly to the centrosome and is also present in Golgi
apparatus, modulating microtubule dynamics in human
endothelial cells [21]. The mutations in the centrosome
matrix protein, AKAP9, are demonstrated statistically
to be associated with the risk of breast cancer [22, 23].
However, the role of AKAP9 in breast cancer is not
extremely clear. In the present study, we hypothesized
that EPAC proteins might be involved in modulating
microtubule architecture in breast cancer via its effector
AKAP9. The role of EPAC proteins in pathogenesis of
various diseases including cancer can be elucidated due
to the availability of EPAC-Specific Inhibitors (ESIs) [24,
25]. ESI-09, an inhibitor of EPAC1/2, blocks Rapl acti-
vation, Akt phosphorylation, and EPAC-mediated insulin
secretion in pancreatic B-cells. Although the involvement
of EPACI1 is shown in pancreatic [26] and prostrate carci-
nomas [11], its role in breast cancer is not fully explored.
The data obtained from The Cancer Genome Atlas
(TCGA, http://cancergenome.nih.gov) analysis revealed
that the gene set consisting of EPAC1, AKAP9, and PKA
is altered in a number of invasive breast carcinoma cases.

Here, we present the first evidence to ascertain the role
of EPACI in cell migration and cell death in breast can-
cer via AKAP9 destabilization as demonstrated by in silico
TCGA Analysis. Although cAMP has been shown to regu-
late endothelial cells permeability, the molecular basis of
this signaling in breast cancer has not yet been established.
Herein, we report that cAMP-dependent EPAC] affects cell
migration as well as regulates the process of apoptosis in
breast cancer cells via AKAP9 destabilization.

Materials and methods
Reagents and antibodies

3-[5-(tert-butyl) isoxazol-3-yl]-2-[2-(3-chlorophenyl)
hydrazono]-3-oxopropanenitrile (ESI-09) obtained from
BioLog Life Science Institute (Bremen, Germany) is
a competitive, membrane-permeable inhibitor of both
exchange proteins EPAC1 and EPAC2. PKA-AKAP Inhibi-
tor peptide (St-Ht31) and cAMP-PKA inhibitory peptide
(PKI) were purchased from Promega (USA). KH7, Tubu-
lin, Triton X-100 solution, and Formaldehyde solution were
purchased from Sigma-Aldrich, (USA), anti-rabbit AKAP9
(BD Biosciences, USA); Alexa 488 and 594 anti-mouse
and rabbit, and DAPI-Antifade (Life technologies-Invitro-
gen, USA) were used in experiments.
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Cell culture

MCF-7 cells were maintained as monolayer in 25 cm? cul-
ture flasks (T-25) in DMEM medium (GIBCO, St. Louis,
USA) supplemented with high glucose, L-glutamine, pyri-
doxine hydrochloride, 110 mg/l sodium pyruvate, 3.7 g/l
NaHCO;, 10% heat inactivated FBS (Fetal Bovine Serum,
Gibco USA), and antibiotics (Pen-Strep 10,000 units/ml,
Gibco USA) in humidified CO, incubator at 37°C. The
medium was changed 10—12 h prior to experiment. MCF-7
cells were regularly sub-cultured thrice a week in a seeding
density of 40,000-50,000 cells/cm? area. The cells used for
each experiment were of less than ten passage number.

TCGA analysis

Data from TCGA dataset were extracted and analyzed for
cAMP pathway mediators for amplification, deletion, muta-
tion, and alteration. The data were analyzed statistically,
and P-value was calculated. The survival rate was also cal-
culated with respect to the cluster containing these genes
and represented as graph with P value.

Wound healing assay

MCEF-7 cells were grown in 12-well plates at a density of
~2%x10° cells per well. After 24 h of seeding, the cells
were treated with 10 uM concentrations of all compounds
(ESI-05, ESI-09, KH7, GGTI, and St-Ht31) for 30 min.
The medium was removed, and the cells were scratched
by 200-pl pipette micro tip through the center of the plate
and imaged at 0, 6, 12, 18, and 24 h. Healing rate was cal-
culated by counting five to seven fields per image accord-
ing to the following equation: % wound closure = (initial
wound width —wound width 24 h post-treatment with all
compounds/control)/initial wound width X 100. The results
presented as the average of three independent experiments
performed over multiple days. Similar wound healing assay
was also performed with MDA-MB-231 cells using ESI-09
at a concentration of 10 uM for 24 h, and cell migration
was measured for 0, 12, and 24 h.

Cell adhesion assay

Adhesion assay was performed using breast cancer cell
line MDA-MB-231 as described [27]. Briefly, the cells
were grown in 6-well plates to a density of ~4 x 10° cells
per well. After 48 h of seeding, the cells were trypsinized
and re-plated in another plate alone and with ESI-09
10 uM for 24 h. The cells were imaged at 0, 12, and 24 h,
and numbers of attached cells were counted as average of

ten different fields in a single well. The results presented
here are the average of three independent experiments
performed over multiple days.

Immunofluorescence assay

MCF-7 cells were plated on glass cover slips in FBS-
supplemented media with 1% antibiotic. The cover slips
were fixed in 4% formaldehyde in phosphate buffer saline
(PBS) for 10-15 min and then permeabilized with 0.1%
Triton X-100 in PBS for 10 min. Cells were blocked in
1% FBS in PBS and then immune-stained with primary
antibody mouse anti-tubulin and rabbit anti-AKAP9 for
2 h, followed by Alexa 488 anti-mouse secondary anti-
body and Alexa 594 anti-rabbit secondary antibody
at room temperature for 2 h. The cover slips were then
mounted with vector shield mounting reagent with DAPI
and sealed. The counting of AKAP9 at the MTOC was
performed in three independent experiments and results
shown are the average of them.

Cell cycle and morphology analysis

MCEF-7 cells were seeded in 6-well plates at a density of
~3.6x 10° cells per well in 2 ml of complete DMEM, and
treated with EPAC inhibitor, ESI-09 (10 and 50 pM), for
24 h. The cells without any treatment were taken as nega-
tive control cells, and etoposide-treated cells (10 pM) were
included as positive control for the experiments. The mor-
phological changes were observed and the images were
captured under an inverted light microscope (Olympus, PA,
USA) at 24 and 48 h.

For cell cycle analysis, MCF-7 cells were seeded in
6-well plates at a density of ~3.6x10° cells in 2 ml of
complete growth culture media and treated with ESI-09
(10 and 50 pM) for 24 and 48 h. Following incubation, the
adherent cells were detached by trypsinization and pelleted
at 1000xg for 5 min. The floating cells in each well were
collected and pelleted in the same way. Cells were washed
twice with PBS and re-suspended in PBS-chilled methanol
(1:9) at 4°C overnight. The cells were washed once with
PBS, and treated with 20 pg/ml RNase (Sigma-Aldrich,
St. Louis, MO, USA), for 30 min at 37 °C. Before analysis,
the cells were washed with PBS, and stained with 10 pg/
ml propidium iodide (stock-1 mg/ml, Sigma-Aldrich, St.
Louis, MO, USA) and incubated at room temperature in
dark for 20 min. Finally, the cells were re-suspended in
200 pl of PBS for acquisition. DNA content of 25,000 cells
was analyzed by flow cytometer (Becton Dickinson, CA,
USA), and the population of cells in each cell cycle phase
was determined by using the Cell Quest™ software.
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Determination of apoptosis by annexin/PI assay

To determine apoptosis in MCF-7 cells treated with ESI-
09, the Annexin/PI assay was performed as described
below. Briefly, the cells were seeded in 6-well plates at
3.6x10° cells in 2 ml of complete culture media and
treated with ESI-09 (50 pM). Following incubation, the
cells were trypsinized and pelleted at 1000xg after 6 and
48 h. The cells were rinsed with chilled PBS and re-sus-
pended in 1x binding buffer (1.5 M NaCl, 0.1 M HEPES,
25 mM CaCl,). 5 pl of Annexin V-fluorescein isothiocy-
anate (FITC) (BD Pharmingen) and 10 pg/ml propidium
iodide (PI) were added to cells and incubated for 20 min
at room temperature in dark. Finally, the cells were trans-
ferred to the FACS tubes for sorting. About 10,000 cells
were analyzed by FACS Calibur™ flow cytometer (Bec-
ton Dickinson, CA, USA). The desired population was first
gated based on size and granularity. This gated population
was then assessed and gated for fluorescence in FL1 and
FL2 channels. Stained cells were also mounted on glass
slides for imaging using confocal microscope (Nikon).

TUNEL assay

The TUNEL assay was performed using APO-BrdU
TUNEL Assay Kit (Molecular Probes, Invitrogen) as per
manufacturer’s protocol. Briefly, ESI-09-treated cells were
trypsinized and pelleted at 1000xg after 24 and 48 h. The
cells were fixed with 1% paraformaldehyde in PBS for
15 min on ice. The cells were then washed twice with PBS
and re-suspended in ice-cold 70% (v/v) methanol for mini-
mum of 30 min at —20°C. The fixed cells were incubated
in 50 ul of DNA labeling solution containing bromodeox-
yuridine triphosphate (Br-dUTP) and a terminal deoxynu-
cleotidyl transferase (TdT), for 60 min at 37 °C. Follow-
ing incubation, bound Br-dUTP was detected using Alexa
Fluor 488 dye-labeled anti-BrdU monoclonal antibody and
the DNA was counterstained with propidium iodide (PI)/
RNase solution for flow analysis. The negative and positive
control cells provided in the kit were processed in similar
way as described above. A minimum of 10,000 events was
counted for each sample. The analysis was performed using
the Cell Quest software. Etoposide was also used as an
external positive control apart from the kit.

Results
Alteration of the gene set in breast cancer patients
With the objective to identify the role of cAMP pathway

in breast cancer progression, the effector genes related to
this pathway were analyzed in TCGA breast cancer dataset.
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Analysis of TCGA dataset showed that gene set consisting
of EPAC1, AKAP9, and PKA is altered and amplified in
a number of invasive breast carcinoma cases. Additionally,
the amplification of the gene set is associated with poor
survival. Identifying the contribution of AKAP9, a member
of the AKAP family of proteins that are known to tempo-
rally and spatially compartmentalize cAMP-induced sig-
nals, to specific EPAC functions may help to explain how
EPAC fulfills its diverse roles within a single cell. In silico
data provide a probable hint towards the involvement of the
novel PKA, EPACI, and AKAP9 complex in breast cancer
(Fig. 1a, b).

Epacl inhibition leads to reduction in breast cancer cell
migration

MCEF-7 cells were treated with cAMP modulators and ana-
lyzed for their involvement in cell migration. Control cells
completely migrated after 24 h. We used upstream KH7
and downstream GGTI regulators of cAMP signaling, but
ESI-09 exhibits more pronounced effect compared to all
other molecules tested signifying its efficacy for inhibi-
tion of migration in breast cancer cells. However, ESI-05,
a specific inhibitor of EPAC2, did not have any significant
effect on cell migration suggesting EPACI plays an impor-
tant role in breast cancer cell migration. Quantitative analy-
sis of cell migration inhibition is also depicted in (Fig. 2a).
Migration analysis was also done for MDA-MB-231 cells
for 24 h. ESI-09-treated cells showed less migration as
compared with the control cells (Fig. 2b). Cell adhesion
and migration is a crucial phenomenon for spread of can-
cer cells via metastasis. While our results have shown that
ESI-09 is inhibiting cell migration in both breast cancer
cell lines, we also analyzed its effect on cells adherence by
treating the cells with ESI-09 for 24 h. Reduction in num-
ber of cells attached on to the surface after 24 h confirmed
the effect of ESI-09 on cell adhesion in MDA-MB-231
cells. Quantitative analysis is also shown by bar graph
(Fig. 2¢).

Pharmacological modulation of cAMP-regulated
Epacl affects microtubule redistribution via AKAP9
delocalization in breast cancer cells

Cell movement occurs due to the involvement of cytoskel-
etal rearrangement. We performed immunofluorescence
assays to investigate the effect of cAMP signaling modula-
tors on cell cytoskeleton and discovered that microtubule
distribution in ESI-09 treated cells was affected. We also
observed AKAP9 mislocalization after the specific treat-
ment with ESI-09. Immunostaining of AKAP9 in all cAMP
modulator-treated cells is depicted in Fig. 3. It provides
an indication that the disturbance in microtubules and its
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Fig.1 cAMP signaling pathway molecules such as RAPGEF3,
AKAPY9, PRKARIA, PRKARIB, PRKAR2A, PRKAR2B,
PRKACA, PRKACB might play a role in breast cancer. a RAPGEF3/

associated effector AKAP9 could be the possible mecha-
nism of action.

ESI 09 increased sub G1 population in cell cycle

Treatment with various cAMP modulators revealed that
these compounds show different effects on cell cycle in
MCF-7 cells. Treatment with EPAC inhibitor (ESI-09) at
10 pM significantly increased the population of cells at
sub G1 phase with a concomitant decrease in the G2/M
cells as compared to the control. At higher concentrations
of 50 uM, a significant increase in the number of cells at
sub G1 phase was observed for ESI-09 at 48 h (Fig. 4a).
However, St-Ht31 and cAMP-PKA inhibitor peptide (PKI)
showed no changes in cell cycle distribution at 10 pM,
even after treatment for 48 h (Fig. 4b). The effect of drugs
is compared with our positive control drug etoposide at
10 pM, which is known to cause apoptosis in cancer cells.
Our results indicate that among all cAMP modulators used
in this study, ESI-09 is more effective in causing cell death.

ESI-09 induced morphological changes and inhibited
growth in breast cancer cells

To determine whether ESI-09 can cause apoptosis in
MCEF-7 breast cancer cells, we first looked for character-
istics of apoptosis like cellular shrinkage, chromatin con-
densation, membrane blabbing, and formation of apop-
totic bodies in treated cells. Morphological study showed

o Cases with Alteration(s)in query Gene(s)
o Cases withont Alteration(s) in query gene(s)
% Logrank TestP-Value: 0.00496

Overall Survival
§
.+

T T T T T T T T T T T T
0 2 4 60 80 100 120 140 160 180 200 20 20

Time ( Months)

EPAC- and AKAP9-associated genes are amplified in breast cancer. b
Survival curve indicates that this gene set is extremely important for
survival

that ESI-09 induced growth inhibition and apoptosis in
MCF-7 cells. The cells demonstrated cellular shrink-
age at 24 h, and this phenomenon became more obvious
after 48 h of treatment. At higher concentration of ESI-
09 (50 pM), the growth inhibition was more pronounced
and the cells detached from the substratum (Fig. 5a) at
24 h. Majority of the cells treated with ESI-09 at 50 pM
detached from the substratum and cellular shrinkage was
observed at 48 h.

ESI-09 induced apoptosis in breast cancer cells

It has been previously shown that during apoptosis, the
cells expose phosphatidylserine (PS) on the outer sur-
face of plasma membrane. This exposed PS functions
as a tag for specific recognition by macrophages lead-
ing to phagocytosis of the dying cells [28]. Exposed PS
has high affinity for Annexin V, a phospholipid-binding
protein [29]. To further investigate that ESI-09 induced
apoptosis in MCF-7 cells, the exposure of PS was stud-
ied by flow cytometry and imaging using Annexin
V-FITC. Treatment with ESI-09 significantly increased
the percentage of early apoptotic cells (Annexin V*/PI")
(24.6%) as compared to the control (9.2%) (Fig. 5b(i)).
After 48 h of treatment, the percentage of dead cells or
late apoptotic cells (Annexin V*/PI*) was 19.7% as com-
pared to the control 4.23%. Confocal microscopy was
also performed which also supports our FACS analysis.
Green and red show Annexin V and PI staining, respec-
tively (Fig. 5b(ii)).
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Fig.2 cAMP modulators regulate breast cancer cell migration
and adhesion. a The cell migration was analyzed using the conven-
tional wound healing method. The cells treated with specific cAMP
modulators were compared with control. St-Ht31 failed to inhibit
cell migration as compared with the control, while ESI-09 exhibits
efficient cell migration reduction. The quantitative analysis of cell
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migration inhibition is shown by bar graph. b Treatment of ESI-09
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sion assay with MDA-MB-231 treated with ESI-09 inhibitor for 24 h.
The treated cells showed reduced attachment on to the surface as
compared to control
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Fig. 3 cAMP modulators regulate AKAP9 delocalization and micro-
tubule redistribution. Effect of cAMP modulators on AKAP9 delo-
calization and tubulin distribution in MCF-7 cells. ESI-09 results in
a dramatic mislocalization of AKAP9 and tubulin structure collapse

ESI-09 induced DNA fragmentation in breast cancer
cells

DNA strand breaks are a landmark phenomenon observed
in apoptotic cells. Here, we detected DNA fragmentation
in MCF-7 cells after treatment with ESI-09 by flow cytom-
etry. Etoposide (10 pM) was used as positive control for the
experiments. Additionally, fixed human lymphoma cell line
provided in the kit as control was also analyzed as a posi-
tive control. The frequency of DNA strand breaks (TUNEL
positive cells) was found to be more at higher concentra-
tions of ESI-09 (50 uM) as evident by clear shift in peaks
(Fig. 5c). After 48 h of treatment with ESI-09, even low
concentration (10 uM) of ESI-09 induced apoptosis.

Discussion

Deciphering the regulatory mechanism of adhesion and
migration in breast cancer cells is highly important in
order to explain the players promoting metastasis in the
very deadly form of cancer. In silico, we conducted a

DAPI/AKAP9

AKAP9 Count (Localization)

|
|

ESI05

o]

ESI09

0 o
Control KH7

indicating a functional interaction between EPAC and AKAP9 pro-
teins in breast cancer cells. The quantitative analysis of delocalization
of AKAP9 from MTOC in MCF-7 cells treated with different cAMP
modulators (Control, KH7, ESIOS5, ESI-09) is shown by bar graph

comprehensive analysis of genes involved in breast can-
cer by TCGA and found that effectors and mediators of
cAMP signaling pathway like EPAC1, PKA, and AKAP9
are amplified in breast cancer (Fig. 1). It concludes that
pathways involving AKAP9 and EPACI1 offer potential
therapeutic targets in the treatment of breast cancer. Fur-
thermore, we explored the role of these cAMP-dependent
mediators in regulation of cell migration and observed that
EPACI is involved in breast cancer progression via inter-
action with AKAP9. Previous studies have shown the role
of these EPAC proteins in endothelial cell permeability and
cell—cell adhesion [30, 31]. In the present study, we exam-
ined the effects of different types of cAMP modulators,
which affect cAMP pathway at different levels in breast
cancer cells (Fig. 6). These inhibitors work as upstream or
downstream regulators in cAMP signaling [3, 32, 33].
ESI-09 is a known potent inhibitor of EPAC1/EPAC2.
Studies have been performed to elucidate the binding effi-
ciency of ESI-09 towards EPAC1/2. EPACI is a known
primary sensor of cAMP pathway, and ESI-09 worked as
a competitive inhibitor of cAMP signaling through PKA-
independent pathway [25, 34]. ESI-09 opened a new
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Fig. 4 ESI-09 modulates cell cycle in MCF-7 cells. MCF-7 cells
were treated with different cAMP modulators, and changes in cell
cycle stages were analyzed by flow cytometry. a EPAC inhibitor
(ESI-09) at 10 and 50 uM concentrations for 24 and 48 h. Etoposide
(10 uM), used as a positive control, showed highest number of apop-
totic cells. b PKA-AKAPY interaction inhibitory peptide (St Ht31)

window towards the development of new therapeutics by
inhibiting EPACs. ESI-09 as compared to other cAMP
modulators is more efficient, and substituting some moie-
ties on it can lead to increase the potency of action [25].

To determine the role of EPACI in cell migration, breast
cancer cell lines, luminal-like MCF-7 cells, and basal-like
MDA-MB-231 cells [35] were treated with ESI-09 inhibi-
tor. Migration inhibition shown by ESI-09 in both of the
breast cancer cell lines suggests significance of PKA-inde-
pendent EPAC1-mediated pathway in cancer progression.
Migration of tumor cells relies on to attachment of cells
to the substratum; we also analyzed the adhesion of these
cells with the treatment of ESI-09 and found reduced cells
attachment on to the surface as compared to control cells.

Thereafter, we studied the effect of ESI-09 on cell
cycle and cell morphology in MCF-7 cells. Our results
showed that ESI-09-treated MCF-7 cells exhibited cellu-
lar shrinkage, indicating induction of apoptosis in these
cells. Furthermore, the cell cycle analysis revealed arrest
of cells at sub G1 phase at 10 uM concentration of ESI-
09 between 24 and 48 h as confirmed by flow cytometric
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and cAMP-PKA inhibitor peptide (PKI) at 10 and 50 uM concentra-
tions for 24 and 48 h. Histograms represent the amount of DNA on
X-axis and number of cells on Y-axis. M1, M2, M3, and M4 represent
the stages sub G;, G)/G;, S, and G,/M stage of cell cycle measured
by fluorescence intensity at 617 nm (FL2).The treatment with ESI-09
showed increased sub G, population as compared to control

analysis (Fig. 4). The effect of drug was more pronounced
at 50 uM concentration of ESI-09. Since in our study we
did not see significant effect of PKA and cAMP modula-
tors on cell cycle, we propose a possible role of PKA-
independent EPAC-mediated pathway in regulating cell
cycle in breast cancer cells.

In tumor microenvironment, a number of things such
as increase in vascular permeability, angiogenesis, and
immune suppression may lead to tumor progression
[36]. EPACI has been known to play an important role
in vascular permeability [21] and also known to partici-
pate in Treg-mediated suppression [37]. The two major
cAMP modulated pathways, PKA and EPACI, regulate
T cell functions in diverse ways. This preliminary study
will help in basic understanding of involvement of cAMP
effectors in breast cancer as well as proposing therapeu-
tic strategies to combat the disease. Therefore, studying
the mechanism of action of Epacl pathway is extremely
essential to elucidate the intricate signaling networks that
regulate Treg cells, breast cancer cells, etc.
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Fig. 5 ESI-09 induces morphological changes and apoptosis in
MCEF-7 cells. a Cells treated with ESI-09 for 24 and 48 h showed sig-
nificant changes in their morphology. Cellular shrinkage characteris-
tic of apoptosis was seen after treatment with ESI-09 (white arrow
heads). b (i) The percentage of viable and apoptotic cells was deter-
mined by flow cytometry using Annexin V/PI assay after treatment
with ESI-09 (50 uM). Lower left quadrant (Annexin V~/PI7) repre-
sents viable cells, whereas lower right (Annexin V1/PI") and upper
(PI*) quadrants represent the percentage of early apoptotic and late
apoptotic/secondary necrotic cells, respectively. (ii) Confocal images
showed surface staining by Annexin V-FITC (green) in early apop-

totic cells (6 h) after treatment with ESI-09. On the other hand, after
48 h with the increase in permeabilization of treated cells, the stain-
ing of propidium iodide increases (red, shown by arrow). Control
untreated cells showed no staining with Annexin V-FITC or PI ¢
Flow cytometry analysis of DNA fragmentation during apoptosis in
MCEF-7 cells by TUNEL assay. DNA histograms represent effect of
ESI-09 on breast cancer cells at different concentrations. Etoposide is
used as positive control for the experiment. The quantitative analysis
of TUNEL profile is shown by bar graph (black negative control, yel-
low fixed cells tunel positive control, green ESI-09 10 uM, pink ESI-
09 50 pM, blue etoposide 10 pM). (Color figure online)
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LEAD TO APOPTOSIS

INHIBIT CELL MIGRATION

Fig. 6 cAMP signaling in breast cancer. Schematic representation
highlighting EPACI signaling via AKAP9 modulates breast cancer
cells. The specific inhibition of EPAC 1 signaling by ESI-09 modu-
lates cell migration and apoptosis

Conclusion

In the present study, we have shown that the blocking of
EPACI by its specific inhibitor ESI-09 can lead to inhibi-
tion of migration and apoptosis in breast cancer cells. Fur-
ther, we confirmed that inhibition of EPACI1 leads to mis-
localization of AKAP9. Our study opens up new avenues
for development of therapeutics against breast cancer by
targeting effector molecules of cAMP signaling. EPACI1
signaling can emerge as an essential target for development
of potential therapeutics for breast cancer treatment. Deci-
phering the role of EPAC1 on vascular permeability will
help in designing novel therapeutics for breast cancer. The
use of cCAMP elevating agents and RNAi-mediated knock-
down of EPACI1 will help in further dissecting the role of
EPACI in breast cancer.
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