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Abstract

Background Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancerrelated mortality in the USA, and
the overall incidence of the disease is increasing such that it is expected to be the third leading cause of cancer-related deaths in the
next decade. Minimal improvements in therapy have not changed the overall mortality rate over the past decade for patients with
PDAC. The purpose of this review is to identify new data regardign the role of Transforming growth factor beta (TGF-{3) based
therapeuics in patients with PDAC.

Methods The literature was searched for peer reviewed manuscripts regarding the use of TGF-{3 inhibitors in PDAC therapy and
the mechanism in which TGF-f3 intracellular signaling effects patient survival.

Results TGF-[3 plays a vital, context-dependent role as both a tumor suppressor and promoter of PDAC. The downstream effects
of this duality play a significant role in the immunologic response of the tumor microenvironment (TME), epithelial-
mesenchymal transformation (EMT), and the development of metastatic disease. Immunologic pathways have been shown to
be successful targets in the treatment of other diseases, though they have not been shown efficacious in PDAC. TGF-3-mediated
EMT does play a critical role in PDAC progression in the development of metastases. The use of anti-TGF-[3-based therapies in
phase I and II clinical trials for metastatic PDAC demonstrate the importance of understanding the role of TGF-f3 in PDAC
progression.

Conclusion This review clarifies the recent literature investigating the role of anti-TGF-3-based therapy in PDAC and areas ripe
for targeted investigations and therapies.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a malignancy
whose treatment continues to present significant challenges
for clinicians. When diagnosed, it tends to present itself as
advanced stage, metastatic disease, and with a poor prognosis.
It is projected to become the third leading cause of cancer-
related deaths in the next decade, and the death toll from
PDAC is expected to continue to rise [1]. Among the leading
causes of cancer-related deaths, it is the only one whose over-
all mortality rate is not decreasing [2]. The optimization of
operative resection over the past 2 decades has significantly
reduced perioperative morbidity and mortality, and it has re-
sulted in increased stage-specific survival rates [3]. However,
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the overall mortality has remained stagnant, with an overall 5-
year survival at less than 8%, and death primarily due to met-
astatic disease [2, 4].

The overwhelming use of immunotherapy to successfully
treat several other malignancies continues to spur investiga-
tion for similar therapies to treat PDAC [5-9]. Transforming
growth factor beta (TGF-f3) signaling pathways play a central
role in the immunogenic response to cancer. [7, 10] While we
have shown that patients with increased systemic inflamma-
tion during neoadjuvant PDAC therapy have lower overall
survival [11], it appears that immunotherapy is failing in
PDAC patients due to local peri-tumoral immunosuppression.
Two mechanisms by which PDAC induces local immunosup-
pression are through tumor-associated macrophages [12—14]
and suppression of cytotoxic CD8+ T cells [9, 15]. The PDAC
tumor microenvironment (TME) is a desmoplastic-rich envi-
ronment which provides for physical barriers to
immunosurveillance, in addition to the aforementioned immu-
nosuppression, which is primarily due to TGF-3 expression
from cancer cells [13, 16-18].
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Our group and others have demonstrated that TGF-f3 acts
as a tumor suppressor in normal pancreatic cells and stages |
and II PDAC through significant blockade of cell prolifera-
tion; when disrupted, it has been shown to have tumorigenic
activity in many late-stage malignancies, including PDAC
[19-21]. This duality, termed the TGF-f3 paradox, is evident
as upregulated and overexpressed TGF-f3 has been shown to
induce stromal proliferation in the PDAC TME, as well as
promote the epithelial-mesenchymal transformation (EMT)
that leads to metastases [14, 20, 22, 23]. The full characteri-
zation of the effects of these pathways has yet to be
established, but the paradox of TGF-f3 is well described [24,
25].

This review is aimed at delineating the potential key role of
TGF-f in the development of metastatic PDAC through
changes in the TME and EMT. Key challenges that remain
will be discussed in the context of the utility of anti-TGF-f3-
based therapy. TGF-f inhibitors, such as galunisertib and
AP12009, are in phase I and II clinical trials for metastatic
PDAC but will likely only benefit patients with PDAC that
is TGF-3 dependent, a phenomenon that may not be univer-
sal. Previous work by Heldin et al. and others have been crit-
ical to our understanding of the complexity of TGF-3 signal-
ing [26]. The purpose of this review is to build on that work
because of the growing interest in the use of TGF-{3 inhibitors
in clinical trials to treat PDAC.

Canonical and Non-canonical TGF-f Signaling

The TGF-{3 signaling pathway is a complex pathway of inter-
related proteins that has a wide range of effects including
angiogenesis, apoptosis, embryogenesis, cell differentiation,
immune response, and immune suppression [27]. Depending
on the cell type and cellular context, TGF-f3 will activate
different subsets of genes, leading to the diverse effects seen
with TGF-f3 signaling [28]. There are three TGF-f3 ligands in
humans termed TGF-f3; 3, with (3, being the most commonly
expressed. It also has significant activity in the exocrine pan-
creas [27]. There are over 30 other ligands that bind to TGF-f3
receptors which include activins, bone morphogenetic pro-
teins, and growth and differentiation factors [26].

The stable TGF-f3 dimer in the TME binds to and acts
on one of three TGF-f receptors (TGF-R;_3). TGF-R;
is a transmembrane receptor with an intracellular serine-
threonine-rich GS domain, which after activation, phos-
phorylates downstream targets, primarily the SMAD pro-
teins [29]. The SMAD proteins carry out a variety of
intracellular and transcriptional actions through what is
termed as a canonical TGF-3 pathway, and these lead to
primarily tumor suppressive activity and normal cellular
function [30, 31].
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Fig. 1 The canonical TGF-{3 results in controlled cell growth, apoptosis,
and overall tumor suppression. Any variations to this, such as mutation or
loss of SMADA4, and an inability to bind to SMAD2/3, or non-SMAD
signaling results in cancer cell growth, increased migration, and overall
tumor promotion

Receptor-regulated SMADs in the canonical pathway in-
clude SMAD2 and SMAD3, which bind with a co-regulator,
SMADA4, allowing activation and transcription of specific tar-
get genes (Fig. 1). Inhibitor SMAD proteins, such as SMAD?7,
are produced as a result of the SMADZ2/3/4 induction, and they
act to suppress the initial activation of SMAD 2/3, and provide
negative feedback control of the TGF-f3-regulated pathway
[29]. Molecular variability due to mutations in SMAD4 is
generally associated with worse overall survival in both pri-
mary and metastatic PDAC demonstrating the importance of
the canonical TGF-3/SMAD signaling cascade [32-34].

The non-canonical TGF-3 signaling pathway includes ac-
tivation of Akt and direct phosphorylation of PAR6 [30].
Through Akt, it appears that EMT proteins are upregulated
and normal cellular polarization is lost [13, 30]. Some of the
most notable downstream effects of non-canonical TGF-f3
signaling include inhibition of the cell cycle as well as pro-
apoptotic effects [13]. Inhibition of cyclins and cyclin-
dependent kinases is achieved by an increased expression of
pl5 and p21 among others [13, 29, 30].

Other signaling proteins that can be activated by TGF-{3
include the mitogen-activated protein kinases (MAPKS), the
Rho family of small GTPases, phosphatidylinositide 3-kinase
(PI3K), and TNF receptor-associated factor 4/6 (TRAF 4/6)
(Fig. 2) [34, 35]. Overall, the downstream effects of activating
these pathways are the regulation of cell proliferation, differ-
entiation, and apoptosis. These pathways are implicated in the
tumorigenesis function of TGF-{3, promoting angiogenesis,
metastasis, and EMT [34].
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Fig. 2 The non-canonical TGF-{ signaling pathways. This pathway, also
known as the TGF-beta/SMAD4 independent pathway, transmits its sig-
nal through factors such as the Rho family of small GTPases, TNF
receptor-associated factor 4/6 (TRAF 4/6), the mitogen-activated protein
kinases (MAPKSs), and phosphatidylinositide 3-kinase (PI3K). Activation
of RhoA/ROCK leads to the induction of actin stress fiber formation
during EMT via a non-transcriptional mechanism. Activated TRAF 4/6
can initiate the nuclear factor kappaB (NF-kB) signaling pathway, which
results in the inflammation and other cell survival processes. TGF-f3
activation of PI3K and AKT leads to a physical interaction between the

Molecular Variations in Metastatic Pancreatic
Ductal Adenocarcinoma and Potential Targets

PDAC is thought to result from accumulating DNA mutations
and molecular alterations in ductal cells which follow a dys-
plastic transformation of pancreatic intraepithelial neoplasms
(PanIN) from PanIN-1 to PanIN-3 before becoming invasive
cancer [10]. These changes coincide with several known mu-
tations that are found at increasing rates as the histologic grade
of the tissue approaches cancer. KRAS mutations, being the
most common, are followed by CDK2, P53, SMAD4, and
SWI/SWF [36]. Of interest regarding TGF-f3 is the SMAD4
mutation, as it is a well-described downstream mediator of
TGF-f activity, and its loss coincides with the loss of
TGF-’s tumor suppression [34]. Additionally, pathologic
SMAD family molecular alterations, especially SMAD4 mu-
tations, have an important role in activating several non-
canonical TGF-3 downstream pathways including Sox4,
MAPK, ERK, JNK, P38, PI3K/AKT, and WNT/{3-catenin
[34].

The most common site of metastatic PDAC is the liver due
to the portal venous blood flow. However, it is clear that while
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PI3K p85 subunit and the receptor complex, resulting in translational
responses via mTOR/S6kinase pathways. Activation of MAPKs leads
to transcriptional regulation of target genes, either through direct interac-
tion with the nuclear SMAD protein complex, or through other down-
stream proteins. Meanwhile, activated INK/p38/ERK work together with
SMAD:s to regulate cellular apoptosis and proliferation, mediating metas-
tasis, angiogenesis, and cellular growth via transcriptional regulation. In
the case of pancreatic cancer, the overexpression of TGF-3 causes an
increase in the signaling in the pathways depicted below, thus promoting
tumorigenesis rather than tumor suppression

PDAC cells escape the pancreas, other events are needed to
allow for metastatic implantation in the extra-pancreatic mi-
croenvironment [37]. The liver niche (or less commonly the
lung niche) that is required to allow for PDAC cell growth is
not entirely understood but recent work by Giovannetti et al.
suggests that pre-metastatic niche formation is a requisite for
clinically identifiable metastatic disease [38].

We have investigated this with a slightly different approach.
By investigating molecular variations in metastatic PDAC cells
by the location of disease, we may be able to describe therapeutic
resistance and outcomes by the site as a marker for specific
molecular variations. To this end, we have found that the specific
pattern of molecular variations in PDAC metastases is associated
with the location of metastatic development [39]. This data fa-
vors the seed theory of metastatic development that PDAC cells
may circulate but cannot develop into metastases for a given pre-
metastatic niche (the soil) until the “correct” molecular variations
occur for that given niche. In effect, this becomes a stochastic
problem that explains the often very late presentation of these
patients—so many molecular variations and pre-metastatic niche
events are needed that it takes decades for metastatic PDAC
development but is not identifiable until those events occur [37].
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TGF-8 as a PDAC Tumor Suppressor

TGF- has a well-established role as a tumor suppressor in
early stage PDAC [27]. Recent clinical data has shown the
critical nature of the tumor suppressor function of the canon-
ical TGF-f3 signaling. TGF-[3 exerts its tumor suppression via
its role as a regulator of cell proliferation [28]. Specifically,
TGF-{3 stimulation is known to inhibit cell cycle progression
into the G1 phase via the induction of cyclin-dependent kinase
inhibitors (CDKIs), INK4B, and p21. Simultaneously, it in-
hibits the expression of MYC, which is known to promote cell
proliferation [28].

Shugang et al. have demonstrated that the loss of SMAD4
expression, a critical protein in canonical TGF-f3 signal cas-
cade, confers a nearly twofold worse outcome [40]. Other
groups have shown that STAT3 can commandeer SMAD3,
through protein-protein interactions, and limit the canonical
signal through the lack of a substrate for the TGF-f3 receptor
kinase [41].

Other work has shown that the tumor suppressor role of
TGF-{ is only effective when there are no defects in the ca-
nonical signal cascade, suggesting an explanation for the ap-
parent TGF-3 paradox [42]. Similarly, groups have demon-
strated that a variety proto-oncogenes, such as BCL6 and hu-
man T cell leukemia virus type I (HTLV-1) tax, showcase their
tumorigenic activity via the suppression of TGF-f3 signaling,
further supporting TGF-f3’s tumor suppressor role [28].

TGF-8 as Tumor Promoter in the Tumor
Microenvironment

One of the key features of the local growth of PDAC is the
significant stromal proliferation. TGF-3 has many functions
that are involved in the normal physiologic function of mes-
enchymal stem cells (MSC) within the bone marrow, control-
ling their differentiation and activity into fibroblasts, among
other things [6]. The relationship, however, is not solely one-
sided, as the MSCs are major producers of TGF-3. When
combined with the downstream effects of SMAD4 mutations,
TGF-3 induces transformation of epithelial cells to more
primitive forms [20]. The plasticity process involves a loss
of epithelial features, such as expression of E-cadherin, and
a gain in mesenchymal features, thus promoting invasiveness
and stem-cell-like features in cancer cells [20].

In tumors, the presence of fibroblasts has clearly been
shown to promote tumor growth, dedifferentiation, and angio-
genesis, creating an environment ripe for EMT and
lymphovascular invasion [23]. The process of EMT leads to
the loss of polarity and cell-cell contact in carcinoma cells, as
well as the acquisition of fibroblast-like characteristics [28].
During EMT, claudins, occludins, and scaffold proteins are
downregulated via PAR6 and RhoA pathways, resulting in
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the degradation of tight junctions. Simultaneously, the cell
surface protein complex structure is altered independently of
nuclear gene regulation [43].

The Ras pathway has also been implicated in the induction
of EMT together with TGF-f3 signaling [44]. Ras, together
with PI3K, have been shown to activate Src family tyrosine
kinases, which cause the destabilization of E-cadherin-beta-
catenin complexes and the disruption of adherens junctions.
The induction of SNAI1 by TGF-f3 is also highly dependent
on active Ras signals [28, 44].

Recent studies have also shown that a mutation of p53, an
established tumor suppressor, is involved in the switching of
TGF- from a tumor suppressor to a tumor promoter [45].
The mutant p53, together with an activated Smad complex,
abrogate the ability of p63 to downregulate sharp-1, leading to
an inability to suppress metastasis.

Additionally, the production of fibroblasts in the TME fur-
ther increases TGF- {3 production, inducing more desmoplasia,
the attraction of more fibroblasts, and further increases in the
TGF-f3 production, worsening the problem as the tumor is no
longer suppressed in this environment. Instead, the tumor now
finds itself in a place well suited for growth and invasion.

TGF-f and pB-Catenin in PDAC

The duality of TGF-f and the paradox itself relates to the
evidence that TGF-3 is tumor promotive in late-stage
PDAC. Our group and others have demonstrated that TGF-[3
increases EMT, inactivates cytotoxic T cells, neoangiogenesis,
and increases fibrosis [14, 15, 42, 46]. The majority of the
evidence suggests that non-canonical signaling is responsible
for EMT with RAS/RAF signaling playing an important role,
as well as snail expression [47, 48]. Interestingly, INK1 ex-
pression has an integral role in the canonical pathway that
allows for tumor suppression, whereas lack of INK 1 abrogates
the SMAD2/3/4 complex from activating tumor suppressor
transcription activity and resulting in tumor promotive EMT
[26].

A key aspect of non-canonical TGF-f3 signaling is the
crosstalk with other non-SMAD-based pathways and eventual
induction of cancer stem cells and EMT. Previously, our group
and others had suggested a relationship between TGF-[3 and
[3-catenin in PDAC [21, 24, 49]. Now, others have demon-
strated a more precise relationship between these two path-
ways [50, 51].

This crosstalk between TGF-f3 and (3-catenin is responsible
for the increased fibrosis, via the canonical Wnt pathway [52].
However, it is not exclusive to the Wnt pathway. TGF-{3 is
capable of interacting with other factors that are independent
of Wnt leading to the activation and accumulation of 3-
catenin [53]. Given the importance of (3-catenin signaling in
cancer [54], and the clear evidence that Wnt ligands are not
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needed for downstream f3-catenin effects [55], the use of
TGF-f may have untoward effects through inadvertent off-
target activation of 3-catenin pathways.

TGF-$ Inhibitors in Advanced PDAC

Advanced PDAC—a metastatic or locally advanced disease
that is not resectable—represents the greatest challenge for
patients as the vast majority of patients will die from metasta-
tic disease. Antibodies, inhibitors, and other drugs to target the
TGF-f3 pathways have undergone phase I and phase II clinical
trials with most of the data only published in the abstract form.
There has been some data published after peer review demon-
strating the safety of anti-TGF-[3-based therapies.

Recent work by Javle et al. out of the University of Texas
M.D. Anderson Cancer Center has suggested that different
levels of SMAD4 and TGF-{31 protein expression in tumors
from patients with advanced PDAC correlates well with over-
all survival [56]. This clinical data helps explain the TGF-f3
paradox seen in both clinical settings and in models of PDAC
[24, 30, 42]. While TGF-{ inhibitors are undergoing clinical
trials, the TGF-[3 paradox should give pause as to the efficacy
of these therapies.

Recently, phase I clinical trial data has demonstrated that
galunisertib, a small molecule TGF-f3 signal inhibitor that
works by preventing phosphorylation of SMAD?2, is safe
and well tolerated when combined with gemcitabine in the
treatment of advanced PDAC [57, 58]. Currently, there are
three clinical trials investigating galunisertib in the setting of
PDAC and an additional trial AP12009 for patients with tu-
mors overexpressing TGF-{32 (http://clinicaltrials.gov).
Multiple phase 2 clinical trials have recently been published
in the abstract form suggesting an increase in survival when
TGF-f3 inhibitors are added to gemcitabine for advanced
PDAC [59]. There are ongoing phase 2 and plans for phase
3 clinical trials investigating this combination but the data is
not yet fully matured.

While the preliminary data is welcoming, phase 111 studies
are absolutely critical to not only prove effectiveness but al-
most as important to understand the off-target effects of anti-
TGF-{ therapy in a Wnt-independent manner. Our group and
others are actively investigating this interaction with hopes of
developing rationale combinational therapies to treat PDAC
patients.

Conclusion

Pancreatic ductal adenocarcinoma remains a difficult disease
to fully contain. The dichotomy of function that TGF-3 dem-
onstrates as both a tumor suppressor and promoter adds a
significant amount of difficulty to its use as a molecular target

for immunotherapy. Further work must be done aimed at iso-
lating key downstream regulators that can be attacked without
disrupting the canonical function of TGF-3 as an immune
modulator and tumor regulator.
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