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vi)  Abstract

The worldwide incidence of pancreatic ductal adenocarcinoma (PDAC) is expected to increase by
nearly 80% by 2040[7]. While the incidence of PDAC has increased, most-likely due to
increasing population prevalence of PDAC risk factors — obesity and diabetes - the mortality rate
has remained fairly consistent as conventional therapies are ineffective in this disease[8, 9].
Novel immune-modulatory therapies hold promise to meaningfully improve outcomes for PDAC
patients. However, development of such therapies will require an improved understanding of the
immune evasion mechanisms that characterize the PDAC microenvironment, including frequent
exclusion of antineoplastic T cells and abundance of immune-suppressive myeloid cells[10-13].
This dissertation will focus on how cancer cell-intrinsic glutamic-oxaloacetic transaminase 2
(GOT?2) shapes the immune microenvironment to suppress antitumor immunity in PDAC. In our
work we identified a novel location for GOT2 at the nucleus, along with its canonical locations at
the mitochondria and plasma membrane. We found that mechanistically, GOT2 functions beyond
its established role in the malate-aspartate shuttle[14-16] and promotes the transcriptional activity
of nuclear receptor peroxisome proliferator-activated receptor delta (PPARS), facilitated by direct
fatty acid binding. This novel GOT2-PPARS axis results in a tumor supportive, immune-
suppressive Tumor Microenvironment (TME) which is typical in PDAC patients. While we found
that GOT2 in PDAC cells is dispensable for cancer cell proliferation both in vitro and in vivo,
GOT2 loss in vivo results in T cell-dependent suppression of tumor growth, which is rescuable by
genetic or pharmacologic activation of PPARGS.

This cancer cell-intrinsic GOT2-PPARS axis promotes spatial restriction of both CD4* and CD8*
T cells from the tumor microenvironment, and fosters the immune-suppressive phenotype of
tumor-infiltrating myeloid cells. The immune-suppressive pathophysiology of PDAC has been
linked to poor patient prognosis and makes most PDAC patients unresponsive to immune-

therapies which have proven highly effective in cancers with improved T cell penetrance. Our



results suggest that the GOT2-PPARS axis could be a key player in the development of this

immunological hallmark of PDAC.
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Figure 1 Graphical abstract: cancer cell-intrinsic GOT2-PPARJ axis suppresses antitumor immunity.

GOT?2 is found at a novel location at the nucleus. Here it functions by transporting long chain fatty acids to the nucleus, such as
larachidonic acid, where they are released and interact as ligands for nuclear receptors, such as PPARS. Activation of PPARS causes
downstream transcriptional changes resulting in an immunosuppressive TME with M2 macrophage polarization, decreased T cell

infiltration, and decreased T cell cytotoxicity. Image created with BioRender.com




Chapter 2: Introduction

The tumor microenvironment section is an expanded version of what was published in a review.
(Sanford-Crane H, Abrego J, Sherman MH. Fibroblasts as Modulators of Local and Systemic
Cancer Metabolism. Cancers (Basel). 2019 May 3;11(5):619. doi: 10.3390/cancers11050619.

PMID: 31058816; PMCID: PMC6562905.)
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The Pancreas: unique cells and metabolism.

Normal pancreatic function is essential for maintaining health; as both exocrine — secretion of
digestive enzymes and ions into the gastrointestinal tract — and endocrine — secretion of hormones
into the blood — functions of the pancreas play important roles in metabolism and digestion[6].
Pancreatic cancer develops in the pancreas and an understanding of the unique physiology of this

organ is important before researching the disease.

The pancreas is situated within the abdomen posterior to the stomach, colon, and omentum small
intestinal loops and anterior to the portal vein, inferior vena cava, aorta, superior mesenteric

artery, kidneys and vertebrae[6]. The distal common bile duct passes through the pancreatic head

and can be occasionally blocked by
pancreatic swelling or scaring
providing one of the few symptoms

of pancreatic cancer [6, 17]. The

pancreas is supplied blood by two
major arteries, the celiac and
superior mesenteric arteries, which

supply blood to the abdominal

Figure 1.1 The pancreas.

The pancreas is within the abdomen. It is posterior to the stomach, colon, and organs[17]. The dual artery supply
lomentum small intestinal loops and anterior to the portal vein, inferior vena
cava, aorta, superior mesenteric artery, kidneys and vertebrae[6] Figure created of blood makes ischemia of the
with biorender.com

pancreas via vascular obstruction rare, however, all blood is drained by the splenic vein which
runs along the body of the pancreas to the superior mesenteric vein before draining to the portal
vein, which makes obstruction of venous blood flow a concern[6]. Pancreatitis and pancreatic
cancer frequently cause obstruction of the venous blood flow and cause thrombosis and vascular

enlargement of the spleen, resulting in dangerous complications in these patients[17].

Pancreatic Ductal Adenocarcinoma.

11



Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with a 5-year survival of less
than 10%[7]. The worldwide incidence of PDAC is expected to increase, along with deaths, by
nearly 80% by 2040[7]. While the number of patients diagnosed yearly with PDAC has increased,
the mortality rate has remained consistent, resulting in increasing numbers of people dying yearly
from PDAC. This is reflected in the fact that while PDAC is currently the 3" most frequent cause
of cancer deaths in the United States, and is predicted to soon become the 2" leading cause of
cancer deaths[18], showing an important need to develop better treatment options to improve

patient outcome.

There are several risk factors for PDAC, most often associated with western diets, helping to
explain the high rate of PDAC in North America, Australia, and the UK compared with Asian and
African countries[7]. These risk factors include age, obesity, diabetes, high fat diets, smoking,
heavy alcohol consumption, low folate intake, and low fruit consumption[19]. Data from the
World Health Organization Global Cancer Observatory (WHO GCO) shows that in the US
around 11.3% of 2012 PDAC cases were attributed to excess body mass and that had population
body mass stayed constant since 1982, around 3.7% of 2012 PDAC cases could have been
prevented[7]. One of the largest risk factors caused by obesity is the increased risk of diabetes,
which also confers elevated risk for PDAC development. Diabetic patients make up around 25%
of diagnosed PDAC cases, although it should be noted that PDAC can cause diabetes as well and
that screening patients who present with sudden-onset diabetes for PDAC has been proposed as a
potential early screening technique to try and catch PDAC at earlier stages[18]. In total it is
predicted that 36% of male and 39% of female PDAC cases are caused by preventable risk

factors[18].

Chronic pancreatitis is another risk factor, with some suggesting a hazard ratio of 6.9[1, 18].
Chronic pancreatitis can occur through diet, genetic predisposition, or through trauma, such as

from an auto accident[6]. It is interesting to note, and supports the need for further research into

12



the cross-talk between PDAC and the tumor microenvironment (TME), that in chronic
pancreatitis accumulation of desmoplastic stroma occurs similarly as in PDAC[20]. Current
trends suggest that the world population of individuals with the greatest risk factors for PDAC —
age, obesity, and diabetes — will continue to increase with each year, driving home the need to

better understand and develop treatments for this devastating disease.

Diagnosis, grading, and treatment.

PDAC makes up 90% of all pancreas malignancies and typically originates sporadically at an
average age of onset of 70-71 years of age[1, 18, 21]. Like most cancers, stage of diagnosis is the
best indicator for prognosis, however in PDAC only 10-20% of patients are diagnosed at an early
resectable stage[1]. The vast majority of PDAC patients (80-90%) are diagnosed at locally
advanced stages — which are not resectable — and with distant metastasis[1, 21]. Although there is
a difference in classification between locally advanced PDAC and metastatic PDAC, it is
understood that many cases of locally advanced PDAC also have distant sites of metastasis as

well, regardless of if it is yet measurable or not[1, 18].

Early diagnosis of PDAC is the best prognosis marker, however, so far detection of early PDAC
remains challenging. In fact, only around 3% of PDAC is diagnosed at stage T1a- the earliest
stage with the best prognosis[22]. Most patients don’t present symptoms until late stage PDAC
and there are currently no definitive biomarkers. Although in use, carbohydrate antigen 19-9
(CA19-9) is considered unreliable[18, 19]. Symptoms of PDAC are generally mild and include
fatigue, anorexia, weight loss, abdominal pain, and dark urine making it rare for PDAC patients
to have unique symptoms which would indicate PDAC to a physician[19]. However, due to the
location of the pancreas, occasionally swelling/scarring of the pancreatic head will block the bile
duct, causing jaundice and allowing for diagnosis[6]. Recent onset of diabetes occurs in around
50% of diagnosed PDAC patients and may be a key screening factor in the future, and it has been

suggested that screening all patients with recent onset of diabetes for PDAC could be a potential
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way to increase early diagnosis of this disease[18]. PDAC is diagnosed through either endoscopic
ultrasound (EUS), or magnetic resonance imaging (MRI), these imaging techniques allow tumors
to be seen as long as they are above a certain size[18]. EUS is considered the superior method, as
it also allows for fine-needle biopsies of the tumor and adjacent lymph nodes, without adding

extra risk[23].

Early stage PDAC is operable with the best treatment options being either neoadjuvant clinical
trials to try and shrink the tumor to a size where it can be easily resected, or immediate
surgery[21]. After surgery the patient will also receive adjuvant chemotherapy. If the tumor does
not respond to tumor control treatment options or is determined to no longer be resectable then it
is considered to be progressed to a locally advanced stage and chemotherapy becomes the only
viable remaining treatment option. Current adjuvant chemotherapy options are FOLFIRINOX,
Gemcitabine, 5-FU, Gemcitabine-capecitabine, or Gemcitabine-paclitaxel[1, 21]. The
combination therapies are most effective, however, they come with severe side effects that the
elderly cannot tolerate and as the average age of PDAC onset is 70-71 this introduces a challenge
for deciding on effective treatment in the majority of cases[1]. Once adjuvant therapies have
failed, the only recourse is clinical trials or best supportive care. Most patients require intensive
pain management and many develop intestinal blockage and malnutrition, requiring stents and
gastric surgical operations[23]. Once metastasis is detected, 90% of PDAC patients will not
survive for more than 5-years after diagnosis, mostly due to lack of effective treatment

options[18, 23].

Progression to advanced PDAC

PDAC develops from precursor lesions which show a ductal phenotype, and form as microscopic
pancreatic intraepithelial neoplasia (PanIN); mucinous-papillary lesions which develop into
invasive carcinoma[23]. PDAC develops from normal pancreatic tissue to PanIN-1A, PanIN-1B,

PanIN-2, PanIN-3, invasive PDAC, and finally to metastatic PDAC[22, 24, 25]. PanIN-1

14



development is marked with mutation in KRAS, PanIN-2 with mutations in CDKN2A, PanIN-3/4
with mutations in TP53 and SMAD4, these mutations are accompanied with epigenetic
dysregulation[1, 18]. Other frequent mutations of PDAC include AKT2 and PI3K which are key
players in tumor cell survival and are typically upregulated in PDAC[1]. Epigenetic dysregulation
of PDAC compromises chromatin-based mechanisms of DNA methylation, histone post-
translational modification, and non-coding RNA regulation leading to repression of tumor
suppressor genes and upregulation of oncogenes[1]. The impact of epigenetic reprograming in
PDAC tumor progression is influential enough that germline mutations of key DNA repair genes
is not in itself enough to fully drive PDAC, and hence alterations of BRCA1/2, PALB2, ATM, are
uncommon in most tumors; this is in contrast to several other types of cancers which are mainly

driven by mutations of DNA repair genes[1].

These genetic and epigenetic variations in PDAC make it a highly heterogenic disease, and while
attempts have been made to distinguish subtypes for personalized treatment there is still not a
strong consensus on which subtyping method works the best[1]. Most classify PDAC by either
epithelial-like gene expression (classic PDAC) or mesenchymal-like gene expression (poorer
prognosis)[1]. These subtypes are then further stratified by markers HNF1A or KRT81, diagnosed
through immunohistochemistry (IHC)[1]. Currently PDAC treatment does not rely on subtyping,
but there is data suggesting that in the future, subtype-based stratification and genomics-driven

personal medicine could make a difference in improving PDAC patient outcomes[1].
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Activated stellate cells deposit extra cellular matrix components: laminins,
fibronectins, collagens, hyaluronan, and lipids which help form the desmoplasia of myofibroblastic (myCAF) or
PDAC[1-5]. Figure created with biorender.com

inflammatory (iCAF) phenotype[1, 26-32]. It is believed that CAFs are formed from activated

pancreatic stellate cells. These stellate cells undergo activation by microenvironment stresses,
such as injury or chronic inflammation which typically occur along with the development of
PDACI1-5]. When activated, stellate cells deposit extra cellular matrix components, including;
laminins, fibronectins, collagens, hyaluronan, and lipids[1-5]. Once formed, the dense
desmoplasia limits infiltration into the tumor of oxygen, nutrients, and immune cells leading to
hypoxia, hypovascularization, and reduction of T cell infiltration[1]. Interestingly, while T cell
infiltration is reduced most PDAC tumors actually show an accumulation of myeloid cells,
particularly of M2-like macrophages, which may be working in an immunosuppressive, pro-
angiogenic, role to support PDAC progression[1, 33, 34]. New research in PDAC suggests that
the CXCL1/CXCR2-axis maybe very important for intra-tumoral recruitment of myeloid-derived
suppressor cells (MDSCs) and for their subsequent suppression of CD8+ T cell infiltration and

function[1, 33, 35, 36].

The tumor microenvironment.

Pancreatic cancer is shown to be strongly affected by environmental factors, with chronic

inflammation and obesity linked to increased risk more strongly than genetic factors[37-39]. It

16



has been shown that the stroma of PDAC co-evolves with tumor development with increased

desmoplasia seen in pancreatitis and PanIN development throughout its formation[20].

While it was once thought that CAFs may simply provide metabolites to induce cell proliferation,
evidence now suggests a wider arching role. CAFs appear to be the main component of the
desmoplastic reaction, and are known to secrete components of the extracellular matrix which is
essential for the creation of the fibrotic/hypovascular TME[20]. Crosstalk between CAFs and tumor
cells support a co-evolution between the two that is simultaneously immunosuppressive and growth
permissive. There is some controversy in the role of CAFs in PDAC development, as research has
shown both protumor function and tumor-suppressive function[27, 30, 40], however this may be
due to the fact that CAF populations are heterogenous and demonstrate a lack of understanding in
subtypes of CAFs. While normal fibroblasts secrete factors supporting wound-healing, fibroblasts
in the TME are activated into CAFs, which allows PDAC to co-opt the typical fibroblast cellular
responses for wound-healing by activating CAFs to serve as paracrine regulators of cancer cell

metabolism via ECM remodeling and creation of a tumor niche.

Metabolic reprogramming for the enhancement of glucose metabolism, the Warburg effect, is
considered a hallmark of cancer and is the principle metabolic characteristic of cancer cells [41].
Recently, the reverse Warburg effect has been described in solid tumors using alternative carbon
sources and complex metabolic interactions between tumor and stromal cells, suggesting that solid
tumors are metabolically heterogeneous in energetic pathways and that the TME collaborates in
their metabolism [41-43]. CAFs make up the majority of the tumor-associated stroma and also
undergo a glycolysis switch following metabolic reprogramming upon interaction with tumor cells
[44], suggesting that metabolic reprogramming of CAFs may play an important role in cancer
development. As cancer cells proliferate, they consume oxygen at a higher rate while also
increasing TME acidity through production of lactic acid as a by-product of glycolysis. This turns

the tumor niche into a harsh hypoxic and hypo-nutrient environment and forces changes to
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bioenergetics and biosynthesis, through metabolic reprogramming, of both cancer cells and CAFs
[41, 45]. In normal tissue, cell checkpoints work to block proliferation under stressful conditions,
such as found in hypoxic or hypo-nutrient environments. Factors released by CAFs including high
energy metabolites such as lactate, pyruvate, and ketone bodies are used by adjacent cancer cells
to overcome these checkpoints and to generate the energy required for them to continue

proliferation [46, 47].

Reactive oxygen species (ROS) are one of the major regulators of metabolic reprogramming of
CAFs and cancer cells [43]. Cancer cells produce large amounts of ROS from mitochondrial
dysfunction, occurring from the switch to aerobic glycolysis in the “Warburg effect”, along with
upregulation of NADPH oxidase 1, NADPH oxidase 4, and alterations in antioxidant enzymes [45].
This mitochondrial dysfunction triggers an increase in lactate and ROS levels while also decreasing
antioxidant molecules leading to a cascade of intra and inter-cellular events within cancer cells and
causing a metabolic switch [45]. H20- is one such trigger, once produced by cancer cells it induces
oxidative stress in CAFs, decreasing their mitochondrial function and increasing glucose uptake
and ROS levels, eventually leading to CAF differentiation when combined with TGF-§ [45].
Activated CAFs then secrete high levels of H,0, causing stromal remodeling due to impaired TGF-
B signaling and subsequent suppression of antioxidant enzyme glutathione peroxidase 1 [48]. TGF-
B is one of the key proteins involved in CAF differentiation because it allows for the increase in
ROS which modulates a-SMA - the most significant marker of fibroblast activation and CAF
differentiation - expression through hypoxia-associated microRNA-210 [49, 50]. TGF-§ also
triggers increased oxidative stress, autophagy/mitophagy, aerobic glycolysis, and downregulation
of caveolin-1 (CAV-1) in CAF cells, but these alterations extend throughout the TME and work to
support cancer cell growth [51]. TGF-B is involved in an autocrine loop where its signaling
downregulates isocitrate dehydrogenase 1 (IDH1) expression, which causes an increase in TGF-f

activated Smad signaling, while the decrease in IDH1 enzyme leads to impaired isocitrate to o-
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ketogluterate conversion in a NADP+ dependent manner, thus leading to increased cellular a-KG
levels which suppress Cav-1 expression, inhibiting TGFBR protein degradation and inducing
higher levels of TGF-B signaling to complete the autocrine loop [52]. Cav-1 levels are further
decreased due to degradation following mitochondria ddisruption caused by autophagosomes-
lysosomes fusion following high levels of oxidative stress, induced by ROS, in CAFs [46, 53].
Downregulation of Cav-1 leads to increased TGF-f signaling and increased ROS production
causing a positive feeback loop of increased oxidative stress in CAFs [46]. This positive feedback
loop of increasing oxidative stress causes a shift in CAFs towards catabolic metabolism while also
promoting mitochondrial activity in adjacent cancer cells [54]. The increased oxidative stress also
results in proinflammatory transcriptional factor NFkB activity in CAFs and the surrounding TME,
resulting in the upregulation of NF«B target gene cyclooxygenase-2 (COX-2) in both CAFs and
cancer cells, while also taking part in the positive feedback loop by causing a defect in ROS

detoxification through Gpx inhibition [55-57].

Once CAFs are activated through the hypoxic environment, they participate in a reverse Warburg
effect with nearby cancer cells. During this effect anabolic cancer cells are metabolically coupled
to catabolic CAFs, which generate high levels of energy-rich fuel for cancer cells through aerobic
glycolysis [46]. Cancer cells then use mitochondrial oxidative phosphorylation (OXPHQOS) to take
advantage of the supporting metabolites released by CAFs. The differences in metabolic phenotype
between CAFs and cancer cells allows them to co-exist in the TME and to support the growth and
development of each other. Glycolytic enzyme hexokinase 2 (HK2) and 6-phosphofructokinase
liver (PFKL) enzyme are upregulated in CAFs as well as in tumors undergoing glycolysis,
suggesting that the metabolic pathway of cancer cells can be dynamic and change depending on
TME nutrient conditions [58]. Oncogene cMyc further increases metabolic flux and glucose uptake
in cancer cells by upregulating lactate dehydrogenase-A (LDH-A) and GLUT-1 expression [59].

Increased glycolysis in cancer cells and CAFs leads to an increase in lactic acid production and
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subsequent increase in TME acidity. This increased acidity causes activation of matrix metallo-
proteinase-9 (MMP-9) which degrades nearby ECM and releases the reservoir of cytokines and
growth factors bound within [60, 61]. Lactate is fluxed into cancer cells by monocarboxylate
transporter 1 (MCT-1) which allows cancer cells to exploit lactate for enhanced anabolism and
OXPHOS fuel [62]. Another metabolic remodeling in CAFs is downregulation of tricarboxylic acid
(TCA) cycle through downregulation of isocitrate dehydrogenase 3a (IDH3a), a critical marker for
switching from OXPHOS to glycolysis in TGF-p/PDGF-induced CAFs [58]. Downregulation of
IDH3a further decreases a-KG levels by reducing the ratio of a-KG to fumarate and succinate,
which is required for prolyl hydroxylase domain-containing protein 2 (PHD2) activity, leading to
a subsequent downregulation of HIF-1 and stabilization of HIF-1a [63]. Once stabilized, HIF-1a is
transported to the nucleus where it is associated with the upregulation of over 100 genes, many of
which are directly involved in the glycolytic pathway, particularly NADH dehydrogenase
ubiquinone 1 alpha subcomplex, 4-like 2 (NDUFA4L2) [64]. NDUFA4L?2 is a negative regulator
of the mitochondrial complex 1 [58], so in summary, IDH3a downregulation causes an
upregulation of HIF-1a and NDUFA4L2, resulting in a subsequent total effect of impaired

OXPHOS and promation of glycolysis in CAFs.

HIF-1 transcriptional activity is regulated by sirtuinl (SIRT1) signaling, which deacetylates
peroxisome proliferator activated receptor gamma coactivator la (PGCl-a) and by SIRT3, a
mitochondrial deacetylase, which - upon downregulation - increases the level of inactive
superoxide dismutase 2 (SOD2) acetylation [65]. The combination of these effects is increased
mitochondrial function and hyper-production of ROS along with upregulation of pyruvate kinase
M2 (PKM2), which triggers aerobic glycolysis [42]. When cancer cells interact with CAFs, PKM?2
is oxidized by ROS and its tyrosine is phosphorylated by Src kinase, after which it is transported

into the nucleus where it recruits HIF-1 and associated embryo-chondrocyte expressed gene-1

20



(DEC1); repressing miR-205 and driving a pleiotropic transcriptional metabolic reprogramming of

cancer cells towards OXPHOS and EMT [66].

Cancer cells release factors which cause CAFs to enter metabolic overdrive to the detriment of their
own survival, inducing autophagy and mitophagy to produce metabolic precursors — lactate, ketone
bodies, glutamine, and pyruvate — through aerobic glycolysis and CAFs utilize microvesicles to
transfer large amounts of these proteins and lipids to metabolically support cancer cell growth [67].
Many of these transferred proteins can act as metabolic enzymes and are one of the ways CAFs
work to reprogram the metabolic state of cancer cells. Cancer cells are adaptive to their environment
and switch between OXPHQOS and glycolysis, depending on nutritional and oxygen status. CAFs
behave in a self-destructive manner to provide the nutrients cancer cells require to continue using
OXPHOS and proliferate quickly, regardless of the nutritional or oxygen status of the nearby TME.
All of this suggests that it is possible the “Warburg effect” is not really a hallmark of PDAC, but
rather a hallmark CAFs which act upon cancer cells to sustain their high proliferation rates in the

dense desmoplasia typical of PDAC.

Recent investigations into the link between CAFs, TME, and metabolic status of cancer cells have
suggested a more nuanced story behind metabolic regulation of cancer cells than previously
realized. CAFs and cancer cells feature a positive feedback loop in which CAFs produce regulators
important for cancer cell metabolism and cancer cells induce CAFs to produce these regulators
through secretions. For example, CAFs produce hyaluronan (HA) which in turn regulates glucose
metabolism in tumor cells [68]. HA released by CAFs also induces cancer cells to upregulate their
own HA production, leading to higher levels in the TME and causing an overall increase in ECM
stiffness [69]. The increased stiffness of the ECM results in downstream mechanosensing signaling
in CAFs, causing them to release aspartate to support cancer cell proliferation, while also inducing
cancer cells to secrete glutamate, helping to balance the redox state of CAFs, promoting further

ECM remodeling and the formation of a tumor niche [69]. This is further evidenced by the fact that
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cell-free extract from stromal cells alters survival of PDAC cell lines in vitro by causing a series of
transcriptional changes in TCA cycle, anabolic metabolism, and cell growth [70]. These alterations
in the TME suggest a causative effect in the cancer cell epigenome, and thus implicates the TME
as a potential antic cancer therapeutic target. Supporting this this connection, many TME-induced
transcriptional changes match oncogenic Kras - the major oncogenic driver of PDAC -

transcriptional changes [70], suggesting a pro-tumorigenic synergy between the TME and Kras.

Cancer has long been considered a type of chronic injury to which fibroblasts support with a wound-
healing response [71]. This response is initiated partially by the production and secretion of
transforming growth factor-f (TGF-B), platelet-derived growth factor (PDGF), epidermal growth
factor (EGF), and fibroblast growth factor (FGF) by cancer cells, leading to the activation and
transformation of fibroblasts into CAFs [72]. Upon activation CAFs release collagen, fibronectins,
proteoglycans, glycosaminoglycans, matrix metallo-proteinases (MMPs), chemokines (ex.
CXCL2, CXCL2/SDF1, CCL2/MCP-1, CCL5/Rantes), vascularization promoting factors (ex.
VEGF), tenascin C, and other factors (ex. TGF-B, EGF, FGF, and hepatocyte growth factor) [72,
73]. Released proteoglycans and glycosaminoglycans integrate into the ECM, and bind to growth
factors and cytokines due to their negative charge, once in the ECM, they act as a storage site for
these factors [74]. During cancer progression, cancer cells secrete MMPs to degrade nearby ECM,
causing a release the reservoir of cytokines and growth factors [60]. These factors then act as part
of a fibroinflammatory stromal response, which is known to influence initiation and progression of
PDAC along with clinical outcome in patients [70]. This occurs through adaptive responses in
PDAC by increasing transcriptional networks for growth and altering metabolome in response to
stromal signals [70]. Stromal signals cause epigenetic changes in PDAC, driving histone
acetylation and transcriptional enhancement of many genes, such as the bromodomain and
extraterminal (BET) family of epigenetic readers and Bromodomain-containing protein 2 (BRD2)

[70]. BET proteins regulate gene transcription through changes in epigenetic interactions via

22



bromodomains and acetylated histones and aberrant expression can be oncogenic through
mediating hyperacetylation of the proliferation-promoting genes of the chromatin [75]. Further
epigenetic changes on BET bromodomains can occur through c-MYC - a well-studied oncogene
and “master regulator” - repression of BET bromodomain transcriptional network and its aberrant
expression also contributes to carcinogenesis [75]. There is also evidence that tumor activation
derives from the combination of Kras mutation and stromal cues, illustrating the importance of
understanding the role of the tumor microenvironment during all stages of tumor initiation,
development, and growth [70]. Normal tissue architecture provides barriers to tumorogenesis,
which solid tumors overcome through disrupting tissue homeostatic mechanisms [60, 76]. In
PDAC, the main architecture to overcome is the dense fibroinflammatory stroma produced by CAF
secreted ECM components, although this same dense desmoplasia also provides tumor-supportive
properties and so a balance of degradation and thickening stroma is required for cancer

development [42, 70].

Dynamic changes in the TME occur throughout tumor progression and are observed to thicken the
fibroinflammatory stroma and create aberrant immune response along with the continued
accumulation of desmoplasia [77]. These responses are all aberrant variations of a normal wound-
healing response [78] with an end result of co-opting the classical wound-healing response for a
driving force towards tumorigenesis and oncogenic alterations[79, 80] and a suppression of
immune response leading to reduced effects of cytotoxic and immune-target therapies in PDAC
[81-84]. These dynamic changes also result in the activation of tissue resident stellate cells towards
transdifferentiation into myofibroblast-like cells, changing stellate cell activity from basement
membrane maintenance to driving fibroinflammatory response of ECM components, cytokines,
and growth factors [85-87]. All of this evidence supports the idea that PDAC-associated stroma has

both tumor-supportive [88, 89] and tumor-suppressive roles [90-92]. Understanding the molecular
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basis for these roles may one day lead to the ability to modulate PDAC-associated stroma to be

fully tumor-suppressive as a method of cancer treatment.

HA is a major component of the ECM and plays a role in cancer progression and aggression. It is
expressed in 80% of PDAC tissues, in both tumor and stromal sections, and PDAC patients
expressing low levels of HA have over 2.5 times the median survival time as patients expressing
high levels [93]. In normal tissue, HA levels are maintained through a balance of synthesis, by
hyaluronan synthase (HAS), and degradation, by hyaluronidases (HYALSs). However, in the
surrounding stroma and tumors of various cancers HA accumulates at high levels [93]. HA
accumulates in PDAC metastatic sties and high HA levels are an independent prognostic factor for
PDAC patients as well as a poor prognosis indicator in prostate, breast, and ovarian cancers [93].
HA binding to CD44 has been shown to downregulate tumor suppressor protein PDCD4, causing
anti-apoptosis and chemotherapy resistance and activation of Ras-MAPK and PI13K-protein kinase
B signaling pathways causing increased angiogenesis, cell migration and invasion, cell survival,
proliferation, and drug resistance in cancer cells [93]. Furthermore, co-culture between CAFs and
PDAC cells leads to an increase in the production of HA in the medium and increased HAS2 mRNA
in PDAC cells, leading to increased HA production [93]. In line with this, HA synthesis inhibitor
4-methy-lumbelliferone has been shown to have anticancer effects in several cancers including
melanoma, breast, esophageal, and liver, as well as reducing PDAC growth and metastasis in vivo

[93].

Along with direct action of HA binding to receptors on cancer cells, HA indirectly affects the TME
through increased interstitial fluid pressure, causing vascular collapse, and decreased vascular
permeability leading to chemoresistance by impairing drug delivery [93]. This causes an increase
in ECM stiffness and downstream mechanosensing which induces CAFs to release aspartate,
supporting cancer cell proliferation, while cancer cells in turn secrete glutamate and balance the

redox state of CAFs to further promote ECM remodeling [69]. A stiff ECM also mechanoactivates
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the YAP/TAZ pathway which plays a central role in cell proliferation, survival, and polarity,
especially in tumor cells [69]. Mechanostimuli of the ECM is thus linked to tumor cell metabolism,
while tumor cell metabolism is linked to responses by the CAFs to increase ECM stiffness, resulting
in a positive feedback between CAFs and tumor cells leading to increased tumor growth and
aggressivity. HA inhibitor, PEGPH20, depletes stromal HA and leads to a reduction of interstitial
fluid pressure, improving permeability and reversing impaired drug delivery [93]. HA is a powerful
oncogenic factor and is secreted by both CAFs and tumor cells, promoting tumor cell proliferation,
migration, angiogeneisis, and invasion through direct HA-receptor signaling with downstream
pathway activation as well as through ECM remodeling creating a barrier to drug delivery and
enhanced chemoresistance. On top of the stiffening of the ECM leading to reduced drug delivery,
CAFs release glutathione and cysteine, which contribute to stroma-mediated chemoresistance [94].
Glutathione and cysteine are normally released to maintain intracellular GSH hemostasis, but the
release of thiols by CAFs increases GSH levels, leading to a reduction of platinum accumulation
in cells treated with platinum-based therapies [94]. CAFs also secrete sSFRP2, causing loss of key
redox effector APEL in melanoma cells and making them resistant to targeted therapy [95]. CAFs
can also secrete cytokines in response to p38 MAPK signaling, mobilizing glycogen in tumor cells

to promote proliferation and metastasis [96].

CAFs regulate the innate anti-tumor immune response through secretion of several
immunomodulatory factors including: CXCL1, CXCL2, CXCL5, CXCL6/GCP-2, CXCLS,
CXCL9, CXCL10, CXCL12/SDF1, CXCL2/MCP-1, CCL3, CCL5/Rantes, CCL7, CCL20,
CCL26, IL-1b, IL-6, IL-10, VEGF, TGF-b, indoleamine-2,3-dioxygenase, prostaglandin E2, tumor
necrosis factor, and nitric oxide (as reviewed in [72]). Fibroblasts would secrete similar factors as
part of the wound-healing response to recruit immune factors to an injury, but during cancer the
CAF secreted factors have an immune suppressive function rather than supportive. During cancer,

CAF secretion of CXCL12/SDF1, M-CSF/CSF-1, IL-6, and CCL2/MCP-1 recruits tumor-
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associated macrophages to the TME and actively differentiates them into an M2
immunosuppressive phenotype (as reviewed in [72]). CAF secretion of CXCL1, CXCL2, CXCLS5,
CXCL6, CXCLS8, and CCL2 recruits tumor-associated neutrophils (TAN) to the TME and polarize
them to an N2 pro-tumoral phenotype, which are correlated with poor prognosis in patients due to
TAN-derived factors which promote tumor cell proliferation, migration, and invasion along with
inhibition of T cell function (as reviewed in [72]). TGF-, secreted by CAFs, induces miR-183 to
inhibit DAP12 transcription resulting in reduced natural killer (NK) activating receptors (NKp30,
NKp44, NKG2D) on the NK cell surface (as reviewed in [72]). Along with its impact on NK cells,
TGF-B also causes dendritic cells (DC) to downregulate MHC class 11 expression, CD40, CD80,
and CD86 leading to decreased antigen presentation efficiency and decreased production of TNF-
a, IFN-y, and 1L-12, ultimately causing a reduction in T cell recruitment and survival in the TME.
TGF-B promotes cell death of CD8+ T cells by inhibiting expression of genes involved in cytotoxic
function, including perforin, granzymes A/B, Fas ligand, and IFN-y (as reviewed in [72]). IDO1
secretion further damages T cell response by catabolizing tryptophan degradation into Kyn,
creating an immunosuppressive TME and causing T cell anergy and apoptosis through depletion
of tryptophan combined with an accumulation of immunosuppressive tryptophan catabolites (as
reviewed in [72]). CD4+ Helper T lymphocytes react to CAF secretion of CCL2, CCL5, and
CCL17 along with polarizing cytokines IL-1, IL-6, IL-13, and IL-26 by switching from an anti-
tumor Twul response to a pro-tumor Tu2 and Twl7 response (as reviewed in [72]). In summary,
secretions by CAFs of several immunomodulatory factors regulate the immune response within the
tumor niche by creating an immunosuppressive environment which decreases the antigen
presenting capabilities of NKs and DCs while simultaneously decreasing cytotoxicity and survival

of T cells.

CAFs promote extensive tissue remodeling to form a tumor niche through co-option of normal

wound-healing mediators including; cytokines, chemokines, growth factors, and matrix remodeling
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enzymes. Crosstalk between CAFs and tumor cells supports a co-evolution between the two that is
both immunosuppressive and growth permissive, allowing cancer cells to proliferate rapidly. While
much of previous research into cancer has focused on genetic modifications and oncogenes, such
as Kras, it has become abundantly clear that a dynamic ECM and TME co-evolving with tumor
cells may have a more profound effect on proliferation, immune evasion, and metastasis than the
underlying gene mutations which initiated the cancer. There is a demonstrated complexity of CAF-
tumor interactions, but many stroma-oncogenic effects are seen across cancer types, suggesting a

potential avenue for stroma-directed anticancer therapies.

The increased in reliance on glycolysis from the Warburg effect increases tumor growth but also
provides several immune suppressive side-effects. It has been shown that highly glycolytic tumors
are correlated with inhibition of T cell trafficking to the TME and with resistance to adoptive T cell
therapy (as reviewed by [97]). This is most likely due to a side-effect of glycolysis; lactic acid
production. Along with the effect on T cells, lactic acid also helps create an acidic environment
around the tumor that promotes inflammation, angiogenesis, and tumor progression (as reviewed
by [97]). The acidic microenvironment also increases MDSC generation in the TME (as reviewed
by [97]) which have strong immunosuppressive properties rather than immunostimulatory through
interactions with a variety of other immune cells. The acidic TME produced by high glycolysis
levels similarly impairs cytotoxicity and cytokine capabilities of effector T cells and natural killer
cells (as reviewed by [97]). While the original understanding of the Warburg effect was simply on
proliferation and growth, it has now been shown to be a much more complex process where the by-
products of rapidly reproducing tumor cells can have a direct impact on T cell, NK cell, DC cell,
and macrophage immune responses creating an immune suppressive environment to promote tumor
cell survival. The signaling goes both ways and IFNy, released by T Cells, can control the release
of glutathione and cysteine by CAFs through upregulating the JAK/STAT1 pathway and

subsequently causing transcriptional repression of xc_ cystine and glutamate antiporter [94], this
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reduces the glutathione and cysteine released by CAFs and reduces the stromal-mediated
chemotherapy resistance. As such it makes sense that the efficacy of chemotherapy is positively
correlated with the amounts of tumor-infiltrating CD8+ T cells and that suppression of CD8+ T
cells leads to chemotherapy resistance [94]. Cross-talk between CD8+ T cells and fibroblasts
normally support immune response in wound-healing, but in cancer this communication is co-opted

to support tumor growth.

Along with glycolysis, the Warburg effect causes an increase in glutaminolysis, amino acid and
lipid metabolism, pentose phosphate pathway flux, macromolecule biosynthesis, mitochondrial
biogenesis, and maintenance of redox state (as reviewed by [69]) all of which are required to allow
tumor cells to continue proliferating in the nutrient poor and hypoxic TME. The metabolic demands
of the cells are too high to rely on glycolysis alone, and so cancer cells turn to glutaminolysis to
create TCA cycle intermediates, including glutaminase to support aspartate production and induce
cell proliferation (as reviewed by [69]). These metabolic changes may be linked to CAF metabolism

and ECM stiffness which together provide the tumor niche which supports tumor progression.

Beyond metabolic dysregulation in its local tissue context, cancer is associated with metabolic
alterations in the host [98]. Abnormal whole-body metabolic responses to cancer include cancer
cachexia, a potentially lethal wasting syndrome driven by negative energy balance and associated
with loss of adipose and muscle tissue [99]. Cachexia has been mechanistically linked to the
inflammatory response to cancer, and particularly to elevated levels of systemic pro-inflammatory
cytokines [100]. Cachexia is a common and early event in the pathogenesis of some cancer types,
and evidence of tissue breakdown associated with cachexia may even be a biomarker of early
tumorigenesis [101, 102]. Though mechanisms driving cancer cachexia are complex and remain
to be elucidated, early evidence has emerged that CAFs may play a role in tissue wasting, in part
by mediating an inflammatory response and in part through direct interactions with relevant host

tissues. Fibroblast activation protein-o. (FAPa) marks activated fibroblastic cells in tumors [103]
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and other pathologic inflammatory conditions, including atherosclerosis [104]. FAPa-positive
cells in the primary tumor microenvironment have been associated with immune suppression,
promoting T cell exclusion via secretion of CXCL12 [83]. However, recent work using a FAPa
reporter in mice showed that these FAPa-expressing fibroblastic cells can be found in numerous
tissues in the adult mouse, including skeletal muscle [105]. FAPa-positive cells across tissue
contexts have similar transcriptomes, suggesting a common lineage. Depletion of FAP a.-positive
cells in healthy mice caused a cachexia-like syndrome, characterized by rapid weight loss and
reduced muscle mass despite adequate food intake[31, 105]. FAPa-positive fibroblasts in skeletal
muscle were shown to be the predominant source of Lama2 and Follistatin (Fst288 and Fst315),
key regulators of myofiber thickness and muscle growth[105]. Significant loss of FAPa.-positive
cells from skeletal muscle in cachectic tumor models were found in the mouse model[105]. These
findings implicate fibroblastic cells in maintenance of muscle mass, and raise the possibility that
fibroblast loss from skeletal muscle promotes the muscle wasting observed in cancer cachexia, with

major implications for systemic metabolism.

The host metabolic perturbations associated with cancer progression have been partly attributed to
increased systemic levels of pro-inflammatory cytokines [100]. IL6 in particular has been
functionally linked to cachexia [106-113], and is elevated in patients with cachexia-associated
cancers [114-116]. Further, activation of STAT3 downstream of IL6 has been linked to muscle
wasting in cancer [117]. In multiple cancer types, CAFs are reported as a significant source of IL6
in the tumor microenvironment [118-122], highlighting CAF-derived IL6 as a potential link to
cancer cachexia. Shining light on the role of IL6 in cancer cachexia, recent work demonstrated that
the elevated IL6 in cachexia-associated tumor models suppresses hepatic ketogenesis, by
downregulating expression of master ketogenic regulator PPARa in the liver [106]. IL6 promoted
metabolic stress in response to caloric restriction, including elevated corticosterone levels, and

recombinant IL6 lowered fasting ketone and glucose levels. Interestingly, the increase in systemic

29



glucocorticoids in response to IL6-mediated suppression of hepatic ketogenesis was associated
with a suppression of anti-tumor immunity. Reduced food intake was a driver of the increase in
glucocorticoids and immune suppression, and caloric deficiency is commonly seen among patients
with cachexia-associated cancers. Notably, IL6 can also directly regulate the hypothalamic-
pituitary-adrenal axis [123], and may further contribute to cachexia through its activity in the brain.
While CAFs can function to locally suppress anti-tumor immunity, these findings raise the
possibility that CAFs participate in a complex metabolic and inflammatory host response, leading

to systemic elevation of glucocorticoids and immune suppression.

While studies of the metabolic, immune-modulatory, or paracrine signaling functions of CAFs in
various solid tumors suggest tumor-supportive roles for these cells, three papers published in 2014
demonstrated a protective role for CAFs in pancreatic cancer with respect to survival outcome [90-
92]. To probe the roles of the abundant CAF population in these tumors, the authors used genetic
or pharmacologic approaches to ablate CAFs during pancreatic tumorigenesis, either ablating Shh-
dependent CAFs [90, 92] or aSMA-positive CAFs [91]. Though these different systems yielded
somewhat different results, these studies together provide compelling evidence that CAF ablation
causes mice to succumb significantly earlier to the disease compared to CAF-replete controls.
Interestingly, in the study by Rhim et al. employing both genetic and pharmacologic inhibition of
Shh to ablate CAFs, the authors report that mice succumb with very small tumors, but with severe
cachexia, including wasting of adipose tissue and muscle exceeding that seen in controls. Data are
shown from systemic Shh inhibition, but the authors report that the same phenotype was observed
in their genetic model which specifically targets Shh in the pancreas, and therefore specifically
inhibits Shh-dependent CAFs within the local tumor microenvironment. This raises the intriguing
possibility that pancreatic CAFs promote improved survival outcomes in part by inhibiting pro-
cachectic mechanisms within the primary tumor. A mechanistic connection between Shh-

dependent CAF function and critical mediators of cancer cachexia has not been established.
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However, further investigation into this axis may be warranted, as therapies targeting pancreatic

CAFs would ideally leave any such cachexia-suppressive mechanisms intact.

Likely related to their evolutionary role in the wound-healing response, CAFs are important sources
of growth factors in the tumor microenvironment, as discussed above. In multiple solid tumor
types, CAFs have been described as significant sources of growth factor ligands for the epidermal
growth factor receptor (EGFR), including high-affinity ligands betacellulin (BTC) [85] and
heparin-binding EGF-like growth factor (HB-EGF) [124] as well as lower-affinity ligand
epiregulin (EREG) [125]. CAFs and normal fibroblasts are also prominent producers of
parathyroid hormone-related protein (PTHrP) [126, 127], a developmental regulatory molecule
activated by EGFR signaling [128]. A recent study aimed to identify novel regulators of cancer
cachexia, and found a novel connection between factors that promote adipose tissue browning and
the onset of features of cachexia including weight loss and muscle atrophy [129]. Cachexia is
characterized in part by increased resting energy expenditure, which has been linked to increased
thermogenesis by brown adipose tissue [130-133] and to browning of white adipose tissue [134].
Kir et al. found that Lewis lung carcinoma (LLC) cells induce adipose tissue browning and
cachexia. By comparing gene expression in more thermogenic versus less thermogenic clones,
they identified candidate paracrine thermogenic regulators. By testing candidate recombinant
proteins, the authors found that the 3 EGFR ligands discussed above—BTC, HB-EGF, and
EREG—as well as PTHrP all stimulate thermogenic gene expression in primary adipocytes.
Though the study focused on cancer cell-derived PTHrP as a key regulator of adipose tissue
browning in the LLC system, a link between EGFR ligand production and cancer cachexia is
intriguing and warrants further study. Activation of EGFR/MEK signaling in the primary tumor
has been recently linked to MEK activation and wasting in host tissues [135], and while CAFs as a
source for these ligands or for PTHrP have not been specifically addressed, EGFR signaling has

been functionally linked to cachexia and/or energy expenditure in additional systems [136, 137].
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Providing ligands which act either via tumor cells or directly on adipocytes to promote
thermogenesis might suggest a deleterious role for CAFs as promoters of cancer cachexia, and such

a role may indeed by tissue- and context-dependent.

Non-malignant cells of the tumor microenvironment, including but not limited to CAFs, exert an
important influence on key metabolic pathways in cancer cells and on intratumoral metabolite
levels. The significance of these paracrine interactions warrants further study in vivo, as cancer
cells exhibit specific and complex metabolic requirements within host tissues [138-142] that are
difficult to model using in vitro systems. CAFs present a limitation in this regard, as specific Cre
lines to achieve genetic manipulation in these cells are presently lacking. Further, while studies
of metabolite exchange in vitro have established important modes of cell-cell contact within the
tumor microenvironment, validation and further investigation of these interactions will be
bolstered by emerging means to study intercellular metabolic relationships within tissues [143].
In considering CAF-cancer cell interactions as potential therapeutic targets, it will be important to
understand the critical and non-redundant metabolic functions of CAFs that enable cancer cells to
maintain their proliferative capacity within a nutrient-poor tumor microenvironment. As cancer
cells exhibit metabolic plasticity [144, 145], therapies targeting metabolism-modulating pathways
will likely need to target parallel mechanisms fulfilling bioenergetic needs, or to combine
metabolic inhibitors with therapeutic interventions that suppress cancer cell plasticity and thus the
capacity for metabolic adaptation. Further, as suppression of anti-tumor immunity is increasingly
linked to intratumoral metabolite levels and to activity of key metabolic pathways in immune
cells [146], the consequence of the CAF secretome on the metabolism and function of immune

cells in the tumor microenvironment warrants further investigation.

Mutations and pathways driving PDAC development.

Although 5-year survival rates for PDAC have increased from 6% to 10% since 2015, the

majority of these improvements are in neoadjuvant and adjuvant therapies which are effective in
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the population of PDAC patients which have pre-existing deficiencies in DNA damage
repair[147]. PDAC, like many cancers, is characterized by complex chromosomal rearrangement
patterns and high genomic instability[148]. When combined with mutations in DNA double-
strand break (DSB) repair or DNA damage repair (DDR) pathways, including non-homologous
end joining (NHEJ) and homologous recombination (HR) pathways, the genomic instability of
PDAC is further reduced. However, mutations in DDR pathways also represent a personalized
medicine target in patients who express alterations in these repair pathways. Providing a
weakness in PDAC tumors to accumulation of unresolved single-strand breaks (SSB) and DSB,
leading to increased cell death. DNA damage must be repaired or failure of cellular division and
cell death can occur. SSB DNA damage can be repaired through base excision mismatch repair
(MMR) or nucleotide excision repair (NER), while DSB DNA damage can be repaired through
NHEJ or HR (as reviewed by[148]). Mutations in BRACAL, BRACA2, ATM, and PALB2 have
been frequently described in PDAC[149, 150] and have been suggested to be predictive
biomarkers for response to poly ADP-ribose polymerase (PARP) inhibitors, such as Olaparib,

treatment[148, 151-153].

During HR repair BRCA1,BRCA2, PALB2 form a complex to activate RAD51 and allow sister
chromatid homologous sequences to combine, an essential step for DNA repair through HR.
Mutations in any of these three proteins can cause a HR-deficient phenotype, often referred to as
“BRCAness” of the tumor, resulting in tumors more susceptible to classical DNA-damaging
agents and therapeutics[148]. ATM is involved in the repair of DSBs when a complex of MRE11,
RADS50, and NBS1 proteins activates the cell cycle regulatory serine/threonine kinases ataxia
telangiectasia mutated and the ATM and RAD3-related (ATR) protein to start formation on the
ends of the protruding 3’ sides of the break, which in turn recruits the BRCA1/PALB2/BRCA2
complex and activation of RAD51 for binding SSB DNA segments[148]. ATM also activates cell

cycle progression arrest through activation of CHK2 and subsequent interaction with TP53[154].

33



Rather than just by being activated by ATM, ATR can be instead activated by phosphorylation of
the Fanconi anemia (FA) core complex to repair the DNA crosslink adduct[148]. This
redundancy in DNA repair mechanisms may help explain why despite being the most frequently
mutated DNA repair gene found in sporadic PDAC (at 3.4%), ATM germline mutations are
detected in patients lacking a family history of cancer[155]. This suggests that mutations in DDR
genes have an incomplete penetrance in PDAC and that while mutations in these genes may
suggest a patient would be more susceptible to platinum agents and other therapeutics which
result in a buildup of DSBs, the mutations themselves do not necessarily fully explain the

development of the cancer.

The majority of PDAC cases do not occur based on DNA damage repair deficiencies which
makes them more difficult to treat and identification of high-risk families more complex[147,
156-159]. There are, however, several recurrent somatic mutations in PDAC which may be the
main drivers for its development. These mutations include KRAS, TP53, CDKN2A, SMAD4,
RNF43, ARID1A, TGFSR2, GNAS, RREB1, PBRM1, BRAF, and CTNNBL, but only mutations of
KRAS, P16/CDKN2A, TP53, and SMAD4/DPCA4 genes are considered to be the main driver
mutations of PDAC[147, 159, 160]. Mutations in KRAS are found in more than 90% of PDAC
cases but mutations in RAS, WNT, NOTCH signaling, TGFp pathway, cell cycle control,
epigenetic regulation and DNA damage repair are also found and identified in PDAC patients[8,
147, 161]. Mutations in KRAS are also frequently found in PanINs, PDAC precursor lesions,
while other mutations are not typically found until late stages of tumor development suggesting
that KRAS mutations may be an initiating event in the formation of PDAC[20]. Indeed,
genetically engineered mouse models with oncogenic pancreatic Kras recapitulate the progression
of PanlINs to pancreatic cancer, supporting the idea that KRAS may be an important precursor for

PDAC development in patients with this mutation[162].
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Mouse models of PDAC have allowed the research of early stages of pancreatic cancer to be
explored, as most human PDAC cases are diagnosed too late for early-stage samples to be
collected. There is some controversy with the accuracy of mouse models, as human PDAC is so
poorly understood that it is difficult to say what cell of origin is most common in human
disease[163], and therefore difficult to say if the same cell of origin is occurring in the mouse
models. Mouse models of PDAC appear to occur from acinar cells which dedifferentiate through
acinar-ductal metaplasia (ADM) or through ductal cells which transform into aggressive tumors
with loss of Trp53[164] or inactivation of Pten[165] in addition to an underlying Kras mutation.
The formation of ductal origin PDAC follows closely with that of human disease, where the Kras
mutation is not sufficient alone to achieve PDAC development and mice develop lesions as they
age with PDAC developing only at an advanced age and with low penetrance[162]. Mutational
characterization of PDAC is made more difficult because PDAC is made of dense desmoplasia
with only 5-20% of the tumor being comprised of PDAC cells[159]. This complicates single cell
analysis and other methodologies, as actual PDAC cells make up such a small percentage of

collected cell mass from a tumor.

PDAC develops from multiple PanIN sites, which can take decades to develop into invasive
PDACI166]. Inflammation is one of the key significant factors in development of PDAC with
both hereditary and sporadic pancreatitis associated with increased risk. Combinations of
genomic damage and cell proliferation from inflammation creates a favorable environment for
malignant transformation of PDAC cells[167]. Mouse models for pancreatitis use caerulein
treatment, a cholecystokinin agonist[168], to drive accumulation of a fibroinflammatory stroma
which when combined with oncogenic Kras leads to ADM and PanIN formation[169, 170]. There
is further evidence that inflammatory induction of PDAC relies on activation of MAPK signaling
and that expression of oncogenic Kras is not enough to for carcinogenesis in adults, while chronic

pancreatitis is[80, 122, 171]. Typically, cancers are subtyped for best treatment options, however
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there have been no obvious genetic mutations underlying PDAC subtypes, aside from mutations
in DDR as discussed above, making subtyping non-DDR PDAC for best treatment difficult[147].
TP53 mutation may be linked to the squamous/basal-like subtype, but more research is needed for
subtype classification of PDAC[147, 172]. It is possible that epigenetic changes, and non-coding
mutations, may play the primary role in PDAC subtypes or changes to the TME could be

controlling transcriptional changes of PDAC tumor cells[147, 173, 174].

Further research into somatic mutations of PDAC has suggested that there may be driver
mutations in 15 genes or more including kinases, cell cycle proteins, and cell adhesion
proteins[160]. PIK3CG, DGKA, STK33, PRKCG are kinases which may be driver genes in PDAC
and could potentially cross-talk with Kras-signaling pathways, allowing for synergistic aberrant
signaling networks for growth, survival, and metastasis of PDAC[160]. Several of these driver
mutations may be the catalyst for inflammation which is known to be a significant factor in the
development of PDAC, and allow KRAS-driven changes to take affect[167, 175]. Other KRAS-

driven changes involve metabolic changes which may be crucial for the development of PDAC.

Metabolic changes driving PDAC development

There are currently considered to be ten main hallmarks of cancer which, as research continues,
will probably be expanded over the years. List adapted from the Ten Hallmarks of Cancer

(Hanahan and Weinberg, 2000; Hanahan 2011)[176, 177].

1. Growth autonomy: cells no longer require normal signaling to
undergo division.

2. Growth inhibition insensitivity: cells no longer respond to growth
inhibitory signals, both external and internal.

3. Evasion of apoptosis: apoptosis is not induced even when DNA
damage or abnormalities are detected.

4. Telomeres no longer regulate reproductive potential: cell cycle arrest
no longer occurs with shortened telomeres, or cells maintain the
length of their telomeres despite frequent replication.

5. Induced and sustained angiogenesis: signaling for stimulation of
blood vessel development is no longer required for induction and
sustainment of angiogenesis.

36



6. Invasion and metastasis: cancer cells invade other tissues, which
normal cells do not do past embryo development.

7. Deregulation and reprograming of metabolic pathways: high demand
for energy and nutrients forces cancer cells to use abnormal
metabolism to meet them.

8. Immune system suppression and evasion: tumors develop the ability
to evade the immune system.

9. Chromosomal instability: lack of replicative arrest and response to
apoptosis leads to increased chromosomal instability.

10. Inflammation: local chronic inflammation and associated immune
effects are seen in most cancers.
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Graphical representation of the 10 hallmarks of cancer: avoiding immune destruction, tumor-promoting inflammation, genome
instability, replicative immortality, resisting cell death, invasion and metastasis, angiogenesis, evasion of growth suppressors,
sustained proliferative signaling, and deregulation of cellular energetics. Adapted from the Ten Hallmarks of Cancer (Hanahan and
\Weinberg, 2000; Hanahan 2011) and created with BioRender.com from an adapted existing template.

Metabolic alterations of cancer cells allow for rapid proliferation even in poor nutrient

Figure 1.3 the hallmarks of cancer.

environments, with changes to cellular metabolism recognized as a hallmark of cancer since the
increased glucose uptake and aerobic glycolysis of cancer cells was first observed by Otto
Warburg in 1956[178]. His publication on the origin of cancer cells lead to the increased glucose
uptake and aerobic glycolysis of cancer cells to be referred to as the “Warburg Effect”, a term still

in general use today. In cancer, aerobic glycolysis is the most frequent type of glucose conversion
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to lactate, creating only 2 moles ATP per 1 mole glucose, while in non-cancer cells 38 moles of
ATP are synthesized per 1 mole glucose under aerobic conditions[178-180]. These changes also
support an increase in lipogenic enzymes and increased glucose carbon incorporation into lipids,
allowing more membrane formation and supporting rapid proliferation of cancer cells[179, 181-

183]. Increase of fatty acid synthesis is linked to carcinogenesis and cancer cell survival, with
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Figure 1.4 the Warburg Effect and cancer cell metabolism. mortality[179].
Cancer cells undergo different metabolic pathways depending on if they are in nutrient-deprived or Along with

nutrient-replete conditions [178-183]. The Warburg Effect is one of the earliest and best described

metabolic changes that typically occur in cancer cells to allow for rapid proliferation in poor nutrient L
environments, by changing cellular metabolism to increase glucose uptake and aerobic glycolysis synthesizing fatty
[178]. Figure created in BioRender.com from existing templates.

acids, cancer cells
can also use fatty acids from circulation whether from diet, synthesized in liver, or released from
adipose tissue. Pyruvate is one of the key metabolic products for cells and is formed from glucose
during aerobic glycolysis. Pyruvate is then converted to lactate by lactate-dehydrogenase (LDH)
or is taken to the mitochondria where it is decarboxylated to pyruvate dehydrogenase (PDH) by
acetyl-CoA[179]. Within the mitochondria, citrate synthase (CS) or in the cytosol, ATP citrate
lyase (ACLY), acetyl-CoA is then formed, providing a key factor for lipid biosynthesis[179].
PDH-catalyzed reactions can also occur through PDH kinase activity in hypoxic conditions, or
with certain oncogenic influences, allowing for non-glucose carbon sources to be used for lipid
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synthesis[184, 185]. Upregulation of PDH kinase 1 (PDHKZ1)- phosphorylates mitochondrial
PDH, causing inactivation of the pyruvate dehydrogenase complex- is linked to Myc and HIF-1
oncogene activity[185]. This allows tumor cells to transition to aerobic glycolysis rather than
oxidative phosphorylation and tyrosine phosphorylation of PDHK1 is linked to decreased
mitochondrial use of pyruvate and increased tumor growth in mice, showing another metabolic
change in tumor cells that promotes the Warburg effect[185]. As research has progressed and a
better, wider, understanding of cellular metabolism has occurred it has become apparent that the

Warburg effect may be more complicated than originally proposed.

One thing that has become clear, is that cancer cells have a preference for glutamine uptake and
resort to glycolysis and linked lactate secretion, rather than the more efficient ATP production
through mitochondrial oxidative phosphorylation, in order to rapidly produce biomass[186].
Though it may seem to be counter-intuitive that rapidly reproducing cells would use less efficient
ATP productive measures, it makes sense in the broader understanding that cellular metabolism
relies on more than just ATP and cancer cells must either intake all required nutrients or produce
them. In the hypoxic, nutrient-poor TME of PDAC cancer cells take in what nutrients they can
and shunt excess metabolites to metabolic pathways for biosynthesis of those lacking in the

TME[187].

Studies on KRAS, the main oncogenic driver associated with PDAC, suggests that oncogenic
Kras results in remodeling of multiple metabolic pathways. It has been known that oncogenic
Kras it is required for PDAC tumor maintenance and that it reprograms PDAC metabolism by
increasing glucose uptake and glycolysis[188]. Recent research suggests that it does this through
regulation of glucose transporters and rate-limiting enzymes at the transcriptional level, resulting
in a shift in cellular metabolism away from glucose and towards anabolic pathways like the
Hexosamine Biosynthetic Pathway (HBP) for protein glycosylation and the Pentose phosphate

pathway (PPP) for ribose production[188]. The non-oxidative arm of PPP creates precursors for
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DNA and RNA biosynthesis, which as cancer cells require both energy and biosynthetic
precursors for cell growth, it makes sense that demand for cellular building blocks would increase
as well. Work on oncogenic Kras has also shown that there may be changes to the TME
metabolism to match that of tumor development. When tumors express oncogenic Kras, they
begin to develop the prominent desmoplastic stroma of PDAC and stopping oncogenic Kras
expression is capable of reducing the amount of SMA-positive pancreatic stellate cells in the
TME, which are linked to development of the desmoplasia and poor prognosis[188]. The
communication between tumor cells and the desmoplastic stroma is a developing research area,
with the dense desmoplasia of PDAC present a particularly rich environment for study. It has
been shown in the literature that metabolic reworking of PDAC results in metabolic
reprogramming of nearby stellate cells[2]. In summary it can be concluded that cancer cells
undergo metabolic reprogramming which is both plastic and responsive to changes in the TME,
which is in turn capable of undergoing its own metabolic reprogramming. This crosstalk has been
linked to nuclear receptor ligand-activated transcription and downstream inflammatory signaling

of cancer cells.

Inflammatory signaling of cancer cells:

Nuclear receptor ligand-activated transcription regulates metabolism of lipids, drugs, energy,
cellular differentiation, reproduction, and other key developmental pathways[189]. These
receptors are a type of ligand-induced molecular switch activated by intracellular signals,
including lipophilic hormones, dietary lipids, and vitamins[190]. Nuclear receptors have a
variable NHs-terminal region which has an AF-1 ligand-independent activation domain and a
central DNA-binding domain of two conserved zinc-finger motifs which are targeted to hormone
response elements (HRE), specific DNA sequences consisting of two hexa-nucleotide motifs
AGGTCA and variants[189]. They also contain an C-terminal ligand-binding domain responsible

for receptor dimerization, ligand recognition, and cofactor interaction and a C-terminal AF-2
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helix which changes conformation following ligand binding[189]. When un-bound to ligands
nuclear receptors are either in the cytoplasm in complex with heat shock proteins or other
chaperones or are constitutively bound to HRE acting as a repressive complex with
SMRT/NCOR or HDAC corepressors[191, 192]. Because of the flexibility of the structure of
nuclear receptors, they can have constitutive receptor activation, when AF-2 is in an active
conformation, or be repressive when in complex with other corepressors, when AF-2 is not in an
active conformation. When nuclear receptors are constitutively active their activity is regulated
by amount of nuclear receptor or by signal-induced modifications to the receptor like

phosphorylation or acetylation[189].

The peroxisome proliferator-activated receptor (PPAR) nuclear receptor superfamily is a specific
type of nuclear receptor which is classified as “Adopted Orphan Receptors”, based on sequence
homology to endocrine receptors, and act as lipid sensors for fatty acids[189]. PPARy and
PPARa have been shown to be drug targets for reversing insulin resistance and dyslipidemia[193,
194]. PPARG is less well studied but is believed to be a ligand receptor for lipids and could prove
important for inflammation[189]. All PPARs form a heterodimer with retinoid X receptor (RXR),
a member of the steroid/thyroid hormone superfamily of nuclear receptors with roles in cell

differentiation, development, and metabolism[195].

PPARa was identified by fenofibrate, a fibrate-class of anti-hyperlipidemic drug, and is now
known to bind to and act as an endogenous sensor for polyunsaturated fatty acids[194]. PPARa is
found mostly in liver, heart, muscle, and kidney cells where it regulates apolipoprotein synthesis,
fatty acid oxidation, and hepatic peroxisomal fatty acid oxidation during fasting[189]. It is also
found in human macrophage foam cells where it has anti-inflammatory and anti-atherogenic
effects[196]. PPARa agonists have been used in both rodent models and human clinical studies,

where they have been shown to correct dyslipidemia and reduce cardiovascular mortality and
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morbidity[194]. In mouse models PPARa agonists appear to suppress satiety and improve insulin

resistance, but these effects have not yet been recapitulated in human trials[189].

PPARYy is targeted by thiazolidinedione (TZD)-class of insulin sensitizers, majority of current oral
anti-diabetic drugs, and is mainly expressed in adipose tissue where it acts as a regulator of
adipogenesis[189, 193]. It is thought that TZDs work to increase insulin sensitivity by activating
PPARY in adipocytes causing an increase in fat storage and secretion of adipokines, like
adiponectin[193]. The signaling of PPARYy in insulin sensitization appears to be more
complicated than a direct agonist benefit. It appears to be paradoxical that PPARy can promote
insulin sensitivity while also promoting fat differentiation, a process which normally induces
insulin resistance, yet studies in mice show that partial loss-of-function mutations of Pro12Ala in
PPARYy improves insulin sensitivity while gain-of-function Pro115GIn mutations cause obesity
and insulin resistance[193]. Human genetic studies also suggest that partial decrease in PPARYy
activity could be more effective than complete agonists for increasing insulin sensitization,
suggesting a complexity to PPARy signaling and activity[189]. Cancer-associated inflammation
has been linked to PPARYy with research showing that activation of PPARY in dendritic cells
decreases CD1a cell surface glycoproteins, which present self- and non-self-lipid and glycolipid
antigens, and increases CD1d levels, promoting induction of invariant natural killer T cell

expansion[197, 198].

PPARS has been studied the least of all the PPARs but is thought to be mainly involved in the
promotion of mitochondrial fatty acid oxidation, energy expenditure, and thermogenesis -with
PPARS knockout mice showing increased rates of obesity and insulin resistance[189]. Unlike
PPARy or PPARa, PPARGS is expressed ubiquitously and is a sensor for polyunsaturated fatty
acids and VLDL lipoprotein particles[199]. It was noticed that PPARS plays a role in protecting
cells from metabolic-syndrome-related diseases, including insulin resistance and type 2 diabetes,

but when PPARGS agonists (activating ligands specific for PPARS) were tried as therapeutics there
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was an increase in cancer progression[200]. This increase in cancer progression appeared to be
from a defense mechanism to nutritional deprivation and energy stress, employed by cancer cells
as a result of increased PPARS activity[200]. PPARS promotion of fatty acid oxidation could be
the cause for increased cancer progression, though PPARS also appears to have anti-inflammatory
functions in some situations and to increase inflammation in others (as reviewed in [200]). These
contrasting roles of PPARGS indicated how context specific its activity may be, especially in
cancer where cross-talk between tumor cells and the TME could be affecting signaling and

activity.

Signaling of the PPAR Nuclear receptor superfamily has been linked to tumor-associated
inflammation, angiogenesis, and fibrosis, as well as to cancer initiation, progression, and
treatment resistance[197]. Tumorigenesis is a multistep process which requires numerous
components to develop. These components usually come from the surrounding TME and are
indicative of a call and response interplay between cancer cells and tumor-associated cell types.
PPAR nuclear receptors are believed to be one of the key signaling mechanisms within tumor
cells which allow them to communicate to the TME to increase tumor-associated inflammation,
angiogenesis, and fibrosis[197]. The release of secreted factors by cancer cells, for example
transforming growth factor-p (TGF-p) or stromal cell-derived factor 1 (SDF-1), have been shown
to change the oncogenic and metastatic potential of tissue surrounding the tumor[201].
Complicated crosstalk between tumor cells and cells of the TME, including immune and stromal
cells, results in changes to the factors secreted by both tumor cells and cells of the TME. This
allows for the same immune or inflammatory cell subtypes to have protumorigenic functions in
some situations and antitumorigenic functions in other contexts[197]. Along with their effect on
supportive cells of the TME, secreted factors by cancer cells also have a complex crosstalk with
infiltrating immune cells, and it is believed that PPAR nuclear receptor mediated transcriptional

signaling could be playing a role in protumorigenic vs antitumorigenic responses of these
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infiltrating immune cells[197]. Activity of PPAR signaling has been linked to inflammatory
signaling in cancer, including to increased production of pro-inflammatory cyclooxygenase-2

(COX-2) production and downstream prostaglandin (PG) synthesis[202].

COX-2 signaling

For years nonsteroidal anti-inflammatory drugs (NSAIDs) have seen broad use as potent anti-
inflammatory agents that were understood to inhibit cyclooxygenase (COX) enzymes to inhibit
downstream prostaglandins at sites of inflammation. Long-term use of NSAIDs has had
unfortunate side effects which arise from inhibition of gastrointestinal and renal prostaglandins,
leading to toxicities and limiting the usefulness of these cheap and effective drugs[203]. Research
into NSAIDs and their function revealed the existence of two types of cyclooxygenase enzymes,
COX-1 and COX-2, with different functions. The anti-inflammatory capabilities of general COX
inhibitors appears to function through COX-2, while toxicities in the gastrointestinal tract appear
to be related through inhibition of COX-1, leading to the development of selective inhibitors for
COX-2[203]. This difference in activity appears to be linked to the idea that COX-1 is
constitutively expressed across tissue types, but COX-2 is only expressed upon induction by
proinflammatory cytokines[204]. Following activation, COX-2 produces prostaglandins which

mediate inflammatory response and pain signaling transmission[204].

The EPHA2/TGF-B/COX-2 axis has been indicated in pancreatic cancer as one of the major
components of the immunosuppressive barrier that prevents T cells from infiltrating into
PDACI205, 206]. COX-2 is encoded by the gene prostaglandin endoperoxide synthase 2
(PTGS2), which is downstream of TGF-p and EPHA?2 signaling, and is believed to be involved in
the exclusion of T cells in the PDAC TME[206]. Research into the EPHA2/TGF-B/COX-2 axis
has shown that deletion of Epha2, sensitized tumors to immunotherapy and reversed T cell

exclusion and that Ptgs2 deletion worked similarly[206]. The non-T cell-inflamed tumor
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phenotype typical of PDAC has been linked to decreased sensitivity to immunotherapies and poor

patient prognosis[207].

Along with the recently discovered EPHA2/TGF-B/COX-2 axis, COX-2 has been shown to
promote tumor growth and to suppress tumor immunity[208]. COX-2 appears to be involved in
resistance to immunotherapy through its crucial role in innate and adaptive immune response
through suppression of dendritic cells, natural killer, and T cells, through the COX-2-
prostaglandin E2 (PGE2) membrane receptor signal cascade which inhibits type-1 immunity
while promoting tumor immune evasion[208]. PGE: is a modulator of activated macrophages and
tumor-associated macrophages (TAMSs) are a major subpopulation of infiltrating immune cells in
PDAC. COX-2 is believed to hinder macrophage polarization to M1 subtype while promoting M2
macrophage differentiation and downstream macrophage-mediated immune suppression of
regulatory T cell infiltration, leading to reduced CD8+ cytotoxic T cell function[209-211]. PGE;
inhibits natural killer cells, lymphocytes involved in innate immunity, by acting on their EP
receptors (EP2 and EP4) and inhibiting their ability to migrate, secrete IFNy, and exert cytotoxic
effects[212]. It has also been shown that regulatory T cells are significantly associated with COX-
2 expression along with intra-tumoral localization of regulatory T cells, and that these regulatory
T cells can contribute to the immunosuppressive TME in cancer by inhibiting effector T cells in a
COX-2 dependent manner[213-215]. COX-2, through its activity with PGE; also affects the
maturation of dendritic cells and the communication between the innate and adaptive immune
responses. COX-2 decreases expression of MHC class 11 in dendritic cells, reducing their ability
to present antigen to activate T cells, while PGE: increases IL-10 production further

downregulating dendritic cellular functions[216].

Studies in a breast cancer murine model with genetic COX-2 knockout mice showed that loss of
COX-2 disrupted M2-like tumor-associated macrophage function, enhanced T cell survival, and

immune surveillance[217]. A study in breast cancer involving mice fed etodolac showed that
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COX-2 inhibition leads to a reduction in regulatory T cells and myeloid derived suppressor cells
within tumors, showing evidence of a shift in TME to favor Th1 immune responses rather than

the tumor supportive Th2[218].
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Rationale and Hypothesis:

PDAC relies on metabolic and immunosuppressive changes to grow and thrive in the hypoxic,
low-nutrient, stroma rich TME[16, 219-228]. As shown by our lab and other, in early stages of
PDAC development, fibroblasts interact with neoplastic cells and secrete fatty acids into the
TME][3, 4, 229-232]. The functional role of these released fatty acids is unknown, but we
hypothesized that fatty acid transporters, which are known to be upregulated in PDAC, could be
importing them to assist with neoplastic cell growth in the nutrient-poor PDAC TME. Of the fatty
acid transporters in PDAC, GOT2/FABPpm is consistently upregulated and is a poorly studied
protein in the context of cancer. GOT2 is an enzymatic protein known mostly for its
mitochondrial and metabolic roles, but with additional known and suspected fatty acid binding
activities. While current knowledge of GOT2 has been focused on its metabolic roles, with
increased understanding on the importance of fatty acids as signaling molecules for both
metabolic activity and immune response we were curious as to what additional roles GOT2

provided, especially in a PDAC context, through its fatty acid binding capabilities.

We hypothesize that GOT2 has roles beyond its canonical mitochondrial and plasma membrane
fatty acid transport, and that GOT2 has specific functions related to its fatty acid transport roles
that are separate from its mitochondrial enzymatic roles. Although the only known disease linked
to GOT2 mutations is a treatable malate-aspartate shuttle-related encephalopathy[14], GOT2 is
upregulated in PDAC and other cancers suggesting an importance in either the development or
maintenance of this disease. We will investigate the role of GOT2 in PDAC through the creation

of GOT2-null murine and human cell lines for in vitro and in vivo characterization.
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Chapter 2: Novel nuclear location for GOT2 in PDAC and
arachidonic acid binding and fatty acid transport capabilities may

have a role in PDAC in vivo development.

Portions of this chapter were included in a publication submitted to Nature and is undergoing
revisions as of Jan 251, 2021.

“A cancer cell-intrinsic GOT2-PPARGS axis suppresses antitumor immunity”

Hannah Sanford-Crane, Jaime Abrego, Chet Oon, Xu Xiao, Shanthi Nagarajan, Sohinee
Bhattacharyya, Peter Tontonoz, Mara H. Sherman
bioRxiv 2020.12.25.424393; doi: https://doi.org/10.1101/2020.12.25.424393
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Abstract:
The majority of research into Glutamic-oxaloacetic transaminase 2 (GOT2) has been in its

mitochondrial transaminase function and its impact on the malate-aspartate shuttle and cellular
redox homeostasis[14, 233]. The fatty acid transport function of GOT2 has been less researched,
and has typically been published under the alternative name for GOT2, plasma membrane fatty
acid binding protein or FABPpm. GOT?2 is often referred to as FABPpm due to being described at
a membrane-proximal location in hepatocytes and the fact that GOT2/FABPpm antiserum
disrupts fatty acid trafficking in hepatocytes and cardiomyocytes[234, 235]. Our work, and that of
others, has shown that fatty acid trafficking can be important for solid tumor progression[230,
236, 237]. As GOT?2 is consistently overexpressed in human PDAC[236], while other
transmembrane fatty acid transporters were variably expressed, we decided to investigate if
GOT2 is important for PDAC progression in vivo and to investigate if its mitochondrial role or its
less characterized fatty acid transport role is more important in PDAC progression. Here we show
GOT2 is found at an undescribed location in the nucleus of PDAC cells along with its described
locations at the plasma membrane and within the mitochondria. We also show definitive binding
of GOT2 with arachidonic acid and oleic acid, and demonstrate that GOT?2 status affects nuclear
lipid levels. This provides some interesting new characteristics of a poorly understood gene and

suggests novel roles for GOT2 in the transport of nuclear receptor ligands.
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Personal contribution:

HSC’s contribution to this chapter are as follows:

Figure 1: a. HSC created the CCLE database graph, b. JA created the TCGA database graph, c.
HSC created the GIn metabolism CCLE database graph, d. HSC ran western blot and Ponceau for
normal and PDAC cell lines.

Figure 2: a. CO ran these western blots, b & c. CO ran cell-titer glo assays.
Figure 3: a. HSC ran gPCR, b. HSC took cell images

Figure 4: a. JA stained tissue and HSC imaged z-stacks, b. JA stained & imaged DAB images, c.
JA stained and imaged DAB images, d. HSC and CO ran western blots, e. HSC ran ICC-IF and
imaged, f. HSC performed transient transfection and ICC-IF, g. HSC performed transient
transfection and IP pulldown.

Figure 5: a-c. SN performed in silico modeling of GOT2, d. XX performed competition binding
assays, e. HSC developed and performed NBD-aa assay, f. NYU core performed untargeted
lipidomics, g. HSC performed nuclear bodipy uptake assay, h. HSC developed and performed
PacFA localization assay, i. NYU core performed lipidomic MS analysis, j. HSC performed,
imaged, and analyzed bodipy uptake ICC-IF, k. HSC developed and performed PacFA
localization ICC-IF.

Figure 6: HSC and JA performed in vivo implantation & collection, JA performed IHC-IF and
analyzed Ki67, b. HSC and JA performed in vivo implantations & collection, JA performed IHC-
IF, c. HSC and JA performed in vivo implantations & collection.

688M sgGot2 cell lines and FC1245 shGot2 cell lines were created by JA. FC1245 sgGot2 cell
lines were created by CO. All human shGOT?2 cell lines were created by HSC, except DOX-
inducible lines which were a gift. All lentiviruses for cell transduction were created by HSC from
plasmids made by CO or purchased. Purchased plasmids were grown and purified by HSC and
Co.

Western blots, ICC-IF, IHC-IF, and proliferation assays were done by HSC, JA, and CO. IHC-
dab was performed by JA, as was quantification of dab images. Z-stack imaging of tumors and
analysis was performed by HSC, IHC-IF quantification and analysis was done by HSC and JA.

NBD-aa assay was designed and implemented by HSC. Click chemistry protocol was created and
implemented by HSC. Dual-luciferase assays were done by HSC. PPARS PPRE assay was done
by HSC. Detergent free nuclear fractionation protocol was developed by HSC from an existing
Rockland Antibody protocol.

In silico modeling was done by SN.
GOT2 binding and competition assays were performed by XX.

Figures for this manuscript were put together by HSC.
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Introduction:
Cross talk between PDAC tumor cells and the TME is a research area with increasing importance.

It has been described by our lab, and others, that both PDAC cells and cells of the TME undergo
metabolic reprogramming upon coming into contact with each other[3, 4, 30, 41, 42, 51, 66, 229,
230, 238, 239]. When hepatic stellate cells (HSCs) become activated they transform into
myofibroblasts and undergo a subsequent loss of internal lipid droplets in addition to metabolic
reprogramming for the production of extracellular matrix (ECM)[240]. This caused us to ask the
question of whether release of lipid droplets into the PDAC TME by HSCs could be having an
impact on the metabolic reprogramming of PDAC through fatty acid transporters. Fatty acid
transporters are known to be upregulated in PDAC[236] and Glutamic-Oxaloacetic Transaminase
2 (GOT2) also known as fatty acid binding protein plasma membrane (FABPpm) is one of the
most consistently upregulated in this disease (Fig 4a.). This made us consider whether it would be

a good candidate for further characterization in PDAC.

The majority of research into GOT2 has been in its mitochondrial transaminase function and its
impact on the malate-aspartate shuttle and cellular redox homeostasis[14, 233]. The fatty acid
transport function of GOT2 has been less researched, and has typically been published under the
alternative name for GOT2, FABPpm. GOT2 is often referred to as FABPpm due to being
described at a membrane-proximal location in hepatocytes and the fact that GOT2/FABPpm
antiserum disrupts fatty acid trafficking in hepatocytes and cardiomyocytes[234, 235]. Our work,
and that of others, has shown that fatty acid trafficking can be important for solid tumor
progression[230, 236, 237]. As GOT2 is consistently overexpressed in human PDAC[236], while
other transmembrane fatty acid transporters were variably expressed, we decided to investigate if
GOT2 is important for PDAC progression in vivo and to investigate if the mitochondrial role is

key or its less characterized fatty acid transport role.
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Glutamate oxaloacetate transaminase 1 and 2 are pyridoxal 5’-phosphate (PLP)-dependent
enzymes that are canonically cytosolic (GOT1) or mitochondrial (GOT2) and function to catalyze
reversible interconversion of oxaloacetate and glutamate to aspartate and a-ketoglutarate as key
components of the malate-aspartate shuttle system[14-16]. The malate-aspartate shuttle system is
important for intracellular NAD(H) redox homeostasis where NADH from cytosolic NAD-linked
dehydrogenase reactions is re-oxidized to NAD™ in the mitochondrial membrane[241]. The redox
shuttle system is required to transport NAD* and NADH across the relatively impermeable inner

mitochondrial membrane[142, 242].

Although GOTL1 has been studied more extensively than GOT2, recent studies suggest that GOT2
supports PDAC development by inhibiting cellular senescence, which is a tumor-suppressive
mechanism[16]. Metabolic regulation of cells is linked to proliferation and cell cycle arrest, so it
is believed that GOT2 inhibition of cellular senescence is through metabolic reprogramming in
PDACI[16]. PDAC cells use aspartate derived from glutamine to maintain redox state, rather than
the typical use of glutamine derived from glutamate that most cancer cell types rely on[223, 224].
Knockout (KO) of GOT2 in PDAC cells decreases the amount of glutamine derived aspartate and
oxaloacetate, which — as aspartate and oxaloacetate are essential for maintaining cellular redox-
leads to a decrease in cellular redox homeostasis and increase in reactive oxygen species
(ROS)[16]. GOT2 knockdown in PDAC also decreases the cellular NADPH/NADP* ratio and
increases senescence-associated p-galactosidase (SA-B) both of which can be rescued by
extracellular treatment by oxaloacetate or aspartate[16]. The ability of extracellular treatment of

oxaloacetate or aspartate to rescue ROS increase, NADPH/NADP* ratio, and increased SA-B in
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GOT2 knockdown PDAC cells strongly supports the canonical role of GOT2 in the malate-

aspartate shuttle system.

The oncogenic Kras mutation seen typically in PDAC patients may also push cells towards a

stronger reliance on GOT1 and GOT?2 activity. Typically, cells rely on use mitochondrial

glutamate dehydrogenase (GLUD1) to convert glutamine-derived glutamate to a-ketoglutarate (a-
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Figure 2.1: Summary of GOT1 & GOT2 canonical enzymatic activity.

Cytosolic GOT1 converts aspartate to oxaloacetate, which is further converted to malate and pyruvate [224]. At the membrane GOT2
functions to import long chain fatty acids into the cell, allowing them to be used in down stream metabolic and signaling processes.
\Within the mitochondria, GOT2 functions in the malate shuttle system where it converts oxaloacetate to aspartate [16]. Figure created
using BioRender.com

KG) for TCA, but in PDAC cells seem to rely more heavily on cytosolic GOT1 to convert
glutamine-derived aspartate to oxaloacetate, which is then subsequently converted to malate and
then pyruvate[224]. This alternative pathway may allow PDAC cells to more easily maintain their
cellular redox state and reduce ROS through increasing the NADPH/NADP™ ratio with GOT1
generated pyruvate[224]. Supporting the importance of GOT1 in PDAC, suicide inhibitors of

GOT1 have been identified to which KRAS mutant PDAC cells are selectively sensitive to and
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cause a proliferative decrease[243]. It has also been shown that the creation of GOT1-null PDAC
cells sensitizes them to glucose deprivation and decreases the cellular NADH/NAD* ratio, which
can only be partially rescued with extracellular treatment of oxaloacetate and phosphoenol
pyruvate (downstream metabolic intermediates of GOT1)[244]. Taken together, these studies
suggest that GOT1 has an important role in regulating and coordinating glycolytic and oxidative

phosphorylation pathways of KRAS mutant PDAC cells, particularly in low glucose levels when

GOT2 import of LCFA saves citric acid from
being exported from the mitochondria and
used for fatty acid synthesis. Allowing for
more citric acid use in the KREBS cycle
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Figure 2.2: Summary of GOT2 metabolic roles and their relationship to the Krebs Cycle.
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Both roles of GOT2, fatty acid import and a-KG malate antiport shuttle, provide important factors for continuation of the Krebs
Cycle and improved cellular metabolism & redox state [16,224]. Figure created with BioRender.com

maintaining redox homeostasis is critical. The role of GOT2 in the a-ketoglutarate malate antiport

shuttle could also explain why ROS levels rise when GOT?2 is decreased in PDAC cells. It is clear
that in PDAC GOT1 and GOT?2 appear to function in a balanced manner from within the cytosol

and within the mitochondria to support cellular metabolism and cellular redox state which is key

for rapidly reproducing PDAC cells.



Along with its enzymatic mitochondrial roles, GOT2 is also known as plasma membrane-
associated fatty acid binding protein (FABPpm) due to its functional role in transporting fatty
acids into the cell. While GOT1 is known as fatty acid binding protein 1 (FABP-1) or fatty acid
binding protein liver (FABPL) due to its own fatty acid binding roles described originally in the
liver[245]. The over expression of GOT2 in muscle cells has been shown to increase palmitate
transport and incorporation into phospholipids and palmitate oxidation, without similar increase
in fatty acid translocase (FAT)/CD36 levels[246]. FAT/CD36 was the first mammalian plasma
membrane fatty acid transporter to be discovered and is in the class B scavenger receptor family
where it binds long-chain fatty acids, native and oxidized lipoproteins, thrombospondin-1,
amyloid B, and other ligands[247]. It is believed that FAT/CD36 and GOT2 may work together
to import fatty acids into the cell, as FAT/CD36 and GOT2 co-immunoprecipitate[248]. This
supports the idea that GOT2 has a role in importing long chain fatty acids into the cell where they
can be used for downstream metabolic activities. Further evidence for GOT2 playing a role in
fatty acid metabolism includes the fact that in the heart AMP kinase activation or increased
muscle contraction increases translocation and expression at the plasma membrane of both
FAT/CD36 and GOT2[248]. Despite co-immunoprecipitating, there appears to be evidence that
FAT/CD36 and GOT2 have different roles in fatty acid transport and are activated by different
environmental factors. While insulin exposure has been shown to increase expression of
FAT/CD36, causing FAT/CD36 to permanently relocate to the plasma membrane — contribution
to insulin resistance by increasing influx of fatty acids into muscle cells — GOT2 expression does
not appear to be linked to insulin exposure[248]. Along with their role in metabolic activity and
as an important substrate for energy production, fatty acids can act to modify diverse proteins,
regulating their activity and cellular localization. They are also known to act as signaling
molecules capable of regulating immune responses through toll-like receptors and the synthesis of

eicosanoids, as well as by acting as direct ligands of nuclear receptors[247]. In this work we
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examine and further characterize the role of GOT2 fatty acid transport in the metabolic

reprograming of PDAC.

56



Materials and Methods:
Animals

All experiments were reviewed and overseen by the institutional animal use and care committee
at Oregon Health and Science University in accordance with NIH guidelines for the humane
treatment of animals. C57BL/6J (000664, for models with FC1245[249]) or B6129SF1/J
(101043, for models with 688M[250]) mice from Jackson Laboratory were used for orthotopic
transplant experiments at 8-10 weeks of age. Tissues from 6- or 12-month-old Kras-s-
GL2D+-pdx1-Cre (KC) mice were kindly provided by Dr. Ellen Langer (OHSU).

Human Tissue Samples

Human patient PDAC tissue samples donated to the Oregon Pancreas Tissue Registry program
(OPTR) in accordance with full ethical approval were kindly shared by Dr. Jason Link and Dr.
Rosalie Sears (OHSU).

Plasmids

pLenti wtGOT2 PCR product was generated using sense primer 5°-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCCCTGCTGCACT-3’ and antisense
primer 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTTAGTGATGGT
GGTGATGATGGTGG-3". Triple mutant GOT2 was constructed using Q5 Site-Directed
Mutagenesis Kit (New England E0552S) in two subsequent steps. Two sets of primers were used
to generate three site mutations; primer set 1 for K234A mutation (F:5’-AACAGTGGTG
GCGAAAAGGAATCTC-3’; R:5’- GCTATTTCCTTCCACTGTTC-3") and primer set 2 for
K296A and R303 mutations (F:5’- GTCTGCGCAGATGCGGATGAAGCCAAAGCGGTAGA
GTC-3’; R:5’- CATAGTGAAGG CTCCTACACGC-3’). pLenti tmGOT?2 was then generated
using the same approach and primers as pLenti wtGOT?2.

Cell Lines

Human pancreatic cancer cell lines MIAPaCa-1, PA-TU-8988T, Pancl, HPAF-II, and Capan-2
were obtained from ATCC and grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum. Non-transformed, TERT-immaortalized human pancreatic
ductal epithelial cells were kindly provided by Dr. Rosalie Sears (OHSU)[251]. FC1245 PDAC
cells were generated from a primary tumor in Kras-S-¢120/*: Trp53LSL-RL72H+-Pdy1-Cre mice and
were kindly provided by Dr. David Tuveson (Cold Spring Harbor Laboratory)[249]. 688M PDAC
cells were generated from a liver metastasis in Kras-S--¢12D/*; Trp53LSL-RI72H+ Py ] -
Cre;Rosa26-S-dTomao’+ mijce and were kindly provided by Dr. Monte Winslow (Stanford
University School of Medicine)[250]. Cell lines were routinely tested for Mycoplasma at least
monthly (MycoAlert Detection Kit, Lonza).

The pSpCas9(BB)-2A-Puro(PX459) v2.0 plasmid (Addgene #62988) was used to clone guide
sequences targeting Got2 per supplier’s protocol; sgRNA A: GACGCGGGTCCACGCCGGT,
SgRNA B: ACGCGGGTCCACGCCGGTG. The 688M or FC1245 cell line was transfected with
control plasmid or plasmid containing either of the sgGot2 sequences and subject to selection
with 2 ug/ml puromycin for 4 days. Single-cell clones were expanded and screened for GOT2
protein expression by Western blot.

Lentivirus preparation for stable cell line generation was done with pMD2.G envelope plasmid
(Addgene #12259) and psPAX2 packaging plasmid (Addgene 12260) in 293T-LentiX cells.
Briefly, 5ug pMD2.G, 5ug psPAX2 and 10ug of plasmid DNA (shGOT2 KD, VP16-PPARCdelta,
wtGOT2, tmGOT?2, or scramble Ctrl) were combined with 600ul optimum and 20ul lipofectamine
2000 for 20 mins at room temp. 10cm dishes of 293T-LentiX were kept in 0% FBS DMEM and
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the mixture was added in a dropwise manner. 12hrs later media was changed to 10% FBS
DMEM. At 24hrs after transduction and 48hrs after transduction, media was collected and filtered
through a 0.25um filter, aliquoted, and frozen at -80C. The shGOT2 plasmids were purchased
from addgene. Human shGOT?2 lot #04161910MN TRCN0000034824, TRCN0000034827,
TRCNO0000034826, TRCN0000034825. Mouse shGOT2 lot #04161910MN TRCN00000326018,
TRCNO00000325946, TRCN00000119800, TRCN00000119798, TRCN00000119801.

Lentiviral transduction of human and mouse cell lines: cells were plated to 6-well plates.
10ug/mL polybrene (EMD Millipore TR-1003-G) was added to 1mL 10% FBS DMEM and
300ul of filtered lentivirus media. 24hrs later media was changed to fresh 10% FBS DMEM.
48hrs after initial transduction, cells were treated with 2ug/mL puromycin (Thermo Fisher
A1113803), or 4ug/mL puromycin depending on cell line. A control well of non-transduced cells
was used as an indicator for proper selection.

Western Blots

PDAC cells were treated as described in the text, and whole cell lysates were prepared in RIPA
buffer containing protease inhibitor cocktail (Sigma-Aldrich 11836170001). Alternatively, sub-
cellular fractions were prepared by several different fractionation methods.

Detergent Free Fractionation protocol: Cells are scraped and collected from 10cm dishes. Washed
with PBS (450g x 5mins) and 1/5 of the volume is separated for whole cell lysis in RIPA
(Amresco N653-100mL) + cOmplete EDTA-free Protease inhibitor cocktail (Sigma-Aldrich
11836170001). Remain 4/5 of cell mass is centrifuged (450g x 5mins), PBS is removed and cells
are lysed on ice for 15 mins in Lysis buffer (5x of cell pellet volume). Lysis Buffer: 10mM
HEPES pH 7.9, 1.5mM MgCI2, 10mM KCI with ImM DTT and EDTA-Free cOmplete mini
protease inhibitor cocktail. Centrifuge (450g x 5mins), decant super, add lysis buffer (2x cell
volume) and grind on ice with a plastic homogenizer 10x in 1.5mL Eppendorf tubes. Centrifuge
(10,0009 x 20mins) collect supernatant as cytosolic fraction. Wash with 200ul lysis buffer
(10,0009 x 5mins) decant super and add extraction buffer (2/3x cell pellet volume). Extraction
buffer: 20mM HEPES pH 7.9, 1.5mM MgCl2, 0.42M NaCl, 0.2uM EDTA, 25% glycerol (V/V),
1mM DTT and cOmplete mini EDTA-free protease inhibitor cocktail. Grind nuclei with plastic
homogenizer in 1.5mL Eppendorf tubes 20x. Incubate at 4C with gentle shaking for 10 mins.
Centrifuge (20,000g x 5mins) and transfer supernatant to cold Eppendorf tube, label as Nuclear
portion.

Cell Signaling Tech Cell Fractionation Kit (CST 9038S) was performed following the
manufacturer’s recommendations. Briefly cells were collected with scraping and washed in PBS
(350g x 5mins). Resuspend in 500ul PBS and remove 100ul for whole cell lyses in RIPA buffer +
cOmplete mini EDTA-free protease inhibitor cocktail. Remaining cell pellet was centrifuged
(500g x 5 mins), PBS was decanted and 500ul CIB + 5ul Protease Inhibitor and 2.5ul PMSF was
added. Vortex and store on ice 5 mins. Centrifuge (500g x 5mins) supernatant is cytosolic
fraction. Wash with CIB. Decant supernatant. Add 500ul MIB + 5ul Protease Inhibitor and 2.5ul
PMSF to the cell pellet. Vortex 15 seconds, incubate on ice 5 mins, and centrifuge (8000gx 5
mins). Supernatant is the membrane & organelle fraction. Wash in MIB. Decant supernatant. Add
250ul CyNIB + 2.5ul Protease Inhibitor + 1.25ul PMSF to the cell pellet. Sonicate for 5 sec at
20% power 3x. For western blot add 60ul 3X LDS loading buffer with 10X reducing agent for
every 100ul of supernatant per fraction. Boil for 5 mins at 95C and centrifuge for 3 mins at
15,000¢. Load 15ul of each fraction along with 15ul of whole cell lysate.

Protein concentration was quantitated using the BCA protein assay kit (Pierce). Equal amounts of
protein were loaded in each lane and separated on a 4-12% Bis-Tris NUPAGE® gel (Invitrogen),
then transferred onto a PVDF membrane. Membranes were probed with primary antibodies and
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infrared secondary antibodies: anti-GOT2 (Thermo Fisher PA5-77990), anti-His-tag (R&D
Systems MABO050-100), anti-PPAD (Abcam ab178866), anti- Lamin A/C (Cell Signaling
Technology 4777S), anti-COX 1V (Cell Signaling Technology 11967S), anti-rabbit Alexa Fluor
Plus 680 (Thermo Fisher A32734) and anti-mouse Alexa Flour Plus 800 (Invitrogen A32730).
Protein bands were detected using the Odyssey CLx infrared imaging system (LICOR
Biosciences).

Nuclear Fatty Acid Uptake Assay

MiaPaca2 ctrl and sh27 cells were plated at 5 x 10° in a 6 well plate and allowed to adhere
overnight. Media was changed to 0% FBS DMEM and the cells were incubated for 24hrs. The
media was changed to 0.5% Fatty-Acid Free BSA DMEM with either chloroform (ctrl) or 2.5 uM
NBD-arachidonic acid (Avanti Polar Lipids 810106C). Media was made before being added to
cells, heated to 37°C and vortexed until fatty acid was completely in solution. Cells were
incubated at 37°C for durations indicated in the manuscript and collected and fractionated using
the Detergent Free Method described above (PPARS transcription factor activity assay). Nuclear
lysates were placed in a white-walled 96-well plate and fluorescence was measured at 480 nm
excitation and 540 nm emission. Lysate concentration was measured using a BCA kit. FC1245
cells were plated 5 x 10° per well and treated as described above, but treatment was reduced to 2
uM NBD-arachidonic acid for 15 minutes due to lipid toxicity in this cell line.

Free Fatty Acid Measurements

Samples were subjected to an LCMS analysis to detect and quantify levels of free fatty acids in
sample extracts. A fatty acid extraction was carried out on each sample using 100% methanol as
the homogenization solvent. Whole cell pellets (1 x 10° cells/sample) were lysed with 1000 pL of
methanol and ~100 uL of zircon beads (0.5 mm). Manual disruption with a p1000 pipette tip was
performed to assist initial pellet suspension in extraction buffer. The methanol extracts were
centrifuged (21,000g x 3 min) and transferred to glass LCMS inserts for analysis. The LC column
was a WatersTM BEH-C18 (2.1 x100 mm, 1.7 um) coupled to a Dionex Ultimate 3000TM
system and the column oven temperature was set to 25°C for the gradient elution. The flow rate
was 0.1 mL/min and used the following buffers; A) water with 0.1% formic acid and B)
acetonitrile with 0.1% formic acid. The gradient profile was as follows; 60-99%B from 0-6 min,
hold at 99%B from 6-10 min, 99-60%B from 10-11 min, hold at 60%B from 11-15 min. Injection
volume was set to 1 pl for all analyses (15 min total run time per injection).

MS analyses were carried out by coupling the LC system to a Thermo Q Exactive HFTM mass
spectrometer operating in heated electrospray ionization mode (HESI). Data acquisition was 10
min with a negative mode full MS scan (profile mode) and one microscan, with an AGC target of
3e6 and a maximum IT of 100 ms at 120,000 resolution, with a scan range from 160-400 m/z.
Spray voltage was 3.5kV and capillary temperature was set to 320°C with a sheath gas rate of 35,
aux gas of 10, and max spray current of 100 pA. The acquisition order of samples and standard
curve points was randomized, with blank matrix controls before and after each standard curve
point to assess carry over (none detected). The resulting free fatty acid peaks were quantified by
measuring the relative intensities (peak heights) of the high resolution extracted ion
chromatogram (XIC) for each fatty acid across the samples and external standard curve samples
ranging from 10 pg/mL to 100 ng/mL. All fatty acids were detected as the negative mode [M-H]
ion and retention times of the fatty acids were defined using a cocktail of authentic standards. For
each XIC, the theoretical m/z of each fatty acid (£ 5 ppm) was used to extract the peak height (24
sec retention time window, 12 sec retention time tolerance) as follows: Lauric acid (199.1704
m/z, 2.3 min), Myristic acid (227.2017 m/z, 3.1 min), Palmitoleic acid (253.2173 m/z, 3.4 min),
Palmitic acid (255.2330 m/z, 4.1 min), Oleic acid (281.2486 m/z, 4.4 min), Stearic acid
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(283.2643 m/z, 5.1 min), Arachidic acid (311.2956 m/z, 6.0 min), Nervonic acid (365.3425 m/z,
6.9 min), Lignoceric acid (367.3582 m/z, 7.5 min). The resulting standard curve points (in
duplicate) were fit to a linear regression (GraphPad Prism8), and this equation was used to
interpolate the concentration of fatty acids in the sample extracts, as prepared.

Click Chemistry

Briefly, for the fractionation plate reader results: cells were plated at 1x10° per 10cm plate and
allowed to adhere overnight. They were then treated with 10uM PacFA + 0.5% fatty-acid free
BSA DMEM overnight. They were exposed to 350nm UV for 2 mins then collected with cell
scrapers and fractionated using the NE-PER Kkit.

For IF; cells were plated at 5x10* on 12mm coverslips and allowed to adhere overnight. They
were then treated with 20uM PacFa + 0.5% fatty acid free BSA DMEM overnight. Exposed to
350nm UV for 2 mins then incubated in 10% NBF for 10 minutes, washed in PBS, incubated in
TX-100 for 10 minutes, washed in PBS, incubated in PBS and actin-red for 30 minutes and
mounted with DAPI-free prolong gold mounting media and allowed to dry for 24 hours.
Coverslips were imaged by spinning disk.

Immunofluorescence

Cells plated on coverslips were fixed in 10% neutral buffered formalin for 10 minutes at room
temperature, washed three times with PBS, and permeabilized with .1% Triton X-100 for 10 min
at room temperature. When MitoTracker staining was performed, cells plated on coverslips were
stained with 100 nM MitoTracker (Thermo Fisher M22462) at 37°C for 15 minutes prior to
fixation. Following permeabilization, coverslips were blocked for one hour at room temperature
in blocking solution (Aqua block buffer, Abcam ab166952) and then transferred to a carrier
solution (Aqua block) containing diluted primary antibodies: GOT2 (Sigma-Aldrich
HPAO018139), GOT2 (Thermo Fisher PA5-77990), COX IV (Cell Signaling Technology 11967S),
His (R&D Systems MABO050-100). Coverslips were incubated with the primary antibody at 4°C
overnight and then washed five times for 5 minutes each in PBS following which, secondary
Alexa-flour conjugated antibodies diluted in the same carrier solution (1:400) were added to the
coverslips for one hour at room temperature. After the secondary antibody incubation, coverslips
were washed five times for five minutes each in PBS and mounted with Vectashield mounting
media containing DAPI (Vector Laboratories H-1500). Images were captured on a Zeiss LSM
880 laser-scanning inverted confocal microscope in the OHSU Advanced Light Microscopy
Shared Resource, and a 40x/ 1.1 NA water objective or 63x/1.4 NA oil objective was used to
image the samples.

Proliferation Assays

PDAC cells were seeded into 96-well plates at 2x102 cells per well in DMEM containing 10%
FBS. Cells were treated as indicated in the manuscript text with 200nM GW501516 (Cayman
Chemical 10004272) at the time of cell seed or 5mg/mL doxycycline (Sigma-Aldrich D9891)48
hours prior to cell seeding. GW501516 and doxycycline treatments were both replenished every
48 hours for extended time points. After 72 hours, cells were lysed with CellTiter-Glo®
Luminescent Cell Viability Assay reagent (Promega) and luminescence was read using a GloMax
plate reader.

Orthotopic Implantation In Vivo model

The orthotopic transplant method used here was described previously®. In brief, 8- to 10-week-old
wild-type male C57BL/6J (for FC1245) or B6129SF1/J (for 688M) mice were orthotopically
transplanted as described previously with 5 x 103 FC1245 cells or 8 x 10* 688M cells in 50%
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Matrigel (Corning 356231), 50% DMEM. Mice were euthanized when control animals were
moribund, and tumors were excised, weighed, and immediately fixed in formalin.

Immunohistochemistry of Tumor Tissue

Mice were anesthetized and euthanized according to institutional guidelines. Pancreatic tumors
were excised carefully and fixed overnight in 10% phosphate-buffered formalin. Tissue samples
were paraffin embedded and sectioned by the OHSU Histopathology Shared Resource. Human
PDAC tissue sections from formalin-fixed, paraffin-embedded blocks were obtained from the
OPTR. In brief, tissue sections were de-paraffinized and rehydrated through an ethanol series and
ultimately in PBS. Following antigen retrieval, tissue samples were blocked for 1 hour at room
temperature in blocking solution (8% BSA solution) and then transferred to a carrier solution (8%
BSA solution) containing diluted antibodies: GOT2 (Sigma-Aldrich HPA018139), GOT2
(Thermo Fisher PA5-77990), COX IV (Cell Signaling Technology 11967S), COX2 (Abcam
ab15191). Sections were incubated overnight at 4°C and then washed five times for 5 minutes
each in PBS. For fluorescence imaging, secondary Alexa-flour conjugated antibodies diluted in
the same carrier solution (1:400) were added to the sections for one hour at room temperature.
Sections were then washed five times for five minutes each in PBS and were mounted with
Vectashield mounting media containing DAPI. For DAB chromogen imaging, sections were
stained with primary antibody as described above, then the samples were incubated in polymeric
horseradish peroxidase (HRP) conjugated secondary antibody (Leica PVV6121) for one hour
followed by 5 five-minute 1xXTBST washes. HRP was detected using DAB chromogen (3,3'-
Diaminobenzidine) solution (BioCare Medical BDB2004) prepared per manufacturer
instructions. Tissues were exposed to chromogen solution until a brown precipitate was detected
produced from oxidized DAB where secondary poly-HRP antibody is located. As soon as DAB
chromogen is detected the tissue-slides were washed in diH20O, counterstained in hematoxylin,
dehydrated and cleared for mounting. Stained tissue sections were scanned on a Leica Biosystems
Aviol digital fluorescence scanner or Leica Biosystems Aperio brightfield digital scanner.

Fatty Acid Binding Assay

Reactions were carried out in binding buffer (0.003% digitonin in 1X PBS) containing 1 uM of
purified human GOT2 protein (AA30-430) and 0.5 pci/ml [3H]-arachidonic Acid. After
incubation for 1lhr at 4°C, the mixture was incubated with pre-equilibrated of TALON Metal
Affinity Resin (Takara, 635502) at 4°C for 1 h, then loaded onto a column and washed with
binding buffer, then binding buffer with 0.01% BSA, and binding buffer again. The protein-
bound [3H]-arachidonic was eluted with elution buffer (50 mM sodium phosphate, 300 mM
sodium chloride, 150 mM imidazole; pH 7.4.) and quantified by scintillation counting. For
competition experiments with unlabeled lipids, the assays were carried out in the presence of
ethanol containing the indicated unlabeled sterol (0 —1 mM).

Statistical Analysis

GraphPad Prism software was used for all statistical analysis. Welches unpaired T-tests were used
to compare two treatment groups to each other. One-Way Anova was used to compare multiple
treatment groups for one variable. A P value of < 0.05 was considered significant.
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Results:
Two independent RNA-seq datasets of fatty acid transport mRNA levels in PDAC show that

GOT2/FABPpm is consistently upregulated in PDAC while other fatty acid transporters have
more variable expression (Fig 2.3a, b). In our hands, western blot analysis shows similar
increases in GOT2 protein levels in these cell lines (Fig 2.3d). As GOT2 is consistently

upregulated in PDAC cell lines, in contrast to some of the other fatty acid transporters, it is likely
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upregulation and importance of GOT2
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cells (HPDE).

genes involved in the malate-shuttle metabolic process it is clear that nearly every gene involved
in this process are also upregulated in PDAC (Fig 2.3c). Aberrant GOT2 expression has been
linked to aberrant Jak/STAT and NF-«B signaling in lymphoma, with high GOT2 expression
linked to prognostic outcome in large B-cell lymphoma[252]. Transcriptional regulation of GOT2
appears to occur through cooperative phosphorylation of STAT3 and joint binding of STAT3 and
p65/NF-«B to the proximal promoter of GOT2[252]. Transcriptional regulation of GOT2 in
PDAC could be occurring through similar mechanisms and drives the question of whether GOT2
is being upregulated in PDAC due to its function in mitochondrial metabolism or due to its

function as a fatty acid transporter.
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Looking at GOT2, one would expect that the loss of a mitochondrial protein would lead to

impaired cellular growth, increased ROS, and decreased metabolic activity. To assess the

significance of GOT2 for PDAC progression we used shRNA and CRISPR/Cas9 loss-of function

systems to create human and murine PDAC cell-lines with reduced or missing GOT2. Cas9 and

SgRNAS were
transiently transfected
into murine cell lines,
688M and FC1245,
and cas9 was no
longer expressed by
the time they were
used for in vivo studies
(Fig 2.4a). When
analyzing our created
cell lines, we were
surprised to find that

the loss of GOT2 had
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Figure 2.4 metabolic compensation makes GOT2 unessential for in vitro proliferation.

2. CRISPR KO screens of FC1245 cell lines, b. cell titer glo proliferation assays of various
ShGOT2 and CRISPR sgGot2 lines, c. proliferation assays of DOX-inducible 8988T and shGot2
8988T show long term GOT?2 loss results in compensation.

no apparent effect on in vitro cell proliferation in the vast majority of PDAC cell lines tested (Fig

2.4b). We had expected the loss of GOT2 to have a decreased proliferation effect, so were

initially puzzled by this result, especially as previous publications had shown loss of GOT2 in

PDAC cells to show a proliferative defect in vitro. We gathered proliferation data in hypoxic,

normoxic, low glutamine and low glucose, and low serum conditions and all failed to reduce

proliferation between control and GOT2 KD cells, except for in MiaPaCaz2 cell lines which

showed a very minor decrease (Fig 2.4b). We also attempted to use colony formation assays to

analyze the impact of GOT2 on seeding, but found that variations in morphology between GOT2

control and GOT2 KD cells made interpretation very difficult. In the majority of cell lines
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created, GOT2 KD resulted in a shift from epithelial-like to mesenchymal-like (Fig 2.5b).
Leading to different styles of growth (large clumps vs spread out cells) which made interpretation
of colony formation assays difficult. Because the literature suggested that GOT2 KD should
reduce proliferation in vitro, we hypothesized that the long-term stable KD of GOT2 was
resulting in compensation and affecting our results. In support of this idea, when we investigated
proliferation in GOT2 knockdown DOX-inducible 8988-T cell line we found that 8988-T dox-
inducible GOT2 KD cell lines do show a reduction in proliferation as previously reported in the
literature (Fig 2.3c)[253]. Yet, when we created a matching stable shGOT2 8988T cell line there
was no longer a significant reduction in in vitro proliferation (Fig 2.3c). This suggests that the

extreme metabolic plasticity found in PDAC cells allows for compensation for the loss of GOT2
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when acute GOT2 loss is induced
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Figure 2.5 GOT?2 loss results in morphological change and . ) ) )
potential EMT switch. metabolic genes involved in glutamine

metabolism (Fig 2.2c) it is clear that this

xpression following GOT2 knockdown, b. GOT2 loss results in
morphological changes which can be visualized.

F. gPCR shows increased E-cadherin & decreased N-cadherin mRNA

pathway is greatly upregulated in PDAC.
It is certainly possible that GLUD1, GOT1, and MDH2 upregulation, among others, could be
compensating for a loss of GOT2 in the stable knockdowns and that this compensation takes long

enough to occur that it is not seen in the DOX-inducible model.

When we characterized the DOX-induced KD of GOT?2 in 8988T cells, we saw that E-cadherin
(ECAD) levels rose while N-cadherin (NCAD) levels decreased which matches the observed
change in physical morphology of the cells (Fig 2.5a, b), turning them from a more
mesenchymal-like phenotype to a more epithelial-like phenotype. This has some interesting

implications as epithelial-mesenchymal transition (EMT) has been shown to be inhibited, along
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with metastasis, by PPARYy activation which is thought to act by inhibiting TGF-p and EMT

through antagonizing Smad3 function[254]. Our data also suggests that GOT2 KD may affect cell
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Figure 2.6 GOT2 localizes to the mitochondria, membrane, and nucleus of PDAC cells and in tumor tissue.

a-b. GOT2 localizes to the nucleus, mitochondria, and membrane in 4 different human patient samples, by IHC-IF and IHC-DAB.
There is variation in the amount of nuclear GOT2 from patient to patient and within the same tumor ¢. KC mouse tumors develop
higher levels of GOT?2 at the nucleus as they develop from 6 months, majority PanIN, to 12 months, some PDAC. d. Western blots
show localization of GOT?2 at the nucleus of both human and murine cell lines. e. ICC-IF shows GOT2 at the membrane,
mitochondria, and nucleus of 688M and Capan-2 cells. f. exogenous His-tagged GOT2 localizes mostly to the mitochondria, with a
few visible nuclear puncta. g. IP pulldown on exogenous His-tagged GOT2 purified nuclei shows wtGOT2 at the nucleus of PSN1
cells.

lines differently depending on their starting subtype. Separating PDAC cells by starting metabolic

subtype shows a link between glycolytic subtype and mesenchymal-like phenotype and the
lipogenic subtype and the epithelial-like phenotype [227]. The link between GOT2 status,
metabolic subtype, and EMT is something that needs to be further elucidated in the future and

could be an interesting project for the lab.

One of the things we noticed early on in the project was the GOT2 protein seemed to appear by
western blot, and by IF, in the nucleus along with at its known locations of the outer cell
membrane and the mitochondria. This was observed in murine pre-malignant lesions and PDAC
and in human PDAC in vivo (Fig 2.6¢). The human tumor IHC for GOT2 showed variation of
how much GOT2 was located at the nuclear portion of the cell, but we observed GOT2 in pan-
cytokeratin+ tumor cells at the mitochondrial, membrane-proximal regions, and nuclear regions
of the majority of cells (Fig 2.6a, b). In vitro we were able to observe nuclear GOT2 whether
through endogenous GOT?2 expression or with exogenous, His-tagged GOT2 expression (Fig
2.6d-f). We saw this through western blot, IHC-DAB, IHC-IF, and ICC-IF leading us to speculate
that GOT2 may be playing a novel role in this location (Fig 2.6d-f). We also observed that IP-
pulldown using His beads to target His-tagged wtGOT2 pulled down wtGOT?2 in nuclear extracts
(Fig 2.69), providing further support for the novel location of GOT2. Based on the fact that
GOT2-null cells had no decrease in in vitro proliferation or in vivo proliferation, we hypothesized
that metabolic adaptation mechanisms were in place to maintain redox balance, but a potentially
yet undiscovered non-canonical function of GOT2 fatty acid binding capacity could be playing a
role in nuclear transport of fatty acid which PDAC cells are not capable of adapting to maintain

with the loss of GOT?2.
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Figure 2.7 GOT2 binds directly to fatty acids and affects FFA levels in the nucleus.

-b. in silico modeling predicts several FA binding sites in GOT2, c. in silico modeling
predicts AA will bind at site #2 with a docking score of -7.6 kcal/mol, d. competition binding

ssay shows direct binding of GOT2 with AA and oleic acid, but no direct binding to PGD; e.
NDA-aa assay shows loss of GOT2 reduces nuclear uptake of fluorescent tagged AA, f.
untargeted lipidomics show differences between ctrl and sgGot2 KD nuclei, g. nuclear uptake

f C16 is reduced with GOT2 KD while C12 is unaffected, h. PacFA nuclear uptake is
reduced with GOT2 KD, i. nuclear levels of AA are too low to accurately describe levels in

ontrol and GOT2 KD cells, oleic acid is reduced by not significantly, j. C12 bodipy uptake is
not changed with GOT2 KD, but location may be affected, as seen by ICC-IF, k. PacFA
localization appears to be affected by GOT2 KD, with more building up around the nucleus of
GOT2 KD cells and control cells have a more even dispersal.

Tissue staining of human
PDAC primary tumors
shows high levels of
GOT2 in the
mitochondria and some
puncta in the nucleus (Fig
2.6a, b) though it should
be noted that there is a
great deal of
heterogeneity of GOT2
location between tumors
and within tumor
sections. IHC-DAB and
IHC-IF of KC mouse
tumors, generously
provided by Dr. Ellen
Langer, at 6-month and
12-months of age show
that GOT2 levels increase
as tumors develop (Fig
2.6¢). As tumors develop
a stronger GOT2 nuclear
signal becomes clear,

which is an unexpected

result as GOT?2 is traditionally described as being localized to either the cell membrane or the

mitochondria. With GOT2 playing an important role in both fatty acid transport and
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mitochondrial metabolism, it seemed like a good target to look more into and characterize in
PDAC. Our results showing GOT2 at a potential novel location also added to the interest to

characterize it.

Based on the published crystal structure of human GOT2, we were able to identify 5 putative
fatty acid binding sites (Fig 2.7a, b) based on hydrophobicity and size of the potential binding
pocket[255]. We decided to focus on site 2 as the most-likely fatty acid binding site and
performed in silico docking studies for arachidonic acid, a key ligand for nuclear receptors. We
found a potential interaction between arachidonic acid and hydrophobic site 2 with a docking
score of -7.6 kcal/mol (Fig 2.7c). This score strongly suggests binding could be occurring at site
2, as the known score for arachidonic acid binding to the ligand binding domain of PPARYy is -7.0
kcal/mol, an interaction which is known to be both direct and functionally significant, leading

strong support that GOT2 may bind directly to arachidonic acid.

To investigate this potential interaction, we performed - with our collaborators at UCLA -
competitive fatty acid binding assays with purified GOT2 protein and radiolabeled arachidonic
acid, oleic acid- an acid previously described as binding to GOT2[256], or prostaglandin D2
(PGD,)- a downstream metabolite of arachidonic acid which was not predicted to bind to GOT2
based on computational modeling. In the competitive binding assay, increasing concentrations of
cold arachidonic acid was able to displace radiolabeled ligand, but PGD was unable to displace
the radiolabeled ligand (Fig 2.7d). This matched our hypothesis that GOT2 was capable of
binding arachidonic acid and unable to bind the downstream metabolite PGD,. Our results for
Oleic acid, a fatty acid shown in the literature to be likely to bind to GOT2, was in between the
binding for GOT2 to arachidonic acid and PGD.. To us this suggests that oleic acid may bind at
the same site as arachidonic acid, but at a lower affinity, or at a different site entirely. Either way,
our results were incredibly encouraging and suggest an important role for GOT2 in the import of

ligands for PPAR members of the nuclear receptor superfamily of transcription factors.
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To investigate if GOT2 status was able to cause whole cell and nuclear differences in PDAC
cells, we sent whole cell lysates and nuclear extracts to the NYU metabolomics core for MS
analysis (Fig 2.71). The results showed there were significant differences in fatty acids of the
nuclei’s of 688M control and sgGot2 cells. These results, while untargeted, are extremely
supportive of our hypothesis that GOT2 status affects nuclear fatty acid import and drove us to
further characterize the impact of GOT2 status on nuclear fatty acid import. We also performed
some in-house assays to investigate the effect of GOT2 status on nuclear levels of long chain fatty
acids. We treated cells in vitro with either a C12 or C16-bodipy then fractionated the cells and
measured the amount of fluorescence observed within the nucleus (Fig 2.7g). It was interesting to
note that this preliminary data suggests GOT2 transport for nuclear fatty acids may be highly
regulated and is potentially more specific for C16 than C12-bodipy. We followed this
observations up with some click-chemistry for 9-(3-pent-4-ynyl-3-H-diazirin-3-yl)-nonanoic acid
(PacFA) in 8988-T and Pancl control and shGOT?2 cells (Fig 2.7h, k). This click-chemistry
technique uses photoreactive crosslinker chemistry to allow a fatty acid with an azide tail to be
imported into the cells and then be locked in place following UV activation of the diazirine into a
reactive carbene and subsequent binding to nearby proteins. A fluorescent azido is then
introduced and a chemical reaction is induced to bind the fluorescent-azido to the locked-in-place
PacFA. This causes a shift in nm fluorescence, making washing off excess dye less important
than with other techniques. In our preliminary results, we were able to see that the cytosolic
amounts of PacFA remained fairly unchanged between control and shGOT2 cells, however the
level was lower than that detected in the nuclear extracts (Fig 2.7h). This was an unexpected
result, but based on the functionality of the click-chemistry technique employed, it makes sense.
The majority of PacFA within the cytosol will be near cytosolic structural proteins, such as actin,
and so will be permanently attached to them following UV activation of their diazirine. When we
perform fractionation on these cells, we end up removing the structural elements from both
cytosol and nuclear fractions in our “waste” pellet. With this in mind it is no surprise that we
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would lose the majority of PacFA signal from the cytosolic fraction and is a good reminder of the
importance of understanding the mechanistic bases of protocols. IF imaging of 8988T control and
shGOT2 1 cells treated with PacFA shows interesting results as it appears that shGOT2 cells,
PacFA builds up around the nucleus, while it remains more diffuse in the control cells (Fig 2.7k).
This agrees with some of our other data using the C16-bodipy and IF imaging which suggests that
GOT2 status may affect the localization of fatty acids within the cells, even if total overal fatty

acid import is unchanged (Fig 2.7j).

To try and analyze a potential relationship between GOT2 and arachidonic acid trafficking in
cells, we used mass spectrometry to measure arachidonic acid in whole cells and in nuclei. At the
whole cell level arachidonic acid was unchanged between 688M control and sgGot2 cells, and at
the nuclei it was below the detectable limit (Fig 2.7i). We were able to detected oleic acid, which
though decreased in the 688M sgGot2 a nucleus, was not significantly changed between sgGot2 a
and control (Fig 2.7i). The low amounts of arachidnoic acid and oleic acid within the nuclei made
measurements at the limit of detection, making getting usable data difficult. In the future we
could attempt to spike the cells with arachidnoic acid or oleic acid prior to nuclear fractionation to
increase the amount of usable signal, or we could collect more cells for nuclear fractionation in
the hopes of increasing signal. To overcome this limitation, we designed an assay to measure
nuclear arachidonic acid accumulation using fluorescent-tagged arachidonic acid (NBD-aa). Cells
were treated with NBD-aa containing media, collected and fractionated, and the amount of
fluorescent signal was measure in isolated nuclear extracts. We observed significant reduction in
NBD-aa uptake in the nuclei of GOT2 loss-of-function cell lines, MiaPaCa2 and FC1245 (Fig
2.7e). This information led us to the conclusion that GOT2 is playing a role in the import of
nuclear fatty acids in PDAC and despite seeing no in vitro proliferation difference, we wanted to
see if there would be in vivo tumor growth affects in a GOT2-null system. We hypothesized that

loss of GOT2 could change communication between the tumor and the TME, as nuclear fatty
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acids have been proposed as important signaling molecules for the communication between

tumors and the TME[200, 257, 258].

Mouse cell lines derived from available mouse lines allow for the use of immunocompetent mice
for in vivo tumor growth experiments, rather than xenograph models of human cells into
immunodeficient nude mice. For this project we created CRISPR/Cas9 sgGot2 KD 688M cell
lines, from the 688M cell line developed by the Winslow Lab[259], and shGOT2 KD FC1245

and CRISPR/Cas9 KO FC1245 cell lines for implantation in F1 aguti and Black 6 mice,
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Figure 2.8 Loss of GOT2 results in significant reduction in tumor size in
o- proliferation defects, supporting

2. Orthotopically implanted 688M sgGot2 cells grow much smaller tumors, but
proliferation rates remain unchanged, b. Orthotopically implanted FC1245 shGOT2| the idea of metabolic plasticity of
cells grow smaller tumors, and show selective pressure towards cells that express
GOT2, as GOT2 levels returned by the end of the experiment, c. Orthotopically .

implanted FC1245 sgGot2 tumors are significantly smaller than control. PDAC to adapt to GOT2 loss (Flg

2.4b, c). However, when orthotopically implanted into the pancreata of immune-competent hosts
sgGot2 KD in 688M, shGOT2 KD in FC1245, and sgGot2 KO in FC1245 cell lines showed
significant reduction of tumor growth (Fig 2.8a-c). In vivo proliferation rates were not reduced in
the tumor cells, as shown by IHC-IF staining and analysis of Ki67/PanCK levels remain similar
between ctrl and KD tumors (Fig 2.8a), suggesting this in vivo growth reduction is independent of

proliferation.

71



It is interesting to note that in the FC1245 shGOT2 KD in vivo implantation GOT2 levels began
to return to the tumor (Fig 2.8b), resulting in larger tumors than in the sgGot2 KD CRISPR model
of 688M (Fig 2.8a). To see if GOT2 levels are truly playing the key role to this effect, we created
true CRISPR Got2 KO cells in the FC1245 cell line and implanted them orthotopically in
immunocompetent B6 mice (Fig 2.8¢). The CRISPR Got2 KO FC1245 tumors nearly completely
failed to grow, while the control tumors grew rapidly. This strongly suggests that GOT2 levels
are playing a key role in the tumor size reduction seen in our models and that even a small

amount of GOT2 increases the size of the tumors.
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Discussion:
These results suggest that GOT2 plays a role in transporting fatty acids to the nucleus of PDAC

cells and that this role could be having an effect on tumor growth. We demonstrate a novel
location for GOT2 at the nucleus of PDAC cells and show that metabolic plasticity with long-
term GOT2 removal results in metabolic compensation for the loss of GOT2. We also
demonstrate that GOT2 is capable of binding to arachidonic acid, as well as oleic acid, and that
loss of GOT2 causes a change in nuclear fatty acid composition. While we were unable to show
significant decreases in arachidonic acid and oleic acid in the nuclei of Got2-null cells vs control,
due to levels near the lowest detectable limit, we were able to see decreases in NBD-tagged
arachidonic acid following in vitro treatment. Click-chemistry and bodipy results also suggest a

change in both fatty acid storage and localization following loss of GOT2 in our systems.

Our in vivo results show a significant decrease in the growth of sgGot2 tumors compared to
control in two separate models and that this decrease in growth is not due to a decrease in cell
proliferation. Our observations of the return of GOT2 levels in the ShRNA KD suggests that there
is selective pressure in vivo for the expression of GOT2, supporting the hypothesis that GOT2 is
playing an important role in the development and maintenance of PDAC. The observed change in
fatty acid storage and localization may be linked to our observed in vivo growth defect of Got2-
null PDAC tumors. It has become apparent that fatty acids, and the proteins that transport them,
can be important nuclear signaling molecules for inflammation, tumorigenesis, and

angiogenesis[237, 257, 258, 260-265].

The source of fatty acids could be interesting future research, especially with the link between
obesity and pancreatic cancer risk. There are a few different conclusions one could take with this
link, the main ones being; 1. Obesity increases inflammation and inflammatory signaling leading
to improved physiological conditions for PDAC initiation and development or 2. Increased fatty
acids in blood serum due to obesity and dietary choices affects signaling of fatty acid nuclear
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receptors in cells, leading to conditions conducive to PDAC initiation and development. Although
the most likely hypothesis would be a combination where increased fatty acids in blood serum
and increased inflammatory signaling from obesity create an environment in the pancreas where
supporting cells of the TME are primed to respond in an immune-suppressed way, once activated,
setting up a response to PDAC that is both pro-tumorigenic and growth supportive. Metabolic
reprogramming of both PDAC cells and supporting cells of the TME appears to be important for
the initiation, development, and continued growth of PDAC[16, 188, 219-221, 223, 224, 226,

266-270].

Consequences of metabolic reprogramming could be increasing inflammation of the TME,
changing immune response from immune-supportive to immune-suppressive, and simply
increasing available nutrients and building materials crucial for PDAC development. We have
shown here that the metabolic plasticity of PDAC cells allows for the recovery of AST activity
and growth in vitro in GOT2-null cells, but that in vivo growth of these same cells is severely
affected. We initially hypothesized that the difference between cells growing in vitro without
defect but not growing in vivo was due to an inability to mimic the nutrient poor, hypoxic
conditions of in vivo tumors. However, we were unable to reproduce a growth defect with our
GOT2-null cells in hypoxic or nutrient poor conditions. This suggests the possibility that
communication between cells of the TME and PDAC cells, reliant on GOT2 status, is the cause
for the growth defect seen in our GOT2-null tumors. Literature suggests that fatty acid signaling
can change inflammatory response to tumors and metabolic activity[16, 179, 188, 220, 223, 224,
226, 228, 269-272]. As we do not see a proliferation defect in vivo nor in vitro, and we have
shown mitochondrial AST activity of GOT2 is not permanently reduced upon GOT2 loss, it
makes sense to suspect that the decrease seen in vivo with GOT2-loss could be due to changes in
fatty acid signaling from PDAC cells affecting response of the TME, and that this response of the

TME is less conducive to PDAC development without GOT2 available for fatty acid transport to
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the nucleus. Our results suggest the importance of further characterization of GOT2 in this novel
nuclear location and the potential for interesting new insight into the function of fatty acid

transporters in this deadly disease.
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Chapter 3: The tumor cell intrinsic GOT2-PPARGS axis helps create
the immune-suppressive TME of PDAC.

Portions of this chapter were included in a publication submitted to Nature and undergoing
revisions as of Jan 251, 2021.

“A cancer cell-intrinsic GOT2-PPARS axis suppresses antitumor immunity”

Hannah Sanford-Crane, Jaime Abrego, Chet Oon, Xu Xiao, Shanthi Nagarajan, Sohinee
Bhattacharyya, Peter Tontonoz, Mara H. Sherman
bioRxiv 2020.12.25.424393; doi: https://doi.org/10.1101/2020.12.25.424393
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Abstract:
While the incidence of PDAC has increased, the mortality rate has remained fairly constant due to

conventional therapies being ineffective in this disease[8, 9], immune-modulatory therapies hold
promise to meaningfully improve outcomes for PDAC patients. However, development of such
therapies will require an improved understanding of the immune evasion mechanisms that
characterize the PDAC microenvironment, including frequent exclusion of antineoplastic T cells
and abundance of immune-suppressive myeloid cells[10-13]. Here we show that cancer cell-
intrinsic glutamic-oxaloacetic transaminase 2 (GOT2) shapes the immune microenvironment to
suppress antitumor immunity. We identified a novel location for GOT2 at the nucleus, along with
its canonical locations at the mitochondria and plasma membrane. Mechanistically, we find that
GOT2 functions beyond its established role in the malate-aspartate shuttle[14-16] and promotes
the transcriptional activity of nuclear receptor peroxisome proliferator-activated receptor delta
(PPARDY), facilitated by direct fatty acid binding. This GOT2-PPARGS axis results in a tumor
supportive, immune-suppressive Tumor Microenvironment (TME). While GOT2 in PDAC cells
is dispensable for cancer cell proliferation in vivo, GOT2 loss results in T cell-dependent
suppression of tumor growth, and genetic or pharmacologic activation of PPARS restores PDAC
progression in the GOT2-null context. This cancer cell-intrinsic GOT2-PPARS axis promotes
spatial restriction of both CD4* and CD8* T cells from the tumor microenvironment, and fosters
the immune-suppressive phenotype of tumor-infiltrating myeloid cells. Our results demonstrate a
non-canonical function for an established mitochondrial enzyme in transcriptional regulation of

immune evasion, which may be exploitable to promote a productive antitumor immune response.
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Personal contribution:

HSC’s contribution to this chapter are as follows:

Figure 3.1 Metascape analysis was done by JA. Immunofluorescence and analysis were
performed by HSC and JA. Staining and quantification of Argl and F4/80 co-localization was
done by HSC. T cell quantification was done by JA. IHC-dab was performed by JA.

Figure 3.2 in vivo implantations and collections were done by HSC and JA. Staining and
quantification of CD68/Arg1l was done by HSC.

Figure 3.3 in vivo implantations and collections were done by HSC and JA. Flow cytometry was
designed by HSC and implemented by the OHSU flow cytometry core. Analysis was done by the
core and HSC.

Figure 3.4 ChIP-qPCR, dual-luciferase assay, and PPARS activity assay were performed by HSC.
VP16-PPARS plasmids were made by CO and stable cell lines were created by HSC. Western
blots were run by CO and HSC. gPCR with GW501516 was run by HSC, JA, and CO. COX-2
ICC-IF was stained and imaged by HSC.

Figure 3.5 cell titer glo assays were run by CO. gPCR was run by HSC. In vivo implantations and
collections were done by HSC and JA.
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Introduction:
One of the key pathophysiological features of PDAC is an early infiltration of many

immunosuppressive leukocytes into the tumor stroma, matched by low levels of intratumoral
effector T cells[12]. Patient samples reveal similar results with the vast majority showing limited
tumor-reactive T cell response and highly variable T cell infiltration in IHC imaging[13]. Tumors
that showed increased CD8+ T cells, also showed increased markers for M2 macrophages,
suggesting an immunosuppressive phenotype, suggesting that the majority of the CD8+ T cells
were unlikely to be active[13]. Some of this immune suppression is believed to be driven by ras
oncogenic function, leading to immunosuppressive tumors throughout development[12]. This
potentially has some therapeutic benefit, as PDAC tumors would remain sensitive to T cell
activity, if T cells were able to infiltrate into them. It has been shown that tumor cell-intrinsic
factors are the main underlying cause of heterogeneity in immune cell infiltration and
immunotherapy response across cancer types[11]. One of the strongest links was with the tumor

cell-intrinsic production of CXCLL1.

When tumor cells produce CXCL1 it was linked to a non-T-cell inflamed TME and blocking
CXCL1 production leading to increased T cell infiltration and sensitivity to combinational
immunotherapy treatment[11]. Taken together, this data suggests that the development of
therapeutics which would reduce immunosuppressive mechanisms of PDAC and allow T cells
into the tumor would be highly effective. In Vivo studies looking at spontaneous tumors in
genetically engineered mouse models of PDAC have shown similar results, with host immune
cells infiltrating the tumors at early stages of tumorigenesis and working in an immune
suppressive way[273]. The early infiltration of these immunosuppressive cells effectively
undermines lymphocytes that are recruited to the tumor and would otherwise have antitumor
function, leading to highly aggressive tumors which, although inflammatory, lack functional
immune response[273]. A full understanding of the immune evasion mechanisms that

characterize the PDAC microenvironment, including frequent exclusion of antineoplastic T cells
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and abundance of immune-suppressive myeloid cells[10-13] is part of the main hinderance
holding back the development of immune-modulatory therapies that could meaningfully improve

outcomes for PDAC patients.

Recent insight into a FABP5-PPARG axis suggests that fatty acid transporters could play a role in
the development of the immune-suppressive TME of PDAC[264, 265]. We previously showed
that GOT2 is capable of directly binding to arachidonic acid, a key ligand for several nuclear
receptors, and that loss of GOT2 changes nuclear uptake of fatty acids. This suggests the potential
for a GOT2-nuclear receptor axis playing a role in the immune-suppressive TME of PDAC,

especially since GOT2 is so highly upregulated in this cancer.
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Materials and methods:
Animals

All experiments were reviewed and overseen by the institutional animal use and care committee
at Oregon Health and Science University in accordance with NIH guidelines for the humane
treatment of animals. C57BL/6J (000664, for models with FC1245[249]) or B6129SF1/J
(101043, for models with 688M[250]) mice from Jackson Laboratory were used for orthotopic
transplant experiments at 8-10 weeks of age. Tissues from 6- or 12-month-old Kras-s-
GL2D+-pdx1-Cre (KC) mice were kindly provided by Dr. Ellen Langer (OHSU).

Human Tissue Samples

Human patient PDAC tissue samples donated to the Oregon Pancreas Tissue Registry program
(OPTR) in accordance with full ethical approval were kindly shared by Dr. Jason Link and Dr.
Rosalie Sears (OHSU).

Plasmids

The pCMX-VP16-PPARD plasmid was kindly provided by Dr. Vihang Narkar (University of
Texas Health Science Center at Houston)[274]. To construct pLenti VP16 PPARD, the VP16-
PPARD element was amplified by PCR using sense primer 5’-GGGGACAAGTTTGTACA
AAAAAGCAGGCTTAATGGCCCCCCCGAC-3’ and antisense primer 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAGTACATGTCCTTGTAGATTTCCTGG
AGCAGG-3’. PCR product was inserted into pDONR 221 entry clone using Gateway BP
Clonase Il enzyme (Thermo Fisher 12535029). Entry clone VP16 PPARD element was swapped
into expression region of pLenti CMV Puro DEST (Addgene #17452) using LR Clonase Il
enzyme (Thermo Fisher 11-791-020) to generate pLenti VP16 PPARD construct. The pPCMV3
plasmid containing C-terminal His-tagged human GOT2 cDNA was purchased from Sino
Biological (HG14463-CH) and cloned into the lentiviral vector pLenti CMV Puro DEST
(Addgene #17452) using the same approach as pLenti-VP16 PPARD. pLenti wtGOT2 PCR
product was generated using sense primer 5°-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCCCTGCTGCACT-3’ and antisense
primer 5’>-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTTAGTGATGGT
GGTGATGATGGTGG-3’. Triple mutant GOT2 was constructed using Q5 Site-Directed
Mutagenesis Kit (New England E0552S) in two subsequent steps. Two sets of primers were used
to generate three site mutations; primer set 1 for K234A mutation (F:5’-AACAGTGGTG
GCGAAAAGGAATCTC-3’; R:5’- GCTATTTCCTTCCACTGTTC-3’) and primer set 2 for
K296A and R303 mutations (F:5’- GTCTGCGCAGATGCGGATGAAGCCAAAGCGGTAGA
GTC-3’; R:5’- CATAGTGAAGG CTCCTACACGC-3"). pLenti tmGOT2 was then generated
using the same approach and primers as pLenti wtGOT2.

Cell Lines

Human pancreatic cancer cell lines MIAPaCa-1, PA-TU-8988T, Pancl, HPAF-II, and Capan-2
were obtained from ATCC and grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum. Non-transformed, TERT-immortalized human pancreatic
ductal epithelial cells were kindly provided by Dr. Rosalie Sears (OHSU)[251]. FC1245 PDAC
cells were generated from a primary tumor in Kras-S--¢120/+: Trp53LSL-Ri72H:Pdx1-Cre mice and
were kindly provided by Dr. David Tuveson (Cold Spring Harbor Laboratory)[249]. 688M PDAC
cells were generated from a liver metastasis in Kras-S--G120/*+: Trp53LSL-RI72H+ - Py ] -
Cre;Rosa26-S-1dTomato+ mijce and were kindly provided by Dr. Monte Winslow (Stanford
University School of Medicine)[250]. Cell lines were routinely tested for Mycoplasma at least
monthly (MycoAlert Detection Kit, Lonza).
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The pSpCas9(BB)-2A-Puro(PX459) v2.0 plasmid (Addgene #62988) was used to clone guide
sequences targeting Got2 per supplier’s protocol; sgRNA A: GACGCGGGTCCACGCCGGT,
SgRNA B: ACGCGGGTCCACGCCGGTG. The 688M or FC1245 cell line was transfected with
control plasmid or plasmid containing either of the sgGot2 sequences and subject to selection
with 2 ug/ml puromycin for 4 days. Single-cell clones were expanded and screened for GOT2
protein expression by Western blot.

Lentivirus preparation for stable cell line generation was done with pMD2.G envelope plasmid
(Addgene #12259) and psPAX2 packaging plasmid (Addgene 12260) in 293T-LentiX cells.
Briefly, 5ug pMD2.G, 5ug psPAX2 and 10ug of plasmid DNA (shGOT2 KD, VP16-PPARCdelta,
wtGOT2, tmGOT2, or scramble Ctrl) were combined with 600ul optimum and 20ul lipofectamine
2000 for 20 mins at room temp. 10cm dishes of 293T-LentiX were kept in 0% FBS DMEM and
the mixture was added in a dropwise manner. 12hrs later media was changed to 10% FBS
DMEM. At 24hrs after transduction and 48hrs after transduction, media was collected and filtered
through a 0.25um filter, aliquoted, and frozen at -80C. The shGOT2 plasmids were purchased
from addgene. Human shGOT?2 lot #04161910MN TRCNO0000034824, TRCN0000034827,
TRCNO0000034826, TRCN0000034825. Mouse shGOT2 lot #04161910MN TRCN00000326018,
TRCNO00000325946, TRCN00000119800, TRCN00000119798, TRCN00000119801.

Lentiviral transduction of human and mouse cell lines: cells were plated to 6-well plates.
10ug/mL polybrene (EMD Millipore TR-1003-G) was added to 1mL 10% FBS DMEM and
300ul of filtered lentivirus media. 24hrs later media was changed to fresh 10% FBS DMEM.
48hrs after initial transduction, cells were treated with 2ug/mL puromycin (Thermo Fisher
A1113803), or 4ug/mL puromycin depending on cell line. A control well of non-transduced cells
was used as an indicator for proper selection.

RNA Extract and Real-Time gPCR

The isolated total RNA (1 pg) was reverse-transcribed to produce cDNA using iScript Reverse
Transcription Supermix kit (Bio-Rad). Real-time PCR was performed using SYBR Green
supermix (Bio-Rad). The cDNA sequences for specific gene targets were obtained from the
human genome assembly (http://genome.ucsc.edu) and gene specific primer pairs were designed
using the Primer3 program (http://frodo.wi.mit.edu/primer3/primer3_code.html). Relative gene
expression was normalized using the 36B4 housekeeping gene. The following primer sequences
were used: human and mouse 36B4 (RPLPO0): F:5’-GTGCTGATGGGCAAGAAC-3’; R:5’-
AGGTCCTCCTTGGTGAAC-3’; human PTGS2: F: 5’-CTGGCGCTCAGCCATACAG-3’;
R:5’CGCACTTATACTGGTCAAATCCC-3’; human PDK4: F:5’-
AGAAAAGCCCAGATGACCAGA-3’; R:5’TGGTTCATCAGCATCCGAGT-3’; human
CPT1A: F:5’-CTGTGGCCTTTCAGTTCACG-3’; R:5’-CCACCACGATAAGCCAACTG-3’;
human TGFB1: F:5’-GGCCTTTCCTGCTTCTCAT-3’; R:5’-CAGAAGTTGGCATGGTAGCC-
3’; human CXCL1: F:5’-AGGGAATTCACCCCAAGAAC-3’; R:5’-
ACTATGGGGGATGCAGGATT-3’; human CXCL9: F:5’-ATTGGAGTGCAAGGAACCCC-3’;
R:5-ATTTTCTCGCAGGAAGGGCT-3’; human CXCL10: F:5’-
GTGGCATTCAAGGAGTACCTC-3’; R:5-TGATGGCCTTCGATTCTGGATT-3’; mouse
Ptgs2: F:5’-TGAGTGGGGTGATGAGCAAC-3’; R:5’-TTCAGAGGCAATGCGGTTCT-3’;
mouse Pdk4: F:5’-TGAACACTCCTTCGGTGCAG-3’; R:5’-GTCCACTGTGCAGGTGTCTT-
3’; mouse Ppargcla: F:5’-GCTTGACTGGCGTCATTCGG-3’; R:5’-
TGTTCGCAGGCTCATTGTTG-3’; mouse Tgfbl: F:5’-CACTCCCGTGGCTTCTAGTG-3’;
R:5’-GTTGTACAAAGCGAGCACCG-3’; mouse Cxcll: F:5’-
TGGCTGGGATTCACCTCAAG-3’; R:5