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Supervising Professor: Rolf A. Brekken, Ph.D.

Elevated oxidative stress is an aberration seen in many solid tumors, and exploiting this
biochemical difference has the potential to enhance the efficacy of anti-cancer agents.
Homeostasis of reactive oxygen species (ROS) is important for normal cell function, but
excessive production of ROS can result in cellular toxicity and therefore ROS levels
must be balanced finely. Here, we highlight the relationship between the extracellular
matrix and ROS production by reporting a novel function of the matricellular protein
Fibulin-5 (FbIn5). We found that FbInS is abundantly expressed in mouse and human
pancreatic cancer compared to normal pancreas. By employing genetically engineered
mouse models of pancreatic ductal adenocarcinoma (PDA), we showed that mutation of
the integrin-binding domain of Fbin5 led to decreased tumor growth, increased survival,
and enhanced chemoresponse to standard PDA therapies. Through mechanistic
investigations, we found that improved survival was due to increased levels of oxidative
stress in FbIn5 mutant tumors. Furthermore, loss of the FbiIn5-integrin interaction
augmented fibronectin (FN) signaling, driving integrin-induced ROS production in a 5-
lipooxygenase-dependent manner. These data indicate that Fbin5 promotes PDA
progression by functioning as a molecular rheostat that modulates cell-ECM interactions
to reduce ROS production and thus tip the balance in favor of tumor cell survival and
treatment-refractory disease.

The latter part of this thesis is focused on the underlying mechanism that leads to
upregulation of FbIn5 in PDA. The deposition of ECM is a defining feature of PDA where
ECM signaling can promote cancer cell survival and epithelial plasticity programs.
ECM-mediated signaling is governed by expression of the ECM proteins, the presence
of cell surface receptors and the expression and activity of matricellular proteins that
function as extracellular adaptors to reduce ECM—cell interaction. As stated above,
FbIn5 is a matricellular protein that blocks FN-integrin interaction and thus directly limits
ECM-driven ROS production and supports PDA progression. Compared to normal
pancreatic tissue, Fbin5 is expressed abundantly in the stroma of PDA; however, the
mechanisms underlying the stimulation of FbInS expression in PDA are undefined.
Using in vitro and in vivo approaches, we report that hypoxia triggers FbIn5 expression
in a transforming growth factor 3 (TGF-B)- and PI3K-dependent manner. Pharmacologic



inhibition of TGF-B receptor (TGF-BR), PI3K, or protein kinase B (AKT) was found to
block hypoxia-induced FbInS expression in mouse embryonic fibroblasts and 3T3
fibroblasts. Moreover, tumor-associated fibroblasts from mouse PDA were also
responsive to TGF-BR and PI3K/Akt inhibition with regard to suppression of Fbin5. In
genetically engineered mouse models of PDA, therapy-induced hypoxia elevated FbIn5
expression while pharmacologic inhibition of TGF-3 signaling reduced FbIn5 expression.
These findings offer insight into the signaling axis that induces FbIn5 expression in PDA
and a potential strategy to block its production.
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Chapter 1. Introduction

The function and composition of the extracellular matrix (ECM)

The extracellular matrix (ECM) is a dynamic collection of secreted molecules, which
occupies the space between cells and provides the structural framework necessary to
maintain integrity of tissues. Some major examples of these structural proteins are
collagen, fibronectin, laminin, and elastin. Collagens are the most abundant protein in
the ECM and for that matter, the human body. There are multiple types of collagen
found within the ECM and they exist as fibrillar proteins providing stiffness to support
surrounding cells [1]. Fibronectins (FN) are glycoproteins that bind to other ECM
proteins and help connect cells to the ECM and promote cell movement [2]. Laminins
are glycoproteins found in the basal laminae of all cell types where they form web-like
networks that provide tensile strength to tissue [3]. Finally, elastins are proteins that
provide flexibility to tissue, allowing tissue to retain shape after stretching or contraction
[4]. Various cell types secrete ECM molecules, however, fibroblasts are the major cell

type that synthesize and secrete ECM.

The most common and well-studied function of the ECM is in cell-adhesion and cell-to-
cell communication. ECM proteins are anchored to the cell through cell surface
receptors, the most intensively studied of which are integrins. Integrins are
heterodimeric transmembrane receptors consisting of a and 8 subunits. In mammals,
there are at least 18 a subunits and 8 3 subunits, generating 24 unique integrins [5].
The various functions and ligands of integrins depend on the specific integrin type. For

example, a5B1 (a major FN receptor) is important during angiogenesis [6], whereas



a1p1 and a2B1 (major collagen receptors) are critical for leukocyte adhesion and

inflammation [7, 8].

In addition to providing a structural framework for tissues, the ECM also regulates a
myriad of important signaling pathways. As integrins bind to their respective ligands,
they form clusters at the membrane referred to as focal adhesions. Focal adhesion
complexes are essential to induce downstream signaling, as the cytoplasmic tails of
integrins do not harbor any detectable enzymatic activity [5]. Integrin clustering results
in the reorganization of the actin cytoskeleton and the activation of a number of
signaling complexes. Integrins are unique in that they relay signals from inside the cell
to the outside (inside-out signaling) and vice versa (outside-in signaling) [9]. Integrin
contact with the ECM results in outside-in signaling, whereas protein complexes from
inside the cell bind to integrin tails, which is thought to prime integrins for ECM

interaction.

Integrin clustering and focal adhesion assembly activates a number of protein tyrosine
kinases such as focal adhesion kinase (FAK) [10]. FAK was one of the first
phosphorylation targets discovered downstream of integrin activation [11]. An
immediate downstream target of FAK activity is the major protein kinase Src, which
promotes survival, proliferation, and migration [12]. FAK functions as a central signaling
scaffold that is critical for the activation of downstream signaling pathways, namely the
Rho-family GTPases, which support cytoskeletal changes and promote cell movement.

Furthermore, activation of integrins also promotes growth factor receptor activation. For



example, optimum cell stimulation with epidermal growth factor (EGF) requires integrin-
mediated cell adhesion in some cultured models [13]. Therefore, integrins regulate a
range of important biological processes from cell migration to cell growth and

proliferation.

The role of the ECM in tumor development with emphasis on FN

The ECM is also critical in the formation and maintenance of solid tumors. Most solid
tumors display an increased deposition of ECM proteins compared to their normal
tissue counterparts. ECM affects tumorigenic processes and functions including tumor
cell proliferation, survival, apoptosis, migration, adhesion, angiogenesis, and
chemoresistance [14-20]. Desmoplasia, the robust deposition of ECM, is induced in
tumors by growth factors such as transforming growth factor B (TGF-f), basic fibroblast
growth factor (FGF) connective tissue growth factor (CTGF), interleukin-13 (IL-1B), and
platelet-derived growth factor (PDGF) [21-24] and environmental conditions including
hypoxia [14]. The ECM is a major facet of the tumor microenvironment (TME), which is
a collective term referring to the immediate environment surrounding tumor cells. In
addition to ECM proteins, the TME contains multiple types of non-cancer cells such as
immune cells, fibroblasts, and endothelial cells that contribute to tumor progression [25-

27].

Under normal conditions, cells remain anchored to their surrounding ECM; detachment
from this supportive matrix results in a form of cell death termed anoikis [28]. However,

tumor cells have evolved to circumvent this anchorage dependence leading to the



presence of circulating tumor cells (CTCs) that can metastasize to a distant organ [29].
When metastatic tumor cells reach their new site, they must create a microenvironment
conducive for survival and growth. Recent work in a mouse model of pancreatic ductal
adenocarcinoma (PDA) shows that FN is critical in supporting engraftment of metastatic

cancer cells in target organs (e.g., liver and lung) [30].

The expression of FN is elevated in many solid tumors, especially PDA [31-33]. In this
context, FN contributes to cancer cell survival, invasion and metastasis,
chemoresistance, and angiogenesis [34]. For instance, the human PDA cell lines Panc-
1 and Capan-1 showed increased resistance to cytotoxic agents including gemcitabine,
cisplatin, and doxorubicin when cells were grown on FN-coated plates [20]. The pro-
survival effect of FN has been attributed to activation of the PISBK/AKT/mTOR pathway
[17, 35]. Moreover, it was reported that FN stimulates reactive oxygen species (ROS) in
PDA cells, which led to increased survival that could be reversed by antioxidant
treatment [36]. ROS, in moderate amounts, serve as signaling molecules that stimulate
proliferation and promote survival through the Ras-Raf-MEK-ERK and NF-kB pathways,

respectively [37].

FN is also an important contributor to angiogenesis, the formation of new blood vessels
from pre-existing vessels. In addition to growth factors such as vascular endothelial
growth factor (VEGF), ligation of the ECM via integrin receptors is essential for
angiogenesis. The use of knockout mice revealed that integrins 31, av, a4, and a5 are

required for angiogenesis [38]. Integrin a5 knockout mice die at embryonic day E10.5



due to severe vascular defects [39], and deletion of FN results in vascular abnormalities
and death at day E9.5 [40]. Tumors require angiogenesis to persist and thrive. Although
still under active investigation, FN has been shown to be important in tumor
angiogenesis as well. Early studies revealed that targeting the FN-a5B1 interaction via
antibody antagonists blocked angiogenesis in the chick chorioallantoic membrane assay
[6]. Moreover, a5B1 targeting antibodies, such as volociximab, inhibit tumor growth in
various animal models of cancer, but these promising pre-clinical results have yet to be

recapitulated in patients [31, 41-46].

At the molecular level, FN may stimulate angiogenesis by various mechanisms. Integrin
adhesion to the ECM, and to FN specifically, triggers endothelial cell migration and
microvessel elongation [47]. Furthermore, the alternatively spliced extra domain A of FN
can stimulate VEGF-C expression in a PI3K/Akt dependent manner in colorectal
carcinoma [48]. Along these lines, FN can stimulate ROS production [36, 49, 50], mainly
in the form of hydrogen peroxide, which is known to induce VEGF expression when

present in moderate amounts [51].

Matricellular proteins: extracellular modulators of the ECM

Integrin activation by abundant ECM proteins such as FN and collagen is controlled by
regulatory proteins found within the ECM referred to as matricellular proteins.
Matricellular proteins as a class do not function as structural components of the ECM,
instead they mediate ECM-receptor interactions [52, 53]. Some major examples of

matriceullar proteins are thrombospondin-1 & 2 (TSP-1 & 2), tenascin-C (TNC) secreted



protein acidic and rich in cysteine (SPARC), osteopontin (OPN), and the fibulin family of
proteins. Matricellular proteins can regulate ECM function by directly binding to cell
surface receptors or structural and soluble proteins within the ECM. For example,
SPARC binds directly to collagen and blocks collagen mediated signaling via the
discoidin domain receptors [14, 54]. In this context, the absence of SPARC enhanced
collagen-mediated tumor progression. Moreover, TSP-1 blocks FN-induced focal
adhesions in endothelial cells [55]. Similarly, TNC interferes with FN-integrin interaction

and reduces FN-mediated adhesion of fibroblasts [56, 57].

Matricellular proteins are typically expressed abundantly during development and
reactivated during wound healing and other tissue remodeling events [52]. Phenotypes
of mice lacking a particular matricellular protein are usually mild, reinforcing the fact that
these proteins do not contribute to the structural integrity of tissues [58, 59]. However,
deficiencies in response to wound healing and tissue repair are often seen [60].
Abnormal expression of matricellular proteins is seen in certain pathologies, such as
cancer. The matricellular protein Fibulin-5 is aberrantly expressed in many cancers [49,
61-64]. Fibulin-5 has important contributions to normal physiology and development as

well as cancer.

Fibulin-5 (FbIn5)
Fibulin-5 (FbIn5) is a 66 kDa matricellular glycoprotein. It is a member of the fibulin
family of ECM proteins, which are characterized by six calcium-binding EGF-like

repeats (CbEGF) at the N-terminus (for protein stability and interactions) and a globular



C-terminal fibulin module [65]. Similar to other ECM proteins, FbIn5 is a TGF-B- and
hypoxia-inducible gene [66, 67]. FbIn5 is distinct amongst the fibulins in that it contains

an RGD-integrin binding domain (Fig. 1).

Fibulin-5 (FBLNS5, EVEC, DANCE)

. Signal sequence V RGD motif

B-EGF-lik tif
[— S:vith ir?sertlio?\ e . CB-EGF-like motif
»  CB-EGF-like motif -
‘ 8-Cys divergent S Fibulin module

Figure 1. Domain structure of FbIin5 (by Miao Wang)

Fbin5 was discovered as a gene highly expressed in large vessels during development;
however, it is down-regulated in most adult tissues except where active tissue
remodeling is occurring [59, 68, 69]. FbIn5 is induced by models of vascular injury
including balloon withdrawal injury and in atherosclerotic plaques, highlighting its
contribution to vascular function and maintenance [68, 69]. The generation of FbIn5
knockout mice revealed a major function of FbIn5 in elastic fiber formation [59, 70].
FbIn5" mice exhibit general connective tissue defects such as loose skin, tortuous

vessels, emphysematous lung, and genital prolapse. This provided the first animal



model for congenital elastic fiber disorders [71]. These seminal studies laid the

foundation for future discoveries regarding Fbin5.

FbIn5 in cell adhesion/migration

As mentioned above, FbIn5 contains an RGD-integrin binding domain and has been
reported (although not shown conclusively) to ligate RGD-binding integrins including
a4B1, a5B1, avB3, avp5, and a9B1 [59, 72]. FbInS supports adhesion of endothelial
cells and smooth muscle cells (SMCs) in an RGD-dependent manner [68, 69, 72].
Furthermore, FbInS interacts with multiple extracellular proteins including extracellular
superoxide dismutase (ecSOD) where it tethers ecSOD to vascular tissues and helps
regulate ROS production [73]. FbIn5 also binds to tropoelastin and lysyl-oxidase-like 1

(LOXL1), which is thought to be critical for normal elastogenesis to occur [74].

Fbin5 regulates cell migration in a context-dependent manner. For example, Fbin5
failed to induce migration in SMCs compared to FN [72]. SMCs plated onto Fbin5-
coated dishes appeared rounded and less spread compared to cells plated on FN.
Immunofluorescence staining showed that focal adhesion and actin stress fiber
formation were significantly reduced in the presence of Fbin5 compared to FN. Finally,
cells plated on either FbIin5 or FN were analyzed for migratory capacity by imposing a
wound in the adherent cultures. Closure of the wound was monitored between the two
conditions, which revealed reduced migration in cells plated on FbIn5 [72]. Treatment
with an activating B1 integrin antibody reversed the negative effects of FbIn5 on

migration and stress fiber formation. These results suggest passive ligation of Fbin5 by



integrins in SMCs.

Fbin5 also antagonized endothelial cell migration [75]. In this context, ectopic
expression of FbIn5 in endothelial cells dampened migration as tested by the ability of
these cells to move through a matrigel matrix and also by measuring trans-well
migration (Boyden-chamber assay). Moreover, treating endothelial cells with
recombinant FbIn5 blocked angiogenic sprouting in vitro [75]. In contrast, FbIn5 induced
migration of fibrosarcoma cells [76]. Using a slightly modified version of the Boyden-
chamber assay where FN was coated on the bottom of the porous membrane, Fbin5-
expressing fibrosarcoma cells displayed enhanced migration towards FN. Together;
these findings highlight cell-type specific effects of Fbin5 signaling that likely reflect the
variable integrin expression profile between cell types and whether these specific

integrins are subject to inhibition by FbIn5.

FbIn5 in proliferation/survival

Similar to the context-specific effects on cell motility, Fbln5 can positively and negatively
regulate proliferation depending on cell type. For instance, overexpression of FbIn5 in
3T3 fibroblasts revealed increased activation of ERK1/2 and p38 mitogen-activated
protein kinase (MAPK) [76]. This group also showed that Fbin5 synergized with TGF-$3
to stimulate proliferation and DNA synthesis in 3T3 cells. Conversely, Fbin5 was shown
to induce an anti-proliferative response in epithelial cells through decreased expression

of cyclin A, thus abrogating progression of the cell cycle.



Endothelial cells stimulated with FbIn5 did not show activation of ERK1/2 and p38-
MAPK but FbIn5 did reduce VEGF expression, which resulted in reduced endothelial
cell proliferation [75]. Likewise, FbIn5 failed to induce proliferation in SMCs compared to
cells plated on FN due to a reduction in B1 integrin signaling [72]. In addition, recent
studies performed in ovarian cancer cells also revealed changes in proliferation upon
Fbin5 overexpression [77]. Expression of Fbin5 in SKOV3 ovarian carcinoma cells led
to G2/M arrest but did not adversely affect colony-forming ability. Conversely,
knockdown of FbInS in human gastric cancer cells blocked cell proliferation as tested by
BrdU incorporation [63]. Together, these data support an anti-proliferative effect of
Fbin5 in endothelial cells and a pro-proliferative effect in fibroblasts. Yet, it is unclear
whether FbIn5 promotes or blocks proliferation in epithelial cells. Since FbIn5 blocks
FN-mediated integrin signaling, it is germane to evaluate the effect of integrin-activating

or -inhibiting antibodies on proliferation in contexts where FbIn5 has been manipulated.

FbIn5 in angiogenesis

Fbin5 was identified by two separate groups who were interested in proteins that
regulate cardiovascular development and disease [68, 69]. Each group identified Fbin5
as being expressed in the embryonic arterial vasculature, however, downregulated in
most adult vascular beds. They also found that expression of FbIn5 was reactivated in
diseased adult vasculature, namely atherosclerotic and balloon-injured arteries. FbIn5
knockout mice were created shortly after these original findings, which revealed the
important function of FbIn5 in elastogenesis such that FbIn5-deficient animals had

tortuous vessels in addition to loose skin and emphysematous lung as a result of

10



incomplete elastic fiber formation [59, 70]. Elasticity is a major characteristic of blood
vessels and critical for proper vessel function. These observations led to the

investigation of FbIn5 as a regulator of angiogenesis in several model systems.

Sullivan et al. [78] revealed that polyvinyl alcohol sponges implanted into Fbin5" mice
had significantly increased vascular invasion as seen by CD31 (PECAM-1) staining.
Interestingly, fibroblast migration into these sponges remained unchanged in the
absence of FbIn5. This group then examined a possible mechanism by which Fbin5 was
antagonizing vascularization and found that the pro-angiogenic factors, Ang-1, Ang-2,
Ang-3, and VEGF, were increased in sponges removed from Fbin5” mice as seen by
quantitative PCR. Moreover, vascular smooth muscle cells (VSMCs) isolated from WT
and FbIn5-deficient mice also showed an increase of these pro-angiogenic factors in the
absence of FbIn5. The authors of this paper did not examine the function of integrins in
this phenotype. Therefore, based on these studies alone it is difficult to determine
whether FbIn5 directly antagonizes vascular function or if this is an integrin-dependent
phenomenon. Given the evidence that FbIn5 binds to but does not support activation of
a431 and a5B1 integrins in SMCs [72], it is probable that enhanced integrin activation in
the absence of FbIn5 results in increased endothelial cell migration and proliferation in

this context [79, 80].
The function of FbIn5 in tumor angiogenesis has also produced mixed results. Forced

expression of FbIn5 by fibrosarcoma cells resulted in tumors that were significantly less

vascularized compared to tumors derived from control cells [81]. These results suggest

11



that FbIn5 antagonizes tumor angiogenesis, which again, is likely a consequence of
reduced FN-integrin signaling by FbIn5. In stark contrast, our lab has reported that
subcutaneous and orthotopic pancreatic tumor growth (Pan02) in Fbin5” mice results in
reduced tumor blood vessel density [82]. In this study, we found that loss of FbIn5 in
tumors results in overwhelming ROS production mediated by FN-integrin signaling. The
discrepancy between these two findings is likely attributed to the complete lack of host
FbIn5 in our model as well as the lack of Fbin5 expression in Pan02 cells [49, 82]. In the
fibrosarcoma model, it is difficult to distinguish between the function of host- or tumor-
derived FbIn5 with regard to regulation of angiogenesis. Moreover, the loss of FbIn5
function in tumors produces a much different effect on angiogenesis compared to non-
tumor tissue (e.g. the polyvinyl alcohol sponge model mentioned above), which we
propose is due to the high amount of FN in tumors vs. normal tissue. A major biological
outcome of FN-integrin signaling is ROS production [50], therefore, FbIn5 functions as a

molecular rheostat to control this outcome.

FbIn5 in tumor progression

As described above, the cellular effects of Fbin5 are context-dependent and thus the
effect of FbIn5 on tumor progression may also be tumor-specific. Initial studies on FbIn5
and tumor growth relied on forced expression of FbIn5 in cancer cell lines that were
then implanted into immunodeficient mice. Lee et al. [62] revealed increased FbiIn5
expression from human breast tumors, and that Fbin5 expression in 4T1 breast cancer
cells enhanced tumor growth in mice. Yue et al. [83] reported that Fbin5-expressing

H460 lung cancer cells displayed decreased metastasis to the lungs after iv injection.

12



This study did not examine primary lung tumor growth in the context of FbIn5, however,
lung cancer patient samples showed a downregulation of FbIn5 compared to matched
normal lung specimens as seen by RT-PCR and immunohistochemistry (IHC) analysis

of a tissue microarray.

Our lab was the first to report on tumor studies performed in Fbin5 mutant mice. As
mentioned previously, Schluterman et al. [82] showed that subcutaneous and orthotopic
Pan02 tumors implanted into Fbin5” mice had a significant reduction in tumor growth
and blood vessel density [82]. To identify a mechanism for this reduction in
angiogenesis and tumor growth, we examined ROS levels in tumors from WT and
Fbin5" mice. The rationale behind this was that Fbln5 had been shown to regulate ROS
production in vascular tissue through binding ecSOD, and the deletion of FbiIn5 resulted
in increased ROS production in mouse aortas [73]. Consistent with this, we also found
elevated levels of ROS production in tumors grown in Fbin5” mice compared to tumors
grown in WT mice. Moreover, mice containing a point mutation in the RGD-integrin
binding domain of FbiIn5 (RGD - RGE) recapitulated the phenotype seen in Fbin5"
mice with regard to tumor growth, angiogenesis, and ROS production, highlighting the
importance of FbIn5-integrin interaction in this phenotype. Using mouse embryonic
fibroblasts (MEFs) in vitro, we found that increased ROS production was a
consequence of increased integrin signaling by FN in the absence of functional FbIn5.
Furthermore, antioxidant treatment restored tumor growth and microvessel density in
Fbin5%CERCE mice, confirming that reduced tumor growth was a direct consequence of

elevated ROS production driven by loss of Fbin5-integrin binding. This data is in line

13



with other evidence that shows FbIn5 competes with FN to negatively regulate (1

integrin function [72].

Elevated oxidative stress is seen in many solid tumors compared to normal tissues, and
exploiting this biochemical difference has the potential to enhance the efficacy of
anticancer agents [84]. For instance, ROS accumulation after gemcitabine treatment in
PDA cells contributes significantly to the cytotoxic activity of this nucleoside analog [85].
Furthermore, elevated hydrogen peroxide levels was shown to be a mechanism by
which paclitaxel killed lung cancer cells [86]. Homeostasis of ROS is important for
normal cell function and signaling, but excessive ROS can result in cellular toxicity, and
therefore ROS levels must be tightly controlled. ROS can be produced by a number of
enzymes including but not limited to, the electron transport chain (ETC), NADPH

oxidase (NOX), 5-lipoxygenase (5-LOX), and nitric oxide synthase (NOS) [87].

ECM proteins can stimulate the activation of these enzymes and thus indirectly induce
ROS production. Chiarugi et al. [50] showed that integrin activation by FN induces ROS
production in a 5-LOX and NOX dependent manner in 3T3 fibroblasts [50]. Another
group showed that PDA cells are responsive to FN in terms of increased ROS
production by 5-LOX and NOX [36]. Given that FN can stimulate ROS production via
integrin activation and that the loss or mutation of FbInS results in higher ROS
production, we propose FbIn5 blocks integrin-induced ROS production. In PDA, where

ECM is abundant [16, 88], oxidative stress levels are much higher compared to normal
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pancreas [89]. Thus, FbIn5 is a novel target to investigate as a potential strategy to

manipulate ROS levels in the TME.

While we found that genetically ablating FbIn5 can reduce subcutaneous and orthotopic
pancreatic tumor growth, there are some limitations to this model with regard to
recapitulating human disease. The major shortcoming with implant models is that they
do not always represent the histology, genetics, and overall progression of the disease.
Genetically engineered mouse models (GEMMs) can help address some of these
limitations. Therefore, the goal of my project was to study the effect of FbIn5 in a GEMM
of PDA. | sought to understand the effect of endogenous FbIn5 on drug-response and
tumor progression in this model with emphasis on ROS production and vascular
function. Moreover, | examined the mechanism by which ROS is produced in the
context of mutant FbInS. Lastly; | determined the molecular mechanism by which Fbin5

expression is controlled in PDA.
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Chapter 2. FbIn5 promotes pancreatic tumor growth through inhibition of

integrin-induced ROS.

Introduction:

PDA is a lethal cancer with a 5-year survival rate of 6% and a median survival of ~6
months, making it the 4th leading cause of cancer-related deaths in the United States
[1]. However, a recent and alarming report has projected that PDA will become the 2nd
leading cause of cancer-related deaths in the United States by 2030 [2]. The poor
prognosis of this disease can be attributed to late-stage detection, resistance to
standard therapies, and metastatic spread. Thus, understanding the biological features
that contribute to tumor progression is critical in order to discover novel therapeutic

strategies.

A dense fibrotic response by the host is a major feature of PDA. This increased
deposition of ECM can often occupy more than half of the tumor mass. The
desmoplastic reaction of PDA results in recruitment of fibroblasts, endothelial cells, and
immune cells, which are surrounded by tumor cells and embedded in an acellular ECM
network [3]. GEMMs of PDA serve as excellent tools to study ECM-tumor interactions

because they mimic the histopathology of human PDA [4, 5] (Figs. 1 & 2).

ECM signaling depends on the specific ECM-receptor interaction and the expression

and activity of matricellular proteins that function as extracellular adaptors to regulate

these interactions [6-9]. For instance, FbInS binds to but does not support integrin
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activation and competes with FN for integrin binding [9, 10]. As a result, tissues that lack
functional FbIn5 experience an increase in integrin signaling, which have context-
specific effects depending on the tissue or disease state. As previously stated, genetic
deletion of FbIn5 in mice stimulates angiogenesis in normal pancreas; however,
reduces angiogenesis in tumors from syngeneic models of PDA [11]. In this context,
subcutaneous and orthotopic Pan02 tumors exhibited a reduction in overall tumor
growth in Fbin5” mice. The discrepancy in vascular function between normal and
tumor-bearing pancreas of Fbin5” mice may be attributed to the levels of FN present.
Normal pancreas displays little FN compared to PDA (Fig. 1H). Thus, we postulated that
the increased expression of FN in PDA combined with the loss of functional FbInS is

leading to enhanced FN signaling through integrins.

A potentially harmful byproduct of integrin signaling is ROS [12]. At basal levels, ROS
functions as a signaling molecule by modifying redox-sensitive proteins and reversibly
altering their activity; however, excess production of ROS can lead to genomic instability
and cell death, thus ROS production must be tightly regulated [13]. Interestingly, driving
ROS production is therapeutically effective in various models of cancer [14]. Elevated
ROS is seen in many solid tumors, and studies have revealed that oxidative tumors,

such as PDA, have heightened sensitivity to further ROS insults [15, 16].
Given the high expression of FN in the stroma of PDA and increasing evidence

supporting enhanced ROS production as an anti-cancer strategy [17], we evaluated the

consequence of ablating the integrin binding ability of FbIn5 in robust GEMMs of PDA.
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Blocking FbIn5-integrin interaction dampened tumor growth and progression in mice
through an increase in ROS production by 5-lipooxygenase (5-LOX). A consequence of
elevated ROS production in this context resulted in an anti-angiogenic effect.
Additionally, we found that FbIn5 was expressed abundantly in the stroma of human
PDA tumors. The majority of these findings were published in Cancer Research [9], and

the remainder of this chapter will summarize the results of that manuscript.

Results:

Fbin5 expression in pancreatic cancer

The expression of FbIn5 is prominent during development, particularly in blood vessels
and elastin-rich tissues, however, is diminished in most adult organs, but can be
reactivated in injured vessels [18]. We examined FbIn5 expression in multiple mouse
and human cell lines and tumor lysates. The mouse endothelial cell line bEnd.3 and
fibroblasts, including mouse embryo fibroblasts (MEFs) and fibroblasts isolated from
mouse PDA (NG2" cells), expressed FbIn5 (Fig. 1A), as did human PDA lysate (Fig.
1B). In contrast, pancreatic cancer cell lines including three human lines (MiaPaCa-2,
Panc1 and AsPC-1) (Fig. 1B) and 2 mouse lines (Pan 02 and MPLR B9) (Fig. 1A) did

not express detectable levels of FbIn5 protein.
FbInS immunohistochemistry (IHC) in syngenic pancreatic Pan02 tumors grown

subcutaneously in Fbin5** (WT) or Fbin5” (KO) mice revealed that FbIn5 is produced

by stromal cells (Fig. 1E). Co-staining of FbIn5 with the endothelial cell marker Meca32
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shows that FbIn5 can be produced by endothelial cells within the tumor (Fig. 1E). IHC
analysis of FbIn5 expression in multiple mouse models of PDA revealed FbIn5 reactivity
mainly in the stroma (Fig. 1C-D and data not shown). We also examined FBLNS in
human PDA by IHC and found the protein was expressed in all human PDAs examined
(n=25). The staining pattern was confined largely to the stromal compartment; however,
not all regions of stroma were positive for FBLNS protein (Fig. 1F). The nature of the
heterogeneous stromal staining pattern is unclear but suggests that FBLNS expression

is controlled tightly.
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Figure 1. Expression pattern of Fbin5 in mouse and human PDA. (A-B) Protein
lysates from mouse endothelial cells, cancer cells and fibroblasts (A) and human PDA
tissue and cancer cell lines (B) were probed for indicated targets by Western blot. (C-D)
Immunohistochemical (IHC) staining for Fbin5 on mouse (C) and human (D) PDA
sections. (E) Immunofluorescence (IF) staining of Fbin5 (Red) and MECA-32 (Green)
on subcutaneously grown pancreatic tumor (Pan02) in Fbin5 WT and KO mice. (F)
Representative images of FBLNS expression in human PDA, showing heterogeneous
expression in the stroma. (G-H) Immunofluorescence (IF) staining of WT pancreas, KIC
and RGE KIC tumors, KPC and RGE KPC tumors for FbIn5 (green) and endothelial cell
marker Meca32 (Meca) (red) in panel (G), acinar cell marker amylase (Amy) (green)
and FN (red) in panel (H). Nucleuses were counterstained with DAPI (blue). Scale bars
are presented as indicated.

Characterization of KIC and KPC mice

To evaluate the contribution of FbIn5 to PDA development and progression we utilized
KIC and KPC mice, two well established conditional GEMMs of PDA based on the
p48c™ (also known as Ptf1a) driver, which is expressed in pancreatic bud progenitor
cells [19-21]. KIC animals express an active form of Kras and have biallelic inactivation
of the Cdkn2a locus (LSL-Kras®'??"*; Cdkn2a "%, p48“®) [20]. KPC animals express
the same activating G12D mutation in Kras and also harbor a R172H point mutation in
p53, the Li-Fraumeni human ortholog (LSL-Kras®"?”*: LSL-Trp53%"7"*: p48°™) [21].
Histological examination of KIC and KPC pancreatic tissue by a pathologist revealed
that each model developed early pancreatic intraepithelial neoplasias (PanINs) and
highly infiltrative adenocarcinomas ranging from well-differentiated areas with clear
malignant gland formation to areas that were more poorly differentiated (Fig. 2A).
Similar to human PDA, Masson’s trichrome staining showed extensive collagen

deposition in the area of PanINs and PDA in KIC and KPC tumors (Fig. 2B).
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KIC mice appeared normal with no obvious phenotype up to 1.5 months of age but later
became moribund, usually accompanied by weight loss (Fig 2D). Moreover, some mice
developed jaundice or ascites. Autopsies revealed the presence of large solid tumors
with limited gross metastases. Liver micrometastasis was seen in the majority of KIC
mice in the survival study necropsies (Fig. 2C,E). KPC mice appeared healthy up to 3
month old and were sacrificed between 3 to 9 months, commonly presenting with body
weight loss, jaundice or ascites. Gross liver metastasis was seen in 30-40% of animals

(Fig. 2D,E)
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Figure 2. Characterization of KIC and KPC mice. (A-B) Representative H&E (A) and
Masson’s trichrome staining (B) of wildtype (WT) pancreas, KIC and KPC tumors. (C)
Representative H&E staining of a KIC mouse liver after sacrificed for survival study. The
liver micrometastasis originating from the primary pancreatic tumor was indicated by a
yellow arrow. (D) Representative images of a KPC mouse before and after sacrificed for
survival study. Primary pancreatic tumor region was indicated by yellow asterisk. Liver
metastases were indicated by yellow arrows. (E) Representative H&E staining of a KPC
mouse liver from the survival study shows liver metastasis. Scale bars are presented as
indicated.

Ablation of FbIn5-integrin interaction reduces tumor growth and prolongs
survival

Mutation of the FbIn5 integrin binding sequence from RGD to RGE renders the protein
incapable of binding to integrins [18]. Fbin57°*R°E (RGE) mice are viable, fertile and
phenotypically normal compared to WT animals [22]. To study the contribution of Fbin5
to PDA development, we crossed RGE mice with KIC or KPC animals to generate
genetically matched KIC and RGE-KIC, KPC and RGE-KPC mice. There was no
difference in FbIn5 expression levels between KIC and RGE-KIC or KPC and RGE-KPC
tumors (Fig. 1G). However, tumors had significantly increased FbIn5 expression
compared to normal pancreas (Fig. 1C,G). Pancreatic and mouse body weights were
determined in KIC and RGE-KIC mice at 1, 1.5 and 2 months (Fig. 3A-B). There is no
significant difference for tumor/body weight at 1 and 1.5 months (Fig. 3A). RGE-KIC
mice exhibited significantly lower tumor/body weight at 2 months than KIC mice, with
tumor weights ranging from 0.24 to 0.86 gram for RGE-KIC mice and 0.72 to 1.11 gram
for KIC mice (Fig. 3A). This is consistent with significantly reduced proliferating cells in
RGE-KIC tumors (Fig. 3C-D). Similar results were observed in the KPC model, which

were analyzed at 3 and 5 months of age (Fig. 3B and 3E-F).
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Survival analysis revealed that RGE-KIC mice lived significantly longer than KIC mice
(Fig. 3G) with a median survival of 74 days for RGE-KIC mice and 61.5 days for KIC
mice. KIC and RGE-KIC mice appeared normal with no obvious phenotype up to 1.5
months of age but later became moribund, usually accompanied by weight loss.
Moreover, some mice developed jaundice or ascites. Autopsies revealed the presence
of large solid tumors with limited gross metastases. Liver micrometastasis was seen in
the majority of KIC and RGE-KIC mice in the survival study necropsies (Fig. 2E).
Similarly, RGE-KPC show significantly prolonged survival compared to KPC mice (175
days vs 143.5 days) (Fig. 3H). KPC and RGE-KPC mice appeared healthy up to 3
month old and were sacrificed between 3 to 9 months, commonly presenting with body
weight loss, jaundice or ascites. Gross liver metastasis was seen in 30-40% of animals

(Fig. 2C-E).
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Figure 3. RGE KIC and RGE KPC mice show reduced tumor growth and
prolonged survival compared to KIC and KPC mice. (A-B) Whole tumors were
isolated and weighed and normalized against body weight at 1, 1.5, and 2 months for
KIC and RGE KIC mice (A) or 3 and 5 months for KPC and RGE KPC mice (B). n27
tumors per group. (C, E) IF staining on tumor sections for phospho-Histone H3 (PH3)
(green). n24 tumors per group. (D, F) Quantification of PH3 positive (+) cells per 20X
field from 4-5 tumors per group with 8-10 pictures per tumor. Results are shown as
meants.e.m. (G-H) Kaplan-Meier survival curve of KIC and RGE KIC mice (G), KPC
and RGE KPC mice (H). Scale bars are presented as indicated. For statistical analysis,
unpaired t test was used for panel (A), (B), (D) and (F). Log-rank test was used for
panel (G) and (H). *, p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001.
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Increased oxidative stress in RGE-KIC and RGE-KPC tumors

We reported previously that the growth of subcutaneous Pan02 tumors in Fbin5” mice
was significantly reduced compared to WT animals due to increased ROS [23].
Dihydroethidium (DHE) staining of tumors from the GEMMs showed that the Fbin5 RGE
mutation significantly induced ROS levels in KIC and KPC tumors (Fig. 4A-B).
Accordingly, the level of yH2AX, a commonly used marker for oxidative stress-induced
DNA damage [24], was higher in RGE-KIC tumors than K/C tumors (Fig. 4C). However,
in the context of normal pancreatic tissue, the FbIn§ RGE mutation did not alter ROS
levels (Fig. 4E-F). This is consistent with the level of FN expression, which was elevated
in PDA compared to normal pancreatic tissue (Fig. 1H). To determine whether ROS
induction contributed to the prolonged survival in RGE animals, KIC and RGE-KIC mice
were treated with the antioxidant N-acetylcysteine (NAC) and survival was examined
(Fig. 4D). Prolonged NAC treatment decreased survival of RGE-KIC mice but did not
affect the survival of KIC mice (Fig. 4D). ROS production was also examined in NAC-
treated KIC and RGE-KIC tumors, which revealed no difference between the two groups
(Fig. 4G-H). Collectively, ROS induction driven by the Fbin5 RGE mutation resulted in

reduced tumor growth and prolonged survival.
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Figure 4. Increased oxidative stress in RGE KIC and RGE KPC tumors compared
to KIC and KPC tumors. (A-B) Dihydroethidium (DHE) (red) staining on freshly cut
frozen sections of KIC and RGE KIC (A), KPC and RGE KPC (B) tumors for in situ
detection of ROS. Relative ROS level was quantified by fluorescence intensity using the
software NIS-Elements and shown inside images. Quantification was from 3 tumors per
group with 6-10 images per tumor. (C) IF staining on KIC and RGE KIC tumor sections
for Meca32 (Meca) (green) and g-H2AX (red). n=3 tumors per group. (D) Kaplan-Meier
survival curve of KIC and RGE KIC mice treated with the antioxidant N-acetyl-Cysteine
(NAC) by drinking water starting at 4 weeks old. (E-H) In situ detection of ROS in
normal pancreas from WT and RGE mice (E-F) and post NAC treatment in KIC and
RGE KIC tumors (G-H). *, p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001.

Angiogenesis is reduced in RGE-KIC and RGE-KPC tumors

Prior studies indicate that FbIn5 can modulate angiogenesis [25] and we reported that
loss of FbIn5 resulted in decreased angiogenesis in pancreatic tumors [23]. Therefore,
we examined microvessel density (MVD) in KIC and RGE-KIC, KPC and RGE-KPC
tumors by immunostaining with the endothelial cell marker endomucin. MVD was
significantly reduced in RGE-KIC compared to KI/C in tumor regions (Fig. 5A-B).
Immunostaining and quantification of MVD from 3 and 5 month old KPC and RGE-KPC
tumors also revealed significantly reduced MVD in RGE-KPC tumors (Fig. 5C-D). We
found that the number of proliferating endothelial cells co-stained with phospho-histone
H3 and endomucin was decreased in tumors in RGE animals compared to tumors in
WT mice, supporting the reduction of MVD in RGE-KIC and RGE-KPC tumors (Fig. 5E-
). Additionally, pancreas tissue from non-tumor bearing WT and RGE mice were
analyzed for MVD (Fig. 5J-M). Again, no significant difference between the two groups
was observed. Thus, the reduction of MVD correlated with tumor specific induction of

ROS in RGE animals. These data suggest that the absence of functional FbIn5 impairs
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endothelial cell survival specifically in the TME.
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Figure 5. Reduced microvessel density (MVD) and endothelial cell (EC)
proliferation in RGE KIC and RGE KPC tumors compared to KIC and KPC tumors.
(A-D) MVD was counted per 20X field from 4-5 KIC and RGE KIC (A), KPC and RGE
KPC (C) tumors with 8-10 pictures per tumor. (B, D) Quantification of MVD for KIC and
RGE KIC (B), KPC and RGE KPC (D) tumors using the software NIS-Elements.
Endomucin (Endo) stained areas are counted as % area fraction. (E-l) IF staining on 2
month old KIC and RGE KIC (E) and 3 month old KPC and RGE KPC (H) tumor
sections for PH3 (green) and Endo (red). Arrows indicate double labeled ECs, one of
which was enlarged and shown in an insert box for each image. (F-G) Quantification of
PH3 and Endo co-stained cells (PH3+ ECs) per 20X field in KIC and RGE KIC (F-G)
and KPC and RGE KPC (l) tumors at indicated ages. (J-M) MVD of WT and RGE non-
tumor bearing pancreas. Scale bars are presented as indicated. All the results shown
are meanzs.e.m. For statistical analysis, unpaired t test was used for panel (A-D), (F-G)
and (K-M). *, p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001.

Induction of the oxidative stress responsive gene Nqo1 by FN-induced ROS in
vitro and in vivo

Our data suggested that Fbin5 controls ROS production through FN—B1 integrin
interaction. To elucidate the underlying molecular mechanism of ROS generation, we
isolated WT, KO and RGE primary MEFs. FbIn5 expression levels were equivalent
between WT and RGE MEFs (Fig. S6). We found that ROS was elevated in KO and
RGE MEFs but not in WT MEFs when cells were plated on FN (Fig. 6A). Next, we
performed gqPCR arrays to screen for oxidative stress and antioxidant response
pathway related genes using RNA harvested from WT and RGE MEFs. From these
arrays, NADP(H):quinone oxidoreductase 1 (Nqo1) was a reproducible and reliable
target that was increased in RGE MEFs after plating on FN. Ngo1 is an antioxidant
enzyme that is responsible for the reduction of quinones to hydroquinones utilizing
NAD(P)H as an electron donor [26]. Reducing quinone levels lowers the occurrence of

ROS generation as a result of redox cycling [26]. Induction of Nqo1 can be mediated by
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the Keap1/Nrf2/ARE pathway [27]. The induction of Nqo1 in RGE MEFs when plated on
FN was confirmed by quantitative real-time PCR (Fig. 6B), enzymatic activity (Fig. 6C)
and Western blot (Fig. 6D). Concordantly, the induction of Ngo1 expression was
reversed by antioxidant treatment (with NAC) in a dose-dependent manner (Fig. 6E),
showing that the elevation of Ngo1 is a consequence of increased ROS status in RGE

MEFs. In addition, Ngo1 induction was elevated in tumors from RGE animals (Fig. 6F-
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Figure 6. Fbin5 RGE mutation induces ROS production and oxidative stress
responsive protein Nqo1 in vitro and in vivo. (A) MEFs harvested from Fbind WT,
KO and RGE mice were grown on FN for 16hr and stained with DCF-DA (green) to
detect ROS. Nucleus was counterstained in blue with DAPI. (B) Real time PCR result
with RNA isolated from WT or RGE MEFs plated on FN for 24hr. (C) Enzymatic activity
of Ngo1 was measured and normalized against protein concentration with samples
isolated from WT or RGE MEFs plated on FN for 4hr. (D) Western blot using lysates
harvested from WT or RGE MEFs plated on FN for 1 or 4hr. (E) Western blot using
lysates harvested from WT or RGE MEFs plated on FN for 4hrs and treated with
increasing concentration of antioxidant N-acetyl cysteine (NAC). (F, G) Western blot
using lysates harvested from several randomly selected K/IC and RGE KIC tumors (F) or
KPC and RGE KPC tumors (G). a-tubulin or b-actin was used as loading control. Scale
bars are presented as indicated. All the results in (B) and (C) are meants.e.m. For
statistical analysis, unpaired t test was used for panel (B) and (C). ***, p<0.001, ****,
p<0.0001.

Ngo1 induction is dependent on FN-B1 integrin interaction and 5-lipooxygenase
(5-Lox) activity

It has been reported that integrin activation by FN can induce ROS production [12].
Accordingly, when the endothelial cell line bEnd.3 was treated with a a5B1 integrin-
activating antibody, Nqo1 levels were induced (Fig. 7A). The induction of Nqo1 was
specific to activation by FN and was not present when cells were plated on plastic or
collagen (Fig. 7B). Induction was partially blocked by (31 integrin blockade (Fig. 7B).
Given this data, we conclude that the induction of Nqo1 is responsive to ROS

production induced by FN mediated 1 integrin ligation.

To determine the cellular source of ROS production in the absence of FbIn5-integrin
interaction, we used inhibitors for various ROS sources including the mitochondrial
respiratory  chain inhibitor Rotenone, NADPH oxidase (NOX) inhibitor
Diphenyleneiodonium chloride (DPIl) and 5-lipoxygenase (5-Lox) inhibitor,

nordihydroguaiaretic acid (NDGA). Treatment with Rotenone or DPI did not suppress
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the induction of Nqo1, suggesting mitochondria and NOX are not the intracellular source
of ROS production (Fig. 7C). In addition, there was no induction of NOX enzymatic
activity in RGE MEFs compared to WT MEFs by FN (Fig. 7F). In contrast, inhibition of
5-Lox by NDGA reduced Nqo1 levels, indicating 5-Lox as the potential source of ROS
(Fig. 7D). The quantification results were shown in Fig. 7E. This is consistent with a
previous discovery that 5-Lox contributes to a strong burst of ROS production by FN-

integrin engagement [28].
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Figure 7. 5-LOX activation through FN-integrin interaction is responsible for ROS
induction in RGE MEFs. (A) bEnd.3 cells were plated on FN for 4 hr and treated with
100 mM H20, or 10 mg/ml a5 integrin activating antibody at time of plating and probed
for Ngo1 by Western blot. (B) WT or RGE MEFs were plated on plastic, FN, FN + b1
integrin blocking antibody (10 mg/ml) or Collagen (CN) for 4 hr. Lysates were then
harvested and subjected to Western blot. (C) RGE MEFs were plated on FN and treated
with the NADPH Oxidase (NOX) inhibitor DPI or the mitochondrial electron transport
chain inhibitor Rotenone at the time of plating. Lysates were harvested after 4 hrs for
Western blot. (D) RGE MEFs were plated on FN and treated with a 5-lipoxygenase (5-
LOX) inhibitor (NDGA) at the time of plating and harvested 4 hrs later for Western blot.
(E) Quantification results of relative Nqo1 protein levels from panel (D) using the
software Image Studio Digits. (F) NADPH oxidase enzymatic assay in WT vs. RGE
MEFs. a-tubulin or b-actin was used as loading control for all Western blots.

ROS induction has an additive therapeutic effect when combined with standard
chemotherapy agents and development of FbIn5 targeted agents

To determine if increased integrin-induced ROS improved response to chemotherapy
we compared the efficacy of standard chemotherapy agents Gemcitabine (Gem) and
Abraxane (Abx) in KIC and RGE-KIC mice. Due to poor diagnosis for pancreatic cancer,
most patients received therapy in later stages. To mimic patient condition, all therapy
started at 1.5 month old when both KIC and RGE-KIC mice have established solid
tumors. We found that low-dose Gemcitabine (GemL) and Abx were more effective in
the context of mutant FbIn5 (Fig. 8A-B). Survival studies were also performed with
cohorts of KIC and RGE-KIC mice treated with GemL, high-dose Gemcitabine (GemH)
and Abx. RGE-KIC mice consistently survived significantly longer in all three treatment
groups than similarly treated KIC mice (Fig. 8C-E). These data suggest that increasing

integrin-induced ROS augments the activity of standard chemotherapy.
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Figure 8. RGE KIC mice have increased survival compared to KIC mice when
given chemotherapy. (A, B) KIC and RGE KIC mice were treated with 12.5 mg/kg
Gemcitabine (Gem) 3X/wk (GemL) (A) or 5 mg/kg Abraxane (Abx) 2X/wk (B) for 3 wks
starting at 7 week old. Mice were then sacrificed and tissues were isolated for analysis.
Tumor size is presented as the mean ratio of tumor / body weight +s.e.m. n=6 tumors
per group. (C-E) Kaplan-Meier survival curve of KIC control, KIC and RGE KIC mice
treated with GemL (C), GemH (D) or Abx (E). All therapies were given to mice from 7
week old until moribund. For GemL, 12.5 mg/kg Gem was given to mice 3X/wk by
intraperitoneal (i.p.) injection. For GemH, 50 mg/kg Gem was given to mice 1X/wk by
i.p. injection. For Abx, 5 mg/kg was given to mice 2X/wk by i.p. injection. For statistical
analysis, unpaired t test was used for panel (A-B). Log-rank test was used for panel (C-
E). *, p<0.05, **, p<0.01.
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Discussion

We demonstrated that FbInS expression is induced in a significant percentage of
pancreatic cancers and that it promotes tumor progression by competing with FN for
integrin ligation. Global loss of FbIn5-integrin interaction resulted in decreased tumor
growth and prolonged survival of tumor-bearing mice with no apparent adverse effects
in normal tissues. The decrease in tumor burden was dependent on increased FN-
mediated integrin activation, which increased ROS production through 5-Lox activity
and resulted in reduced angiogenesis in the TME. These findings are summarized in

Figure 9.

The ECM provides a structural framework in which tumors develop and progress. ECM
signaling contributes to cell survival, proliferation and migration, thus regulation of
cellular events initiated by the ECM is critical for tumor progression. To date,
pharmacologic modification of the ECM in PDA has not resulted in improvement of
chemoresponse or overall survival in patients [29-31]. However, preclinical studies
focused on inhibiting pathways that stimulate ECM deposition (e.g., TGFB) have shown
promise in promoting tumor control [32]. Here, we have highlighted that increased
integrin activation can result in decreased tumor growth by elevating integrin-induced
ROS production. The extent of cell-ECM interaction is regulated in part by matricellular
proteins, including FbiIn5. Yet, the contribution of FbinS to cancer has been limited
largely to expression studies [33-36], which have not defined a clear function for Fbin5
in tumorigenesis. We found that FBLNS protein was expressed in all of the human PDA

samples (n=25) we evaluated. Expression was largely restricted to the stromal
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compartment, yet the pattern of expression was not uniform as there were some areas
of stroma that were negative or only weakly reactive. This heterogeneity suggests that
evaluation of FBLNS and potentially other matricellular proteins in human tissue
microarrays could be challenging. Additional studies on the expression of FbIn5 protein
in clinically annotated tumor samples are needed to elucidate if FbIn5 expression has

predictive value.

To extend our studies, we sought to understand how Fbin5-integrin interaction functions
in the context of the microenvironment of PDA. We employed two distinct but related
GEMMs of PDA that recapitulate common mutations observed in the human disease
[37-39]. The expression of FbIn5 in each model is similar to the expression level and
pattern of FbIn5 expression in human PDA. Furthermore, FN and a5B1 integrin are
expressed abundantly in animal models of PDA as well as human PDA [40, 41]. To
study FbIn5-integrin interaction we took advantage of the fact that 1) FbIn5 binds but
does not activate a5p1 [10, 18], suggesting that it can function to reduce binding of
other ligands of the integrin; and 2) knockin mice carrying a point mutation in the
integrin binding domain of FbIin5 (RGE mice) are viable and fertile [22]. The described
essential function of FbIn5 is in elastic fiber assembly as shown by FbIn5-deficient
animals [42, 43] and biochemical analysis [44, 45]. However, RGE mice have intact
elastic fibers [22], indicating that FbIn5-integrin binding is not required for elastic fiber
assembly. These data strongly suggest that the phenotype in the RGE animals is not
due to changes in elastic fiber assembly but a result of an increase in integrin activation

by ligands other than FbIn5. Given the dramatic increase in FN expression as well as
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other stromal components in PDA we postulated that the TME would provide a
biologically meaningful stress to ascertain the functional consequences of increased

integrin ligation in RGE animals.

ROS production as a result of integrin ligation is a well-established [12, 28], although
underappreciated signalling pathway. Previously, we discovered that the loss of FbIn5-
integrin interaction results in increased integrin-induced ROS production [23]. Cellular
redox homeostasis is tightly regulated by the balance between ROS scavenging and
eliminating systems [14]. Cancer cells often generate higher levels of ROS due to
metabolic abnormality, activation of oncogenes or loss of functional p53 [14]. For
example, increased levels of ROS, particularly H,O, are highly mutagenic and
contribute to elevated mutation levels and heterogeneity. Thus an imbalance in ROS
scavenging and eliminating systems is likely to result in acute consequences in the
TME. For example, increasing ROS levels might result in inhibition of cell proliferation
and ultimately cell death [46]. However, cancer cells have developed adaptive
mechanisms to manage increased ROS levels [14]. One adaptive mechanism is the
induction of the antioxidant response transcription factor Nrf2 to increase the expression
of the ROS detoxification enzyme Nqgo1 [47, 48]. We found that the loss of Fbin5-
integrin interaction induces Nqo1 and that this response is ROS-dependent. Nqo1 levels
as a result further validated the elevation of oxidative stress in tumors grown in RGE
mice and also provided a tractable biochemical endpoint to evaluate the signaling
cascade induced by FN in the absence of integrin binding FbIn5. Furthermore, using

Nqgo1 levels as an endpoint, we discovered that ablation of FbIn5-integrin interaction
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increased 5-Lox activity in a FN-dependent manner. Pharmacologic inhibition of 5-Lox
rescued the FN-driven phenotype in vitro implicating that 5-Lox is downstream of
integrin activation. This is consistent with previous reports showing that integrin
activation by FN can stimulate ROS production primarily through 5-Lox [12, 28]. FN has
also been reported to stimulate intracellular ROS in pancreatic cancer cells through

NOX and the mitochondria [49], although we did not find evidence of this in our system.

We found that stromal and tumor cells express the integrin profile required for FN-
induced ROS production. However, changes in endothelial cells were the most apparent
phenotype in tumors from RGE mice. Endothelial cells are sensitive to elevated ROS
[50] and this was evident by the consistent reduction in microvessel density and
reduction in proliferating endothelial cells in tumors grown in RGE animals. Fibroblasts
from RGE mice produce elevated levels of ROS in culture in a FN and integrin-
dependent manner. Yet, surprisingly, we found no significant changes in the presence
or activation of fibroblasts in tumors from RGE mice (data not shown). Global analysis
of ROS using DHE indicates that many cell types, including tumor cells, display
elevated ROS levels in tumors from RGE mice. However, in vitro studies suggest that
FbIn5 does not affect ECM-mediated ROS induction in tumor cells (data not shown). It
is plausible that long-lived ROS molecules (e.g., H20;) travel from stromal cells and
increase oxidative stress in tumor cells resulting in decreased proliferation and reduced
tumor growth. It is also feasible that endothelial cells in the TME succumb to elevated
ROS induced by mutant FbinS and the decreased tumor growth is akin to an anti-

angiogenic effect. In contrast, FbInS null mice display an exaggerated vascular
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response after subcutaneous implantation of polyvinyl alcohol sponges [24]. However,
the mechanism of how FbInS directly affects endothelial cell function and the
contribution of integrins in this phenotype is poorly understood. In our model, non-tumor
bearing pancreata of WT and RGE mice show similar microvessel density (Fig. S5).
However, in the context of the TME the basal level of ROS is increased compared to
normal pancreas, therefore inducing further ROS by mutation of Fbin5 may explain the
negative effect on endothelial cell function. If so, this suggests that the mutation in Fbin5
functions as an endogenous inhibitor of angiogenesis selectively in the TME. These

hypotheses are currently being evaluated.

Our studies show that FbIn5 functions as a rheostat to dampen integrin-mediated ROS
production. This function of reducing cell-ECM interaction is similar to what has been
observed for other matricellular proteins. For example, SPARC reduces the binding of
fibrillar collagens to discoidin domain receptors thereby reducing collagen induced cell
signaling and attachment [51]. It remains unclear how integrin-mediated signaling
activates 5-Lox in the context of mutant FbIn5, although previous studies would suggest
that this is dependent on activation of the GTPase Rac [12, 28]. Overall, this chapter
illustrates how the matricellular protein Fbin5 functions to reduce FN-integrin interaction
and suggests that FbIn5 is a novel therapeutic target for pancreatic cancer. The
following chapter will focus on the mechanism of FbInS expression in PDA and

strategies to block its production in the TME.
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Figure 9. FbIn5 controls ROS production in the TME. FbIn5 is mainly secreted into
the TME by tumor-associated fibroblasts (TAFs) and ECs. Fbin5 competes with FN for
integrin binding. In the absence of FbIn5-integrin interaction (RGE), more FN will bind to
integrin receptors and increase ROS production, resulting in increased 5-LOX activity
and reduced angiogenesis and tumor growth.
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Materials and Methods

Mouse models

Fbin57CRCE (RGE), Fbin5” (KO), LSL-Kras®"*"*:; Cdkn2a-**°* (KI) and Cdkn2a->*"°*;
p48°" (IC) mice were generated as previously described [22, 51-53]. RGE mice were
used to breed with K/ and /C mice to generate genetically matched LSL-Kras®'?”"*;
Cdkn2a-°"°%; p48“® (KIC) mice and RGE-KIC mice. LSL-Trp53%"7*"* mice were
obtained from National Cancer Institute (NCI) Mouse Repository [21]. RGE mice were
also used to breed with LSL-Kras®™??*; LSL- Trp537"7?"* (KP) and p48“® mice to
generate genetically matched LSL-Kras®'??*; LSL-Trp53'7?%*, p48°™ (KPC) mice and
RGE-KPC mice. All mice were housed in a pathogen-free facility and all experiments
were performed under written protocols approved by the Institutional Animal Care and

Use Committee at the University of Texas Southwestern (UTSW) Medical Center at

Dallas.

Animal studies

For endpoint studies, KIC and RGE-KIC mice were sacrificed and entire tissues
including pancreas/tumor, liver and spleen were harvested and weighed at 1, 1.5 and 2
months old. KPC and RGE-KPC mice were sacrificed at 3 and 5 months, n=8 mice per
time point per group. For all survival studies, mice were carefully monitored and
sacrificed when they appeared moribund. For antioxidant treatment, N-acetyl cysteine
(NAC) (Sigma Aldrich) was given to mice at 7 mg/ml in the drinking water from 4 weeks

old until moribund. For endpoint therapy experiments, KIC and RGE-KIC mice were
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treated for 3 weeks starting at 7 weeks (1.5 months) of age with intraperitoneal (i.p.)
injection of low dose Gemcitabine (GemL; 12.5 mg/kg 3x/week) or Abraxane (Abx; 5
mg/kg 2x/week). Mice were sacrificed and tissues were isolated for analysis, n 26 mice
per group. For survival studies with therapy, cohorts of KIC and RGE-KIC mice were
treated similarly with GemL, high dose Gemcitabine (GemH; 50 mg/kg 1x/week i.p.) or

Abx until moribund.

Histology, immunohistochemistry (IHC) and immunofluorescence (IF) staining

Tissues were snap frozen and embedded in OCT (Tissue-Tek) for frozen sections or
fixed with 4% paraformaldehyde (PFA) overnight and embedded in paraffin for
sectioning. Frozen sections were fixed in ice-cold acetone for 5 minutes (min), air dried
for 10 min followed by 10 min incubation with PBS to dissolve the OCT. Paraffin
sections were deparaffinized and rehydrated with xylene and serial dilutions of ethanol
followed by antigen retrieval with 0.01 M citric acid buffer (pH 6.0). Sections were
blocked with 20% aquablock and incubated with primary antibodies in blocking solution
(5% BSA in TBST) at 4°C overnight. Primary antibodies used for staining were: rabbit
polyclonal anti-mouse FbIn5 (1:100) (purified polyclonal IgG by our lab, 1.6 mg/ml) [43],
rat anti-Meca32 (1:100) (purified 1gG from hybridoma by our lab) [54], goat anti-Amylase
(1:2000) (sc-12821, Santa Cruz Biotechnology), rabbit anti-fibronectin (1:100) (DP3060,
Acris), rabbit anti-vinculin (1:50) (Sigma, V4139) and rabbit anti-yH2AX (1:50) (NB100-
2280, NOVUS). Primary antibodies used for paraffin sections were: rabbit anti-human
Fbin5 (1:75) (HPAO00868, Sigma Aldrich), rabbit anti-Phospho-Histone H3 (PH3)

(1:100) (06-570, Millipore), rabbit anti-Amylase (1:2000) (3796S, Cell Signaling) and rat

50



anti-endomucin  (1:100) (sc-65495, Santa Cruz Biotechnology). Fluorescein
Isothiocyanate (FITC)-conjugated donkey anti-rabbit, rat 1gGs, Cyanine 3 (Cy3)-
conjugated donkey anti-rat, mouse, rabbit IgGs and Horseradish Peroxidase (HRP)-
conjugated donkey anti-rabbit 1gGs from Jackson ImmunoResearch were used as

secondary antibodies.

Slides with sections of FFPE de-identified human pancreatic cancer tissue were
obtained from the UT Southwestern Tissue Resource and the Department of Pathology,
UT MD Anderson Cancer Center. Human PDA sections were stained for FbInS

expression using rabbit anti-FbInS (HPA000868, Sigma Aldrich) as indicated above.

Western blot analysis

Western blots were performed as previously described [55]. In brief, protein lysates from
cell culture or tumor tissues were extracted in ice-cold RIPA buffer (50 mM Tris-Cl, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing cocktails of
protease (Thermo Scientific) and phosphatase inhibitors (Sigma-Aldrich), by
centrifugation (13000g, 15 min) at 4°C following 3 freeze-thaw cycles. Proteins were
separated by SDS-PAGE and transferred to methanol activated polyvinylidene difluoride
(PVDF) membrane (VWR). The primary antibodies used include the following: rabbit
anti-mouse FbIn5 (1:1000), rabbit anti-human FbIn5 (1:500) (HPAOO0868, Sigma
Aldrich), anti-Nqo1 (1:1000) (ab34173, Abcam), anti-a-Tubulin (1:1000) (ab4047,
Abcam) and anti-B-actin (1:5000) (A2066, Sigma-Aldrich). HRP-conjugated donkey anti-

rabbit IgG (1:10000) (Jackson Immunoresearch) as secondary antibodies were used.
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Cell culture

Cell lines used include mouse endothelial cell line bEnd.3 [23], mouse pancreatic
cancer cell lines Pan02 [23] and mPLR B9 [51], and human pancreatic cell lines
MiaPaCa-2, AsPC-1 and Panc1 (all purchased from ATCC). NG2+ cells were isolated
using anti-NG2 antibody conjugated magnetic beads from a KIC tumor [56]. Fbin5**
(WT), Fbin5" (KO) and FbIn57°*R°E (RGE) mouse embryonic fibroblasts (MEFs) were
isolated from embryonic day E12.5-E14.5 embryos and genotypes were confirmed by
PCR. bEnd.3 cells were treated with 100 yM HO, or 10 pg/ml a5B1 integrin activating
antibody and lysates were collected for Western blot analysis. MEFs were cultured in
reduced serum medium Opti-MEM (Life Technologies) overnight before being plated on
plastic, FN (Sigma Aldrich) or collagen | (Fisher Scientific), each at 10 ug/ml unless
otherwise noted. After plating, MEFs were grown in serum free medium (SFM)
supplemented with FN, collagen, B1 integrin blocking antibody (each at 10 ug/ml) or
various chemicals. Inhibitors used for various ROS sources include Rotenone (R8875-
1G, Sigma Aldrich), Diphenyleneiodonium chloride (DPI) (D2926, Sigma-Aldrich) and
nordihydroguaiaretic acid (NDGA) (479975, Millipore). All cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Inc.) with 10% fetal bovine
serum (FBS) and were grown in 37°C humidified incubator with 5% CO,. MEFs were

used between passages 2-5 for all experiments.
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ROS detection

The detailed protocol on ROS detection and quantification has been described
previously [23]. In brief, for tissues, 5 pM dihydroethidium (DHE) (D11347, Life
technologies) was applied to freshly sectioned tissues and incubated at 37°C for 30
minutes. 6-10 images were taken randomly from each tissue and at least 3 tissues were
included in each group. Fluorescence intensity was quantified by the software NIS-
Elements. To visualize ROS in cells, 10 uM of 2’-7’-dicholordihydrofluorescein diacetate
(DCF-DA) (D-399, Life Technologies) was added to cells grown on fibronectin (FN)-
coated chamber slides. 8-10 pictures were taken randomly from each condition and
area fraction was quantified and normalized to cell number by DAPI using the software

NIS-Elements. Three independent experiments for each condition were evaluated.

qPCR array and Real-time PCR

WT and RGE MEFs were cultured in reduced serum medium Opti-MEM overnight
before plating on FN. Upon plating, MEFs were grown in serum free medium (SFM)
supplemented with FN for 4, 16 and 24 hrs. RNA lysates were isolated using RNeasy
plus mini kit (Qiagen). RT? first strand kit (Qiagen) was used for cDNA synthesis. Then
cDNA samples were subjected to RT? Profiler™ PCR array to analyze gene expression
changes related to mouse oxidative stress and antioxidant defense pathways (Qiagen,
PAMM-065A). Experiments were performed and data were analyzed following
manufacturer’s instructions. All the candidate genes were further checked and
confirmed by Real-time PCR. Ribosome protein S6 (RPS6) was used as the internal

control. Following primers were used for real-time PCR: Nqo1 (forward): 5'-
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AGACCTGGTGATATTTCAGTTCCCATTG-3;; Nqgo1 (reverse): 5'’-
CAAGGTCTTCTTATTCTGGAAAGGACCGT-3); RPS6 (forward): 5'’-
AAGCTCCGCACCTTCTAT-3'; RPS6R (reverse) :5'-

TGACTGGACTCAGACTTAGAAGTAGAAGC-3'.

Ngo1 activity assay

Ngo1 enzyme activity was measured in a reaction mixture containing 200 uM NADH
(Sigma Aldrich) as an electron donor and 10 yM menadione (Sigma Aldrich) as an Nqo1
substrate and intermediate electron acceptor as described [57, 58]. Cytochrome c
serves as the terminal electron acceptor. Therefore, the measured rate of cytochrome ¢
reduction correlates with Nqo1 enzymatic activity. To prepare lysates, cells were
scraped in PBS and samples were sonicated. Lysate was added to the reaction mixture
and the reduction of cytochrome c (Sigma Aldrich) over two minutes was monitored by
absorbance at 550 nm. Dicoumarol, a selective inhibitor of Nqo1, was added as a
negative control. Enzyme activity units were calculated as nmol of cytochrome c
reduced/min/ug lysate.

Statistical analysis

For statistical analysis, unpaired t-test was used for comparison between genotypes
and various groups. Log-rank (Mantel-Cox) test was used for all the mouse survival
studies. Overall, P value less than 0.05 was considered as statistically significant. *,

p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.
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Chapter 3. Hypoxia and TGF-f8 cooperate to induce fibulin-5 expression in
pancreatic cancer

Introduction:

As described in Chapter 2, the loss of Fbin5-integrin binding in GEMMs of PDA results
in reduced tumor growth and angiogenesis and increased survival [1]. This phenotype is
a consequence of elevated ROS production through increased FN-integrin signaling in
Fbin5 mutant animals. FbIn5 suppresses integrin-induced ROS production by
competing with FN for integrins and blocking downstream integrin signaling. The
enhanced deposition of FN in PDA subjects these tumors to high levels of ROS
production via integrins. Similarly, FbIn5 expression is upregulated in PDA compared to
normal pancreas and thus protects tumors from cytotoxic levels of integrin-induced ROS
production thereby contributing to tumor progression. IHC analysis of human and
mouse PDA reveals a heterogeneous pattern of Fbin5 expression within the tumor
stroma but virtually no expression in tumor cells. These results suggest that the
expression of FbInS is controlled tightly. However, the molecular mechanism underlying

FbIn5 expression in the microenvironment of PDA is unknown.

During tumor progression, cancer cells release factors that maintain a
microenvironment conducive for growth. For example, TGF-§ is a cytokine expressed in
many cancers that enhances the expression of multiple ECM molecules including but
not limited to FN, collagen, elastin, and fibulins [2-4]. FbIn5 is expressed during
development, particularly in the vasculature but is significantly downregulated in most

adult tissues [5]. Reactivation of FbIn5 occurs in injured vessels and other pathological
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conditions, including cancer [5-7]. The function and expression of FbIn5 in cancer is
largely context dependent. Others have reported that FbIn5 is downregulated in some
cancers, however, these studies focused largely on mRNA expression in tumor lysates
and cell lines and on tissue microarray (TMA) analysis [8, 9]. In our previous studies, we
found that FbIn5 is produced mainly by stromal fibroblasts and endothelial cells while
epithelial derived cells do not produce FbIn5 [1]. Furthermore, accurate evaluation of
FbIn5 via TMA analysis is challenging due to variability in stromal content between
samples and the heterogeneous staining pattern of Fbin5 within tumors [1]. In addition
to PDA, FbIn5 is abundant in the stroma of human breast cancer and its presence is

associated with a more invasive phenotype in 4T1 mouse tumors [10].

Previous studies examining the molecular pathways leading to FbIn5 expression have
been performed strictly in vitro. For example, Fbin5 has been identified as a TGF-
inducible gene in fibroblasts [2], whereas another study revealed hypoxia enhances
Fbin5 expression in endothelial and HelLa cells [11]. These studies have independently
shown that FbIn5 induction is dependent on the PI3K/Akt pathway. However, it is
unclear whether hypoxia induces FbIn5 in a TGF-B dependent manner and if these
factors regulate FbIn5 expression in an in vivo context. Hypoxia and TGF-3 expression
and activity are elevated in a number of advanced solid tumors, including PDA [12, 13].
Therefore, through biochemical and IHC analyses, we sought to strengthen our
understanding of the factors and elucidate a mechanism by which pancreatic tumors

stimulate FbIn5 expression in vivo.
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Results

FbIn5 expression is restricted to the stroma of PDA

Fbin5 is expressed aberrantly in a number of malignancies [8, 10, 14-16]. Expression
analysis of various cell types has identified fibroblasts and endothelial cells as major
producers of FbIn5 [1]. Moreover, histological analysis of FbIn5 reveals a stromal
staining pattern in tumors ([1], Fig. 1). The KIC and KPC models of PDA show abundant
FbInS staining (green) compared to normal pancreas (Fig. 1). We also counterstained
this tissue with the fibroblast markers aSMA (Fig. 1A-C, red) and GFAP (Fig. 1D-F, red)
[17]. Given that fibroblasts are a major source of Fbin5, it is tempting to speculate that
the increased infiltration of these cells in PDA is contributing to the accumulation of
FbIn5 in PDA. However, we found that not all stromal areas are positive for FbIn5, and
while FbIn5 does colocalize with aSMA and GFAP (arrows), there are areas that show
expression of FbIn5 in the absence of aSMA or GFAP (arrowheads). This suggests that
expression of FbIn5 in PDA is tightly regulated and warrants investigation into the

factors that control its expression.
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Figure 1. FbIn5 expression is restricted to the stroma of PDA

Normal (A,D) and tumor-bearing pancreata (B-C,E-F) were harvested from WT, 1.5 mon
old KIC (B,D), and 3 mon old KPC (C,F) mice, snap frozen, and sectioned. Frozen
tissue was stained for FbIn5 (green, A-F), alpha-smooth muscle actin (aSMA, red, A-C),
and GFAP (red, D-F). Nuclei were counterstained with DAPI (merge). Total
magnification: 200. Scale bars: 50um for all images.

Hypoxia induces FbIn5 expression and requires TGF-f activity

Fbin5 regulates angiogenesis in a context dependent manner [18-22]. We reported that
loss of functional FbInS leads to decreased microvessel density specifically in the TME
of mouse PDA [19]. Furthermore, it has been shown that hypoxia upregulates FbIn5 in
endothelial cells and protects these cells from hypoxia-induced apoptosis [11]. Given
the hypoxic nature of PDA [23, 24], it is plausible that FbIn5 is induced by hypoxia to
support angiogenesis and tumor growth. Since fibroblasts are a major source of FbIn5
in PDA, we tested whether fibroblasts express FbIn5 in response to hypoxia. 3T3
fibroblasts and MEFs were exposed to hypoxia (0.8% O,) for 24 hrs. Western blot
analysis revealed an induction of FbIn5 protein compared to cells plated under normoxic
conditions (Fig. 2A). Hypoxia-inducible factor 1a (Hif-1a) and Glut1 were also analyzed
by Western blot to confirm hypoxic conditions (Fig. 2A). To corroborate this data, 3T3
fibroblasts were treated with CoCl,, a hypoxia-mimicking agent reported to stabilize Hif-
1a by inhibiting prolyl hydroxylation [25, 26]. CoCl, treatment enhanced FbiIn5

expression in a time-dependent manner (Fig. 2B).

Fbin5 has been identified as a TGF-f inducible gene in vitro [2]. Our results also

support this as 3T3 fibroblasts and MEFs treated with 10 ng/ml of TGF-f3 induced FbIn5
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expression compared to untreated cells (Fig. 2C). Furthermore, blockade of TGF-
receptor 1 (TGF-BR1) by the small molecule inhibitor LY2157299 significantly reduced
Fbin5 induction by TGF-B (Fig. 2D). However, it is unclear whether hypoxia-induced
Fbin5 requires TGF-B signaling, therefore, we explored the relationship between TGF-3
and hypoxia with regard to FbIn5 expression. We found that blocking TGF-BR1 using
two distinct inhibitors (LY2157299 and SB-431542) while cells were under hypoxia (in
the absence of exogenous TGF-) resulted in decreased FbIn5 expression (Fig. 2E).
This experiment demonstrates that hypoxia-driven FbIn5 expression requires TGF-fR1
activity. Moreover, we examined the effect of hypoxia on TGF-B activity in fibroblasts.
We saw increased TGF-B activity as evidenced by phospho-Smad2 levels in MEFs
under hypoxic conditions and 3T3 cells treated with CoCl; (Fig. 2F-G). These results
suggest a linear mechanism by which hypoxia induces TGF-f activity leading to

enhanced FbIn5 expression.
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Figure 2. Hypoxia induces FbIn5 expression and requires TGF-f activity

(A) 3T3 fibroblasts were cultured under normoxic (N) or hypoxic (H) conditions for 24
hrs and probed for Fbin5, Hif-1a, and Glut1 by Western blot. (B) 3T3 fibroblasts were
treated with 100uM of CoCI2 and harvested at 4, 8, and 24 hrs and probed for FbIn5 by
Western blot. (C) 3T3 fibroblasts and MEFs were serum starved prior to no treatment (-)
or treatment (+) with 10ng/ml of TGF-B. Cells were harvested 24 hrs post-treatment and
probed for FbIn5 and phospho-Smad2 (pSmad2 S465/467) by Western blot. (D) MEFs
were serum starved and pre-treated with LY2157299 for 1 hr prior to adding TGF-(3.
Cells were harvested 24 hrs post-treatment and probed for FbIn5, phospho-Smad2, and
total Smad2. (E) MEFs were serum starved and treated with either LY2157299 or SB-
431542 and were cultured under hypoxic (H) conditions for 24 hrs. Untreated normoxic
(N) cells were used as a control. Cells were harvested and probed for Fbin5, phospho-
Smad2, and total Smad2. (F) MEFs were cultured under hypoxic conditions or normoxic
conditions with (+) or without (-) TGF-3 treatment for 24 hrs and probed for phospho-
Smad2. (G) 3T3 cells were treated with CoCI2 for 4 hrs and probed for phospho-
Smad2. B-actin was used as a loading control for all Western blots shown in the paper.

Fbin5 expression requires PI3K/Akt activity

TGF-B can induce phosphorylation of a number of downstream targets, including Akt
[27]. Furthermore, the induction of Fbin5 by TGF-B and hypoxia individually require the
PI3K/Akt pathway [2, 11]. Expanding on these findings, we have shown that the
combination of TGF-B and hypoxia treatment requires Akt activity. Inhibition of PI3K
using LY294002 blocked TGF-B-induced FbIn5 expression and phosphorylation of Akt
under normoxic and hypoxic conditions in 3T3 cells (Fig. 3A). LY294002 also blocked
basal FbIn5 expression (Fig. 3B). Moreover, we tested the effect on FbIn5 expression
using two other inhibitors that target the PISK/AKT pathway, BKM120 (PI3K inhibitor)
and an Akt1/2 inhibitor (Akt1/2 Kl). These alternative inhibitors also reduced FbIn5
expression in fibroblasts under normal conditions (Fig. 3C-D). We confirmed that each

inhibitor successfully reduced its target by assessing phospho-Akt levels at both major
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activation sites (Fig. 3A-E). The inhibitors did not affect the expression of total AKT.
These results indicate that PI3K/Akt activity is required for FblnS expression in normoxic

and hypoxic conditions with or without exogenously added TGF-(3.
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Figure 3. FbIn5 expression requires PI3K/Akt activity

(A) 3T3 cells were treated were cultured in a normoxic or hypoxic chamber and treated
with the PI3K inhibitor LY294002 for 24 hrs in the presence of TGF-B. Cells were
harvested for Western blot analysis and probed for Fbin5, phospho-AKT (T308 and
S473), and total AKT. Long and short exposures are shown in (A) for FbIn5 to show the
upregulation of FbIn5 under hypoxia seen by the longer exposure. (B) LY294002
treatment in MEFs for 24 hrs under normoxic conditions without TGF-§3 treatment. (C)
MEFs under normoxic conditions treated with an AKT1/2 inhibitor for 24 hrs without
TGF-B treatment. (D) 3T3 cells under normoxic conditions treated with another PI3K
inhibitor (BKM-120) for 24 hrs without TGF-f treatment.

Fbin5 expression in tumor-associated fibroblasts also requires TGF-f and PI3K
activity

To validate our findings in @ more tumor relevant cell type we isolated tumor-associated
fibroblasts (TAFs) from mouse PDA. We used PDGFR-a as a marker to specifically
select for fibroblasts [28]. Bright field images of these TAFs revealed spindle-like
morphology typical of fibroblasts (Fig. 4A). Furthermore, we characterized these TAFs
by immunostaining for aSMA (Fig. 4B). TAFs were treated with TGF-3, which induced
Fbin5, an effect that was sensitive to inhibition of TGF-BR1 by LY2157299 or SB-
431542 (Fig. 4C). TGF-B-induced activation of Akt was also reduced by TGF-BR1
inhibition (Fig. 4C). FbIn5 expression by TAFs was also sensitive to PI3K inhibition (Fig.

4D).
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Figure 4. FbIn5 expression in tumor-associated fibroblasts is also driven by
hypoxia and requires TGF-B and PI3K activity (A) Representative bright-field image
of tumor-associated fibroblasts (TAFs) isolated from mouse PDA. Scale bars 50um, 4x
magnification, inlet is zoomed in 5x. (B) Representative images of TAFs stained for
aSMA in red and counterstained with DAPI in blue. 20x magnification. (C) TAFs were
serum-starved and pre-treated with either LY2157299 or SB-431542 for 1 hr prior to
adding TGF-B. TAFs were harvested after 24 hrs and probed for FbIn5, phospho-
Smad2, phospho-AKT (T308), and total Smad2. (D) TAFs were serum-starved and pre-
treated with LY2940002 for 1 hr prior to adding TGF-3. TAFs were harvested after 24
hrs and probed for FbIn5, phospho-
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Inhibition of TGF-f signaling reduces FbIn5 expression in mouse PDA

To confirm that TGF-[3 signaling is critical for FbIn5 expression in pancreatic tumors, we
examined FbIn5 levels in tumor tissue from KPC mice that had been treated with TGF-f3
inhibitors. KPC mice were treated with LY2157299 as well as an inhibitor of TGF-
receptor 2 (2G8) [13]. Immunohistochemical analysis of frozen tumor sections revealed

a significant decrease in FbIn5 expression in tumors of treated mice (Fig. 5A-B).

Hypoxia drives FbIn5 expression in mouse PDA

Next we examined the influence of hypoxia on FbIn5 expression in vivo. To achieve this,
we analyzed tissue from KIC mice that had been treated with the VEGF inhibitor, mouse
chimeric r84 (mcr84) [29]. The rationale behind this approach is that anti-angiogenic
therapy increases intratumoral hypoxia [12, 30]. Using these mice, we have previously
confirmed that treatment with mcr84 induces hypoxia in tumors compared to untreated
tumors as seen by pimonidazole staining [12]. Consistent with our in vitro results
hypoxia increased FbIn5 expression such that tumors from mice treated with mcr84
displayed a significant increase in FbIn5 expression compared to untreated tumors (Fig
5C). We also found that expression of FbIn5 is coincident with hypoxic areas in KIC
tissue as shown by pimonidazole staining (Fig 5D). Together, these results demonstrate

that FbIn5 expression is induced by a hypoxic TME.
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Figure 5. Inhibition of TGF-B receptors reduces Fbin5 expression while anti-VEGF
therapy induces its expression in mouse PDA

(A) Frozen tumor sections from KPC mice treated with 2G8 30mg/kg/wk (n=4) or
untreated (n=4). (B) Frozen tumor sections from KPC mice treated with 75mg/kg
LY2152799 2x daily (n=4) or untreated (n=4). (C) Frozen tumor sections from KIC mice
treated with 500ug/wk mcr84 (n=5) or untreated (n=4). (D Mice were injected
intravenously with 60 mg/kg of pimonidazole that was allowed to circulate for 90
minutes before sacrificing animals. Frozen tissue sections were interrogated with FITC-
conjugated anti-pimonidazole primary antibody (green) and FbiIn5 (red). (n=3). Images
A-C were stained for FbIn5 (green) and counterstained with DAPI (blue). 8-12 pictures
were taken from each tumor section (total magnification, 200) for analysis. Results
shown are ts.e.m. Fluorescent intensity was quantified per 20X field image using the
software NIS Elements. *P<0.01, **P<0.001. ***P<0.0001. Scale bars: 50um for all
images.

Discussion

In PDA, FbIn5 expression is limited to stromal cells, such that all tumors examined were
FbIn5-positive but not all stromal cells expressed FbIn5, suggesting context-dependent
regulation of intra-tumoral FbIn5 expression. In vitro examination of signaling cascades
by use of pharmacological inhibitors demonstrated that FbIn5 induction is dependent on
TGF-B-PI3K/Akt signaling, a pathway that can be induced by hypoxia (Fig 6). Our in
vitro results were recapitulated by investigation of Fbin5 expression in PDA tumors from
animals treated with pharmacologic agents that either block Tgf-B activity or induce
hypoxia. As shown in Chapter 2, FbIn5 expression in the TME of mouse PDA leads to

enhanced tumor burden and decreased survival.

Fbin5 is expressed by stromal cells but typically not by cells of epithelial origin [1, 10].

We have not seen evidence of FbIn5 expression by pancreatic tumor cells, in fact,

treatment of PDA cells with TGF-3, hypoxia, or both failed to induce FbIn5 protein in
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vitro (data not shown). It is unclear why tumor cells, which are responsive to TGF-8, fail
to express FbIn5 after stimulation with TGF-B. It is plausible that tumor cells may be
subject to epigenetic regulation that inhibits the FbIn5 promoter. Further studies are
needed to validate this hypothesis. Interestingly, while FbInS is readily expressed by
fibroblasts in vitro and co-localizes with the fibroblast marker aSMA in vivo, there are
still areas within the tumor where Fbin5 and aSMA do not overlap. This supports the
idea that FbIn5 expression is tightly regulated and signal-dependent, and to this extent,
we see abundant FbInS expression coincident with select areas of hypoxia in mouse
PDA. Furthermore, areas that are positive for FbIn5 but negative for aSMA and GFAP
may represent a specific population of fibroblasts within the tumor. Additional
characterization is needed to determine whether FbIn5 marks a distinct group of

fibroblasts within the TME.

Aberrant deposition of ECM proteins is characteristic of PDA and contributes to overall
tumor progression and chemoresistance. Thus, therapies that target the ECM or more
specifically, target proteins known to stimulate ECM production are very attractive as
potential therapeutic strategies. For example, TGF- functions as a tumor suppressor
under normal conditions and during early tumorigenesis; however, mutations are
commonly acquired in this pathway, which switch TGF-f3 to a factor that promotes tumor
progression. Blocking TGF-f3 in pre-clinical models of PDA has shown a robust effect in
reducing metastatic occurrence [13]. Our studies reveal that a possible and
underappreciated method by which blocking TGF-f may reduce tumor burden and

metastasis is by inhibiting the synthesis of pro-tumorigenic ECM molecules, such as
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Fbin5. In fact, Fbin5" mice exhibited a reduction in metastatic incidence when
pancreatic tumors were implanted [19]. Along these lines, our in vitro data encourages
the analysis of tissues that have been treated with inhibitors of the PI3K/Akt pathway for
Fbin5 expression. Altogether, these results indicate a TGF-B specific mechanism by
which FbIn5 is upregulated in PDA mouse tumors in response to hypoxia, with the

ability to block this induction by the use of pre-existing TGF-BR inhibitors.
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Figure 6. Hypoxia stimulates TGF-f activity and downstream FbIn5 expression in
PDA

We propose a model where hypoxia stimulates TGF-f signaling and induces FbIn5
expression via a PI3K/Akt dependent mechanism in fibroblasts. We stimulated hypoxia
in vitro by incubating cells in a hypoxic chamber or through chemically stabilizing Hif-1a
with CoCly, which enhanced FbInS expression. Anti-VEGF therapy by mcr84 augmented
hypoxia in PDA tumors, which also increased Fbin5 levels. Blocking TGF-[3 signaling in
vitro (LY2152799 and SB431542) and in vivo (LY2152799 and 2G8) reduced FbIn5
expression. Moreover, hypoxia-induced Fbin5 requires TGF- activity as inhibition of
TGFB-R1 under hypoxic conditions also mitigated FbIn5 expression. Finally, inhibition of
the PI3K/Akt pathway (LY294002, AKT1/2 KI, and BKM120) blocked hypoxia- and TGF-
B-induced FbIn5 expression.
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Materials and Methods

Mouse models:

KraSLSL-G12D/+; Trp53LSL-R172H/+; p48Cre/+ (KPC) and KraSLSL-G12D/+; Cdanaf/f; p48Cre/+ (K/C)
mice were generated as previously described [5, 31-33]. All animals were housed in
pathogen-free facility with access to food and water ad libitum. Experiments were
performed under protocols approved by the Institutional Animal Care and Use

Committee at the University of Texas Southwestern Medical Center at Dallas.

Animal Studies:

Survival studies were performed in KIC mice treated with the anti-VEGF mAb mcr84
and KPC mice treated with the Tgff inhibitors, 2G8 or LY2157299. Mice were monitored
and sacrificed when they appeared moribund. Dosing regimens were as follows: KIC
mice were treated with 500 pg/wk of mcr84 as described [5], and KPC mice were
treated 2G8 30 mg/kg/wk or 75 mg/kg LY2152799 2x daily. The efficacy of anti-VEGF
in the KIC model has been reported previously [5]. Studies on the therapeutic efficacy of

Tgfp blockade in KPC animals will be reported in more detail elsewhere.

Cell culture (inhibitors/reagents):
Mouse NIH/3T3 cells and mouse brain endothelial cells (bEnd.3) were obtained from

ATCC. Mouse embryonic fibroblasts (MEFs) were isolated at embryonic day E12.5-
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E14.5. All cells were maintained in DMEM supplemented with 10% FBS (Mediatech,
Inc.) and were grown in 37C humidified incubator with 20% O, and 5% CO,. Confluent
cultures were synchronized using reduced serum Opti-MEM (Life Technologies) for
MEFs and TAFs or 1% FBS in DMEM for 3T3 cells for at least 6 hrs before
experimentation. MEFs were used between passages 2-5 for all experiments.
Synchronized cells were treated with 10 ng/ml TGF- (Peprotech, 100-21C) for 24 hrs.
The following inhibitors were used in culture: LY2157299 (Cayman Chemical, 15312),
SB431542 (Tocris, 1614), LY2940002 (Cell Signaling, 9901). Inhibitors (at various
concentrations, see figure legends) were added 1 hour prior to TGF-§ stimulation and/or
hypoxic stimulus, and cells were harvested at 24 hrs for Western blot analysis. For
hypoxia studies, cells were kept in a humidified atmosphere containing 5% CO, and
0.8% O, in a modular incubator chamber (Billups-Rothenberger). CoCl, (232696,
Sigma) was used as a chemical inducer of hypoxia. Synchronized cells were treated

with 100 uM of CoCl, and cells were harvested at 4, 8, and 24 hrs.

Immunofluorescence analysis of cells and tissue:

Tissues were either frozen in liquid nitrogen and embedded in OCT (Tissue-Tek) for
frozen sections or fixed with 10% neutral buffered formalin solution of 4%
paraformaldehyde (PFA) overnight and embedded in paraffin for sectioning. Frozen
sections were subject to mild fixation in ice-cold acetone for 5 min and air-dried for 10
min. Frozen sections were then incubated with PBS for 10 min at room temperature.
Paraffin sections were deparaffinized and rehydrated with xylene and decreasing serial

dilutions of ethanol followed by heat-mediated antigen retrieval with 0.01 M citric acid
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buffer (pH 6.0). Tissue sections were outlined with a pap pen and blocked with 20%
aquablock for 1 hour. In the case of mouse on mouse staining, unconjugated Fab
fragment donkey anti-mouse 1gG (Jackson Immunoresearch Labs) was diluted in PBS
and added to tissues for 1 hour. Primary antibodies were diluted in blocking solution
(5% BSA in TBST) and incubated at 4°C overnight. Primary antibodies and dilutions
used for tissue staining were: anti-a-smooth muscle actin — Cy3 (1:500; C6198, Sigma),
mouse anti-GFAP (1:500; MAB360, Millipore), rabbit anti-FbIin5 (1:100; purified
polyclonal 1gG by our lab, 1.6 mg/ml). FITC or Cy3-conjugated anti-rabbit secondary
antibodies were used (1:1000, Jackson Immunoresearch) for immunofluorescent
staining of tissues. For immunocytochemistry, cells were plated onto 4-well chamber
slides and allowed to attach and grow for at least 24 hr. Media was removed and cells
were washed 3 times in PBS. Cells were fixed in ice-cold acetone for 10 min followed by
3 washes in PBS. Cells were blocked in 20% Aquablock for 1 hr and stained with
mouse anti-a-smooth muscle actin — Cy3 (1:500; C6198, Sigma) diluted in 5% BSA in

TBST at 4°C overnight.

Western blot:

Western blots were performed as previously described [25]. Cells were lysed in ice-cold
RIPA buffer (50 mM Tris-Cl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) containing cocktails of protease (Thermo Scientific) and phosphatase
inhibitors (Sigma-Aldrich) inhibitors. Lysates were centrifuged for 10 min at 13000g at
4°C. Proteins were separated by SDS-PAGE and transferred to a methanol activated

polyvinylidene difluoride (PVDF) membrane (VWR). Primary antibodies were diluted in
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5% milk in TBST except phospho-specific antibodies, which were diluted in 5% BSA in
TBST. Primary antibodies used for Western blot were: rabbit anti-FbIn5 (1:1000), mouse
anti-Hif-1a (1:500, MAB5382, Millipore), rabbit anti-Glut (1:1000, AM32430PU-M, Acris),
mouse anti-Smad2 (1:1000; 3103, Cell Signaling), rabbit anti-phospho-Smad2 (1:1000;
3104S, Cell Signaling), rabbit anti-AKT (1:1000; 9272S, Cell Signaling), rabbit anti-
phospho-AKT (Ser473) (1:1000; 4060, Cell Signaling), rabbit anti-phospho-AKT
(Thr308) (1:1000; 2965, Cell Signaling), rabbit anti-actin (1:5000; A2066, Sigma). Rabbit
anti-actin was used as a loading control for all Western blots shown. HRP-conjugated
donkey anti-rabbit or anti-mouse 1gGs (1:10000, Jackson Immunoresearch) secondary

antibodies were used for Western blots.

FACs isolation of tumor-associated fibroblasts (TAFs):

Isolation of TAFs from fresh mouse PDA was done as previously described [34]. Briefly,
sizeable tumors were dissected from KIC mice and minced manually using a sterile
razorblade. Minced tumors were subjected to enzymatic digestion using collagenase for
45 minutes at 37*C with constant agitation. Digestion was stopped by adding 10% FBS
in DMEM. Tissue digest was centrifuged and resuspended in fresh 10% FBS DMEM.
The tissue/media mixture was strained through a 70 um cell strainer placed on top of a
50 ml conical tube. Cells were counted using a hemocytometer to obtain a
concentration of 10 million cells in 2 ml of FACs Buffer | (Dulbecco's Phosphate
Buffered Saline CMF (Calcium Magnesium Free) + 0.5% BSA). To block endogenous
Fc receptor, anti-mouse CD16/CD32 (BD Pharmingen, 553142) was added at 10 pyg/ml

to cell suspension for 20 min on ice. After blocking, 10 pg/ml of anti-mouse CD140a-PE
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(PDGFR-a, e-Bioscience, 12-1401-81) was added directly to cell suspension for 1 hr on
ice in order to select for fibroblasts. After 1 hr, cells were spun down and supernatant
was aspirated. Cells were resuspended in FACS Buffer Il (Dulbecco's Phosphate
Buffered Saline CMF + 1% FBS) and subjected to FACs sorting at the UT Southwestern
FACs core facility. After isolating PDGFR-a-positive fibroblasts, cells were immediately
spun down and media was replaced with 20% FBS in DMEM and plated for further

experimentation. TAFs were used between passages 1-3 for all experiments.
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Chapter 4. Discussion

ECM production in solid tumors, particularly PDA, is associated with a more aggressive
phenotype and a worse overall prognosis [1, 2]. My thesis work has challenged this
paradigm and provided a more nuanced view showing that the effect of ECM signaling
on tumor outcome depends on the presence and activity of matricellular proteins. While
integrin signaling by FN promotes cancer cell proliferation and survival [3-5], it also
produces ROS, which can be toxic if integrin activation by FN is not controlled [6, 7]. FN
signaling is regulated by matricellular proteins such as FbIn5, tenascin-C, and
endothelial monocyte activating polypeptide 1l (EMAP 11), which block the activation of

integrins by FN [2].

Integrins convey signals to the small GTPase Rac, which activates ROS producing
enzymes including 5-lipoxygenase, NADPH oxidase, and the mitochondrial electron
transport chain [6-9]. Integrin signaling is also tightly joined to growth factor receptor
signaling [10]. Growth factor-induced ROS production is necessary for propagation of
downstream signals [11, 12]. Simultaneous stimulation of integrins and growth factor
receptors results in synergistic ROS production; however, this appears to be an
anchorage-dependent phenomenon [6]. Thus, in adherent cells, integrins are likely the

major contributors to ROS production in response to mitogenic stimuli.

Using GEMMs of PDA, our lab has shown that expression of FbiIn5 is elevated in the

stroma of PDA compared to normal pancreas [13]. FbIn5 binds to integrins via a
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conserved RGD motif and inhibits receptor activation through passive ligation of FN-
binding integrins [14]. Introducing a point mutation in the integrin-binding RGD
sequence of FbIn5 (RGD->RGE) blocks integrin binding while maintaining other
functions of FbIn5 [15, 16]. PDA GEMMSs harboring this point mutation curbed tumor
growth and extended survival. Further investigation revealed that tumors in Fbin57C5/RGE
mice had elevated levels of oxidative stress as a result of increased FN-integrin
signaling. Increased ROS production had a negative effect on tumor angiogenesis in
FbIn5~ER%E tumors as evidenced by a decrease in microvessel density. Treatment with
the antioxidant NAC restored tumor growth and MVD in Fbin57°*E tumors, confirming
that the initial decrease in tumor growth and MVD seen was a direct consequence of
elevated ROS levels. Moreover, NAC treatment decreased survival in Fbin5fCFR6E

bearing mice compared to untreated Fbin5~¢5R¢E

mice [13].

In an effort to identify the source of integrin-induced ROS production in the context of
mutant FbIn5, we screened a small panel of inhibitors that target the major producers of
ROS in the cell - NADPH oxidase, 5-lipoxygenase, and the electron transport chain. We
have demonstrated that inhibition of 5-lipoxygenase specifically blocked ROS signaling
in FbIin5 mutants in vitro. However, the ability of 5-lipoxygenase to promote intratumoral
ROS production in PDA mice mutant for FbIn5 is unknown. It would be interesting to
see if treating Fbin57°R°E PDA mice with a 5-lipoxygenase inhibitor is akin to using
NAC with regard to restoring tumor growth due to a reduction in overall oxidative stress.
Future studies should also focus on the upstream factors that lead to enhanced 5-

lipoxygenase activity and subsequent ROS production in the context of mutant Fbin5.
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One appealing target to examine is Rac, as it has been reported to be downstream of
integrin-induced ROS [6, 7] and involved in the activation of 5-lipoxygenase [17]. To
determine if this is a Rac-mediated event, one can knockdown, knockout, or chemically
inhibit Rac in FbIn5 mutants and evaluate ROS production. Furthermore, it is believed
that translocation of 5-lipoxygenase to the nucleus is necessary for its activation [17]. To
this end, nuclear accumulation of 5-lipoxygenase should be assessed in FbIn5 mutants

by subcellular fractionation or immunostaining of cells or tissue.

Given the strong pro-tumorigenic effect of FN signaling in PDA, it seems counterintuitive
that elevated FN signaling would result in smaller tumors. However, in the context of
dysfunctional FbIn5 in PDA, tumors were subjected to chronic high levels of ROS
resulting in decreased microvessel density and increased tumor cell apoptosis. Our
studies highlight that an important function of FbInS is to control integrin-induced ROS
production by FN, particularly in tissues where FN expression is high. These results
demonstrate that the effect of FN on tumorigenesis is context-dependent. Moreover, our
data support the idea that increasing ROS levels in tumors is a potentially viable
therapeutic strategy. Pro-oxidant therapy is a burgeoning area of research that
encompasses the biochemical exploitation of the increased oxidative state of tumors,
which makes these tumors hypersensitive to further ROS insults while sparing normal
tissue [18]. This approach relies on the “ROS threshold concept”, which proposes that
when normal and tumor cells are exposed to equal levels of ROS, tumor cells will more
quickly reach a threshold of cell death triggered by overwhelming ROS levels given the

enhanced basal ROS production of tumor cells [19]. In this case, normal cells may be
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better equipped to manage such increases in ROS because they have a lower basal
ROS output and have not exhausted their antioxidant systems. Thus, FbIn5 is an
attractive therapeutic target to enhance ROS production in the TME as we have shown
that genetic manipulation of FbInS results in decreased tumor burden due to augmented
ROS levels. Furthermore, the elevated expression of FbIn5 in PDA compared to normal

adult pancreas provides a therapeutic window to target tumor-specific Fbin5.

Expression of FbIn5 is seen mainly during early development and wound repair [20].
Interestingly, FbInS expression is significantly increased in PDA, and given its pro-
tumorigenic effects, we sought to understand the factors that contribute to its expression
in the TME. We performed IHC for Fbin5 on human PDA samples using full sections as
well as TMAs. We found that the expression pattern of FbIn5 in PDA is heterogeneous.
While FbIn5 is restricted to the stromal compartment, we found a number of stromal
areas that were either negative or weakly positive for FbIn5 [21]. This finding suggests
that the expression of FbiIn5 in the TME is tightly controlled and likely signal-dependent.
Furthermore, when examining FbIn5 in full sections from PDA patients (n=25) we found
100% of the samples had positive FbIn5 areas. Conversely, out of about 150 samples
provided by the TMA, only roughly 50% of these sections were positive for FbIn5. The
heterogeneous staining pattern that we observe may help explain the discrepancy in
Fbin5 expression between cancer models, where some have reported an upregulation
of FbIn5 in patients with breast cancer [22] or a downregulation in lung cancer patients
[23]. It is important to note that the analysis of FbIn5 expression in lung cancer has been

limited to tissue microarray (TMA) analysis, which in our experience is not an accurate
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representation of FbinS expression given the heterogeneous staining pattern of Fbin5
and the relatively small tissue sections provided in a TMA. The reported upregulation of
Fbin5 in human breast cancer samples was accomplished by IHC of full tissue sections

as opposed to a TMA [22].

Previous studies have provided in vitro evidence that demonstrates TGF- and hypoxia
are factors that stimulate FbIn5 expression [24, 25]. We harnessed this information and
investigated these factors in controlling FbIin5 expression in PDA. Consistent with the in
vitro data, we found that TGF-B and hypoxia increase FbIn5 expression in vivo.
Inhibition of TGF-B receptors 1 & 2 resulted in a significant decrease of FbIn5
expression in KPC tumors, whereas therapy-induced hypoxia through inhibition of
angiogenesis enhanced FbIn5 expression in KIC tumors. Furthermore, we discovered
that hypoxia-induced FbIn5 requires TGF- and PI3K activity in vitro, thus proposing a
mechanism by which hypoxia stimulates TGF- signaling which activates PI3K/Akt
leading to transcription of FbIn5. Currently, it is unclear which transcription factors drive
Fbin5 expression in PDA. The FbinS promoter has not been characterized extensively;
however, studies have revealed the presence of two Smad response elements and a
hypoxia regulatory element near the promoter [24, 25]. Chromatin-immunoprecipitation
(ChIP) of PDA tumors could help determine if Smad and/or HIF is binding to the Fbin5

promoter in this context.

The upregulation of FbIn5 in PDA may be an adaptive response of the tumor to survive

conditions of hypoxia and oxidative stress. We showed that FbIn5 protects tumors from
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high levels of integrin-induced ROS; however, it is unclear whether induction of Fbin5
protects tumors from hypoxia. One study has shown that knockdown of FbIn5 in
endothelial cells potentiates hypoxia-induced apoptosis in vitro, but the underlying
mechanism of this pro-survival response by FbIn5 remains elusive. It is plausible that
FbIn5 may activate certain integrins while inhibiting other types or that FbIn5 binds to
other membrane receptors involved in cell survival. To this end, hypoxia may be eliciting
differential expression of integrins or other ECM receptors that may come into contact
with FbIn5. Further experiments in various cell types are required to understand the
mechanism of this pro-survival effect by FbIin5 under hypoxic conditions. Additionally,
comparing the efficacy of anti-angiogenic therapy in WT vs. Fbin5” mice in the
background of the PDA model (genetic or implant) would help us understand if FbInS is
protecting endothelial cells from tumor hypoxia. For example, if FbIn5 does promote
endothelial cell survival in response to hypoxia in this context, then we would anticipate
increased sensitivity to anti-angiogenic therapy in tumors derived from Fbin5" mice.
However, because there is a reduction in tumor angiogenesis in FbIn5 mutant animals
due to elevated ROS production [21, 26], it may be challenging to distinguish if
enhanced sensitivity to anti-angiogenic therapy is due to elevated intratumoral ROS or a
loss of the pro-survival effect that FbInS may provide in response to hypoxia. Thus,
understanding the mechanism behind the pro-survival effect of FbIn5 on hypoxic
endothelial cells becomes critical. Moreover, one should explore the relationship
between ROS production and hypoxia in PDA. Current evidence suggests that when
oxygen levels are low, mitochondria begin to produce ROS to assist in the activation of

hypoxia response pathways [27]. Therefore, one hypothesis may be that in a hypoxic
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TME, such as in PDA, the induction of FbIn5 by hypoxia protects the tumor from
excessive ROS production, which is partly contributed to by hypoxia. To this extent, the
ability of ROS to induce FbIn5 expression should also be thoroughly examined.
Ultimately, combination therapies targeting Fbin5 and blood vessels may help overcome

resistance to anti-angiogenic therapy in PDA [28].

Together, this work sheds light on the function of FbInS in cancer and how its
expression is regulated in the context of the TME. Solid tumors such as PDA are
enriched with stromal components that contribute to overall tumor progression and
response to chemotherapy. The poor prognosis associated with PDA has remained
unchanged over several decades; therefore, identifying novel strategies to combat this
deadly disease is of poignant interest. Our studies were focused on the matricellular
protein FbinS and its effect on FN signaling. The overall goal of my project was to
further understand the complex interactions between the tumor and its surrounding
matrix and uncover a potential therapeutic strategy for treating PDA. Herein, we provide
genetic evidence that FbInS is a pro-tumorigenic factor that protects tumors from toxic
ROS production and is specifically upregulated in PDA, thus revealing its potential as a
drug target. In addition, we have discovered novel and indirect methods to block
production of FbIn5 by inhibition of TGF-B and/or PI3K/Akt signaling. This work has laid
a strong foundation that warrants further investigation and efforts into the development

of a FbIn5 inhibitor to be tested in pre-clinical models of PDA.
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