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Abstract

The recent discovery of a new family of cAMP sensor proteins, exchange protein
activated by cAMP (EPAC), ushered in a new era in cAMP signaling. EPAC is composed
of two main isoforms, EPAC1 and EPAC2, whose roles in mediating cCAMP effects in
various cellular contexts remains relatively unclear, and must be elucidated to examine
the therapeutic potential of these proteins. This work investigated the role of EPACL in
promoting invasion and metastasis of pancreatic ductal adenocarcinoma (PDA) and
immune regulation, through modulation of the activity of regulatory T-cells (Treg), a
subset of T-cells that suppress the immune system and maintain immune tolerance.

In three common PDA cell lines, AsPC-1, PANC-1, and MIA PaCa-2,
suppression/inhibition of EPAC1 reduced invasion/migration in transwell
invasion/migration and wound healing assays. In an in vivo orthotopic metastatic PDA
mouse model, suppression/inhibition of EPACL1 significantly reduced local invasion and
distant metastasis of MIA PaCa-2 as determined by in vivo bioluminescence imaging and
histological evaluation of the number of metastatic foci in the liver. Mechanistically,
FACS-based and protein fractionation assays showed that EPAC1 facilitates activation
and trafficking of integrin 1, both of which play a critical role in mediating cancer cell
motility.

Inhibition/knockout of EPACL1 in either Treg or effector T-cells (Teff) decreased
Treg-mediated suppression of Teff, while the impact of EPAC1 inhibition/knockout was
additive, as determined by an in vitro suppression assay. Mechanistically,

inhibition/knockout of EPAC1 up-regulated STAT3 activation and desensitized T-cells to

Vi



TGF-B1 signaling. These results suggest that EPAC1 enhances the potency of Treg cells
and simultaneously sensitizes Teff cells to suppression.

PDA has a dismal prognosis with ~ 95% mortality rate, in large part because of its
high metastatic potential and dense desmoplastic microenvironment, which efficiently
recruits and induces Treg cells to quell the body’s antitumor immune response. The
findings presented in this work suggest that EPAC1 inhibitors might have excellent
therapeutic potential as anti-PDA agents that can concurrently reduce PDA metastasis

and enhance antitumor immunity.
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Chapter 1: Introduction

The discovery of EPAC and rethinking cAMP signaling

Cyclic adenosine monophosphate (cCAMP), discovered more than 6 decades ago,
is one of the most common second messengers that is involved in the regulation of
virtually all biological functions . Nearly all of cAMP’s effects are transduced by the
classic protein kinase A (PKA) family, or the recently identified exchange protein
activated by cAMP (EPAC) family, composed of two main isoforms, EPAC1 and EPAC2
2.3 The discovery of EPAC has necessitated the reexamination of cAMP signaling to
discern the roles of PKA and EPAC and possible interplay between these two cAMP
Sensors.

More than 15 years of research have now firmly established that many of cAMP’s
functions that had been exclusively ascribed to PKA are in fact also mediated by EPAC.
For instance, EPAC proteins regulate leptin signaling 4, cardiac function °, exocytosis and
secretion ® 7, endothelial barrier tight junctions & °, immune responses °, gap junction
(GJ) permeability 1+ 2 and cell adhesion ** 4 Moreover, EPAC proteins have been
implicated in the pathophysiology of several diseases, including cancer, cardiac
hypertrophy, cognitive impairment, renal disease, diabetes, and metabolic dysfunction *-
17.

Despite the fact that the same second messenger activates both PKA and EPAC, it
is now clear that these two families can act synergistically or antagonistically, depending
on their expression, distribution, and cellular context & 1°, For example, EPAC increases,

while PKA decreases, phosphorylation of Akt/PKB 2% 2L, On the other hand, PKA and



EPAC work in concert to stimulate secretion of the gastrointestinal hormone neurotensin
from enteroendocrine cells 22,

EPAC structure, activation, and substrates

EPAC1 and EPAC2 are products of different, but highly homologous genes 2 2.
EPAC2 is predominantly expressed in the adrenal glands, brain, pancreas, and liver,
while EPAC1 is more ubiquitously expressed 3. EPAC proteins act as guanine
nucleotide exchange factors and facilitate the activation of the small GTPase Ras-related-
proteins Rapl and Rap2, but each isoform of EPAC performs distinct functions because
of different tissue localization and interactions with various intracellular proteins . The
vast majority of EPAC’s effects are mediated by Rap1/2, but recent studies have revealed
some Rap-independent functions, including regulation of insulin secretion through
interaction with Rim (Rab3 interacting molecule) and the calcium sensor Piccolo & 224,
and possibly nuclear transport through interaction with the small GTPase Ran 2.

EPACL1 and EPAC2 have very similar multi-domain structures with a regulatory
region at the N-terminal, and a catalytic region at the C-terminal. EPAC are normally
inactive as the regulatory region is usually positioned in a manner that blocks the
catalytic region and prevents the binding of Rap1/2 (Fig. 1A). Binding of cAMP is
thought to induce a conformational change that exposes the catalytic site of the protein
and leads to its activation 1.

The architecture of the two EPAC differs only in the regulatory region, which
contains the cAMP binding domain (CBD) (Fig. 1B). EPAC1 has one cAMP binding

domain (CBD), cAMP-B, while EPAC2 has two CBDs, cAMP-B and cAMP-A, which

i Reproduced with permission from Pharm Rev (Schmidt M, Dekker FJ, Maarsingh H. Exchange protein
directly activated by camp (epac): A multidomain camp mediator in the regulation of diverse biological
functions. Pharmacol Rev. 2013;65:670-709), copyright (2013)

2



has a lower affinity for cAMP 6. The regulatory region also has a dishevelled/Egl-
10/pleckstrin (DEP) domain, which determines protein localization through interactions
with the membrane lipid phosphatidic aid (PA) and ezrin-radixin-moesin (ERM) proteins
18 The catalytic region is composed of a RAS exchange motif (REM), a RAS association
(RA) domain, and a CDC25-homology domain (CDC25HD). Recent studies show that in
addition to the DEP domain, the RA and CBD domains also participate in the spatio-

temporal regulation of EPAC 1626,

A apP
DEP
CAMP-B— DEP > & i
—
< CDC25HD ) _— \ coC2sHD )
REM
REM Inactive Active
B
Plasma membrane localization Nuclear pore localization
T Interaction with RanBP2
Plasma membrane redistribution Epac activation CDC25HD inhibition
ERM ’ Mlcrqmw?. Ran-GTP n.nag.
Epac1 = DEP == cAMP-B =~ REM = RA =— CDC25HD —
Regulatory region Catalytic region
Epac2 — CcAMP-A — DEP — cAMPB — REM =— RA — CDC25HD  =—
Ras-GTP
Intracellular localization Spatio-temporal Rap activation

Biological properties

Figure 1. Activation and structure of EPAC. A) The N-terminal normally blocks the catalytic
C-terminal from binding to the protein substrate. Binding of cAMP to its binding domain
relieves auto-inhibition. B) The regulatory and catalytic regions are composed of distinct
domains, which serve particular roles in facilitating the enzymatic activity of the protein, or
spatial regulation via interaction with other proteins as shown. cAMP-A, low-affinity cAMP-
binding domain; cAMP-B, a higher affinity cAMP-binding domain; RANBP2, RAN-binding

protein-2; PA, phosphatidic acid.



Current state of pancreatic ductal adenocarcinoma

We have achieved tremendous advances in the treatment of most cancers, but
unfortunately the outlook for pancreatic ductal adenocarcinoma (PDA) has remained
stagnant over the past several decades. PDA has a bleak prognosis with ~ 95% mortality
rate and it is one of the leading causes of cancer-related deaths 2" 2, Depending on the
sex of the patient, PDA is estimated to be the eighth or ninth cause of cancer deaths
worldwide, and the fourth or fifth in developed countries " 28, In the United States alone,
~46,000 diagnoses of PDA are expected in 2014, and ~ 40,000 of these patients are
expected to die %°.

In the United States, the current standard of care for PDA generally involves
surgical resection when possible, preceded (neoadjuvant) or followed (adjuvant) by
chemotherapy alone, or in combination with radiotherapy (chemoradiation) *°. Although
there is some disagreement about the efficacy of post-operative radiotherapy *. The main
chemotherapy agents utilized are gemcitabine and fluoropyrimidines, like 5-fluoruracil,
and they are often combined with other agents like platinum-based drugs, such as
Oxaliplatin 3. However, the clinical outcome of these various treatments is not favorable
in most cases, and improvements are usually very modest with success often measured by
mere months of prolonged survival 33,

All but one of the current chemotherapy agents utilized in the treatment of PDA
are non-specific drugs that target different parts of the cell replication machinery, and as
such, they often have intolerable side-effects. More recently, the targeted drug erlotinib,
an inhibitor of epidermal growth factor recepror (EGFR) signaling, was approved by the

FDA for treatment of PDA 32 3%, EGFR is over-expressed in as much as 55% of PDA 34,



and erolitinib was able to improve patient survival when combined with gemcitabine 2.
However, the median survival was only increased by ~ half a month, and some studies
indicate that KRAS mutations, which are present in ~90% of PDA %, are associated with
resistance to erlotinib °.

Clearly there is a dire need for novel and more effective targeted treatment
strategies for PDA. In particular, therapies that address some of the factors that have
made this neoplasm difficult to treat are needed. A multitude of factors contribute to
PDA’s resistant to various form of treatments; chief among them are its aggressive and
highly metastatic nature, and the strong desmoplastic response that creates an
immunosuppressive tumor microenvironment that limits the body’s immune response to
the cancer cells %.

PDA’s metastatic potential

One of the biggest factors behind PDA’s poor prognosis is its aggressive local
spread and strong potential for distant metastasis. The early signs of the disease are non-
specific and there is a lack of reliable diagnostic markers, and therefore, the vast majority
of patients is diagnosed after metastasis had occurred *. In addition, PDA is a unique
cancer as small metastatic foci develop quite early in the progression of the disease *'. In
fact, in a genetic mouse model in which PDA develops spontaneously due to pancreas-
specific Kras and p53 mutations, PDA cells were detected in the blood and liver tissue
before distinct carcinoma cells formed in the parent pancreatic tissue *°. Such a pattern of
early and aggressive dissemination makes curative surgical resection and local

radiotherapy ineffective, and distant spread is the cause of death in ~90% of pancreatic



cancer patients 3" 3, Even when curative surgical resection is possible, relapse with
distant metastasis happens in the majority of patients %41,

The invasion and metastasis process of PDA is a complex one that is governed by
numerous biochemical, genetic, and epigenetic alterations. A detailed summary of these
changes is beyond the scope of this work, but briefly, several key events are required for
tumor cells to become metastatic. These changes include the loss of cell-cell adhesion
molecules, such as E-cadherins, which normally inhibit invasion, as well as alterations in
the expression levels of other adhesion molecules, including ICAM-1, VCAM-1, and
ELAM-1 38 Additionally, the expression, distribution, and function of integrins are
deregulated in a manner conducive to invasion and metastasis “2. Finally, to enable cells
to break through extracellular matrix and enter into the body’s circulation, matrix
metalloproteases (MMP), which degrade stromal proteins, are frequently over-expressed
in PDA %,

While the basic steps leading to the formation of an invasive cell have been well
elucidated, there are numerous other changes that are not well understood. Moreover, our
understanding of the various deregulator steps leading to aforementioned basic changes
remains rudimentary *'. In particular, the genetic mutations that occur in PDA are some
of the most heterogeneous observed in cancer *'. It is critical that we identify these
various mutations and alterations in gene expression to develop tailored therapies that are
able to target cancer-specific pathways, or circumvent ones that lead to drug resistance.

PDA’s immunosuppressive microenvironment

Although inflammation can be pro-tumorigenic, solid carcinomas like PDA

usually elicit anti-tumorigenic adaptive and innate immune responses. Which are



positively correlated with patient survival ** #4, Even though cancerous cells express
mostly self-antigens, the genetic changes that accompany the development of PDA
modify the expression patterns and structure of certain surface proteins enough to invoke
an inflammatory response designed to eliminate the growing tumor. For instance,
antibodies (humoral response) and cytotoxic and helper T-cells (cellular response)
specific to the glycoproteins mesothelin and mucin-1 (MUC-1) have been detected in
PDA patients *> %, Even intracellular proteins like certain Ras mutants induce T-cell
responses in some patients 4.

Since the 1970s researchers have sought to exploit features of the body’s
spontaneous immune response to cancer to develop effective immunotherapies. Not only
can immunotherapy eradicate existing tumor cells, but it also has the potential to provide
the immune surveillance necessary to prevent cancer recurrence. A wide array of
treatment modalities have undergone clinical trials, including the administration of
cytokines that enhance the activity of tumor-specific immune cells, adoptive transfer of
engineered autologous T-cells, and administration of monclonoal antibodies against
cancer-specific antigens or whole-cell or synthetic peptide vaccines 8. Unfortunately the
field of cancer immunotherapy has not produced many breakthroughs. But with our
improved understanding of the intricacies of the immune system and technical
advancements in immunological engineering, the field has been revitalized and some
promising achievements have been made. In fact, there are currently two available
immunotherapies: in 2010 the FDA approved sipuleucel-T, an activated autologous T-
cell treatment, for advanced prostate cancer #°, and in ipilimumab, a monoclonal antibody

approved in 2011 for non-resectable advanced melanoma *°.



Despite these recent advances, there remain significant hurdles facing cancer
immunotherapy. Chief among these hurdles is the immunosuppressive
microenvironments of solid tumors 5. Cross-talk between tumor infiltrating immune
cells, tumor cells, and stromal cells leads to the reprogramming of the anti-tumor immune
response and development of an immunosuppressive milieu that is suitable for tumor
growth > %2 Indeed, the ability to escape immune surveillance is now considered a
hallmark of cancer %2. Given the strong desmoplastic response normally seen with PDA,
this tumor is especially adept at evading immune rejection, and its immunosuppressive
microenvironment is hugely problematic for the development of efficacious PDA-
specific immunotherapies ¥.

Perhaps the biggest driver of the immunosuppressive tumor microenvironment is
regulatory T-cells (Treg), a subset of T-cells that suppress other immune cells, in both the
adaptive and innate immune systems °* % These cells are crucial to maintaining
peripheral tolerance and preventing detrimental immune reactions to innocuous antigens
and exaggerated responses to infections *°. There are two varieties of Treg cells, natural
Treg (nTreg), which develop in the thymus, and induced Treg (iTreg), which develop
from naive T cells under the stimulation of cytokines, such as TGF-B1, in peripheral
tissues in specific contexts >°. Tumors recruit nTreg cells with chemokines and induce the
generation of Treg cells from non-suppressor T-cells under the stimulation of cytokines
(Fig. 2)", produced by tumor cells and tumor-associated myeloid-derived suppressor cells
(MDSC) %¢. Tumor cells and MDSC also express 2,3-dioxygenase (IDO), which activates

Treg cells and aids in their expansion " %8, Treg cells in turn suppress natural Killer cells

ii Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Cancer (Colombo MP, Piconese S.
Regulatory-T-cell inhibition versus depletion: the right choice in cancer immunotherapy. Nat Rev Cancer
2007;7(11):880-887), copyright (2007)



and T-cells that are primed to attack the tumor. In fact, Treg cells accompany cancer
development from the early pre-invasive stages and progressively increase in numbers as

the tumor cells de-differentiate and increase their metastatic potential °2.
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Figure 2. Treg cells in tumor microenvironment. nTreg cells are recruited to the tumor
microenvironment or induced by cytokines from tumor or tumor-associated myeloid suppressor
cells. Treg cells in turn down-regulate the anti-tumor immune response by suppressing other
tumor infiltrating immune cells like natural killer cells and tumor-specific CD4* and CD8" T-

cells.

Numerous clinical observations support the notion that eliminating tumor
infiltrating Treg cells would enhance the efficacy of cancer immunotherapy. Patients with
PDA have a higher number of circulating Treg cells and this increased prevalence is
generally associated with worse prognosis °° 8. Therapies aimed at eliminating Treg cells
have shown some promising results in clinical trials 8. Furthermore, several studies have
shown that after administering tumor vaccines, the number of vaccine-specific Treg cells

increases significantly; diminishing the effectiveness of the treatment %3, Therefore,



treatments that down-regulate Treg activity have great potential as cancer

immunotherapies, especially if administered in conjunction with cancer vaccines.
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Dissertation goals

Recent findings, which will be summarized in subsequent chapters, have
suggested that EPAC1 mediates cAMP’s pro-migratory and immunosuppressive effects.

In this dissertation, | will examine the role of EPAC1 in promoting invasion and

metastasis of pancreatic ductal adenocarcinoma (PDA), and facilitating

immunosuppression mediated by requlatory T-cells (Treq), a subset of T-cells with

general suppressor function and a key player in the development of cancer 2 % | will

arque that inhibition of EPACL is potentially a viable therapeutic strateqy that can reduce

PDA metastasis and simultaneously enhance the anti-tumor immune response.
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Chapter 2: Inhibition of EPAC1 Reduces Invasion and Metastasis of PDA

Introduction

A recent report showed that in tumor samples from patients with pancreatic ducal
adenocarcinoma (PDA), EPAC1 was over-expressed in cancerous tissue, compared to
normal adjacent pancreatic tissue; both at the mRNA and protein levels %. However, the
consequences of this over-expression have not been investigated and it is unclear whether
enhanced expression of EPACL in PDA is detrimental and promotes the malignant
phenotype of this tumor, or a protective mechanism that develops as an attempt to control
PDA.

cAMP plays a complex and context dependent role in regulating migration % 67,
Several studies have shown that EPAC1 mediates cAMP’s pro-migratory roles in a
variety of cell types. For example, EPAC1 promotes adhesion and migration of white
blood cells 8, cells of epithelial origin 4, and vascular smooth muscle cells %. In
addition, EPAC1 regulates invasion and metastasis of several cancers, including
melanoma, prostate cancer, and ovarian cancer > %75 put there is some controversy
about EPAC1’s role in each cancer and if it’s pro- or anti-migratory.

In melanoma, there is a consensus that EPAC1 enhances invasion and metastasis,
as has been shown in several in vitro and in vivo studies ">, In prostate cancer, some
results suggest that EPAC1 promotes metastasis and proliferation "®'8, while other
studies contradict these results 2. Although it has been suggested the inhibitory effect

observed for EPACL in prostate cancer is actually the result of PKA activation by 8-(4-
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Chlorophenylthio)-2'-O-methyladenosine-3',5'-cyclic monophosphate (8CPT) , the EPAC
agonist employed in the study ’°. In ovarian cancer, EPAC1 seems to have pro-migratory
effects in some cell lines (Ovcar3) %3, and anti-migratory effects in others (ES-2) . In
order improve the development of anti-metastasis therapeutic strategies, it is of
paramount importance that we determine the role of EPAC1 in the context of each cancer
and elucidate the mechanism by which it boosts or attenuates migration in each case.
Based on the studies summarized here, we speculated that EPAC1 plays an
essential role in regulating invasion and metastasis of PDA. In this chapter | will show
that EPAC1 facilitates invasion and metastasis of PDA, and EPAC1 inhibitors have

therapeutic potential as anti-metastasis for PDA.
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Materials and Methods

Small molecule agonists/antagonists

8-(4-Chlorophenylthio)-2'-O-methyladenosine-3’, 5'-cyclic monophosphate,
acetoxymethyl ester (007-AM), is a selective EPAC agonist & 8! (BioLog Life Science
Institute , Bremen, Germany). Bisindolylmaleimide I (BIM I) and 2,6-Diamino-N-([1-(1-
oxotridecyl)-2-piperidinyl] methyl) hexanamide (NPC 15437) are selective PKC
antagonists 8 8 (Santa Cruz, Dallas, TX, USA). ESI-09 is a highly selective EPAC
inhibitor recently identified in our lab 8. 8-(4- Chlorophenylthio)-2'-O- methyladenosine-
3', 5'- cyclic monophosphate, acetoxymethyl ester (007-AM) was initially provided by
and subsequently purchased from BioLog Life Science Institute (Bremen, Germany).
Antibodies

The following antibodies were used for Western blotting: EPAC1 (#4155), EPAC2
(#4156), Akt (#9272), phosphor-Akt (T308) (#4056), phosphor-Akt (S473) (#9271),
Integrin B1 (#9699), Na'/K* ATPase (#3010), and ACTIN (#4968) (Cell Signaling
Technology, Danvers, MA, USA). Rapl antibody (SC-65) (Santa Cruz, Dallas, TX,
USA). For FACS analysis the following antibodies were used: FITC-conjugated Integrin
B1 clone 12G10 (abcam, Cambridge, MA, USA) and FITC-conjugated Integrin f1 clone
K-20 (Santa Cruz, Dallas, TX, USA).

Cell lines

The pancreatic ductal adenocarcinoma cell lines AsPC-1, PANC-1, and MIA PaCa-2
were purchased from ATCC and maintained in glutamine containing RPMI 1640 medium

(Thermo Scientific HyClone, Logan, UT) supplemented with 10 mM HEPES buffer and
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10% fetal bovine serum (complete medium) (Invitrogen, Grand Island, NY) at 37°C
under 5% COg. Stable cell lines with suppressed EPAC1 (Epacl-KD) were generated
using MISSION™ TRC lentiviral based shRNA according to the manufacturer’s protocol
(Sigma-Aldrich, St. Louis, MO, USA). Cells with stable firefly luciferase expression
were generated using a lentiviral based pGL4 luciferase reporter according to the
manufacturer’s protocol (Promega, Madison, WI, USA).

Animals

Animal experiments were conducted in 6- to 8-week-old female athymic BALB/c nu/nu
mice (Charles River Laboratories, Wilmington, MA). Use of all animals was in
accordance with the guidelines of the University of Texas Medical Branch Institutional
Animal Care and Use Committee.

Western blotting

Cellular Proteins were collected in sodium dodecyl sulfate (SDS) lysis buffer (2% SDS,
10% glycerol, 60 mM Tris, pH 6.8), sonicated for 5 s, and denatured at 100°C for 3 min.
Protein samples, 5-30 pug depending on level of protein expression, were then resolved on
resolved on 10% SDS-PAGE gel, and transferred to a PVDF membrane ((Invitrogen,
Grand Island, NY). The membranes were then incubated at room temperature in Tris-
buffered saline (TBS)/5% non-fat milk and 0.1% Tween-20 for 1 hr to block non-specific
interactions. Following the blocking step, membranes were incubated with the
appropriate primary antibody, diluted in TBS/0.1% Tween-20 (dilution buffer), overnight
at 4°C, then washed four times (10 min) in dilution buffer. After the washing step the
appropriate secondary antibody (peroxidase-conjugated) was added in dilution buffer and

incubated at room temperature for 1 hour. The washing step was repeated and the signal
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was visualized with a West Pico Chemiluminescent Kit (GenDEPOT, Barker, TX).
Densitometry was performed using software ImageJ. Primary and secondary antibodies
were diluted as recommended by the manufacturer.

Cell viability assay

Cells were incubated for the specified period of time in a 96-well cell culture plate
(~2000/well) (Corning, Corning, NY) in complete culture medium at 37°C under 5%
CO2. Cell viability was then measured by an alamarBlue cell viability assay
(lifetechnologies, Carlsbad, CA) according to the manufacturer’s instructions. Where
indicated, the specified concentrations of ESI-09, BIM I, or NPC 15437 were added to
the medium.

Luciferase activity

Luciferase-transduced WT or Epacl-KD cells were lysed and luciferase activity was
determined by a Luciferase Assay System assay (Promega, Madison, WI, USA),
according to the manufacturer’s instructions. Bioluminescence was measured with an
LmaxIl 384 microplate reader (Molecular Devices, Sunnyvale, CA).

Rap1 activation assay

Cells were treated with 10 uM 007-am for 10 min with or without pre-treatment with 10
MM ESI-09 for 5 min. The activation of Rapl was examined using an active Rapl (GTP-
bound) pull down assay as described previously %°.

Phosphorylation of Akt

Cells were starved of serum for 24 hours before treatment with ESI-09 for 5 min,
followed by treatment with 10 uM 007-AM for 15 min. Vehicle-treated cells, and cells

treated with 10 uM 007-AM only, were used as negative and positive controls
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respectively. Approximately 10 ug of protein were resolved by SDS-PAGE and Western
blotting was performed as described earlier. Akt phosphorylation was probed with anti-
phospho-AKT T308 and S473 antibodies (1:1000). Phosphorylation levels were
determined with densitometry and expressed as a percentage of basal Akt
phosphorylation (negative control).

Transwell migration/invasion assay

The top chambers of 8§ micron inserts (Costar Inc) were coated with BD Matrigel™
Basement Membrane Matrix (50 pg/mL) (BD biosciences, San Jose, CA, USA). Cells
were starved of serum for 24 hr, detached with 0.25% trypsin-EDTA, and added to the
top chamber of the inserts in serum free RPMI medium containing 0.25% BSA (2 x 105
cells in 100 pL). The bottom chamber was filled with 600 uL. of RPMI containing 10%
FBS and 5 pM ESI-09 where indicated. Then the cells were incubated at 37 °C in 5%
CO2 for 20 hours. Cells were removed from the top chamber and migrated cells were
fixed in methanol (15 min) and stained with crystal violet (15 min). The numbers of
migrated cells were counted in four different fields. For experiments with the EPAC
agonist 007-AM, the cells were treated with 007-AM (10 puM) alone or in combination
with the EPAC inhibitor ESI-09 (5 uM) or PKC inhibitors BIM | (1 uM ) or NPC 15437
(1 pM) for 10 minutes in serum free RPMI/0.25% BSA before adding them to the top
chamber. The bottom chamber was filled with RPMI/4% FBS containing the same
combination of drugs used for pretreatment.

Wound healing assay

Cells were grown to 95-100% confluency before a scratch wound was made. The

medium was changed to RPMI 10% FBS containing 5 uM ESI-09 or DMSO vehicle. The
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cells were then incubated at 37 °C in 5% CO2. The wound was imaged at 0 and 22 hrs
after changing the medium. Healing rate was determined by calculating the percentage of
wound closure according to the following equation: %wound closure = (initial wound
width — wound width at 22 hrs)/initial wound widthx100. To make the results
comparable across all assays, the widths of the initial wounds were all normalized to a 1
mm distance. For experiments with 007-AM, the cells were treated with 007-AM (10
M) alone or with ESI-09 (5 uM) or BIM | (1 puM) in serum free RPMI for 30 minutes
before adding 10% FBS.

Surface protein isolation

MIA PaCa-2 cells were seeded on a fibronectin matrix (Sigma-Aldrich, St. Louis, MO,
USA) and starved of serum for 24 hr and treated with with 007-AM (10 uM) alone or
with ESI-09 (10 uM) or BIM | (1 puM) in serum free RPMI for 45 min before surface
proteins were biotinylated with EZ-link sulfo-NHS-SS-biotin (Pierce, Rockford, IL,
USA) and isolated according to the manufacturer’s instructions. Briefly, 0.25 mg/mL of
EZ-link sulfo-NHS-SS-biotin was added to the cells and incubated at 4 °C for 30 min.
Biotinylation was quenched and the cells were harvested and centrifuged at 500 g for 3
min. Cells were solubilized with the kit’s lysis buffer containing the protease inhibitor
phenylmethanesulfonyl fluoride (Sigma-Aldrich, St. Louis, MO, USA) and incubated on
ice for 30 min. The samples were centrifuged at 10,000 g for 2 min at 4 °C and the
supernatant containing biotinylated membrane proteins was incubated with NeutrAvidin
gel slurry for 60 min at room temperature. Then surface proteins were eluted from the
column with elution buffer containing 50 mM dithiothreitol (DTT). Approximately 15 ug

of biotinylated protein were separated by SDS-PAGE surface int. f1 was probed by
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Western blotting as described earlier. The plasma membrane protein Na*/K* ATPase was
used as a loading control. To obtain total int. f1 cells were treated as described for
surface int. B1 isolation and lysed with SDS lysis buffer (2% SDS, 10% glycerol, 60 mM
Tris, pH 6.8).

Flow cytometry analysis of activation and cell-surface expression of integrin 1

MIA PaCa-2 cells were starved of serum for 24 hr and detached with 0.25% trypsin-
EDTA for 5 minutes. Cells were then treated with 007-AM (10 pM) alone or in
combination with ESI-09 (10 uM) or NPC 15437 (1 uM) in serum free RPMI/0.25%
BSA and incubated for 15min at 37 °C in 5% CO2. Cells were fixed in 4%
paraformaldehyde for 12 min, then active int. B1 was stained with 12G10 (1:100), which
only recognizes the active conformation of int. f1 ®, and total int. B1 with K20 (1:5) for
30 min at 4 °C in PBS containing 3% BSA. The samples were analyzed using FACS
(FACS Calibur, Becton Dickinson, USA). The level of active int. B1 was determined by
normalizing the mean fluorescence intensity (MFI) of active int. B1 staining to total int.
Bl MFL

Orthotopic mouse model and in vivo imaging

WT or Epacl-KD MIA PaCa-2 cells, transduced with firefly luciferase, were grown to
80-90% confluency and detached with 0.25% trypsin-EDTA, washed with
RPMI/10%FBS, and suspended in PBS/Matrigel (1:1) and saved on ice. Mice were
anesthetized with isoflurane inhalation to effect. A small nose cone was used to maintain
anesthesia during the procedure. A small incision (~10 mm) was made through the skin
overlying the spleen/pancreas. The spleen/pancreas were exteriorized and MIA PaCa-2

injected into the parenchyma of the pancreas (50 pL of the PBS/Matrigel suspension
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containing 1.5 x 106 cells). The spleen/pancreas were then returned into the abdominal
cavity and the incision (both muscle and skin layers) were re-approximated with surgical
sutures. Sutures were removed 1 week post procedure. Treatment with ESI-09 (I.P
injection of10 mg/kg) was initiated two days after injection of cells. For in vivo imaging,
mice were injected with D-Luciferin (150 mg/kg in PBS) (PerkinElmer, Waltham, MA,
USA), anesthetized with isoflurane, and then imaged with the IVVIS 200 Pre-clinical In
Vivo Imaging System (PerkinElmer, Waltham, MA, USA).

Statistical Analysis

Student t test was used for data analysis in this study and results were considered as

statistically significant if P values were <0.05.
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Results 34
Characterization of EPAC expression and activity in PDA

To confirm the expression of EPAC1 in PDA, we probed its protein levels in the
PDA cell lines AsPC-1, PANC-1, and MIA PaCa-2 by Western blotting. All three cell
lines had strong expression of EPAC1, which was successfully suppressed with shRNA

(Fig. 3A). None of the cell lines had a detectable level of EPAC2 (Fig. 3B).

AsPCA PANCA1 MIA PaCa-2

Parental Epac1-KD Parental Epact1-KD Parental Epac1-KD

Figure 3. EPAC expression in PDA. A) Expression of EPAC1 in the PDA cells lines AsPC-1,
PANC-1, and MIA PaCa-1 was probed by Western blotting, and knockdown of EPACL by
shRNA was confirmed. B) EPAC2 expression was also probed in all three cell lines. Mouse

Brain tissue was used as a positive control for EPAC2 expression.

3 All figures and data based on the AsPC-1 and PANC1 cell lines were reprinted with permission of the
American Society for Pharmacology and Experimental Therapeutics. All rights reserved. (Almahariq M,
Tsalkova T, Mei FC, Chen H, Zhou J, Sastry SK, Schwede F, Cheng X. A novel epac-specific inhibitor
suppresses pancreatic cancer cell migration and invasion. Mol Pharmacol. 2013;83:122-128)

4 All figures and data based on the MIA PaCa-2 cell line were reprinted with permission of the American
Society for Pharmacology and Experimental Therapeutics. All rights reserved. (Almahariq M, Chao C, Mei
FC, Hellmich MR, Patrikeev |, Motamedi M, Cheng X: Pharmacological Inhibition and Genetic
Knockdown of Exchange Protein Directly Activated by cAMP 1 Reduce Pancreatic Cancer Metastasis In
Vivo. Molecular Pharmacology 2015;87 (2):142-149)
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Recently, our group identified the first EPAC-specific inhibitor, ESI-09, (Fig.
4A) 8 which was utilized in combination with the EPAC agonist 007-AM to test the
functional activity of EPAC1. EPPAC1 is known to up-regulate phosphorylation of AKT
(phospho-AKT) at the T307 and S473 residues 2°. Treatment with 007-AM increased
phospho-AKT level at these residues, but this trend was inhibited by ESI-09 in a dose
dependent manner (Fig 4B). To test ESI-09’s ability to specifically target EPACI in
context of PDA cells, we treated the cells with ESI-09 prior to stimulation with epidermal
growth factor (EGF). ESI-09 was unable to inhibit EGF-stimulated phosphoryaltion of
AKT.

As mentioned previously, EPAC proteins primarily act as guanine exchange
factors (GEF) for the small GTPase proteins Rap1/2 887 so we examined EPAC1’s GEF
activity to further confirm its functionality in PDA. 007-AM was able to stimulate Rapl
activation as determined by increased levels of GTP-bound Rapl, while ESI-09
decreased those levels (Fig. 4C). Together, these results confirm EPAC1’s expression
and activity in PDA cells and show that ESI-09 is able to specifically target EPACL in
this context.

EPACI facilitates invasion and migration of PDA cells

As discussed earlier in this chapter, studies have shown that EPACL plays a role
in the migration of melanoma and ovarian cancer, and migration and proliferation of
prostate cancer 3 O’ To investigate whether EPAC1 affects proliferation and/or
migration of PDA, we employed genetic and pharmacologic approaches to suppress and
inhibit EPACL, respectively. Suppression of EPAC1 did not alter the proliferation rate of

AsPC-1, PANC1, or MIA PaCa-2 cells (Fig. 5). On the other hand, genetic suppression
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of EPAC1, or pharmacologic inhibition by ESI-09 significantly inhibited
invasion/migration of PDA cells as determined by transwell invasion/migration and
wound healing assays (Fig. 6).

Additionally, treatment with the EPAC-specific activator 007-AM significantly
increased invasion/migration in those assays, but ESI-09 completely negated the impact
of 007-AM. (Fig. 7). To rule out the possibility that ESI-09 inhibited invasion/migration
by lowering cell viability, we monitored cell proliferation in the presence of this
compound. ESI-09 did not affect cell viability at the concentrations utilized in the
employed assays (Fig. 8). These results show that in PDA cells, inhibition of EPAC1

decreases invasion/migration without affecting cell proliferations.
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Figure 4. EPACL1 activity in PDA. A) Chemical structure of the EPAC inhibitor ESI-09. B)
Serum-starved AsPC-1 cells were treated (15 min) with 007-AM or EGF after pretreatment (5
min) with the indicated concentrations of ESI-09. phospho-AKT T308, phosphor-AKT S473,
and total AKT levels were probed by Western blotting (representative blot shown).
Posphorylation levels were determined by densitometry and expressed as a percentage of total
AKT. C) Serum-starved MIA PaCa-2 cells were stimulated (10 min) with 007-AM after
pretreatment (5 min) with ESI-09. Data points represent mean + S.D. (n=3). *Significantly
higher than vehicle group (P < 0.02). *Significantly lower that 007-am stimulated group (P <

0.02).
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Figure 5. Suppression of EPAC1 has no impact on PDA proliferation. The proliferation
of parental or Epacl-KD AsPC-1, PANC-1, and MIA PaCa-2 cells was monitored for 6 days

by an alamarBlue metabolic activity assay. RFU, relative fluorescence unit.
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Figure 6. EPAC1 suppression or inhibition decrease PDA cell migration and invasion. A)
Cells were serum starved overnight, detached, and their invasion/migration ability was
measured by a transwell invasion/migration assay. B) Invasion/migration was measured as
described in (A) in the presence or absence of the indicated concentrations of ESI-09. C) Cells
were serum starved overnight, a scratch wound was made, and wound healing rate was followed
in the presence or absence of ESI-09. Bars represent mean + S.D. (n = 3). *Significantly lower

than vehicle group (P < 0.05). #Significantly lower than parental cells group (P < 0.02).
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Figure 7. EPAC1 suppression or inhibition decrease PDA cell migration and invasion.
MIA PaCa-2 cells were serum starved overnight, detached, and their invasion/migration ability
was measured by transwell invasion/migration and wound healing assays. A) Representative
images showing an increase in wound healing rate with 007-AM treatment, and a decrease by
Epacl-KD or ESI-09 treatment. B, quantification of wound-closure presented as the distance
traveled by the edge of the wound relative to the wound’s initial size. C) Representative images
showing an increase in invasion/migration with 007-AM treatment and a decrease by Epacl-KD
or ESI-09 treatment. D) Quantification of the number of migrating cells. * Significantly higher

or lower than vehicle-treated parental cell (P < 0.03). Data is presented as mean + S.D. (n=3).
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Figure 8. ESI-09 does not affect PDA cell viability. The viability of AsPC-1, PANC-1,
and MIA PaCa-2 cells was monitored for 24 hours in the presence or absence of ESI-09 (5

MM) by an alamarBlue metabolic activity assay. RFU, relative fluorescence unit.

EPACI1 promotes trafficking of integrin 1

The expression, distribution, trafficking, and function of integrins are frequently
altered in tumor cells in a manner that promotes cancer migration %2 Integrin Pl is
particularly important for invasion of PDA and plays an essential role in facilitating its
metastasis & 8. Several reports have implicated EPAC1 and its effector Rap1 in integrin
B1-mediated adhesion and migration of endothelial progenitor and immune cells 8 %,
Hence we hypothesized that EPACL facilitates invasion/migration of PDA through an
integrin B1-related pathway. Neither activation, nor pharmacologic inhibition or
knockdown of EPACT altered expression levels of integrin f1 (Fig. 9A & B). However,
when cells were treated with the EPAC activator 007-AM (45 mins), followed by

biotinylation and isolation of surface proteins, the plasma membrane fraction of integrin
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B1 was significantly increased, and this observed rise was completely negated by ESI-09
treatment or knockdown of EPAC1 (Fig. 9C & D) °L. In fact, inhibition or suppression of
EPACI reduced the membrane fraction of integrin 1 below the basal level determined
for vehicle-treated parental MIA PaCa-2 cells (Fig. 9C & D). Additionally, after cells
were trypsinized, recovery of cell surface integrin 1, even after only 15 min, was
significantly enhanced by EPAC activation and attenuated by its inhibition or suppression
(Fig. 9E). These results suggest that EPACI1 facilitates trafficking of integrin B1 to the
plasma membrane during invasion/migration.
EPACI1 promotes trafficking of integrin 1 through PKC

PKC regulates integrin trafficking and has been shown to promote migration of
cancer cells % % Of note, during the integrin trafficking cycle, PKCe mediates the
movement of integrin Bl from the perinuclear recycling compartment (PNRC) to the
plasma membrane #2. Numerous studies have shown than EPAC activates PKC in various
cell contexts, including PKCe % %. Therefore, we reasoned that EPAC1 enhances
trafficking of integrin Bl to the plasma membrane in part through PKC activation.
Similarly to the impact of inhibition and suppression of EPACL, inhibition of PKC with
the PKC-specific inhibitor BIM I had no impact on total integrin $1 expression (Fig. 10A
& B), but completely abrogated the increase in surface integrin f1 seen with EPAC1
activation by 007-AM (Fig. 10C & D). Furthermore, inhibition of PKC negated the rise
in invasion/migration observed with EPAC1 activation in transwell invasion/migration
and wound-healing assays (Fig. 10E & F). To confirm the specificity of the observed
response to BIM | treatment, we utilized another PKC-specific inhibitor (NPC 15437).

This inhibitor also blocked 007-AM’s stimulatory effect on invasion/migration of MIA
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PaCa-2 and integrin B1 trafficking (Fig. 11). BIM | and NPC 15437 had had no impact
on the viability of MIA PaCa-2 cells during the time frame of the essay (Fig. 12).
Together, these findings suggest that EPACI promotes integrin B1 trafficking through the
PKC pathway. Noticeably though, PKC inhibition (Fig 10E & F) reduced
invasion/migration to a lower extent than inhibition of EPAC1 did (Fig. 7 C & D). This
suggested the presence of a possible additional mechanism by which EPACL1 facilitates
invasion/migration of PDA cells.
EPACI1 promotes activation of integrin p1

Integrins are usually present in an inactive conformation that has a low affinity for
their ligand. A series of signaling events that involve the recruitment of various adaptor
proteins to the cytosolic domain of the integrin are required for activation (inside-outside
signaling) %. Several reports have shown that Rap1 plays a role in the integrin activation
cascade °" %8, To determine if EPAC1 facilitates activation of integrin B1 in PDA, we
probed the activation status of integrin 1 after EPACI1 activation or
inhibition/suppression using an antibody that only recognizes the active conformation of
integrin B1 (12G10) . To account for the change in total surface integrin B1 in response
altering EPACL1 activity, the fluorescnece intensity of the integrin’s active conformation
was normalized to the intensity of total surface integrin B1 staining. Activation of EPAC1
by 007-AM significantly increased the fraction of active integrin p1, and
inhibition/suppression of EPACL1 lowered it below basal levels (Fig. 13). Moreover,
inhibition of PKC with NPC 15437 did not affect integrin 1 activation (Fig. 13). These
results suggest that in addition to regulating integrin trafficking, EPAC1 mediates

activation of integrin 1, and this effect is most likely PKC-independent.
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Figure 9. EPACI increases trafficking of integrin p1 to the plasma membrane. A-D) MIA
PaCa-2 cells were treated with 007-AM in the presence or absence of ESI-09 and total or plasma-
membrane proteins were isolated. A and C) Representative plots of total and membrane-bound
integrin B1, respectively. Na*/K* ATPase was used as a loading control for the membrane protein
fraction. B) and D) Quantification of total and membrane-bound integrin B1, respectively.
Integrin B1 levels were determined by densitometry and presented as a percentage of loading
control. E) Cells were trypsinized and recovery of surface integrin f1was probed by FACS. Data
is presented as mean fluorescence intensity (MFI) and normalized to vehicle treated WT MIA
PaCa-2 cells. Bars represent mean + S.D. (n=3). ** Significantly higher than vehicle-treated WT

cells (P < 0.01). * Significantly lower than vehicle-treated WT cells (P < 0.02).
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Figure 10. EPACL1 increases trafficking of integrin p1 to the plasma membrane through
PKC. MIA PaCa-2 cells were treated with 007-AM in the presence or absence of BIM I. A and
C) Representative plots of total and plasma membrane-bound integrin 1, respectively. B and
D) Quantification of total and plasma membrane-bound integrin B1, respectively. Integrin 1
levels were determined by densitometry and presented as a percentage of loading control. E)
Invasion/migration was examined by a trans-well invasion/migration assay. F) Wound healing
rate was examined in a wound-healing assay. Wound-closure rate is presented as the distance
traveled by the edge of the wound relative to the wound’s initial size. Bars represent mean =+
S.D. (n=3). ** Significantly higher than vehicle-treated cells (P < 0.01). *Significantly higher or

lower than vehicle-treated cells (P < 0.03). # Significantly lower than 007-AM treated cells.
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Figure 11. NPC 15437 negates 007-AM’s impact on MIA PaCa-2’s migration and
trafficking of integrin 1. A) Cells were treated with 007-AM in the presence or absence of
NPC 15437 and invasion/migration was examined by a transwell migration. B) Cells were
trypsinized, treated with 007-AM in the presence or absence of NPC 15437, and recovery of
surface integrin B1 was probed by FACS using the integrin Bl antibody K20 by FACS. Mean
fluorescence intensity (MFI) was normalized to vehicle-treated cells. Bars represent mean +
S.D. (n=3). ** Significantly higher than vehicle-treated WT cells (P < 0.02). * Significantly

higher or lower than vehicle-treated WT cells (P < 0.05).
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Figure 12. Effects of utilized PKC inhibitors on viability of MIA PaCa-2. Cells were treated
with vehicle DMSO, 1 BIM I, or 1 uM NPC 15437 for 24 hrs, and cell viability was determined
by an almarBlue metabolic activity assay. RFU, relative fluorescence unit. Bars represent mean

+ S.D. (n=3).
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Figure 13. EPACI facilitates activation of integrin 1. Cells were treated with 007-AM in the
presence or absence of ESI-09 or NPC 15437 and activation of integrin f1 was probed by FACS
using the antibody 12G10, which only binds to the active form of integrin f1. Total integrin 1
was probed with the antibody K-20. A) A representative histogram showing the binding of
12G10. B) Quantification of active int. Bl relative to total int. Bl (MFIactive/MFliota). Bars
represent mean + S.D. (n=3). ** Significantly higher than vehicle-treated WT cells (P < 0.03). *

Significantly lower than vehicle-treated WT cells (P < 0.04).
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Genetic suppression of EPAC1 reduces PDA metastasis

To determine if EPAC1 facilitates PDA invasion and metastasis in vivo we
utilized an orthotopic PDA metastasis mouse model. WT and Epacl-KD MIA PaCa-2
cells were transduced with luciferase and cells with comparable luciferase activity (Fig.
14A) were injected into the pancreas of athymic nude mice. Local invasion and metastasis
were monitored in vivo using bioluminescence imaging, and at the end of the experiment,
metastasis was further quantified by the number of metastatic foci in the liver, which is
one of the most common sites of PDA metastasis *°. Suppression of EPAC1 reduced local
and distant spread of MIA PaCa-2 cells (Fig. 14B) and significantly decreased metastasis
to the liver (Fig. 14C & D).
Pharmacological inhibition of EPAC reduces PDA metastasis

To determine if inhibition of EPACL is a potentially viable therapeutic strategy
for reducing metastasis of PDA, we employed the EPAC inhibitor ESI-09. Our group has
previously shown that ESI-09 has excellent pharmacological activity in vivo and is
capable of protecting mice from a lethal dose of rickettsial infection and recapitulating
EPAC1 knockout phenotype 1%, Treatment with ESI-09 (10 mg/kg daily starting 2 days
post tumor injection) appeared to reduce local and distant spread of MIA PaCa-2 cells
and significantly decreased metastasis to the liver (Fig. 15A & B). These results suggest
that EPACL is a potential target for developing anti-metastasis agents for treatment of

PDA.
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Figure 14. Knockdown of EPAC1lreduces PDA invasion and metastasis. A) Luciferase
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activity in luciferase-transduced WT and Epacl-KD MIA PaCa-2 cells was determined by an in

vitro luciferase assay system. B) Cells were injected into the pancreas of athymic nude mice and

in vivo bioluminescence imaging was performed 3 weeks post injection. Arrowheads show

signal from the primary tumor and local invasion. C) A representative image of H&E staining of

the liver showing a metastatic focus of cells (micromets) of MIA PaCa-2 cells (arrowhead),

scale bar 10 um. D) Quantification of liver micromets (number of micromets/H&E slide). For

each mouse, the number of micromets is the average of two slides taken ~ 20 um apart. Bars

represent mean + S.D. (n=7). * Significantly lower than vehicle-treated group (P < 0.02).

37



ESI-09
treated

Micromets
-
[~
[~]

Veh. ESI-09 treated

Figure 15. Pharmacologic inhibition of EPAC1 reduces metastasis of MIA PaCa-2.
Luciferase-transduced MIA PaCa-2 cells were injected into the pancreas of athymic nude mice
and animals were treated with ESI-09 (daily I.P injection of 10 mg/kg) or vehicle. A) In vivo
bioluminescence image taken 3 weeks post injection of cells. Arrowheads show signal from the
primary tumor and local invasion. One mouse in the treatment group died because of an
erroneous injection procedure of ESI-09. B) Quantification of liver micromets (number of
micromets/H&E slide). For each mouse, the number of micromets is the average of two slides
taken ~ 20 um apart. Bars represent mean £ S.D. * significantly lower than vehicle-treated

group (P < 0.04).
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Discussion

The results presented in this chapter show that EPAC1 facilitates invasion and
metastasis of PDA. Genetic suppression of EPAC1 in three different PDA cell lines,
AsPC-1, PANC-1, and MIA PaCa-2, inhibited their invasion/migration in vitro and the
latter’s metastasis in an in vivo orthotopic metastatic mouse model. This conclusion
suggests that EPAC1’s pro-migratory effect is a general one in the context of PDA.
Although, further studies on other available PDA cell lines and/or cells extracted from
patient tumor specimen are needed to definitively determine if EPACI’s role in PDA
migration can be generalized. In addition, EPAC1 does not appear to affect proliferation
of PDA cells.

Mechanistically, the results of this study suggest that EPAC1 promotes
invasion/migration of PDA by enhancing integrin 1 trafficking, which plays a crucial
role in controlling cell mobility. During cell migration, integrins are internalized from the
cell surface into endosomes and accumulate in the perinuclear recycling compartment
(PNRC) before being shuttled to the leading edge of the migrating cell 4211, This process
is dynamic and occurs rapidly with each step being tightly regulated by various
interactions of a complex network of proteins 12, The PKC isoform PKCe is particularly
important for mediating movement of integrin 1 vesicles from the PNRC pool to the
plasma membrane #?. The PKC-specific inhibitors BIM | and NPC 15437 negated the
stimulatory impact of the EPAC agonist 007-AM on trafficking of integrin Bland
invasion/migration of PDA. The inhibitor NPC 15437 preferentially targets novel
isoenzymes of PKC like PKCe 8. Therefore, our results suggest that it is through the

PKCe pathway that EPAC1 promotes integrin B1 trafficking (Fig. 16). This is in
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agreement with numerous reports showing EPAC activates PKC, including PKCe,
through the PLC/PIP-2 pathway 1794 9,

Interestingly, while the impact of EPACI inhibition/suppression on integrin 1
trafficking was mimicked by PKC inhibition, the latter did not suppress
invasion/migration of MIA PaCa-2 to the same extent as the former did; prompting us to
investigate additional mechanisms underlying EPACI1’s role in promoting PDA
migration. In addition to integrin trafficking, cells control their adhesion and migration by
regulating the activation status of integrins %. Integrins usually exist in an inactive
confirmation that possesses a low affinity for their ligands, and a series of coordinated
intracellular signaling events that involve the recruitment of various adaptor proteins to
the cytosolic domain of the integrin are required for activation (inside-outside signaling)
96.

Our results show that EPAC1 facilitates the activation process for integrin . This
is in concordance with several reports showing the EPAC effector Rapl activates
integrins, including integrin P1, through Rapl-GTP-interacting adaptor molecule
(RIAM), without affecting the overall surface expression levels of these proteins 102 103,
RIAM promotes the binding of the cytosolic domain of an integrin to the adaptor protein
talin, which is a critical last step during the activation sequence %. On the other hand,
inhibition of PKC had no impact on the activation status of integrin f1; suggesting

EPACT1 s role in this mechanism is PCK independent (Fig. 16).
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Figure 16. EPAC1 mediates integrin B1 trafficking and activation. CAMP production by
adenylyl cyclase (AC) leads to EPACL activation, which in turn activates Rapl. Rapl in
conjunction with Rapl-GTP-interacting adaptor molecule (RIAM) and talin leads to
activation of integrinfl. Rapl, through the PLC/DAG pathway, also activates PKCg, which

facilitates trafficking of integrin vesicles from the perinuclear recycling compartment

(PNRC) to the plasma membrane. EE, early endosomes.

Many proteins show promising potential as therapeutic targets in vitro, but prove
to be undruggable in vivo. To determine the druggability of EPACL, we utilized the small
ESI-09, an EPAC-specific inhibitor recently discovered in our lab 84, This drug was able
to reduce invasion and metastasis of MIA PaCa-2, suggesting that EPACL1 is a potentially
viable target for anti-metastasis agents. This finding has significant clinical implications

as there is a dire need for mechanism-based therapeutic strategies for pancreatic cancer,
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especially ones that target the integrin Bl activation and/or trafficking pathways.
Numerous studies have shown that integrin B1 mediates the malignant phenotype of PDA
and facilitates the loss of epithelial integrity and oncogenic transformation in epithelial
tumors 1%41% In fact, constitutive activation of integrin B1 is correlated with higher grade
carcinomas 1%, There are currently no available small molecules that target integrin 1,
but monocolonal antibodies and synthetic peptides against this integrin have shown
significant clinical efficacy *’. Hence, EPAC-inhibitors might provide a new approach to
target integrin 1 in cancer treatment.

Studies have shown that functional up-regulation of integrin 1 is one of the main
mechanisms that lead to cancer resistance to anti-angiogenic therapies. The functionality
of this integrin was significantly enhanced in tumor specimen from patients that exhibited
resistance to the angiogenic inhibitor bevacizumab 1, However, neutralizing integrin p1
monoclonal antibodies were able to ameliorate this resistance in xenograft models 1%,
Therefore, it is feasible the combination of EPAC1 inhibitors with anti-angiogenic

therapies might be particularly effective in the treatment of PDA.
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Chapter 3: EPAC1 Modulates Regulatory T-Cell-mediated Suppression

Introduction

Cyclic adenosine monophosphate (CAMP) is a potent regulator of the immune
system, including innate and adaptive immunity 19 193119 \While many of these regulatory
functions are transduced by the classic CAMP receptor PKA, recent findings have
revealed a crucial role for EPAC1. EPAC1 is expressed in T and B-lymphocytes,
monocytes, and macrophages and mediates cAMP’s roles in these cells under various
contexts in the immune system 0 111113 Eor example, through Rapl, EPAC1 positively
regulates integrin-mediated adhesion of monocytes and T-lymphocytes % 11 while in B-
lymphocytes it is involved in induction of growth arrest ¥°, and in macrophages it

inhibits Fc receptor-mediated phagocytosis 116 117,

Several lines of indirect evidence have raised the possibility that EPAC1 exerts
broad control over the immune system through mediating the activity of regulatory T-
cells (Treg), a subset of T-lymphocytes that helps to maintain peripheral tolerance and
regulate the immune response 118, Treg cells produce high levels of intracellular cAMP
and suppress effector T-lymphocytes (Teff) by direct transfer of cAMP through gap
junctions (GJ) ¢ 119120 1t has been suggested that upon transfer to Teff, CAMP, through
PKA, activates the inducible cAMP early repressor (ICER), an isoform of cAMP
response element modulator (CREM) that is known to suppress Teff cytokines such as
IL-2 and IFNy'?L 122 A recent study however, showed that ICER deficiency in Teff
and/or Treg cells had no significant impact on suppression of the former by the latter,

inferring a potential role for EPAC1 in the suppression process 2. Other findings support
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this notion, such as the fact that stimulation of human CD4"CD25*Treg cells leads to
significant elevation of the main EPAC1 effector Rapl 2%, and transgenic mice
expressing a constitutively active Rapl had lower levels of pro-inflammatory cytokines
125128 However, Rapl has many GEFs 27, and it remains unclear whether EPACL is the

GEF at play in Treg cells.

Moreover, studies have shown that EPAC1 plays an essential role in the
formation of GJ in cardiac cells as it facilitates the accumulation of connexin 43 (Cx43),
a subunit of GJ, at the site of formation of these direct intercellular connections % 12 128,
Given that Cx43 is the main GJ subunit in the immune system 2% 1% it is feasible that in
addition to mediating cAMP signaling in Treg-mediated suppression, EPACL1 facilitates
GJ formation between Treg and Teff. However, these possibilities have not been
explored. Shedding light on EPAC1’s role in Treg-mediated suppression is critical and
has significant therapeutic implications.

In this chapter | will investigate the role of EPACL in Treg-mediated suppression
using genetic and pharmacologic approaches. I will show that EPAC1 plays a dual role in
enhancing Treg suppression of Teff: it boosts Treg suppressive potency while sensitizing

Teff to suppression.
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Materials and Methods

Antibodies

The following antibodies were used: EPAC1 (# 4155), EPAC2 (# 4156), phospho-
STAT3 (Tyr705) (# 9131), STAT3 (# 4904), SHP-1 (# 3759), SHP-2 (# 3397), SOCS3 (#
2923), LCK (# 2752), p-LCK (Try505) (# 2751), JAK2 (# 3230), SMAD2 (# 5339), p-
SMAD?2 (Ser465/467) (# 3108), and SMAD4 (# 9515) (Cell Signaling Technology, Inc.,
Danvers, MA). Actin—Cy3 (C 5838) (Sigma-Aldrich, St. Louis, MO). SMAD7 (sc-
11392) (Santa Cruz Biotechnology, Dallas, TX).

Mice

The generation of EPAC1 global knockout mice was described previously 3. Mice used
in this study were backcrossed to the C57BL/6 background for more than 10 generations
and derived from wild-type or homozygous littermates. The mice were housed with a 12-
h—12-h light-dark cycle, with free access to water and food. All animal experiments were
performed according to protocols approved by the Institutional Animal Care and Use
Committee of the University of Texas Medical Branch or the University of Texas Health
Science Center at Houston.

In vitro suppression assay

Single-cell suspensions were prepared from spleens of 8-10 week old female mice and
Teff (CD4"CD25Y) and Treg (CD4'CD25") cells were isolated using an EasySep™
Mouse CD4"CD25* Regulatory T Cell Isolation Kit (Stemcell Technologies, VVancouver,
Canada). The purity of Treg was determined by FACS by staining isolated cells with
PerCP-Cy 5.5-conjugated anti-CD4 and PE-conjugated anti-CD25 antibodies (BD

Biosciences, San Jose, California). Treg cells used were >90% pure. 5 x 104Teff cells
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were cultured in complete RPMI (RPMI 1640, 10% FCS, 2 mmol/L L-glutamine,
penicillin/streptomycin) alone (positive control), or with Treg (2.5x 104). Wells with
Treg cells alone were used as a negative control. Plates were pre-coated with 5 pg/mL
anti-CD3 antibody and 2 pg/mL soluble anti-CD28 antibody (Life Technologies, Grand
Island, NY) was added to the medium. Plates were incubated at 37°C in 5% CO2 for 96
hrs. Where indicated, ESI-09 (5 uM) and/or stattic (50 ng/mL, Sigma-Aldrich, St. Louis,
MO) in DMSO were added to the medium. Cell proliferation was determined based on
DNA content using a CYyQUANT Cell Proliferation Assay (Life Technologies, Grand
Island, NY). Teff proliferation was calculated by subtracting the determined cell number
from the negative control wells from that determined for the co-culture wells.

Detection of gap junction formation

Regulatory and effector T-cells were incubated with Calcein, AM (2 uM) and Calcein
Red-Orange (2 puM) (Invitrogen, Grand Island, New York), respectively, in serum free
RPMI-1640 culture medium at 37°C in 5% CO2 for 30 min. The cells were then washed
three times and co-cultured as described for the suppression assay at a 1:1 ratio for 24
hrs. GJ formation was determined by the percentage of cells positive for both dyes.
p-STAT3 studies

Single-cell suspensions were prepared from spleens of 10-12 week old female mice and
Teff and Treg cells were isolated as described earlier. The isolated cells (3 x 106/well)
were then cultured with plate-bound anti-CD3 (5ug/mL) and soluble anti-CD28
(2ug/mL) in complete RPMI 1640 medium at 37°C and 5% CO2. Where indicated, 5 uM

ESI-09 was added to the medium. Total cellular proteins were extracted and Western
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blotting was performed as described in Chapter 2, and protein expression level was
estimated by densitometry.

TGF-B1 studies

Single-cell suspensions were prepared from spleens of 10-12 week old female mice and
CD4* T-cells were isolated using an EasySep™ Mouse CD4" T-Cell Isolation Kit
(Stemcell Technologies, Vancouver, Canada). Isolated cells were stimulated with plate-
bound anti-CD3 (5 pg/mL) and soluble anti-CD28 (2 pg/mL) in the presence or absence
of TGF-B1 (2 ng/mL) and/or ESI-09 (5 uM) for 17 hr at 37°C and 5% CO2. Total cellular
proteins were extracted and the levels of p-SMAD2, SMAD4, and SMAD7 were
determined by Western blotting as described in Chapter 2 using the appropriate
antibodies. The supernatants were collected and IL-2 levels were determined as described
below.

IL-2 ELISA

At the end of their indicated incubation periods, supernatants from the Treg suppression
and TGF-B1 sensitivity assays were collected and assayed for IL-2 using a Mouse 1L-2
DuoSet Kit (R&D Systems, Minneapolis, MN).

Quantitative real-time PCR

Single-cell suspensions were prepared from spleens of 10-12 week old female mice and
CDA4" T-cells were isolated as described earlier. Isolated cells were stimulated with plate-
bound anti-CD3 (5 pg/mL) and soluble anti-CD28 (2 pug/mL) for 17 hr at 37°C and 5%
CO2. Then total RNA was isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA).
First-strand cDNA synthesis was performed using 1 pg of total RNA with M-MLV

MultiScribe™ Reverse Transcriptase (Life Technologies, Grand Island, NY) and
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quantitative real-time PCR (gRT-PCR) was performed using iTaq™ Universal
SYBR®GreenSupermix (Bio-Rad, Hercules, CA) in a LightCycler thermal cycler
(Roche,Nutley, NJ). The amplification program included the initial denaturation step at
95 °C for 2 min, and 40 cycles of denaturation at 95 °C for 15 s, annealing at 62 °C for
15 s, and extension at 68 °C for 30 s. Gapdh was used as an internal control to which the
target gene signal was normalized. The sequences of the primers used for gRT-PCR are

listed in Table 1.
Table 1. gRT-PCR primer sequences.

Gene Forward primer (5’ to 3°) Reverse primer (5’ to 3°)

Smad7 CCTCCTCCTTACTCCAGATACC TCTTGGACACAGTAGAGCCTC

Smad4 TGGATGGACGACTTCAGGTG AGGTGAGACAACCCGCTCAT

Gapdh TGCACCACCAACTGCTTAG GCAGGGATGATGTTCTGG

Oral immunization with ovalbumine

Prior to immunization, mice were orally administered 0.2 mL of an isotonic bicarbonate
solution (8 parts Hanks' balanced salt solution and 2 parts of 7.5% sodium bicarbonate) to
neutralize stomach acidity. Mice were then orally primed with ovalbumine (OVA) (100
pg in 0.2 mL of PBS) on day 1 and boosted with the same dose on day 21. For ESI-09
treatment, mice were orally gavaged with the drug (50 mg/kg in vegetable oil). Drug
treatment was initiated 3 days prior to priming and continued daily until 2 days after
boosting. Mice were bled on day 28 (one week after boosting). All animals used were 8-

12 week old female mice.
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Determining total and OV A-specific 1gG

For direct ELISA assays, 96-well plates (Corning Life Sciences, Lowell, MA) were
coated with ovalbumine (Grade V, Sigma-Aldrich, St. Louis, MO, 3 pg/mL, 100
puL/well) overnight at 4 °C. Plates were then incubated with blocking buffer (100 uL 1%
BSA in PBS) for 2 hrs at room temperature. After blocking, sera from OVA-immunized
mice, diluted in dilution buffer (PBS/0.05% Tween-20), were added (100 pL/well) and
incubated for 2 hrs at room temperature. HRP-conjugated secondary anti-mouse 1gG
antibody (100 pL/well 1:2500 diluted, Cell Signaling Technology, Inc., Danvers, MA)
was added and incubated at room temperature for 1 hr. Plates were then incubated with
100 pL per well of o-phenylenediamine (OPD) (Sigma-Aldrich, St. Louis, MO). Optical
density was determined at 450 nm using a SpectraMax M5 microplate reader (Molecular
Devices, Sunnyvale, CA). Total serum-1gG levels from naive 10-12 week old female
mice were determined using the same described assay, but the plates were initially coated
with anti-mouse 1gG (BioLegend, San Diego, CA).

Immunophenotyping of spleen cells

Spleen cells were isolated from 10-12 week old female WT and Epac1”- mice and stained
with the indicated surface markers (BD Biosciences, San Jose, California) using standard
flow cytometry staining protocols. Cells were sorted using a BD FACSCalibur Flow
Cytometr. Six mice were used for each group.

Statistical Analysis

Student t test was used for data analysis in this study and results were considered as

statistically significant if P values were <0.05.
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Results 5
EPACI regulates Treg-mediated suppression

To address whether EPAC1 modulates Treg cell function, we generated Epacl™”
mice 3. We confirmed the deletion of EPAC1 in CD4* T-cells (Fig. 17A) and verified
that EPAC2 level was low and not up-regulated in T-cells as a result of EPACL1 deletion
(Fig. 17B). The suppressive potency of WT and Epacl’” Treg was examined using a
standard in vitro assay, in which proliferation of CD4*CD25 T cells (Teff) was
monitored in the presence or absence of CD4*CD25*Treg cells (Fig. 17C). Epacl”and
WT Teff proliferated at the same rate when stimulated with anti-CD3/CD28 alone. As
expected, the addition of WT Treg suppressed the proliferation of WT Teff significantly
(~75% suppression). However, the addition of Epac1’- Treg only suppressed WT Teff by
~45%, indicating an attenuated suppressive potency for Epacl-deficient cells. On the
other hand, the ability of WT Treg cells to suppress Epacl”- Teff was also compromised
(~50% suppression), and combining Epacl” Treg and Epacl” Teff resulted in the least
amount of Teff suppression (~20%). To confirm our observations of EPACI1’s impact on
Treg-mediated suppression based on genetic manipulation, we repeated the suppression
assay using the EPAC-specific inhibitor ESI-09 84 Pharmacologic inhibition
recapitulated the effect of EPAC1 deletion and reduced Treg-mediated suppression

significantly (~25% suppression) **2,

5 All figures and data in this chapter were originally published in Almahariqg M, Mei FC, Wang H, Cao AT,
Yao S, Soong L, Sun J, Cong Y, Chen J, Cheng X: Exchange Protein Directly Activated by cAMP
Modulates Regulatory T-cell-Mediated Immunosuppression. Biochemical Journal 2015;465 (2):295-303
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Figure 17. Deletion or inhibition of EPAC1 diminishes Treg-mediated suppression. A and
B) CD4* T-cells were isolated from 10-12 week old female WT and Epacl”- mice and probed
for EPAC1 and EPAC2 expression. Brain tissue was used as a positive control for detection of
EPAC2. C) Teff cells (5 x 104 ) were stimulated with plate-bound anti-CD3 (5 pug/mL) and
soluble anti-CD28 (2 ug/mL) in the presence or absence of Treg cells (2.5 x 104) and/or ESI-09
(5 uM). Proliferation was measured by determining DNA content 96 hrs later. Samples
containing only Treg were used as negative controls. D) At the end of the proliferation assay,
the concentration of IL-2 in the supernatants was measured by ELISA. Data from the Teff only
samples (positive controls) was normalized to the WT Teff positive control. Data from the co-
culture assays was normalized to the positive control matching the genotype of the Teff cells in
the assay. Bars represent mean = S.D. of at least 3 experiments. * Significantly lower than the
corresponding positive control samples (P < 0.05). # Significantly higher than WT Teff/WT
Treg co-culture samples (P < 0.05). " Significantly higher than mixed WT/Epacl’co-culture

samples (P < 0.05).
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Since Treg are also known to inhibit Teff’s production of IL-2 *, an important
cytokine for T-cell proliferation, we examined the concentration of this cytokine in the
co-culture assays. Treg suppression of IL-2 production by Teff followed a pattern similar
to that described for suppression of Teff proliferation (Fig. 17D). Together, these results
indicate that EPACL1 plays a role in regulating both Treg suppressive potency and Teff
susceptibility to Treg-mediated suppression.

EPACI has no impact on GJ mediated CAMP transfer between Treg and Teff

Treg cells are known to suppress Teff cells by direct transfer of CAMP through
gap junctions (GJ) % 11%120 and EPAC1 has been shown to play an essential role in the
formation of GJ by facilitating the trafficking of their subunits **. We hypothesized that
EPAC1 might regulate the formation of GJ between Treg and Teff cells. However, GJ-
mediated communication between Treg and Teff cells was not affected by inhibition or
deletion of EPACL1, as determined by transfer of the membrane-impermeable dye calcein
(Fig. 18). These results suggest it is unlikely that cCAMP transfer between Treg and Teff
is affected by EPAC1.
EPAC1 modulates T cell sensitivity by attenuating STAT3 activation

Our group and others have previously shown that EPAC1 weakens activation
(phosphorylation) of signal transducer and activator of transcription 3 (STAT3) in non-
immune cells ¥+ 133 STAT3 is a known downstream signaling target of the T-cell
receptor (TCR)™** 1*° and its activation in Treg and Teff has been shown to decrease
suppression of the latter by the former 3. Hence, we reasoned that EPAC1 could affect
Treg-mediated suppression by attenuating STAT3 signaling. We examined STAT3

activation levels by measuring phospho-STAT3 (p-STAT3-Tyr705) in Epacl”- Treg and
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Teff to determine if EPAC1 alters STAT3 signaling in these cells. Upon activation of the
T-cell receptor, p-STAT3 levels increased to a significantly higher level in both Epac1”
Treg and Teff cells, and were sustained longer when compared to their WT counterparts
(Fig. 19A). Furthermore, addition of stattic, an inhibitor of STAT3 activation, enhanced
Treg suppressive potency and abolished Epacl” Teff’s resistance to Treg suppression
(Fig. 19B). Additionally, stattic treatment negated the effect of the EPAC-specific
inhibitor ESI-09 on Treg activity (Fig. 19B). Taken together, these findings suggest that
EPAC1 increases Treg suppressive potency and enhances Teff sensitivity to suppression

by reducing the level of STAT3 phosphorylation in these cells.
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Figure 18. Deletion or inhibition of EPACL1 has no impact on gap junction (GJ) mediated

intercellular communication between Teff and Treg cells. Treg and Teff cells were loaded
with Calcein-AM and Calcein Red-Orange-AM, respectively, and co-cultured for 24 hrsata 1:1
ratio under plate-bound anti-CD3 (5 pg/mL) and soluble anti-CD28 (2 pg/mL) stimulation.
Cellular transfer between Treg and Teff cells was determined by the percentage of cells positive
for both dyes. A) Representative plots showing dye transfer between Treg and Teff. B)

Quantification of dye transfer from three experiments. Bars represent mean + S.D.
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Figure 19. EPAC1 modulates Treg-mediated suppression through the STAT3 pathway. A)
Teff or Treg cells were stimulated with plate bound anti-CD3 (5 pg/mL) and soluble anti-CD28
(2 pg/mL) and p-STAT3 (Tyr705) was probed by Western blotting at the indicated time points
(one representative blot is shown). p-STAT3 levels were determined by densitometry and
expressed as a percentage of total STAT3. * Significantly higher than WT counterpart (P <
0.01). B) The suppression assay was carried out as described in Fig. 17 in the presence or
absence of the STAT3 inhibitor stattic (50 ng/mL) and/or ESI-09 (5 puM). # Significantly higher
than vehicle treated WT cells (P < 0.01). * Significantly lower than vehicle treated counterpart

(P < 0.05). Bars represent mean £ SD of at least three experiments.
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EPACI regulates STATS3 activation by an atypical mechanism

Phosphorylation of STAT3 in response to cytokine and TCR stimulation is
typically attenuated by suppressor of cytokine signaling 3 (SOCS3) 3" 138 and the protein
tyrosine phosphatases (PTP) SHP-1 and SHP-2 %141 We hypothesized that the lack of
EPAC1 might potentially alter the induction of these proteins. However, the levels of
SOCS3 induction were similar in WT and Epacl”- CD4" T-cells, while SHP-1 and SHP-2

were unexpectedly higher in Epacl” cells (Fig. 20A).
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Figure 20. EPAC1 alters STAT3 activation independently of canonical regulatory
pathways. A and B) CD4" T-cells were stimulated with plate bound anti-CD3 (5 pg/mL) and
soluble anti-CD28 (2 pug/mL) and the indicated proteins were probed by Western blotting at the
indicated time points (one representative blot is shown). p-LCK (Tyr505). * Significantly higher
than WT counterpart (P < 0.01). Data presented as a percentage of the loading control actin and

bars represent mean + S.D. (n=3).
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We further examined the levels of JAK2, the main activator of STAT3 in
response to cytokine stimulation, and activation of LCK (p-LCK-Try505), the main
kinase triggering STAT3 phosphorylation downstream of TCR stimulation 41 142,
However, there was no difference between WT and Epacl” T cells (Fig. 20B). These
results suggest that EPAC1 most likely exerts its impact on STAT3 independently of the
canonical regulatory pathways of STAT3 activation.

EPACI sensitizes CD4* T-cells to TGF-$1 signaling

Several recent studies have shown that TGF-B1 plays a significant role in Treg-
mediated suppression #3145 Not only does TGF-B1 serve to suppress Teff, but it also
maintains the suppressive capacity of Treg through autocrine signaling 6. Given the
well documented cross-talk between STAT3 and TGF-B1 signaling 141%° and that Epac1-
" have elevated levels of p-STAT3 upon T-cell activation, we hypothesized that EPAC1
might modulate TGF-B1 sensitivity in T-cells.

TGF-B1 is known to suppress IL-2 production by T-cells **°, so we measured WT
and Epacl” Teff’s sensitivity to TGF-B1 by determining their IL-2 production in the
presence or absence of TGF-f1. While TGF-B1 suppressed IL-2 production by ~90% in
WT Teff, it only suppressed production by ~50% and ~60% in Epacl”- Teff and ESI-09
treated WT Teff, respectively (Fig. 21A). TGF-B1 induced phosphorylation of SMAD2
was also significantly inhibited in WT CD4" T-cells after the addition of ESI-09 and in
Epacl’ CD4" T-cells (Fig. 21B), indicating a reduced TGF-B1 response. Furthermore,
upon TCR stimulation, SMAD7, which inhibits TGF-B1 signaling, rose to significantly
higher levels at the mRNA and protein levels in Epacl”- CD4* T-cells and ESI-09-treated

WT CD4* T-cells, compared to their vehicle-treated WT counterparts (Fig. 21C & D).
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Figure 21. Inhibition of EPACL1 leads to resistance to TGF-B1 signaling. CD4" T-cells were
stimulated with plate bound anti-CD3 (5 ug/mL) and soluble anti-CD28 (2 pg/mL) for 17 hrs in
the presence or absence of TGF-B1 (2 ng/mL), ESI-09 (5 uM), and 007-AM (10 uM) as
indicated. A) Supernatants were assayed for IL-2 concentration by ELISA. * Significantly lower
than vehicle treated counterpart (P <0.03 ). # Significantly higher than TGF-B1-treated WT cells
(P < 0.05). B) The level of p-SMAD2 was determined by Western blotting (one representative
blot is shown) and expressed as a percentage of total SMAD2. * Significantly lower than TGF-
B1-treated WT cells (P <0.02 ). C-F) The protein and mRNA levels of SMAD7 or SMAD4 were
determined by Western blotting (one representative blot is shown) and qRT-PCR, respectively.
Protein levels were expressed as percentage of the loading control actin. mRNA levels were
expressed relative to GapdhRNA levels. * Significantly higher or lower than vehicle treated WT

cells (P < 0.03). Bars represent mean + S.D. (n=3).
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We also examined the level of SMAD4, which is essential for nuclear
translocation of activated SMAD2 in response to TGF-f1 stimulation. We found that
EPACI regulates the mMRNA and protein levels of SMADA4. Stimulation of CD4" T-cells
in the presence of the EPAC agonist 007-AM significantly increased the mRNA and
protein levels of SMAD4, while pharmacologic inhibition or genetic deletion of EPAC1
significantly reduced SMADA4 levels (Fig. 21E & F). Together, the results presented here
suggest that EPACL1 potentially regulates TGF-B1 signaling in CD4" T-cells by multiple
mechanisms including regulation of p-STAT3 and SMAD4 levels.

Epacl” mice are resistant to developing oral tolerance

To test whether EPAC1 might regulate Treg-mediated suppression in vivo, we
utilized a mouse model in which mice are administered a low dose of ovalbumine (OVA)
orally. This model has been shown to induce activation and expansion of antigen-specific
Treg, which actively suppress the immune response to OVA and lead to lower levels of
IgG production 144 151153 ' As expected, intragastric administration of low dose OVA (100
Hg) led to a weak response in WT mice as determined by serum OVA-IgG levels (Fig.
22A). Conversely, a significantly higher level of OVA-1gG was detected in Epacl”mice
(Fig. 22A). To confirm that the altered immune response was a direct consequence of
EPACL suppression, rather than a compensatory mechanism as a result of global
knockdown of EPACL1, we inhibited EPAC pharmacologically by feeding WT mice with
an EPAC-specific inhibitor, ESI-09 8 5% Similarly to genetic deletion of EPACI,
pharmacologic inhibition also resulted in a higher anti-OVA IgG titer (Fig. 22A).
Furthermore, the basal level of total serum-IgG was higher in naive unchallenged Epacl

mice than in their WT counterparts (Fig. 22B), indicating a generally heightened immune
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response in the absence of EPACL. Taken together, these findings support a potential role
for EPACL1 in modulation of Treg activity in vivo. While we cannot rule out other
possible roles for EPAC1 in controlling the immune response, we found EPACL to be
dispensable for immune cell development as similar populations of various immune cells

were detected in WT and Epac1” mice (Table 2).
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Figure 22. Deletion or inhibition of EPAC1 heightens the immune response. A) 10-12 week
old female mice were administered 100 g OVA orally on days 1 and 21. ESI-09 treated mice
were administered the drug daily (50 mg/kg orally). Serum was collected on day 28 and anti-
OVA IgG levels were determined by ELISA (n=5). B) Serum was collected from naive 10-12
week old female mice and total IgG levels were determined by ELISA (n=8). Data is shown as

means = SD. * Significantly higher than WT group (P < 0.05).
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Table 2. Immunophenotyping of spleen cells. Spleen cells were isolated from 10-12 week old

female WT and Epac1”mice and stained with the indicated surface markers.

% of Spleen Cells

Cell Population Surface Markers
WT Epacl”
CD4* T-cells CD3'CD4" 176 + 27 168 + 35
Regulatory T-cells CD4'CD25" 09 =+ 01 1.1 £+ 0.2
CD8* T-cells CD3'CD8" 59 =+ 09 6.2 + 17
B-cells CD3CD19* 508 + 6.2 535 £+ 31
Natural Killer T-cells CD3'NK1.1* 09 + 02 08 + 01
Natural Killer Cells CD3'NK1.1* 23 += 03 22 + 04
Dendritic Cells CD11c* 45 =+ 07 44 = 10
Neutrophils CD11b'Ly6G*F4/80 1.1 + 01 11 + 03
Monocytes/Macrophages ~ CD11b*Ly6C*Ly6G 15 + 0.2 15 + 0.2

61



Discussion

Recent studies have suggested that some of CAMP effects in Treg cells, a subset
of T-cells that exert a broad regulatory suppressive function in the immune system, are
regulated independently of PKA 122:123.125 However, the potential role of the other major
CAMP sensor, EPAC, had not been directly investigated. Our current study revealed that
EPAC1, the EPAC isoform expressed in Treg and Teff cells 1%, plays an essential role in
Treg-mediated suppression.

We examined Treg-mediated suppression by an in vitro suppression assay using
genetic and pharmacologic approaches to suppress or inhibit EPACL. The suppressive
capacity of Treg cells was reduced in the absence of EPAC1. Furthermore, the lack of
EPAC1 in Teff rendered them resistant to suppression by Treg, and
inhibition/suppression of this protein in both cell populations had an additive effect on
compromising Treg-mediated suppression. Our findings highlight a critical role for
EPACL in Treg-mediated suppression; in agreement with a recent report showing that
significant inhibition of the PKA pathway has no impact on Treg suppression 23,

One of the main contact-dependent suppression mechanisms employed by Treg
cells is the direct transfer of CAMP into Teff cells through gap junctions 6119120 EPAC1
facilitates the accumulation of the ubiquitous subunit Cx43 at the site of GJ formation in
cardiac cells . Cx43 is the main connexin in the immune system %% 130 and thus we
deemed it possible that EPAC1 mediates CAMP transfer between Treg and Teff cells by
maintaining GJ permeability. Since formation of GJ requires trafficking of connexins in
both cell types, we hypothesized that a lack of EPACL in Treg or Teff would partially

hinder their communication, while a lack of EPACL1 in both Treg and Teff would have an
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additive negative impact. However, this possibility is unlikely since neither genetic
deletion, nor pharmacologic inhibition of EPAC1 reduced GJ communication between
these cells as determined by membrane impermeable dye transfer.

On the other hand, our results show that EPAC1 regulates Treg-mediated
suppression through the STAT3 and TGF-B1 pathways. In the absence of EPACI, both
Treg and Teff cells had higher levels of p-STATS3, and inhibition of STAT3 activation
restored the potency of Epacl”’- Treg-mediated suppression. These results are consistent
with previous reports showing that activation of STAT3 in Treg and Teff synergistically
leads to desensitization to suppression of the latter by the former 1% 15515 The levels of
SMAD?7, which inhibits TGF-B1 signaling, were elevated after suppression/inhibition of
EPACI, in concordance with previous studies showing hyper-activation of STAT3 leads
to desensitization to TGF-B1 signaling by inducing SMAD7 #7149 Consequently, in the
absence of EPAC1, CD4" T-cells were resistant to TGF-B1 as demonstrated by the lower
activation levels of SMAD2 and reduced IL-2 production in response to stimulation by
TGF-B1.

Interestingly, we found that even in the absence of TGF-B1 stimulation, activation
of EPAC1 induced expression of SMADA4, while inhibition/deletion of EPACL blunted its
expression. These results suggest the presence of a previously unidentified connection
between EPAC1 and SMAD4. The lower levels of SMAD4 in EPACL deficient CD4™ T-
cells most likely contributed to their resistance to TGF-B1 stimulation.

Treg cells utilize membrane-bound TGF- B1 as one of their main mechanisms of
suppressing Teff cells -p1 143 157158 Concurrently, this cytokine also serves to maintain

the suppressive potency of Treg-cells through autocrine and paracrine signaling 6.

63



Therefore, our data are consistent with a model in which EPAC1, through attenuation of
p-STAT3 and promotion of SMAD4 expression, plays an essential role in sensitizing
Treg and Teff cells to TGF-B1 signaling, and as such, its inhibition in both cells has an
additive impact on compromising Treg-mediated suppression.

Our results show that EPAC1 regulates STAT3 activation independently of the
canonical regulatory loops involving SOCS3 and SHP-1/2. A recent study showed that
SMAD4 inhibits STAT3 phosphorylation in non-immune cells *°. Hence, it is feasible
that by inducing SMAD4, EPACL1 indirectly blunts STAT3 phosphorylation.
Additionally, studies have shown that TGF-B1 signaling, through SMAD2, inhibits
STATS3 activation and nuclear translocation %8, Therefore, it is possible that EPAC1
mediates a regulatory loop in which it promotes expression of SMAD4, which maintains
low levels of p-STAT3 and consequently reduces SMAD?7 levels; leading to additional
up-regulation of TGF-B1 signaling and-SMAD2 activation. The latter in turn further
suppresses p-STAT3. However, more studies are needed to confirm and fully elucidate
the details of this potential pathway.

In order to provide insight as to whether EPAC1 facilitates Treg-mediated
suppression in vivo, we employed an active oral tolerance model. Intragasric
administration of low dose ovalbumine induces the production of antigen-specific Treg
cells, which in turn suppress the immune response to the administered protein in an
antigen nonspecific manner 144 151153 'However, after oral administration of OVA, Epacl
I~ and ESI-09-treated WT mice still produced significant levels of OVA-specific 1gG
unlike their WT counterparts. Furthermore, while the composition of immune cells was

similar between Epacl” and WT mice, the former had significantly higher basal 1gG
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levels even in the absence of an antigen challenge. These findings are consistent with our
in vitro data and suggest that Treg-mediated suppression is attenuated in the absence of
EPACL. Nonetheless, our results cannot rule out other possible roles for EPACL in the
function of other immune cells that might affect oral tolerance and antibody production,
including antigen presenting cells and B-cells.

In conclusion, our study shows that EPAC1 facilitates cCAMP signaling during
Treg-mediated suppression. Inhibition of EPAC1 leads to resistance of Teff to Treg
suppression and concurrently diminishes the suppressive potency of the latter. The impact
of EPACL on these cells seems to be mediated by regulation of STAT3 activation and
TGF-B1 signaling. These findings have significant potential clinical implications as they
validate EPAC1 as a potential target for fine tuning Treg cell activity and TGF-p1-
mediated immune suppression. Strategies that rely on depletion of Treg cells, even
transiently, or broadly target TGF-B1 signaling usually lead to serious systemic side
effects and signs of severe autoimmune disease ¢ 160 In fact, Ipilimumab, one of two
cancer immunotherapies currently approved by FDA, is an anti-CTLA-4 antibody that
eliminates Treg, but despite its efficacy, it has potentially fetal autoimmune side effects
and is only used in advanced non-resectable cases of melanoma *°. Neither genetic
deletion, nor long term pharmacologic inhibition of EPACL1 had observable side effects in
mice as we have shown previously 3!, Hence, pharmacologic modulators of this protein
might have excellent therapeutic potential in vaccine adjuvant development, infection

control, autoimmune disease, and cancer immunity, among other fields.
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Chapter 4: Summary, Conclusions, and Future Directions

Backaground and significance

The cAMP signaling pathway plays a role in mediating nearly all biological
functions. The pervasiveness of this signaling network lends itself to therapeutic
exploitation and the design of drugs than can target multiple cell functions in different
systems within the body. In fact, drugs targeting proteins involved in the regulation of
cAMP comprise a very large portion of the medications currently available for the
treatment of a wide range of diseases, from simple headaches to schizophrenia and
congestive heart failure '°!.

However, the ubiquitous nature of cAMP signaling also means greater potential
for detrimental systemic drug side effects, and possible off-target effects that actually
work antagonistically to the intended impact of a given treatment. Hence, it is imperative
that we investigate the regulation of cAMP signaling in various contexts to unravel the
complexity of this network and enable the design of targeted drugs with a wide
therapeutic index, and whose potential impact on different systems within the body is
synergistic.

The discovery of exchange protein activated by cAMP (EPAC) has ushered in a
new era of cCAMP signaling and revealed an additional player in the cAMP network that
can potentially serve as a target for therapeutic intervention. In this dissertation, I
investigated the role of EPACI in promoting invasion and metastasis of pancreatic ductal
adenocarcinoma (PDA) and immune regulation through modulation of the activity of

regulatory T-cells (Treg). The findings of my studies suggest that EPACI1 can potentially



be exploited as a multi-mechanistic drug target for the treatment of PDA as explained
below.

EPAC1 promotes PDA metastasis

In three common PDA cell lines, AsPC-1, PANC-1, and MIA PaCa-2, genetic
suppression or pharmacologic inhibition reduced invasion/migration in vitro. And in an in
vivo orthotopic metastatic PDA mouse model, genetic suppression or pharmacologic
inhibition of EPACL1 significantly reduced metastasis of MIA PaCa-2 to the liver. These
observations suggest that EPAC1 plays a general role in promoting invasion and
metastasis of PDA and that EPACL inhibitors have potential therapeutic efficacy and
should be explored as anti-metastasis agents for PDA and other carcinomas in which
EPAC1 has been shown to facilitate local and distant spread, including melanoma,
ovarian cancer, and possibly prostate cancer 3 707,

Mechanistically, our results suggest that EPAC1 facilitates invasion/migration of
PDA by promoting integrin B1 activation and trafficking to the plasma membrane, two
processes that play a critical role in cancer motility, and particularly PDA 104 105,
Furthermore, it seems that EPAC1 enhances integrin B1 trafficking through the PKC
pathway, as inhibition of PKC abrogated the impact of EPAC activation on this process.
On the other hand, inhibition of PKC had no impact on EPAC’s ability to upregulate the
activation of integrin 1, suggesting a PKC-independent mechanism.

EPAC1 modulates Treg-mediated suppression

The results presented in this work reveal an essential role in Treg-mediated
suppression of effector T-cells (Teff). Knockout or pharmacologic inhibition of EPAC1

in Treg cells reduced their suppressive potency. In addition, a lack of EPACL in Teff



cells rendered them resistant to suppression by Treg cells. Suppression or inhibition of
EPACL in both cell populations additively reduced Treg-mediated suppression. These
results suggest that EPACL plays a dual role in the suppression process: it enhances the
potency of Treg cells and simultaneously sensitizes Teff cells to suppression.

At the molecular level, our results show that EPAC1 regulates Treg-mediated
suppression through the STAT3 and TGF-B1 pathways. In the absence of EPACI, both
Treg and Teff cells had higher levels of p-STATS3, and inhibition of STAT3 activation
restored the potency of Epacl’ Treg-mediated suppression. Moreover, the levels of
SMAD?7, which inhibits TGF-B1 signaling, were elevated after suppression/inhibition of
EPAC1, in concordance with previous studies showing hyper-activation of STAT3 leads
to desensitization to TGF-B1 signaling by inducing SMAD?7 47149 Consequently, in the
absence of EPAC1 CD4" T-cells were resistant to TGF-B1 as demonstrated by the lower
activation levels of SMAD?2 and reduced IL-2 production in response to stimulation by
TGF-B1.

Treg cells utilize membrane-bound TGF- B1 as one of their main mechanisms of
suppressing Teff cells. Concurrently, this cytokine also serves to maintain the suppressive
potency of Treg-cells through autocrine and paracrine signaling 4. Therefore, our data
are consistent with a model in which EPACL1 plays an essential role in sensitizing Treg
and Teff cells to TGF-B1 signaling, and as such, its inhibition in both cells has an
additive impact on compromising Treg-mediated suppression.

In an in vivo active oral tolerance model, in which Treg cells are usually induced
and suppress production of antibodies to the administered antigen 4+ 1513 genetic

knockout or pharmacologic inhibition of EPAC1 reduced oral tolerance and significantly



elevated the levels of antibodies produced against the administered protein, ovalbumine
(OVA). Furthermore, the composition of immune cells was similar between Epacl” and
WT mice, indicating the difference in antibody production between these two groups was
not the result of altered differentiation or stability of various immune cells. These
findings provide support for a role of EPACL in Treg-mediated suppression in vivo.

Future directions

PDA has a dismal prognosis with ~ 95% mortality rate 2" 28, The bleak outlook of
this neoplasm is largely due to its high metastatic potential and exceptionally dense
desmoplastic microenvironment, which maintains an immunosuppressive milieu that
quells the body’s antitumor immune response 3'. There is a dire need for targeted
therapies that address one or both of these issues, and the results presented here suggest
that EPAC1 inhibitors should be explored as anti-PDA therapeutic agents. On the one
hand, inhibition of EPACLin PDA cells has the potential to reduce metastasis, and on the
other, its inhibition in the host’s immune cells can reduce Treg-mediated suppression and
augment anti-tumor immune responses.

One of the key questions to be answered in the future is whether pharmacologic
inhibition or genetic knockdown of EPAC1 enhances anti-tumor immunity in vivo. This
question can be addressed using a syngenic mouse PDA cell line, such as PANC-02 162,
These cells can be injected into mice subcutaneously, a site that normally does not lead to
metastasis and allows for easy and direct assessment of tumor growth and the anti-tumor
immune response 3. If inhibition of EPAC1 reduces Treg-mediated suppression in the
tumor microenvironment, then tumor growth should be reduced significantly. At the end

of the experiment, tumors can be resected to evaluate the composition of tumor-



infiltrating immune cells and examine if a higher number of tumor-specific lymphocytes
IS present.

Additionally, the aforementioned heterotopic in vivo PANC-02 model can be used
to determine the efficacy of combining EPAC1 inhibitors with other therapies aimed at
enhancing anti-tumor immunity. For instance, one can administer an EPAC1 inhibitor in
conjunction with anti-PD-L1 monoclonal antibodies, which attack the PD-L1 antigen
used by many cancers, including PDA, to suppress the body’s anti-tumor response 64 165,
This antibody is currently in clinical trials, but early indications suggest a reduced
efficacy in PDA patients %4, It would be interesting to see if inhibition of EPAC1 could
boost the efficacy of anti-PD-L1 in the treatment of PDA.

Finally, if the experiments proposed here confirm EPACL1 inhibition as a potential
strategy to combat PDA’s immunosuppressive microenvironment, one should then
examine this strategy’s ability to lower both growth and metastasis of PDA in an
orthotopic immune-competent mouse model. One could use the syngenic mouse cell line
PACN-02, or the transgenic mouse strain  expressing pancreas-specific
Trp53R72H and Kras®?P mutations, which lead to spontaneous development of metastatic

PDA %, This model can test they potential synergistic therapeutic effect of inhibiting

EPACL in the host and tumor cells simultaneously.
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