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ABSTRACT

Pancreatic cancer is one of the most common causes of cancer death in the United States.
Unlike o-3 fatty acids, which have been commonly used as complementary therapy to treat
pancreatic cancer, ®-6s (more abundant fatty acids in the human diet) have received much less
attention in cancer treatment due to generation of deleterious metabolites from cyclooxygenase
(COX)-catalyzed peroxidation of arachidonic acid, a downstream ®-6. However, dihomo-y-
linolenic acid (DGLA), the immediate precursor of arachidonic acid, has been recently reported
to be associated with some anti-cancer effects on various types of cancer cells. Recent studies
from Dr. Qian’s lab have shown that the exclusive free radical byproduct 8-hydroxyoctanoic acid
(8-HOA) formed from DGLA peroxidation catalyzed by COX-2 may actually account for
DGLA’s anti-cancer activities. However, the generation of 8-HOA can be readily limited by the
conversion from DGLA to arachidonic acid mediated by delta-5 desaturase (D5D).

Here, we hypothesized that the high COX-2 expression in cancer cells and tumors can be
exploited to promote formation of 8-HOA from COX-catalyzed DGLA peroxidation, and
knockdown of D5D can reserve more DGLA to form 8-HOA which thus inhibits pancreatic
cancer cell growth and migration. Clonogenic assay, apoptosis assay, transwell assay,
immunofluorescence, and western blot were used to assess cancer cell and tumor viability,
apoptosis, migration, invasion, and the associated molecular mechanisms. Our study showed that
8-HOA can inhibit pancreatic cancer cell growth and migration by acting as a histone
deacetylase inhibitor to alter the expression of proteins involved in cancer growth and metastasis.
We observed that knockdown of D5D (via sSiRNA/shRNA transfection) can promote formation
of 8-HOA from COX-catalyzed DGLA peroxidation to a threshold level, leading to inhibition of

pancreatic cancer cell growth and migration as well as subcutaneous tumor xenografts.



Knockdown of D5D and DGLA treatment improved the efficacy of many chemotherapy drugs.
We demonstrated that we could take advantage of the commonly overexpressed COX-2 level in
cancers to control pancreatic cancer cell and tumor growth and metastasis. With this shifting
paradigm of COX-2 biology in cancer treatment, the research outcome may provide us a ®-6s-

based diet care strategy to supplement current chemotherapy.
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1. INTRODUCTION
1.1. Polyunsaturated fatty acids -3 and ®-6

Polyunsaturated fatty acids (PUFAS), fatty acids that contain more than one C=C double
bonds in their backbone, are important cellular components and are indispensable to maintain
cellular functions [1-6]. We mainly take in PUFAs from our daily diet as the human body cannot
synthesize PUFAs de novo due to mammals lacking the enzyme to convert C-C single bond to
C=C double bond beyond carbons 9 and 10 from the carboxyl end in fatty acids [7-9].

There are two important classes of PUFAS, namely ®-3s and m-6s. The ®-3 fatty acids
are normally found in fish and marine food chain elements, such as plankton and algae, and the
primary source of -3 fatty acids in the human diet is fish oil [10-11]. ®-3s, including a-linolenic
acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), etc., are PUFAS
with a double bond at the third carbon atom from the end of the carbon chain (Scheme 1). Upon
consumption into the human body, ALA, the precursor of ®-3s, can be metabolized via elongase,
delta-6-desaturase (D6D) and delta-5-desaturase (D5D) to produce various downstream PUFAS,
including EPA and DHA which are enriched in fish oil [12-15].

The ®-3s can lead to many beneficial effects in human health, including decreasing
depression and stress, preventing cardiovascular disease, ameliorating the symptoms of chronic
inflammation and improving cognitive ability [16-21]. »-3 fatty acids have also been used as an
adjuvant therapy for treatment of many cancers, including pancreatic cancer [22-25]. DHA and
EPA showed some growth inhibitory effects on several pancreatic cancer cell lines [26-32], and
were also able to sensitize pancreatic cancer cells to a variety of chemo-drugs, including front-
line chemotherapy drug, gemcitabine [33-35]. In vivo studies demonstrated that ®-3 fatty acids

can significantly suppress tumor progression in pancreatic cancer mice model [36-37].
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Scheme 1. ®-3 and ®-6 PUFASs in the human body.

Once consumed into the human body, ALA (upstream ®-3) and LA (upstream ®-6) will be
converted to their corresponding downstream fatty acids under the catalysis of a series of
enzymes, including D6D, elongase, and D5D.



-6 fatty acids, including linoleic acid (LA, main ®-6 fatty acid in the human diet),
gamma-linolenic acid (GLA), dihomo-gamma-linolenic acid (DGLA) and arachidonic acid
(AA), are PUFAs with a double bond at the sixth carbon from the end of the carbon chain
(Scheme 1). Upon being taken into the human body, LA, the precursor of ®-6s, will be converted
to GLA by D6D which changes a C-C single bond to C=C double bond. GLA will then be
converted into DGLA by elongase which adds two additional carbon atoms. DGLA is further
metabolized to AA by D5D which converts another C-C single bond to C=C double bond.

The -6 fatty acids are normally found in vegetable oils, including sunflower, safflower,
corn and soybean oil as well as cereals [38-39], which makes them much more abundant in our
daily diet compared to ®-3. The typical western diet is considered to be a high fat, high energy
diet but with low fiber intake. As a consequence of the increased intake of LA-enriched
vegetable oils in the western diet, the ratio of -6 fatty acids vs. ®-3 fatty acids in traditional
western diets is between ~ 10:1 and 30:1 [40]. However, a variety of studies have suggested that
the recommended ratio of w-6s vs. w-3s for keeping human healthy should be ~1:1 and 4:1 [41-
43]. Over the last few decades, studies have shown that the increased ratio of ®-6s vs. ®-3s can
lead to an overall increase in the incidence of diseases involving inflammatory processes such as
cardiovascular disease, obesity, inflammatory bowel disease, rheumatoid arthritis, and cancer
[44-49]. The health implications of high dietary w-6 fatty acids are majorly derived from their
bioactive metabolites.

After being directly consumed from food or released from membrane phospholipids, -6
fatty acids can undergo enzymatic or non-enzymatic lipid peroxidation to produce various
important lipid-derived signaling molecules with diverse bioactivities [50-53]. For example, AA

can go through non-enzymatic lipid peroxidation to form isoprostanes (e.g. 5-F2-isoprostane,



Scheme 2) [55-57]. AA can also go through enzymatic lipid peroxidation to form prostaglandins
(e.g. prostaglandin G2) by cyclooxygenase (COX), hydroperoxyeicosatetraenoic acids (e.g. 5-
hydroperoxyeicosatetraenoic acid, 5-HPETE) by lipoxygenase (LOX), and
hydroxyeicosatetraenoic acids (e.g. 20- hydroxyeicosatetraenoic acid, 20-HETE) by cytochrome

P450 (CYP450, Scheme 2) [54].

Arachidonic Acid

Free radicals

and ROS COXs 5-LOX CYP450

OOH

pooo IOCCTT OO ol
HO OOH
5-F,-isoprostane Prostaglandin G2 5-HPETE 20-HETE

Scheme 2. Examples of metabolites formed from non-enzymatic or enzymatic lipid
peroxidation of AA.

AA can go through non-enzymatic lipid peroxidation to form isoprostanes (e.g. 5-F2-isoprostane)
as well as enzymatic lipid peroxidation to form prostaglandins (e.g. prostaglandin G2) by COX,
hydroperoxyeicosatetraenoic acids (e.g. 5-HPETE) by LOX, and hydroxyeicosatetraenoic acids
(e.g. 20-HETE) by CYP450.

DGLA and AA, the two ®-6 fatty acids we focused in our study, can both be metabolized
by a bi-functional enzyme, COX, to form 1-series and 2-series prostaglandins. The
cyclooxygenase activity of COX incorporates two oxygen molecules into DGLA and AA to
generate prostaglandin G1 (PGG1) and prostaglandin G2 (PGG2), while the peroxidase activity
of COX, which generally coupled with a reducing agent, reduces PGG1 and PGG2 to form
prostaglandin H1 (PGH1) and prostaglandin H2 (PGH2), respectively. PGH1 and PGH2 can be
further converted to a second series of prostaglandins e.g. prostaglandin E1 (PGE1) and

prostaglandin E2 (PGE2, Scheme 3).
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1.2. COX-catalyzed fatty acid peroxidation and pancreatic cancer

COX, also named prostaglandin endoperoxide synthase, is a lipid peroxidizing enzyme
that catalyzes prostaglandin biosynthesis. COX is a bi-functional enzyme containing a
cyclooxygenase site and a peroxidase site; thus, it converts fatty acids to prostaglandins in two
reactions, e.g. its cyclooxygenase activity incorporates two oxygen molecules into fatty acids,
and its peroxidase activity reduces the relative metabolites to corresponding alcohol [58]. There
are two isoforms of COX: COX-1 and COX-2. COX-1 has been generally considered the
constitutive form, expressed in most tissues under basal conditions, while the inducible form
COX-2 is undetectable in most normal tissues, but can be readily induced by cellular stresses,
growth factors, cancer promoters, and pro-inflammatory signals in diseases such as inflammation
and cancer [59-62].

High COX-2 expression has been commonly found in a variety of cancers, including
colon, breast, and pancreas. Over 70% of pancreatic cancer patients have been reported to
possess overexpressed COX-2 [63]. COX-2-catalyzed peroxidation of AA has been shown to
play an important role in pancreatic cancer development and progress [64-70]. Studies have
shown that there is an increase in levels of PGE2 as well as PGE2 receptors in pancreatic cancer
cells [64-66]. Elevated levels of PGE2 can facilitate pancreatic cancer invasiveness by
upregulating the expressions of MMP-2 and MMP-9, thus promoting cancer cell migration and
invasion [67-68]. PGE2 has also been shown to induce angiogenesis in pancreatic cancer early
stages by increasing levels of vascular endothelial growth factor and basic fibroblast growth
factor inducing endothelial cells’ growth, migration and survival [69-70]. Besides cancer cells,
PGEZ2 also enhances the proliferative activity of pancreatic stellate cells, which contributes to

pancreatic cancer desmoplasia, an important factor in regulating pancreatic carcinogenesis [71-



72]. In addition, PGE2, acting as a proinflammatory factor, plays an important role in chronic
inflammation, which can initiate cancer [73-75]. For example, increased levels of PGE2 were
found in patients with chronic pancreatitis, which could progress to pancreatic cancer [76-77].
As COX-2 catalyzed AA peroxidation is closely associated with pancreatic
carcinogenesis, COX-2 has been studied extensively as a drug target in pancreatic cancer
treatments. A variety of COX-2 inhibitors such as celecoxib, apricoxib, rofecoxib, etc., aiming to
limit PGE2 formation from COX-2-catalyzed AA peroxidation, have been tested as a
complementary strategy to enhance the efficacy of front-line chemotherapeutic drugs for
pancreatic cancer treatment [78-86]. However, over the past decades, COX-2 inhibitors have
never achieved the desirable anti-cancer effects in clinical trials. COX-2 inhibitors not only
failed to increase the survival indices of cancer patients, but also suffer from some safety issues
in patients, e.g., increased risks of cardiovascular disease and gastrointestinal tract injury [87-
90]. Alternative strategies for exploiting commonly high COX-2 levels in cancer to improve
chemotherapy efficacy were not yet considered and developed.
1.3. Anti-cancer activities of exclusive free radical byproducts formed from COX-2
catalyzed DGLA peroxidation
1.3.1. DGLA, an exceptional ®-6 that may be associated with anti-cancer activities
Although ®-6s have not received much attention in cancer research due to deleterious
metabolites generated from AA, DGLA, the immediate precursor of AA, may represent an
exceptional ®-6 due to some reported anti-inflammation effects. For example, treatment with
DGLA as well as its upstream GLA (presumably metabolized to DGLA) can prevent
atherosclerosis and treat atopic dermatitis [91]. Dietary supplementation of DGLA prevented

atherosclerosis in ApoE-deficient mice which develop extensive atherosclerotic lesions, but



naproxen, a COX inhibitor, reduced the anti-atherosclerotic effect from DGLA [92]. Oral
supplementation of DGLA also can prevent development of atopic dermatitis by storing the
serum level of DGLA in NC/Nga mice (spontaneously develop human atopic dermatitis like skin
lesions). However, discontinuation of DGLA can lead to recurrence of atopic dermatitis [93-94].
In addition, it has been demonstrated that an increase in the level of DGLA generated from GLA
can ameliorate of atopic eczema in rats, showing that the dietary effect of DGLA is more
dominant than GLA on treating skin inflammation [95].

Research studies have shown that DGLA potentially owns some anti-cancer effects. In
rats with 7,12-dimethylbenz(a)) anthracene-induced mammary tumors, the percentage of rats
bearing tumors was much lower after 12 weeks of DGLA administration (by oral intubation, 0.15
g, twice a week) compared to groups treated with GLA and corn oil (which contains mainly LA)
[96]. When mouse myeloma cells and human cervical carcinoma cells (HeLa) were treated with
-6 fatty acids, including LA, GLA, DGLA and AA, both GLA and DGLA inhibited cell
proliferation in a dose-dependent manner in two cancer cell lines [97-98]. These evidence
suggested that DGLA is associated with anti-cancer activities, however, the molecular
mechanism was not elucidated.

1.3.2. Free radical byproducts generated from COX-catalyzed peroxidation

COX-catalyzed fatty acid peroxidation is a well-known free radical chain reaction during
which a variety of free radical intermediates are produced [99]. In the process of lipid
peroxidation, weakest carbon-hydrogen bonds, at the bis-allylic methylene position of PUFAs,
are typically vulnerable to oxidation as they have a much lower dissociation energy than that of a
typical alkyl C-H bond, which leads to formation of a lipid radical [100-101]. The lipid radical

then reacts with oxygen to form a peroxyl radical, which can further attack another lipid



molecule. Peroxyl radical can also be converted to other types of free radicals via Fe?* mediated
Fenton-type reactions, 3-scission and f3’-scission (Scheme 4) [102].

As the most reactive byproducts in fatty acid peroxidation, these free radical
intermediates formed from COX-catalyzed lipid peroxidation were unable to characterize for a
long period of time due to their extremely short half-life. Recently, Dr. Qian’s lab has developed
a high-performance liquid chromatography (HPLC)/electron spin resonance (ESR)/mass
spectrometry (MS) in combination with spin trapping technique (a- [4-pyridyl 1-oxide]-N-tert-
butyl nitrone, POBN as the trapping agent) to characterize the individual PUFA-derived free
radicals. In this system, spin-trapped free radicals can be separated based on their distinct
chromatographic behavior by the HPLC column, monitored by ESR, and detected by MS for
structure identification. HPLC/ESR/MS and spin trapping technique were used to successfully
identify and characterize both same and unique free radicals generated from COX-catalyzed
DGLA and AA peroxidation [103-105].

Previous studies from our lab have shown that DGLA and AA can go through different
pathways during COX-catalyzed lipid peroxidation [103-105]. Due to the common structural
moiety (C-8 to C-20) in DGLA and AA, COX can catalyze their free radical peroxidation via C-
15 oxygenation, to form the same free radical byproducts, e.g. pentane and 1-hexanol (HEX)
(Scheme 5) [103-104]. The different structural moiety (C-1 to C-7) in DGLA leads to formation
of exclusive free radical byproducts including heptanoic acid (HTA) and 8-hydroxyoctanoic acid
(8-HOA) from its unique C-8 oxygenation (Scheme 6) [104-105]. HTA and 8-HOA are called
exclusive free radical byproducts as they can only be generated from COX-catalyzed DGLA
peroxidation (different from pentane and HEX which can be formed from both COX-catalyzed

DGLA and AA peroxidation).
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Scheme 4. An overview of the formation of lipid-derived radicals produced from lipid
peroxidation (adapted from Qian et al. [102]).

This scheme shows some of the radical species formed in the peroxidation of linoleic acid.
During the process of lipid peroxidation, the lipid molecule was vulnerable to oxidation as it
loses a hydrogen become a carbon-centered lipid alkyl radical (L¢). The lipid radical can either
react with oxygen to form a peroxyl radical (LOO®) to attack other lipid molecules or be
converted to other types of free radicals via Fe?* mediated Fenton-type reactions, B-scission and
[’-scission.
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Scheme 5. Pathways of COX-2-catalyzed DGLA peroxidation and generation of DGLA
derived free radical byproducts from C-15 oxygenation.

Due to the common structural moiety (C-8 to C-20) in DGLA and AA, COX can catalyze their
free radical peroxidation by the same pathway, i.e., C-15 oxygenation, to form the same free
radical byproducts e.g. pentane and hexanol (HEX).
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Scheme 6. Pathways of COX-2-catalyzed DGLA peroxidation and generation of DGLA
derived free radical byproducts from C-8 oxygenation.

The different structural moiety (C-1 to C-7) in DGLA leads to formation of distinctive free
radical byproducts including heptanoic acid (HTA) and 8-hydroxyoctanoic acid (8-HOA) from
its unique C-8 oxygenation.

12



In light of these findings, we proposed that the exclusive free radical byproducts may be
responsible for DGLA’s anti-cancer activities. Thus, in this study, we investigated the potential
anti-cancer effects and the possible molecular mechanism of DGLA’s free radical byproducts on
pancreatic cancer cells. It was found that DGLA’s exclusive free radical byproduct 8-HOA
(Scheme 6) can suppress pancreatic cancer cell growth and migration. As many short chain fatty
acids have shown effects on inhibiting histones deacetylases (HDACs), we further proposed that,
8-HOA, with a structure similar to these HDAC inhibitors, may exert its anti-cancer activities by
serving as a HDAC inhibitors to cause DNA damage and induce cancer cell apoptosis, resulting
in inhibiting growth of pancreatic cancer cells [106].

More recently, we also found that 8-HOA can downregulate expressions of matrix
metalloproteinase-2 (MMP-2) and MMP-9 (proteins involved in degradation of extracellular
matrix) to inhibit pancreatic cancer cell and tumor migration and invasion [107].

These novel findings have led to a paradigm shifting concept that, instead to inhibit high
level of COX-2, overexpressed COX-2 in cancers can be exploited to promote formation of 8-
HOA from COX-2-catalyzed DGLA peroxidation for controlling cancer cell growth and
migration. In the present study, we took advantage of the high COX-2 expression in pancreatic
cancer to work against cancer cells, which not only provided an innovative w-6s-based strategy
to treat cancer, but also established a new dogma for COX-2 biology in cancer therapy.

1.4. Delta-5 desaturase knockdown (D5D-KD) as a novel strategy in cancer therapy

Although DGLA can generate the free radical byproduct 8-HOA, which possesses anti-
cancer effects, from COX-2-catalyzed lipid peroxidation, the formation of 8-HOA can be limited
by delta-5-desaturase (D5D). D5D is the rate limiting enzyme to convert DGLA to AA by

forming double bond at the delta-5 position in DGLA. D5D, expressed in most organs, especially
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in the liver, has two membrane spanning domains, three histidine-rich regions, and a cytochrome
b5 domain [108]. D5D is encoded by FADS1 genes belonging to FADS family which is located
on chromosome 11 as a cluster [108]. D5D plays an important role in regulating the composition
of -6 fatty acids and has been studied in various diseases, including obesity, insulin resistance
and coronary heart disease [109-110].

There are no man-made or natural compounds that have been characterized as effective
D5D inhibitors. A variety of synthetic such as CP-24879 (p-(Isopentyloxy)-aniline) and natural
compounds such as sesamin have been used to inhibit D5D to manipulate the metabolism of
DGLA to AA [111-114]. For example, CP-24879, a dual D5D and D6D inhibitor, was
characterized as a potential anti-inflammatory agent as it can decrease the levels of AA and its
metabolites PGE2 and increase levels of DGLA and its metabolite PGE1 [111-112]. In addition,
sesamin also exerted an inhibitory effect on the activity of D5D, resulting in decreased
production of PGE2 and interleukin-6 in mice supplemented with safflower oil diets [113-114].
Gene trapping was also used to create FADS1-deficient mice which had suppressed colon tumor
cell development attributed to increased levels of DGLA and PGE1 and decreased levels of AA
and PGE2 [115-117].

Although D5D has been studied extensively in metabolic syndrome, it has not received
much attention as a target in cancer treatment. In our study, we used sSiRNA or sShRNA
transfection to knock down D5D in pancreatic cancer cells. Knockdown of D5D can limit the
generation of deleterious metabolites such as PGE2 from COX-catalyzed AA peroxidation,
achieving similar effects of COX-2 inhibitors. Meantime, formation of 8-HOA (cancer inhibitor)
can be promoted from COX-2-catalyzed DGLA peroxidation as more DGLA is reserved by

downregulation of D5D, providing an innovative strategy for treating pancreatic cancer.
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A variety of chemotherapeutic drugs have been developed to treat pancreatic cancer such
as gemcitabine, oxaliplatin and erlotinib [118-127]. Gemcitabine is the most common
chemotherapeutic drug for inhibiting pancreatic cancer growth and metastasis. Gemcitabine acts
as a nucleoside analog to replace one of the building parts of nucleic acids in the process of DNA
replication [128]. However, pancreatic cancer cells can develop a high tolerance toward
gemcitabine. The resistance to gemcitabine is associated with a variety of different cellular
pathways, transcriptional factors and nucleotide metabolism enzymes [129-133]. For example,
pancreatic cancer cells have shown resistance to gemcitabine due to decreased expression of
hENT1 (human equilibrative nucleoside transporter 1, e.g., gemcitabine transporter) [129]. Many
complementary strategies have been investigated in order to achieve the improvement of efficacy
and safety of chemotherapy [34-35, 75-80].

It has also been reported that COX-2 inhibitors (e.g. apricoxib and celecoxib) and ®-3
fatty acids (e.g. EPA and DHA) can sensitize chemoresistant pancreatic cancer cells to
gemcitabine [34-35, 75-80]. However, -6 fatty acids have received much less attention as a
complementary strategy to improve the efficacies of chemotherapy drugs due to the deleterious
metabolites (e.g. PGE2) generated from COX-2 catalyzed AA peroxidation.

In this study, direct treatment of 8-HOA as well as endogenous formation of 8-HOA from
D5D knockdown and DGLA treatment can both promote the efficacies of many chemotherapy
drugs (e.g. gemcitabine, erlotinib, and oxaliplatin) on pancreatic cancer cells or tumors by further
inducing apoptosis. The efficacy of chemotherapy drugs was enhanced on suppressing pancreatic
cancer cell migration and invasion potential as our strategy can alter expression of proteins

involved cancer metastasis.
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1.5. Summary of research aims

Considering abundant and inevitable source of ®-6s in daily diet and DGLA’s association
with anti-cancer bioactivities, DGLA supplementation and D5D inhibition may represent a novel
strategy for pancreatic cancer treatment. However, the molecular mechanism of DGLA’s anti-
cancer activities have not been elucidated. DGLA can be readily converted to AA by D5D which
results in limited availability and activity of DGLA. Here we hypothesize that the 8-HOA
formed from COX-catalyzed DGLA peroxidation is responsible for DGLA’s anti-cancer
activities, and downregulation of D5D can promote formation of 8-HOA which can serve as an
HDAC inhibitor to inhibit cancer cell growth and migration.

We tested our hypotheses by pursuing the following aims: (1) to assess the effects and
molecular mechanism of 8-HOA in pancreatic cancer cells; (2) genetically knocking down D5D
to elicit DGLA’s anti-cancer effects, and enhance efficacies of chemotherapy drugs; (3) to test
the effect of D5SD-KD and DGLA supplementation on pancreatic tumors in a xenograft mouse
model (Scheme 7). In our study, instead of COX-2 inhibition, we aim to establish a new dogma
for COX-2 biology in cancer by taking advantage of the fact that cancer cells and tumor
commonly overexpress COX-2. We expect that the outcome of this research will provide

guidance for developing a novel w-6-based strategy for pancreatic cancer therapy.
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pancreatic tumors in xenograft mouse model
Scheme 7. Research outline. - -
We hypothesized that the potential anti-cancer activities were derived from free radical
byproducts formed from COX-catalyzed DGLA peroxidation. Thus, in this study, we aimed to
(1) assess the effects and molecular mechanism of DGLA’s byproducts in pancreatic cancer
cells; (2) knock down D5D to elicit DGLA’s anti-cancer effects, and enhance efficacies of
chemotherapy drugs; and (3) test the effects of D5D-KD and DGLA on pancreatic tumors in
xenograft mouse model.
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2. METHODS AND MATERIALS

2.1. Chemicals and reagents

Pure DGLA for in vitro cell treatment was obtained from Nu-Chek-Prep (MN, USA).
Analytic standard solution of DGLA, AA, PGE1, PGE2, DGLA-ds, AA-dg, PGE1-ds4, PGE2-db,
and chemotherapeutic drugs (e.g. gemcitabine and oxaliplatin) were purchased from Cayman
Chemicals (MI, USA). CelLytic™ lysis reagent, DSD primary antibody (from rabbit), 8-HOA
was obtained from Sigma-Aldrich (MO, USA). Erlotinib was acquired from Adooq Biosciences
(CA, USA). CellTiter® 96 Aqueous One Solution Reagent was acquired from Promega
(Madison, W1, USA). Annexin V Apoptosis Detection Kit | was acquired from BD
Pharmingen™ (NJ, USA). Acetonitrile (ACN, HPLC grade), water (H.O, HPLC grade),
methanol and ethyl alcohol pure were bought from EMD Chemicals (Gibbstown, NJ, USA).

D5D siRNA (catalog # 4390824, sense strand: ACAUCAUCCACUCACUAAATT, anti-
sense strand: UUUAGUGAGUGGAUCG), and negative control siRNA (catalog # 4390843,
NC-si, sense strand: UAAGGCUAUGAAGAGAUAC, anti-sense strand: AGCUUGUAAAGA-
UCUGUUUUU), Lipofectamine™ RNAiIMAX transfection reagent, and GlutaMAX™ Opti-
MEM reduced serum medium was obtained from Thermo Fisher Scientific (MA, USA). X-ray
film was purchased from Phoenix Research Products. (NC, USA).

TRIS base was obtained from J.T. Baker (Phillipsburg, NJ, USA). Hydrogen chloride
(HCI, 12.1 N) was bought from EMD Chemicals (Gibbstown, NJ, USA). Sodium chloride
(NaCl) was procured from VWR International (West Chester, PA, USA). cOmplete Protease
Inhibitor Cocktail Tablets were obtained from Roche Applied Science (Indianapolis, IN, USA).

Bovine serum albumin solution (2.0 mg/mL) was purchased from Thermo Scientific

(Rockford, IL, USA). The DC™ BCA protein assay, glycine, Sodium dodecyl sulfate (SDS), and
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Precision Plus Protein™ Kaleidoscope Standards were obtained from Bio-Rad Laboratories
(Hercules, CA, USA). Acrylamide/bis-acrylamide (30 % solution), 2-mercaptoethanol and CAPS
were acquired from Sigma-Aldrich (St. Louis, MO, USA). Ammonium persulfate (APS) was
purchased from AMRESCO (Solon, OH, USA). TEMED was bought from Research Organics
(Cleveland, OH, USA). Tween® 20 was obtained from G-Bioscience (St. Louis, MO, USA).

Polyclonal anti-COX-2 antibody produced in rabbits was obtained from Abcam
(Cambridge, MA, USA). Polyclonal anti-D5D antibody produced in rabbits and monoclonal -
actin antibody produced in mice were obtained from Sigma-Aldrich (St. Louis, MO, USA). y-
H2AX primary antibody was procured from Bethyl Laboratories (TX, USA). All other primary
antibodies and horseradish peroxidase-conjugated goat anti-rabbit 1gG and horseradish
peroxidase-conjugated goat anti-mouse IgG were obtained from Cell Signaling (MA, USA).
Pierce ECL Western Blotting Substrate was acquired from Thermo Scientific (Logan, UT, USA).
2.2. Cell culture

The human pancreatic cancer cell line BxPC-3 (ATCC, Manassas, VA) was grown in
RPMI-1640 medium (Thermo Fisher Scientific, MA, USA) supplemented with 10% FBS
(Thermo Fisher Scientific, MA, USA). The human pancreatic cancer cell line PANC-1 (ATCC,
Manassas, VA) was grown in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific,
UT, USA) supplemented with 10% FBS (Thermo Fisher Scientific, UT, USA). Cells were
cultured in an incubator containing a 95% humidified atmosphere with 5% CO- at 37°C. Cells
were sub-cultured at a ratio of 1:5 after they had reached ~90% confluency.
2.3. MTS assay

Cell viability upon different treatment was assessed via MTS assay using CellTiter 96®

AQueous One Solution Cell Proliferation Assay, which is a colorimetric method for determining
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the number of viable cells. The CellTiter 96® AQueous One Solution Reagent contains a
tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium inner salt MTS] and an electron coupling reagent (phenazine
ethosulfate, PES). PES has enhanced chemical stability as it combines with MTS to form a stable
solution. In metabolically active cells, the MTS tetrazolium compound can be bioreduced by
NADPH or NADH (produced by dehydrogenase enzymes) into a soluble colored formazan
product. The quantity of formazan product measured by the absorbance at 490 nm is directly
proportional to the number of living cells in culture.

The MTS assay was performed according to the manufacturer's instructions. Briefly, cells
were seeded at 8,000 cells (in 100 pL medium) per well into 96-well plates, incubated overnight
and exposed to various treatment. Then 20 pL of CellTiter® 96 Aqueous One Solution Reagent
was added into each well. After 4 h incubation at 37°C, the quantity of formazan product was
measured by recording the absorbance at 490 nm with a 96-well plate reader (SpectraMax M5;
Molecular Devices). Cell viability was calculated as a percentage of the control group
(normalized to 100%).

2.4. Colony formation assay
2.4.1. Cell culture and experimental setup

Cell survival upon various treatment was assessed by colony formation assay, which is a
method based on the ability of a single cell to grow into a colony [134]. Cells are washed with
PBS and incubated with 2 mL trypsin for 10 min to prepare the single cell suspensions. When
most of the cells start to detach from the surface of cell culture flask, 6 mL of medium containing
10% FBS is added to neutralize the trypsin. The detached cells are pipetted up and down about

20 times. Cells are counted using a hemocytometer.
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2.4.2. Cells plating and treatment

The number of cells is counted carefully using a hemocytometer and 2,000 cells per well
are seeded into 6-well plates. The cells were incubated overnight for cells to attach to the surface
of the plate and exposed to different treatments (e.g. fatty acids or/and chemo-drugs) for 48 h.
Then the cells were washed with PBS and incubated with fresh complete medium for 10-14 days.
2.4.3. Fixing and staining colonies

After 10-14 days’ incubation, the media from each plate was gently removed by
aspiration and the cells in each well were washed with 1.0 mL PBS. The colonies were fixed
with 2.0 mL of 10% neutral buffered formalin solution for 30 min and stained with 2.0 mL of
0.5% (w/v) crystal violet solution for 30 min.
2.4.4. Colony counting

Cell colonies with at least 50 cells/colony in each well were then counted. Plate
efficiency and survival fraction were calculated as:

number of colonies counted

Plate Effici =
ate Ef ficiency number of cells plated

plate ef ficiency in treatment group

Survival Fraction = — -
plate ef ficiency in control group

2.5. Cell apoptosis analysis

Cell apoptosis upon different treatments (e.g. w-6s and/or chemo-drugs) was analyzed
using Annexin V Apoptosis Detection Kit I (BD Pharmingen™, NJ, USA). Annexin V is a Ca?*
dependent phospholipid-binding protein that has a high affinity for phosphatidylserine. During
early stage of apoptosis, the membrane phosphatidylserine is translocated from the inner to the
outer leaflet of the plasma membrane, thereby can be bound with Annexin V. Conjugated with a

fluorochrome FITC, Annexin V is commonly used as a sensitive probe for flow cytometric
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analysis of cells that are undergoing apoptosis. Staining with FITC Annexin V is typically used
in conjunction with a vital dye such as propidium iodide (P1) to allow the investigator to
distinguish between early apoptotic cells vs. dead or damaged cells. This is because viable cells
with intact membranes exclude PI, whereas the membranes of dead and damaged cells are
permeable to PI. Therefore, cells that are both FITC Annexin V and PI negative are considered
viable; cells that are FITC Annexin V positive and PI negative are considered in early apoptosis;
and cells that are both FITC Annexin V and PI positive are considered in late apoptosis or
already dead.

Cell apoptosis analysis was performed according to the manufacturer’s instruction.
Briefly, 3.0 x 10° cells were seeded overnight in each well of 6-well plates followed by different
treatment. After exposure to treatment for certain time, the cells were harvested by
trypsinization, washed with PBS and re-suspended in 1 x binding buffer (supplied in the kit) at a
concentration of 1.0 x 108 cells/ml. Then 100 pl/sample of such cell suspension was treated with
5.0 uL of FITC Annexin V and 5.0 uL of PI solution (supplied in the kit), and incubated for 15
min at 25°C in the dark. After mixed with 400 pL of 1 % binding buffer, the samples were
subject to apoptosis analysis using a Accuri C6 flow cytometer, 10,000 cells were counted for
each sample. Unstained cells, cells stained with FITC Annexin V only and Pl only was used to
set up compensation and quadrants. Data were analyzed by FlowJo (TreeStar, Ashland, OR,
USA).

2.6. HDAC activity assay

HDAC activity in pancreatic cancer cells upon assay different treatments was measured

using HDAC activity colorimetric assay kit (BioVision, Pal Alto, USA) according to

manufacturer’s instructions. After BxPC-3 cells treated with 8-HOA or DGLA for 48 h, nuclear
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proteins were extracted with NE-PER™ nuclear and cytoplasmic extraction reagents (Thermo
Fisher Scientific, UT, USA). Nuclear extracts were diluted to 85 pL using H20 and 10 x HDAC
assay buffer was added to each well. 5 pL of the HDAC colorimetric substrate was added to each
well and mixed thoroughly. The plates containing samples were incubated at 37°C for 1 h. 10 pL
of lysine developer was added to each well to stop the reaction and incubated for 30 min at 37°C.
The chromophore produced from the reaction of lysine developer and deacetylated substrate was
analyzed using a microplate reader at 405 nm and used as an index for HDAC activity. The
HDAC activity in BXxPC-3 cells was calculated as a percentage of the control group without 8-
HOA or DGLA treatment (normalized to 100%).
2.7. Western blot

Expression of D5D, COX-2 and cell signaling proteins involved in cancer cell growth
and migration, including acetyl histone H3, YH2AX, Bc¢l-2, procaspase-9, procaspase-3, MMP-9,
MMP-2, E-cadherin, vimentin and Snail were assessed by western blot as described below.
2.7.1. Preparation of buffers and reagents

Protein standard solutions: for protein concentration assay, bovine serum albumin
solution (2 mg/mL) was diluted with deionized water to prepare a series of concentration at 0.25,
0.5, 0.75, 1.0 and 1.5 mg/mL. 1.0 ml aliquots of the standard solutions were stored at -20°C.

Protein assay reagent A: 1.0 mL of protein assay reagent A and 20 pL of protein assay
reagent S supplied in DCTM BCA protein assay were mixed immediately before use.

SDS (10%) was prepared by dissolving 1.0 g of SDS in 10 mL deionized water.

APS (10%) was freshly prepared by dissolving 0.1 g of APS in 1 mL deionized water.

Tris buffer (1.5 M, pH 8.8) was prepared by transferring 18.2 g of Tris base into a 100

mL reagent bottle. 90 mL of deionized water was added and stirred to dissolve completely. The
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pH was adjusted to 8.8 £ 0.05 with HCI (10 N). The volume was made up to 100 mL with
deionized water.

Tris buffer (1.0 M, pH 6.8) was prepared by transferring 12.1 g of Tris base into a 100
mL reagent bottle. 90 mL of deionized water was added and stirred to dissolve completely. The
pH was adjusted to 6.8 = 0.05 with concentrated HCI (10 N). The volume was made up to 100
mL with deionized water.

Running buffer 10 x stock solution was prepared by transferring 30.3 g of Tris base,
144.0 g glycine and 10.0 g SDS into a 1000 mL reagent bottle. Then 900 mL of deionized water
were added and stirred to dissolve completely. The volume was made up to 1000 mL with
deionized water and stored at 4°C.

Running buffer 1 x working solution was prepared by transferring 100 mL of 10 x
running buffer into a 1000 mL reagent bottle. The volume was made up to 1000 mL with
deionized water and stored at 4°C.

Transfer buffer 10 x stock solution was prepared by transferring 22.1 g of CAPS into a
1000 mL reagent bottle. 900 mL of deionized water was added and stirred to dissolve
completely. The pH was adjusted to 11.0 £ 0.05 with NaOH (10 N). The volume was made up to
1000 mL with deionized water and stored at 4°C.

Transfer buffer 1 x working solution was prepared by transferring 100 ml of 10 x transfer
buffer to a 1000 mL reagent bottle. 200 mL methanol was added. The volume was made up to
1000 ml with deionized water and stored at 4°C.

Tris buffered saline (TBS) 10 x stock solution was prepared by transferring

approximately 12.1 g of Tris base to a 1000 mL reagent bottle. 87.7 g of NaCl and 900 mL of
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deionized water was added and stirred to dissolve, and the pH adjusted with HCI (10 N) to
7.6.£.0.05. The volume was made up to 1000 mL with deionized water and stored at 4°C.

Tris buffered saline-Tween (TBS-T, 1 x working solution) was prepared by transferring
100 mL of 10 x TBS in a 1000 mL reagent bottle. Then 1 mL Tween-20 was added and the
volume was made up 1000 mL with deionized water and stored at 4°C.

Blocking Solution (5% non-fat dry milk) was prepared by transferring approximately 5 g
of non-fat dry milk in a 100 mL reagent bottle. 90 mL of 1x TBS-T (Tween concentration, 0.1%,
v/v) was added and stirred to dissolve, the volume was made up to 100 mL with 1x TBS-T.

SDS-PAGE gel: The resolving gel (10%) and stacking gel (4%) were prepared using 1.5
mm plates according to Table 1.

Table 1. Volume of components required to cast gels.

Resolving Gel (10%) Stacking Gel (4%)
H20 7.8 mL 7.25 mL
Tris buffer 2mL (1.5 M, pH 8.8) 1.25mL (1.0 M, pH 6.8)
acrylamide/bis-acrylamide
(30 % solution) > mb Lamt
10% SDS 150 pL 100 pL
10 % APS 150 pL 100 pL
TEMED 15 L 10 pL
Total ~15mL ~10 mL

2.7.2. Procedure
The cells were seeded in 6-well plates and exposed to different treatment. At
experimental point, the culture medium was discarded and the cells were washed with PBS. Then

~100 pL of CelLytic™ lysis reagent was added into each well, the plates were allowed to sit on
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ice for 10-15 min. The cell lysates were then collected by scraping them off from the plates.
After centrifugation at 12,000 rpm for 10 min, the supernatant was collected.

The protein concentration in the cell lysates were measured using DC™ protein assay kit
according to the manufacturer’s instructions. Briefly, 5.0 pL of diluted cell lysate samples, 25 pL
of reagent A and 200 pl reagent B were added in each well of a 96-well plate and mixed well.
After 15 min incubation at room temperature in the dark, the absorbance was read at 750 nm
using a microplate reader (SpectraMax M5, Molecular Devices). For every measurement, a
series of protein standards was also included to construct a standard curve for quantification.

Each protein sample was normalized to the same concentration by diluting with certain
amount of lysis buffer. The samples were mixed with 4 x loading buffer (sample: loading buffer
= 3:1) and denatured at 95°C for 5 min. Then 40-60 pg protein in each sample was loaded onto a
well of 10% SDS-PAGE gel, a protein weight marker (5 puL) was included for each gel.

The gel was run at constant voltage of 90 V, and switched to 120 V after samples passed
the stacking gel. The power was switched off just before the blue line reached the bottom of gel.

Membranes, sponges and filter paper were soaked in transferring buffer for 15 min prior
to transferring. Then the proteins on the gel were transferred electrophoretically to the membrane
at constant voltage of 80 V for 2 h on ice.

After transferring, the membranes were incubated in 6 mL of blocking solution (5% non-
fat dry milk) with continuous rock for 15 min to prevent non-specific binding, then incubated
with primary antibody (e.g. COX-2, D5D, acetyl histone H3, YH2AX, Bcl-2, procaspase-9,
procaspase-3, MMP-9, MMP-2, E-cadherin, vimentin and Snail, diluted in blocking solution) for
overnight at 4°C in dark with continuous rocking, respectively. The next day, membranes were

washed 3 times for 5 min each in 1 x TBS-T, and incubated with secondary antibody (anti-rabbit
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IgG and anti-mouse 1gG, diluted in blocking solution) for 1 h at room temperature with
continuous rocking, respectively. Then the membranes were washed 3 times for 5 min each in 1x
TBS-T again, incubated in ECL western blot substrates (Pierce, Thermo Fisher Scientific, UT,
USA) for 2 min, and exposed to X-ray film (Phoenix Research Products, NC, USA).
Luminescent signals were captured on a Mini-Medical Automatic Film Processor (Imageworks).
Image of the film was captured and analyzed using NIH ImageJ software.

2.8. SiIRNA transfection

2.8.1. Preparation of siRNA transfection mixture

For transfection in each well of 96 well plates, 0.15 pL D5D targeted siRNA (100 uM
stock, catalog number: 4390825, sense strand: ACAUCAUCCACUCACUAAATT, anti-sense
strand: UUUAGUGAGUGGAUCG) and 0.6 pL of Lipofectamine™ RNAIMAX transfection
reagent were diluted into 50 pL GlutaMAX™ Opti-MEM reduced serum medium, respectively.
Then the two dilutions were mixed together and incubated for 5 min prior to adding into each
well.

For transfection in each well of 6 well plates, 1.5 uL D5D targeted siRNA (100 uM
stock) and 6.0 puL of Lipofectamine™ RNAiIMAX transfection reagent were diluted into 500 uL
GlutaMAX™ QOpti-MEM reduced serum medium, respectively. Then the two dilutions were
mixed together and incubated for 5 min prior to adding into each well.

2.8.2. Procedure

Cells were seeded at 3.0 x 10° cells per well in a 6-well plate or 8,000 cells per well in a
96-well plate for different experiments. After overnight incubation, cell culture medium was
removed and the cells were washed by PBS. Then 1.0 mL (for 6-well plate) or 100 pL (for 96-

well plate) of abovementioned siRNA transfection mixture was prepared and added into each
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well of the plates. After 6 h transfection, the reduced serum medium (5% FBS) was replaced by
fresh complete cell culture medium supplemented with 10% FBS. After 48 h, the transfected
cells were ready for further treatments (e.g. fatty acids and chemotherapy drugs or their
combinations) and other assessments, e.g. western blot, MTS assay, colony formation assay,
LC/MS analysis, GC/MS analysis, and apoptosis analysis, etc. Cells transfected with a non-target
control sSiRNA were used as controls.
2.9. Stable D5D knockdown via shRNA transfection
2.9.1. Design of D5D-targeted DNA oligonucleotides

D5D-targeted DNA oligonucleotides design: Using BLOCK-iT™ RNAi Designer
(www.invitrogen.com/rnai), two strands of DNA oligonucleotides encoding D5D-targeted
shRNA were designed and purchased (Integrated DNA Technol. 1A). The sequences are as
follows: target strand, TGCTGTAATCATCCAGGCCAAGTCCAGTTTTGGCCACTGACTG-
ACTGGACTTGCTGGATGATTA; complementary strand, CCTGTAATCATCCAGCAAGTC-
CAGTCAGTCAGTGGCCAAAACTGGACTTGGCCTGGATGATTAC.
2.9.2. Annealing reaction

The reaction system was set up in a 0.5 ml sterile centrifuge tube at room temperature
according to Table 2:

Table 2. Annealing reaction reagents and amount.

Reagent Amount
Target strand DNA oligo (200 uM) 5.0 pL
Complementary strand DNA oligo (200 uM) 5.0 pL
10x Oligo Annealing Buffer 2.0 uL
DNase/RNase-Free Water 8.0 uL
Total 20 pL
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The mixture was incubated at 95°C for 4 minutes and allowed to cool down to room
temperature for 5-10 minutes during which time the single-stranded oligos anneal to form a
double-stranded oligo (at final concentration of 50 uM). The tube was centrifuged briefly (~5
seconds), gently mixed and stored at -20°C (stable for at least a year).

2.9.3. Diluting the double-stranded oligo

Prior to cloning the double-stranded oligo into pcDNA™6.2-GW/+ EmGFP-miR vector,
the 50 uM stock solution was diluted to a final concentration of 10 nM working solution (i.e.
5,000-fold dilution) by two steps: first, 1.0 uL of 50 uM ds oligo stock was mixed with 99 uL of
DNase/RNase-free water to obtain a final concentration of 500 nM; second, 1.0 uL. of 500 nM ds
oligo was mixed with 5.0 pL of 10x Oligo Annealing Buffer and 44 puL of DNase/RNase-free
water to obtain a final concentration of 10 nM.

2.9.4. Ligation reaction
The reaction was set up at room temperature according to Table 3.

Table 3. Ligation reaction reagents and amount.

Reagent Amount
5x Ligation Buffer 4.0 pL
pcDNA™6.2-GW/miR, linearized (5 ng/ul) 2.0 pL
ds oligo (10 nM) 4.0 uL
DNase/RNase-Free Water 9.0 uL
T4 DNA Ligase (1 U/ul) 1.0 pL
Total 20 pL

The reaction system was mixed well by pipetting (do not vortex) and incubated for 5
minutes at room temperature. The mixture was put on ice for transforming into E. coli

immediately or stored at -20°C overnight.
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2.9.5. Transformation

2.0 pl of the ligation reaction was added into a vial of One Shot® TOP10 chemically
competent E. coli and mixed gently (do not mix by pipetting). The mixture was incubated on ice
30 minutes. The cells were then heat-shocked for 30 seconds at 42°C without shaking. The tube
was immediately transferred to ice and added with 250 pl of room temperature low salt LB
medium. The tube was then shaken horizontally at 200 rpm, 37°C for 1 h. Then 50-200 pl from
each transformation was spread on a pre-warmed low salt LB agar plate containing 100 pg/ml
blasticidin, followed by overnight incubation at 37°C.
2.9.6. Extraction of plasmid DNA

5-10 blasticidin-resistant colonies were collected and incubated overnight in LB medium
containing 100 pg/ml blasticidin. Then the plasmid DNA was isolated using PureLink™ HQ
Mini Plasmid Purification Kit according to manufacturer’s instruction. The concentration of
plasmid DNA in each sample was determined using a Nanodrop spectrophotometer.
2.9.7. Transfecting cells

In 6-well plates, cells were seeded at 3 x 10° cells/well and incubated overnight. The cell
culture medium was removed and cells were washed with PBS. For transfection in one well, 20
ng plasmid DNA and 15 pl transfection reagent was diluted into 500 pl of medium, respectively,
then mixed together for 30 min at room temperature and added into each well. pcDNATM6.2-
GW/x EmGFP-miR-neg control plasmid was also transfected into cells as a negative control.
After 6 h transfection, the reduced serum medium was replaced with fresh complete medium
with 10% FBS and the cells was incubated overnight. Then the cells in each well of the 6-well
plates were trypsinized and re-plated into a 10 cm tissue culture plate in fresh complete medium

containing 10 pg/ml of blasticidin. The blasticidin-containing medium was refreshed every 3-4
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days until blasticidin-resistant colonies were identified (~10-14 days). 20 blasticidin-resistant
colonies were collected and expanded, followed by western blot analysis to evaluate the
knockdown effect in order to obtain a stable DSD knockdown cell line.
2.10. Wound healing assay
Wound healing assay was used to assess cell migration of D5D-KD and negative control

BxPC-3 cells upon treatments (e.g. 8-HOA and DGLA). BxPC-3 cells were trypsinized, counted,
and seeded 1x 106 cells per well into 6-well plate. After the cells reached 90% confluence, a
sterile 200 pL pipette tip was used to scratch on the bottom of a cell culture plate to create a
vertical wound down through the cell monolayer. Excessive force against the plate was avoided
so as not to damage the cell culture surface. The wells were washed using phosphate buffered
saline subsequently to eliminate the impaired cells. The cell culture medium was changed to one
with 1% FBS to avoid interference of cell growth. The cells were subjected to different
treatments (e.g. 8-HOA, DGLA, and chemotherapy drugs) for 48 h. Images of cells in each well
were captured by a bright field microscope immediately after wound creation as well as at
different experimental time points. The wound area in each image was analyzed using Image-J
software (NIH, Bethesda, MD, USA). The wound area percentage was calculated as the wound
area from 24 h or 48 h vs. the wound area from 0 h in each group.

2.11. Transwell assay

Transwell migration assays were performed to assess cancer cell migration upon

treatments with DGLA and chemo-drugs in transwell chamber with the non-coated membrane
(24-well insert, pore size: 8 mm, Corning, Life Sciences). After treated with DGLA or chemo-
drugs for 48 h, D5D-KD and negative control BxPC-3 cells were trypsinized, counted, and

seeded 5 x 10* cells per 200 L into each upper chamber. 600 pL medium with 10% FBS was
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added into the lower chamber. After 48 h incubation, the medium in the upper and lower
chambers was removed. The inserts were moved to clean wells and washed with PBS. The cells
in the inserts were fixed with 10% formalin by adding formalin to the upper and lower chamber.
After 30 min, formalin was removed and cells were stained with 0.05% crystal violet solution for
another 30 min. After staining, cells on the upper sides of the inserts were removed with a Q tip
and the cells on the lower side were taken picture using a phase contrast microscope (40
magnification).

For transwell invasion assay, the inserts were coated with Matrigel to mimic the
extracellular matrix. The Matrigel was thawed at 4°C and diluted with medium containing no
FBS (ratio: 1:8, total 100 pg). About 35-40 pL of diluted Matrigel was added to each insert and
the Matrigel was solidified by putting the inserts into incubator for 2 h. The following
experiments procedures for transwell invasion assay is the same as transwell migration assay.
2.12. HPLC/MS analysis of FAs and PGs

The free m-6s and PGs from cells treated with/without DGLA were quantified via LC/MS
analysis. Briefly, cells were seeded at 3.0 x 10° cells per well in 6-well plates and incubated
overnight followed by siRNA transfection and fatty acids treatment. At different time points, the
cells (scraped off from well) with 1 mL of culture medium were collected and mixed with 0.45
mL of methanol and 1.55 mL of water to make a total of 3 mL of 15% methanol solution. After
adding internal standards (AA-dg, DGLA-ds, PGE1-d4 and PGE2-dg, 5.0 pL each), the mixture
was vortexed for 1 min and set on ice for 30 min. Then sample solutions were centrifuged for 15
min at 3,000 rpm, the supernatant was collected and adjusted to pH 3.0 using 1.0 N HCI,
followed by solid phase extraction (SPE) using a reverse phase SPE cartridge (SampliQ Silica

C18 ODS, Agilent, CA, USA). For SPE, the cartridge was pre-conditioned with 2.0 mL water
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and 2.0 mL methanol, then 3.0 mL sample solution was loaded into each cartridge. After
washing with 1.0 mL of water, the free fatty acids and PGs were eluted with 2.0 mL ethyl acetate
from cartridge, the elution containing analytes was vacuumed to dryness and reconstituted with
100 pL ethanol for LC/MS analysis.

The LC/MS system consisting of Agilent 1200 series HPLC system and Agilent 6300
LC/MSD SL ion trap mass was used to quantify the free ®-6s and PGs in reconstituted sample
solution described in 2.8. LC separations were performed on a C18 column (Zorbax Eclipse-
XDB, 4.6x75 mm, 3.5 um) with 5.0 uL sample injection at a flow rate of 0.8 mL/min. The
gradient of mobile phases (A: H.0-0.01% HOAc and B: ACN-0.01% HOAC) is as follows: 0-12
min (isocratic), 68% A and 32% B; 12-14 min, 68 to 44% A and 32 to 56% B; 14-28 min
(isocratic), 44% A and 56% B; 28-30 min, 44 to 14% A and 56 to 86% B; 30-38 min, 14 to 4%
A and 86 to 95% B; and 38-44 min (isocratic), 5% A and 95% B. MS settings are as follows:
electrospray ionization in negative mode; total ion current chromatograms in full mass scan
mode (m/z 50 to m/z 600) were performed; nebulizer press, 15 psi; dry gas flow rate, 5.0 L/min;
dry temperature, 325°C; compound stability, 20%; number of scans, 50.

For quantification, an internal standard curve was constructed from a series of mixtures
consisting of PGE2, PGE1, AA, DGLA at various concentrations, and internal standards PGE1-
d4, PGE2-do, AA-dg and DGLA-dg at a constant concentration. Extracted ion current with m/z
353, 357, 351, 360, 305, 303, 311 were used to monitor the peak area PGE1, PGE1-ds4, PGE2,
PGE2-dg, DGLA, AA, AA-dg (m/z 311) and DGLA-ds (m/z 311), respectively. The
concentrations of fatty acids and PGs in the samples were calculated using the internal standard
curve by comparing the ratios of the peak areas of the analytes to the peak areas of their

corresponding internal standards.
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2.13. GC/MS analysis of 8-HOA

8-HOA produced from cells treated with/without DGLA were quantified via GC/MS
analysis as a derivative of pentafluorobenzyl bromide (PFB-Br, Scheme 8) [135]. Briefly, 3.0 x
10° cells were seeded overnight in each well of a 6-well plate followed by various treatments. At
experimental time points, the cells (scraped off from plate) and ~1.0 mL medium were collected
and mixed with 500 pL of methanol containing internal standard (hexanoic acid), 50 uL of 1.0 N
HCI, as well as 3.0 mL of dichloromethane. The mixture was vortexed for 30 s, centrifuged at
3,000 rpm for 4 min and the organic layer was collected. The same extraction was repeated once,
and the dichloromethane layers were combined and evaporated to dryness using a vacuum
evaporator. The sample was then reconstituted in 50 pL of 1.0% diisopropylethylamine in
acetonitrile (v/v) and derivatized with 50 uL of 1% PFB-bromide in acetonitrile (w/v) at 37°C
for 30 min. After the acetonitrile was removed using a vacuum evaporator, the residue was

reconstituted in 100 pL of dichloromethane and ready for GC/MS analysis.

F
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Scheme 8. Reaction of 8-HOA and PFB-Br to form PFB derivative for GC/MS analysis.

8-HOA PFB-Br

Sample solution (1.0 pL) was injected into an Agilent 7890A gas chromatograph. The
GC oven temperature is programmed from 60 to 300°C at 25°C /min. The injector and transfer
line are kept at 280°C. Quantitative analysis was performed using a mass selective detector with
a source temperature of 230°C. For quantification, an internal standard curve was constructed

from a series of mixtures consisting of 8-HOA at various concentrations, and internal standard
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hexanoic at a constant concentration. Extracted ion current with m/z 181 (base peak for both 8-
HOA-PFB and hexanoic acid-PFB derivatives) was used to monitor the peak area of 8-HOA and
hexanoic acid derivatives. The concentrations of 8-HOA in the samples were calculated using the
internal standard curve by comparing the ratios of the base peak at m/z 181 to the peak area of
internal standard (hexanoic acid).
2.14. Tumor xenografts in nude mouse

Animal experiments were approved by the Institutional Animal Care and Use Committee
at North Dakota State University (protocol A16039 and A16040). A total of 48 four-weeks old
female nude mice (J:Nu, stock number 007850) were purchased from The Jackson Laboratory
(Bar Harbor, ME). The mice were housed five per cage in the pathogen-free Innovive IVC
system with water and food ad libitum. After allowing the mice to acclimate for one week, tumor
xenografts were established by subcutaneously injecting 2 x 108 wild-type or D5D knockdown
BxPC-3 cells (suspended in 200 uL DMEM medium without FBS) into both of the flanks of
mice. The mice were fed with standard diet for another two weeks to allow tumors to reach ~10
mm?, then divided into four different treatments groups (e.g., control, DGLA supplementation,
gemcitabine, or combination of DGLA and gemcitabine) for four weeks. Tumor growth was
monitored twice a week by measuring two axes of the tumor (L, longest axis; W, shortest axis)
with a digital caliper during the treatment. Tumor volume was calculated as: V = LxW?/2 [136].
Mice body weight were also measured twice a week. At the endpoint, the mice were euthanized
with an overdose of pentobarbital (200 mg/kg, i.p.) and the tumor tissues were collected for

further analysis.

35



2.15. DGLA and gemcitabine treatments for mice

Mice injected with D5D-KD BxPC-3 cells or wild-type BxPC-3 cells were divided into
four sub-groups (6 mice per group) and subjected the following treatment groups: (1) untreated
control (standard diet); (2) DGLA alone; (3) gemcitabine alone; and (4) DGLA and gemcitabine.
DGLA ethyl ester (8.0 mg/mouse, oral gavage, twice a week) were used to treat the mice for up
to 4 weeks. Gemcitabine (intraperitoneal, ~30 mg/kg [137]) was administered to mice twice a
week for up to 4 weeks.
2.16. Quantification of PGs and FAs from tumor tissues

After 4-week treatment, tumor tissues (tumor weight range: 0.05 g — 0.2 g) were excised
from the mice and frozen in liquid nitrogen and smashed to powder, then mixed with 2.55 mL of
water and 0.45 mL of methanol. After adding internal standards (AA-ds, DGLA-ds, PGE1-d4 and
PGE2-dy, 5.0 pL each), the mixture was vortexed for 1 min and set on ice for 30 min. followed
by centrifugation for 15 min at 3,000 rpm. The supernatant was collected and adjusted to pH 3.0
using 1.0 N HCI, followed by solid phase extraction using SampliQ Silica C18 ODS cartridge.
The free fatty acids and PGs eluted with 2.0 mL ethyl acetate from cartridge were vacuumed to
dryness and reconstituted with 100 pL ethanol for LC/MS analysis as described previously.
2.17. Quantification of 8-HOA from tumor tissues

After 4-week treatment, tumor tissues (tumor weight range: 0.05 g — 0.2 g) were taken
from the mice and put in liquid nitrogen. The frozen tumors were smashed to powder and
suspended in 1.0 mL water. The suspension was mixed with 500 puL of methanol containing
internal standard (hexanoic acid), 50 pL of 1.0 N HCIl, as well as 3.0 mL of dichloromethane.
The mixture was then vortexed for 30s, centrifuged at 3,000 rpm for 4 min and the organic layer

was collected. The same extraction was repeated once, and the dichloromethane layers were
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combined and evaporated to dryness using a vacuum evaporator. The sample was then
reconstituted in 50 puL of 1.0% diisopropylethylamine in acetonitrile (v/v) and derivatized with
50 uL of 1% PFB-bromide in acetonitrile (w/v) at 37°C for 30 min. After the acetonitrile was
removed using a vacuum evaporator, the residue was reconstituted in 100 pL of dichloromethane
and ready for GC/MS analysis as described previously.
2.18. Western blot for tumor tissue

After 4-week treatment, tumor tissues (tumor weight range: 0.05 g — 0.2 g) were taken from
the mice. The protein in tumor tissue was extracted using CelLytic™ lysis. Briefly, the tissue
samples were weighted and mixed with CelLytic™ lysis (the ratio of tissue weight and CelLytic™
lysis: 1:20, g/mL). The sample was homogenized on ice and centrifuged at 12,000 rpm for 10 min
to pellet the tissue debris. The supernatant was then collected and transferred to a pre-chilled test
tube. The expressions of acetyl histone H3, YH2AX, Bcl-2, procaspase-9, and procaspase-3 in
tumor tissues were assessed by western blot using primary antibody (e.g. acetyl histone H3,
YH2AX, Bcl-2, procaspase-9, and procaspase-3) and secondary antibody (anti-rabbit 1gG and anti-
mouse IgG) as described in section 2.7.
2.19. Immunofluorescence

Expressions of COX-2, D5D, cleaved PARP, Ki-67, MMP-2 and E-cadherin in tumor
tissues were assessed by immunofluorescence. The immunofluorescence staining of COX-2,
D5D, cleaved PARP, Ki-67, MMP-2 and E-cadherin was done by the staff in the advanced
imaging and microscopy laboratory at North Dakota State University. The staining of tumor
tissues was done by the technician in the advanced imaging and microscopy lab. Paraffin
sections were deparaffinized in xylene 3 times for 5 min each time. The slides were rehydrated

through graded ethanol solutions followed by PBS 3 times for 5 min each time. Antigen retrieval
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was performed by boiling the slides for 20 min in antigen retrieval solution (10 mM sodium
citrate, 0.05% Tween-20, pH 6.0) in water bath. Slides were cooled for 30 minutes at room
temperature, rinsed with PBS 3 times for 5 min each time. The slides were wiped gently to
remove PBS and covered with protein block agent for 30 min. After 30 min incubation. blocking
agent was wiped gently from the slides. The slides were incubated with primary antibody (e.g.
COX-2, D5D, cleaved PARP, Ki-67, MMP-2 and E-cadherin, dilution 1:1000) overnight at 4°C.
After overnight incubation, the slides were washed with PBS 3 time for 5 min each time. The
slides were then incubated with secondary fluorescent antibody (e.g. anti-rabbit IgG Alexa Fluor
647) for 30 min at room temperature in the dark room. After 30 min incubation, the slides were
washed with PBS 3 time for 5 min each time. Cell nuclei were counter stained with DAPI
showing blue staining in the images. The slides were then added with mounting media and
covered with cover slip for imaging by a Zeiss Axio Imager M2 microscope which is located in
the advanced imaging and microscopy laboratory. For immunofluorescence analysis of D5D,
COX-2, MMP-2 and E-cadherin, the mean fluorescence intensity in each sample was measured
by Image Pro software which represents the expression levels of proteins in tumor tissues.

For immunofluorescence analysis of cleaved PARP, the number of cleaved PARP
positive cells and the total number of cells in each image were measured by Image Pro software.
The percentage of apoptotic cells was calculated as percentage of the number of cleaved PARP
positive cells compared to the total number of cells in each image. For immunofluorescence
analysis of Ki-67, the number of Ki-67 positive cells and the total number of cells were
measured by Image Pro software. The percentage of Ki-67 positive cells was calculated as
percentage of the number of Ki-67 positive cells compared to the total number of cells in each

image.
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2.20. Statistics

For in vitro studies, the results of multiple observations (at least three separate
experiments) were presented as mean * standard deviation (SD). For in vivo studies, the results
of multiple observations (at least six separate experiments) were presented as mean + SD.
Statistical differences between the mean values for different groups were evaluated by analysis
of variance (ANOVA) and post hoc t-test. A statistically significant difference was considered
with a p-value < 0.05.

The calculation of animal number is based on assuming a 40% difference (in tumor
volume) will be observed between the groups, 25% standard deviation, p=0.05 and a power level
of 80%. By using the formula sample size = 2xSD?(Z** + ZP)?/d? (SD = standard deviation, Zu»
= Zo.osi2 = Zo.o2s = 1.96, Zp = Zo.20 = 0.8416 at 80% power, d = difference between mean values)

[138], the sample size equals 6.1. Therefore, we needed 6 mice per group in this study.
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3. DIRECT TREATMENT OF 8-HOA CAN INHIBIT PANCREATIC CANCER CELLS
GROWTH AND MIGRATION
3.1. Introduction

Pancreatic cancer is one of the most common causes of cancer death in the United States
(e.g. over 40000 people died of pancreatic cancer in 2016 [139]). Surgery, radiation therapy and
chemotherapy have been used to treat pancreatic cancer patients. A variety of pharmacological
and diet care regimens have also been investigated as complementary strategies to improve
efficacy of the standard chemotherapy for pancreatic cancer. For example, o-3s have been
proven to possess anti-cancer effects toward pancreatic cancer cells as well as tumors [28-32]. ®-
6s, more abundant fatty acids in our daily diet, however, have received much less attention in
cancer treatment mainly due to formation of deleterious metabolites (e.g. 2-series prostaglandins)
from COX-catalyzed AA peroxidation [64-70]. DGLA, the immediate precursor of AA, may
represent an exceptional -6 fatty acid as it is related to anti-cancer bioactivities [97-99].

Dr. Qian’s lab has developed a HPLC/ESR/MS in combination with spin trapping
technique to characterize the individual PUFA-derived free radicals. In this system, spin-trapped
free radicals are separated according to their distinct chromatographic polarities by the HPLC
column, monitored by ESR, and identified by MS. Using this HPLC/ESR/MS combination
approach along with spin trapping technique (POBN as the trapping agent), the common as well
as exclusive free radicals generated from COX-catalyzed AA and DGLA peroxidation have been
successfully characterized [103-105]. Due to the similar structural moiety (C-8 to C-20), DGLA
and AA can form the same free radical byproducts, pentane and HEX (hexanol, the common free
radical byproduct that can be generated from both COX-2-catalyzed DGLA and AA

peroxidation) via C-15 oxygenation (Scheme 5). Due to the different structural moieties, DGLA
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can also go through C-8 oxygenation to form two unique free radical byproducts, HTA and 8-
HOA from its COX-catalyzed peroxidation (Scheme 6) [104-105].

In this chapter, we first tested the effects of metabolites generated from COX-2-catalyzed
DGLA peroxidation, including HEX (the common free radical byproduct), HTA, 8-HOA (two
exclusive free radical byproducts) and PGE1 on BxPC-3 cell growth. We found that the direct
treatment of certain amounts of 8-HOA can inhibit growth and migration of BxPC-3 cells via
promoting cell apoptosis and downregulating MMPs. In addition, direct treatment of 8-HOA can
be combined with many chemo-drugs such as gemcitabine to kill pancreatic cancer cells. We
chose gemcitabine in our study as it is the most common chemo-drug used in pancreatic cancer
treatment and many pancreatic cancer patients have develop resistance to it. We expect the
results from this chapter could provide a rationale for designing a w-6-based diet care strategy in
combination with chemotherapy for pancreatic cancer.
3.2. Results
3.2.1. Direct treatment 8-HOA inhibited pancreatic cancer cell growth

Two pancreatic cancer cell lines, BXPC-3 (high COX-2 expression) and PANC-1
(deficient COX-2 expression) were selected to tested the effects of free radical byproducts
generated from COX-2-catalyzed DGLA peroxidation on their cell viability using MTS assay.
Three free radical byproducts were tested on BxPC-3 and PANC-1 cells, including HEX, HTA
and 8-HOA (two distinct free radical byproducts from DGLA). The concentration range of
treatment was from 0.1 uM to 10 uM, which is physiological relevant based on our previous
studies [105].

Results from the MTS assay showed that treatment with 8-HOA (1.0 uM - 10 pM)

inhibited cell viability of BxPC-3 cells (cell viability ~88.3% for 1.0 uM 8-HOA and ~ 86.2%
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for 10 uM 8-HOA compared to control, Fig 1), while treatments of HEX and HTA (0.1 uM -10
M) did not inhibit cell viability. In addition to free radical byproducts, we also tested the effect
of PGE1 on BxPC-3 cancer cell viability. PGEL1 is a major and stable metabolite from COX-
catalyzed DGLA peroxidation. Studies have shown that PGE1 possesses anti-inflammation and
anti-cancer activities and was commonly considered responsible for DGLA’s anti-cancer effects
[54-57]. However, our results showed that the treatments of PGE1 (0.1 uM — 10 uM,
physiological concentration range) did not inhibited cancer cell viability (cell viability above
95% for 0.1 uM — 10 uM PGEZ1, Figl). Together these results suggested that, instead of PGE1,
8-HOA is the metabolite responsible for DGLA’s anti-cancer activities.

We also used PANC-1 (another pancreatic cancer cell line with deficient COX-2
expression) to test whether 8-HOA can inhibit its cancer cell viability. Treatment of 8-HOA
significantly inhibited cancer cell viability in PANC-1 cells (cell viability ~86.3% for 1.0 uM 8-
HOA and ~ 85.2% for 10 uM 8-HOA compared to control, Fig 2), while treatments of HEX and
HTA (0.1 uM -10 uM) did not inhibit cell viability, consistent with the observation in BxPC-3
cells.

A colony formation assay was performed on BxPC-3 cells to further confirm the
inhibitory effect of 8-HOA on cancer cell survival. Upon treatment of 8-HOA at 1.0 uM, colony
formation of BxPC-3 cells was significantly inhibited with the survival fraction ~ 73.0%
compared to control (Fig 3A). Data from both MTS assay and colony formation assay
demonstrated that 8-HOA is the metabolite that accounts for DGLA’s anti-cancer activities and
can significantly inhibit cancer cell viability and cell survival.

In order to investigate how 8-HOA caused cell growth inhibition, we tested the effect of

8-HOA on cell apoptosis via FITC Annexin V and PI double staining followed by flow
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cytometry. Direct treatment 8-HOA induced apoptotic cell population (population of early
apoptotic cells, Annexin V positive and PI negative, ~ 6.89%, Fig 3B) vs. control (e.g., without
8-HOA, population of early apoptotic cells ~2.35%). The results indicated that 8-HOA is the

metabolite responsible for DGLA’s anti-cancer effects.
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Fig 1. 8-HOA inhibited cell viability in BxPC-3 cells.

MTS assay of BxPC-3 cells after 48 h treatment of HEX (0.1 uM - 10 uM), HTA (0.1 uM - 10
HuM), 8-HOA (0.1 uM - 10 uM) and PGE1 (0.1 uM - 10 uM). The BxPC-3 cells treated with
vehicle were used as control. (*: significant difference p < 0.05 from n > 3).
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MTS assay of PANC-1 cells
Bl HEX [ |HTA[_]8-HOA

*

—

N

o
1

100

0
o
|

Cell Viability (% to control)

(o]
o
|

| ! | ! I ! I !
Control 0.1 uM 1.0 pM 10 pM
Fig 2. 8-HOA suppressed cell viability in PANC-1 cells.
MTS assay of PANC-1 cells after 48 h treatment of HEX (0.1 uM - 10 uM), HTA (0.1 uM - 10

HMM) and 8-HOA (0.1 uM - 10 uM). The PANC-1 cells treated with vehicle were used as control.
(*: significant difference p < 0.05 from n > 3).
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A. Clonogenic assay of BxPC-3 cells
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Fig 3. 8-HOA inhibited colony formation and induced cell apoptosis in BXPC-3 cells.

A) Clonogenic assay of BxPC-3 cells at 10 days after 48 h of 8-HOA treatment (1.0 uM). The
BxPC-3 cells treated with vehicle were used as control. B) Cell apoptosis analysis of BxPC-3
cells. After 48 h treatment of vehicle (control) and 8-HOA (1.0 uM), cells were double stained
with FITC-Annexin V/PI and subjected to flow cytometry. (*: significant difference p < 0.05
from n > 3).

3.2.2. 8-HOA inhibited HDAC and caused DNA damage
HDAC:Ss are enzymes that can catalyze deacetylation of lysine residues of the core histone

[140-142]. Increased expression of HDACs have been found in several types of cancers,
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including pancreatic cancer, and play an important role in cancer development and progression
[141-142].

A variety of short chain fatty acids such as butyrate and valproate can serve as effective
HDAC inhibitors to suppress cancer cell growth and migration, and induced cell cycle arrest and
apoptosis in many types of cancer, such as pancreatic cancer [147-150]. Since 8-HOA’s structure
is similar to some short chain fatty acids that are well-known HDAC inhibitors [151-154], we
proposed that 8-HOA can also inhibit HDAC activity, leading to inhibited cancer cell growth and
migration.

An HDAC activity assay was conducted to test the effect of 8-HOA on HDAC activity in
BxPC-3 cells. Results showed that about 50% of HDAC activity was inhibited in BxPC-3 cells
upon treatment with 8-HOA (1.0 puM) compared to cells without 8-HOA treatment (Fig 4),
indicating that 8-HOA could serve as a HDAC inhibitor.

Results from western blots showed that there is an increase in expression of acetyl
histone H3 (substrate for HDAC) in BXxPC-3 cells upon 8-HOA treatment, confirming that 8-
HOA is an HDAC inhibitor. We observed expression of DNA damage marker YH2AX was
increased in BxPC-3 cells treated with 8-HOA compared to cells without 8-HOA treatment,
consistent with HDAC inhibitors-induced DNA damage reported in other studies [155].

We tested the possible alternation of proteins involved in regulating cell apoptosis in
BxPC-3 cells upon 8-HOA treatment. 8-HOA was found to downregulate protein expressions of
procaspase-9 and procaspase-3 (pro-apoptotic proteins that activate the apoptotic pathway, Fig
5), which is consistent with the observation of 8-HOA induced apoptosis in FITC Annexin V and

P1 double staining. We demonstrated that 8-HOA can inhibit cell growth by serving as an
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HDACI to prevent histone deacetylation to cause DNA damage, resulting in activation of pro-

apoptotic proteins (e.g. procaspase-3 and procaspase-9).
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Fig 4. HDAC activity was inhibited by 8-HOA in BxPC-3 cells.
HDAC activity assay of BxPC-3 cells treated with vehicle (control) and 8-HOA (1.0 uM). (*:
significant difference with p < 0.05 from n > 3).
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A. Western blot of BxPC-3 cells
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Fig 5. 8-HOA induced DNA damage and activated pro-apoptotic proteins.

A) Western blot of acetyl histone H3, YH2AX, procaspase-3 and procaspase-9 in BxPC-3 cells
treated with vehicle and 8-HOA (1.0 uM). B) Quantification of protein expression level. Protein
expression level was normalized using histone H3 as loading control (*: significant difference p
<0.05 from n > 3).
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3.2.3. Pancreatic cancer cell migration was suppressed by 8-HOA

It is reported that, rather than the primary tumors, cancer metastasis accounts for more
than 90% of all cancer death, including pancreatic cancer [156]. A majority of pancreatic cancer
patients with cancer metastasis showed a poor survival rate as cancer cells metastasize to
important organs such as the liver or lungs. Studies have shown that HDAC inhibitors such as
butyrate and valproate can suppress cancer cell migration [149-154]. We proposed that 8-HOA,
whose structure is similar to those well-known HDAC inhibitors, can also inhibit pancreatic
cancer cell migration.

We used a wound healing assay to test whether the direct treatment 8-HOA could inhibit
migration of pancreatic cancer cells BXxPC-3. Upon treatment of 8-HOA (1.0 uM) for 48 h,
BxPC-3 cells migration was significantly inhibited with the wound area ~ 81.1% at 48h
compared to control ~ 58.3% (Fig 6).

We also investigated the possible molecular mechanism of the inhibition of cancer cell
migration caused by 8-HOA. Results from western blot showed that 8-HOA decreased
expressions of MMP-2 and MMP-9, two proteins involved in degradation of extracellular matrix
(Fig 7). Our study indicated that 8-HOA could serve as a HDAC inhibitor to suppress breakdown

of extracellular matrix, resulting in inhibition of cancer cell migration.
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Wound healing assay and quantification of wound area
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Fig 6. Cell migration of BxPC-3 cells was suppressed by 8-HOA.

Wound healing assay and quantification of wound area of BxPC-3 cells upon 8-HOA treatment
(1.0 uM) for 48 h. The BxPC-3 cells treated with vehicle were used as control. (*: significant
difference with p < 0.05 from n > 3).
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Fig 7. 8-HOA decreased levels of MMP-9 and MMP-2.

A) Western blot of MMP-2 and MMP-9 in BXxPC-3 cells treated with vehicle and 8-HOA. B)
Quantification of protein expression level of MMP-2 and MMP-9 in BXPC-3 cells treated with
vehicle and 8-HOA (1.0 uM). Protein expression level was normalized using -actin as loading
control. (*: significant difference with p <0.05 from n > 3).

3.2.4. Treatment 8-HOA enhanced the efficacies of chemotherapy drugs
Various chemotherapy drugs are used in clinical practices for treatment of pancreatic
cancer [118-127]. However, drug resistance has been major obstacle for successful pancreatic

cancer chemotherapy, as many types of pancreatic cancer cells are insensitive to chemo-drugs.
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For example, many pancreatic cancer cell lines have been reported resistant to gemcitabine, a
nucleoside analog that has been used as a front-line chemo-drug for pancreatic cancer treatment
[129-133]. Thus, a variety of regimens such as w-3 fatty acids and COX-2 inhibitors have been
used to enhance efficacy of chemotherapy drugs on pancreatic cancer [34-35, 75-81].

We here tested whether 8-HOA can improve the efficacy of chemo-drugs on BxPC-3
cells. When cells were co-treated with 8-HOA and gemcitabine, 8-HOA could significantly
enhance efficacy of gemcitabine on BxPC-3 cells. Significantly inhibited colony formations were
observed in BxPC-3 cells upon treatment of gemcitabine and 8-HOA (survival fraction ~31.1%
vs. 50.6% for gemcitabine only, Fig 8).

In addition to gemcitabine, we also tested whether direct treatment of 8-HOA could
sensitize BXPC-3 cells to chemotherapeutic drugs, e.g., erlotinib (tyrosine kinase inhibitor used
as targeted therapy drug for pancreatic cancer [120-125]) and oxaliplatin (platinum-based
antineoplastic agent used for pancreatic cancer therapy [126-127]). Results showed that 8-HOA
(1.0 pM) improved the cytotoxicity of erlotinib on BXPC-3 cells as shown in MTS assays
(~37.8% cell viability for treatment 8-HOA plus 10 uM erlotinib vs. 49.7% for erlotinib only Fig
9). Treatment with 8-HOA also sensitized BxPC-3 cells to oxaliplatin as we observed in a MTS
assay (cell viability 36.8 % for co-treatment of 8-HOA and 20 uM oxaliplatin vs. 52.4 % for

oxaliplatin only, Fig 8).
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Fig 8. 8-HOA inhibited colony formation in BXxPC-3 cells.

Clonogenic assay of BXPC-3 cells at 10 days after 48 h of 8-HOA treatment (1.0 uM),
gemcitabine (0.1 uM), and 8-HOA + gemcitabine. The BxPC-3 cells treated with vehicle were
used as control. (*: significant difference with p < 0.05 from n > 3).
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A. MTS assay of erlotinib and 8-HOA
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Fig 9. Improved cytotoxicities of erlotinib and oxaliplatin by 8-HOA in BxPC-3 cells.
A) MTS assay of BxPC-3 cells upon treatment of erlotinib (2.5 uM -10 uM) alone or erlotinib
(2.5 pM -10 pM) + 8-HOA (1.0 uM) as well as oxaliplatin (5.0 uM - 20 uM) alone or oxaliplatin
(5.0 uM -20 puM) + 8-HOA (1.0 uM) for 48 h. The cells without 8-HOA and drug treatment were
used as controls and their cell viability was normalized 100%. (*: significant difference with p <
0.05 from n > 3).
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3.3. Discussion

Our previous study showed that DGLA can produce unique free radical byproducts e.g.
8-HOA from COX-2-catalyzed lipid peroxidation though C-8 oxygenation. Thus, in this chapter,
we investigated the effect of 8-HOA growth and migration of pancreatic cancer cells. In addition,
we also tested whether 8-HOA can enhance the efficacies of chemotherapy drugs.

We also tested the effect of PGEL on pancreatic cancer cell growth as PGE1 is a major
metabolite generated from DGLA peroxidation and has been reported to possess anti-cancer and
anti-inflammation effects. At physiological concentration range (0.1 uM — 10 uM), PGE1
showed no inhibitory effect on BxPC-3 cancer cell growth, suggesting that PGE1 should not be
the metabolite that actually exerts anti-cancer effects on cancer cells. On the other hand, at the
same physiological concentration range, DGLA’s exclusive free radical byproduct 8-HOA
inhibited cancer cell growth from 1.0 uM to 10 uM, suggesting that 8-HOA is the bioactive
metabolite that responsible for DGLA’s anti-cancer effects.

Mutated p53 is found in majority of pancreatic cancer cell lines (e.g. BxPC-3) and closely
associated with pancreatic cancer development and progression [157]. Thus, we investigated
whether 8-HOA can inhibit pancreatic cancer cell growth via p53-independent manner. It was
found that 8-HOA can induce cell apoptosis via activating procaspase-9 and procaspase-3 in
BxPC-3 cells, indicating that 8-HOA can cause cancer cell death through p53-independent
pathway.

HDAC inhibition can lead to histones hyperacetylation, affecting chromatin assembly as
histones required deacetylation after deposition onto the newly synthesized DNA [153]. The
failure to deposit newly synthesized histones onto DNA or to remove acetyl residues from the

histones can cause defects in chromatin assembly, leading to DNA damage [153]. The DNA
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damage in cancer cells can trigger caspase activation and the execution of apoptosis [153]. The
8-HOA-induced apoptosis via p53-independent pathway is not only associated with direct
activation of apoptosis executioners (e.g. procaspase-9 and procaspase-3) by DNA damage, but
also related to transcriptional downregulation of anti-apoptotic protein Bcl-2, which is involved
in regulating mitochondrial membrane integrity [143].

The molecular mechanism of HDAC inhibitors’ anti-metastatic effect has not yet been
completely elucidated. The possible pathway is that, when acetylated, relaxed structure of
chromatin may allow transcriptional repressors to access the chromatin, resulting in
transcriptional repression of key MMPs, including as MMP-2 and MMP-9 (proteins that degrade
extracellular matrix and facilitate cancer cell migration) [155].

Gemcitabine, acting as a nucleoside analog to replace one of the building blocks of
nucleic acids in the process of DNA replication [128], has been widely used as front line chemo-
drug to treat patients with advanced pancreatic cancer. However, pancreatic cancer cells can
develop resistance to gemcitabine due to a variety of factors (e.g. decreased expression of
hENTL1 [129]). Various regimens such as COX-2 inhibitors (e.g., celecoxib) as well as -3 fatty
acids have been used to sensitize pancreatic cancer cells to gemcitabine [34-35, 75-80]. Our
study demonstrated that 8-HOA could also enhance the efficacy of gemcitabine to control
pancreatic cancer cell growth (Fig 8).

Erlotinib, a reversible tyrosine kinase inhibitor, has been used as a targeted therapeutic
drug for treating a variety of cancers including pancreatic cancer. Targeted therapy is emerging
as a promising strategy for cancer treatment via using drugs to more precisely target and attack
cancer cells. Our study showed that treatment of 8-HOA can significantly improve the efficacy

of erlotinib (Fig 9).
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In this chapter, we demonstrated that the exclusive free radical byproduct 8-HOA from
COX-2-catalyzed DGLA peroxidation can serve as a HDAC inhibitor to control growth and
migration of pancreatic cancer cell lines as well as improve the efficacies of chemo-drugs. In
next chapter, we promoted the formation of 8-HOA from COX-2-catalyzed DGLA peroxidation
by exploiting overexpressed COX-2 as well as knocking down D5D (the rate-limiting enzyme to

convert DGLA to AA) to control cancer growth and migration.
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4. KNOCKING DOWN D5D SUPPRESSED CANCER GROWTH AND MIGRATION IN
COX-2 OVEREXPRESSED PANCREATIC CANCER CELLS
4.1. Introduction

In chapter 3, we demonstrated that direct treatment of 8-HOA can inhibit pancreatic
cancer cell growth and migration. In this chapter, we aimed to take advantage of high COX-2
expression in cancer cells and manipulate ®-6 fatty acids metabolism to promote formation of 8-
HOA to suppress pancreatic cancer cell growth and migration.

COX-2, the inducible form of COX, can be readily induced by stresses, growth factors,
and pro-inflammatory signals in diseases such as inflammation and cancer [59-62]. COX-2 has
been found to be overexpressed in ~ 70% pancreatic cancer patients [81]. COX-2 overexpression
is positively correlated with pancreatic cancer development and progression as it can metabolize
AA to form deleterious metabolite PGE2 [64-70]. PGE2 has shown to facilitate cellular
proliferation, migration and angiogenesis of pancreatic cancer [65-70]. COX-2 inhibition via
using COX-2 inhibitors has been used as the classic strategy to target COX-2 in cancer therapy
[75-80]. However, COX-2 inhibitors have never achieved the desirable anti-cancer effects over
the past decades and suffer from some safety issues in patients, e.g., increased risks of
cardiovascular disease and gastrointestinal injury [82-85].

In our research, instead of COX-2 inhibition, we exploited the commonly high COX-2
expression to Kill cancer cells by promoting formation of anti-cancer metabolite 8-HOA from
COX-2 catalyzed DGLA peroxidation. In order to promote the formation of 8-HOA, we
genetically knocked down D5D (rate-limiting enzyme to convert DGLA to AA) via
siRNA/shRNA transfection. We proposed that, by knocking down D5D, we can not only limit

the production of deleterious metabolites such as PGE2 from COX-2 catalyzed AA peroxidation,

58



but also reserve more DGLA to improve the formation of 8-HOA from COX-2 catalyzed DGLA
peroxidation to a threshold level to deliver growth and migration inhibitory effects on pancreatic
cancer cells.

The outcome of this work is expected to provide a guidance to make use of the hallmark
of cancer (high COX-2 expression) to work against cancer itself and challenge the current
paradigm of COX-2 biology in cancer treatment.

4.2. Results
4.2.1. Knockdown of D5D promoted formation of 8-HOA from DGLA

D5D is the key enzyme that converts DGLA to AA (Scheme 1). In order to manipulate
DGLA metabolism to promote formation of 8-HOA, BxPC-3 cells were transfected with D5D-
SiRNA to knock down D5D. About 70% inhibition of D5D in siRNA transfected BXxPC-3 cells

was observed compared to negative control sSiRNA (NC-si) transfected cells (Fig 10).
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Fig 10. Western blot of COX-2 and D5D in NC-si and D5D-KD BxPC-3 cells.

A) Western blot and protein expression level of COX-2 and D5D expression in NC-si transfected
vs. D5D-KD cells. B) Quantification of protein expression level of COX-2 and D5D in NC-si
transfected vs D5D-KD cells. Protein expression level was normalized using [3-actin as loading
control. (*: significant difference with p < 0.05 from n > 3).
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To determine whether formation of 8-HOA can be promoted by D5D-KD to a threshold
level for inhibiting cancer cell growth and migration, we used GC/MS to detect 8-HOA (PFB-
derivative form) generated from both D5D-KD and NC-si BXPC-3 cells treated with DGLA for
48 h. GC/MS, a well-known analytical technique, has been used for the analysis of trace levels of
fatty acids in biological samples. For GC/MS analysis, 8-HOA must be derivatized to PFB
derivative to increase volatility [135].

In D5D-KD BxPC-3 cells, the level of endogenous 8-HOA maintained above the
threshold level 0.5 puM during 48 h treatment due to continuous COX-catalyzed DGLA
peroxidation (Fig 11). However, the level of endogenous 8-HOA never reached 0.5 M in NC-si

transfected BxPC-3 cells upon DGLA treatment for 48 h.
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Fig 11. D5D-KD promoted formation of 8-HOA in BxPC-3 cells.

GC/MS quantification of 8-HOA from NC-si or D5D-KD BxPC-3 cells treated with 100 uM
DGLA. The red line is the threshold level of 8-HOA (0.5 uM) that can be reached in D5D-KD
BxPC-3 cells. Data represent as mean £ SD. (*: significant difference with p < 0.05 from n > 3).
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Our strategy not only resulted in formation of a threshold level of 8-HOA, but also
caused alterations in the levels of DGLA, AA and their metabolites PGE1 and PGE2 in D5D-KD
BxPC-3 cells treated with DGLA for 48 h (Table 4). As the conversion from DGLA to AA was
suppressed by D5D-KD, higher level of DGLA and decreased level of AA were detected in
D5D-KD BxPC-3 compared to those in NC-si BXPC-3 cells. Consistently, increased formation of
PGEL and decreased formation of PGE2 were also detected in D5D-KD BxPC-3 compared to
those in NC-si BxPC-3 cells, suggesting that D5D-KD can not only promote the formation of 8-
HOA (cancer inhibitor) from DGLA, but also achieve the similar effect of COX-2 inhibitor to
limit the generation of PGE2 (cancer promoter) from AA.

The results again indicated that PGEL is not the key metabolite that delivers anti-cancer
effects as the higher concentration of PGE1 (up to 10 uM) had no effect on cell viability when
BxPC-3 cells were directly treated with PGE1 (Fig 1).

Table 4. Levels of DGLA, AA, PGE1 and PGE?2 in BxPC-3 cells.

NC-si BXPC-3 (UM in 1 x 10° cells) | D5D-KD BxPC-3 (uM in 1 x 10° cells)

12 h 24 h 48 h 12 h 24 h 48 h

DGLA 8.25 4.62 0.59 12.17 1.27 1.93
+1.14 +1.34 +0.17 +1.51 +1.45 +0.26

AA 0.65 0.54 0.41 0.48 0.37 0.27
+0.03 + 0.07 +0.13 +0.04 +0.04 + 0.06

PGE1 0.17 0.21 0.27 0.37 0.48 0.67
+0.02 + 0.05 +0.03 +0.09 +0.08 + 0.06

PGE?2 0.43 0.61 0.91 0.31 0.41 0.56
+ 0.05 + 0.05 +0.21 +0.11 +0.08 +0.15

Profile of fatty acid and metabolites. LC/MS quantification of DGLA, AA, PGE1 and PGE2
from cell medium of NC-si transfected or D5D-KD BxPC-3 cells treated with 100 uM DGLA for
48 h. Data represent as mean + SD for n > 3.
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4.2.2. Pancreatic cancer cell growth was inhibited by D5D-KD and DGLA

We then assessed whether D5D-KD and DGLA treatment can inhibit pancreatic cancer
cell growth and induce cancer cell apoptosis. Results from clonogenic assay showed that DGLA
treatment (48 h) significantly inhibited colony formation in D5D-KD BxPC-3 cells (~ survival
fraction of 70.6%, Fig 12A), but had no effect on cell growth of the cells transfected with NC-si
(~survival fraction of 101.1%, Fig 12A). The growth inhibition in D5D-KD BxPC-3 cells upon
treatment of DGLA is consistent with the inhibited cell growth when BxPC-3 cells were directly
treated with 8-HOA in chapter 3 (Fig 1).

FITC-Annexin V-PI double staining was also used to test whether D5D-KD along with
DGLA treatment can also induce BxPC-3 cells apoptosis. We observed that DGLA treatment
significantly increased apoptotic cell population in D5D-KD BxPC-3 cells (FITC-Annexin V
positive and PI negative, 8.12 %) vs. the control (e.g., D5D-KD cells without DGLA treatment,
~2.71 %, Fig 12B).

Together these results suggested that D5D-KD and DGLA treatment resulted in promoted
formation of 8-HOA (> 0.5 uM, Fig 11) from COX-2-catalyzed DGLA peroxidation which in

turn can inhibit cancer cell growth and induce cancer cell apoptosis.
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Fig 12. D5D-KD improved DGLA’s growth inhibitory effect in BXPC-3 cells.

A) Clonogenic assays of NC-si and D5D-KD BxPC-3 cells at day 10 upon the DGLA (100 puM,
48 h) treatment vs. controls (without DGLA). B) Cell apoptosis analysis of D5D-KD cells treated
with vehicle (control) or DGLA (100 uM). (*: significant difference with p <0.05 from n > 3).
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4.2.3. Pancreatic cancer cell migration was suppressed by D5D-KD and DGLA

Pancreatic cancer cells often metastasize to the liver, lungs, bone, brain, and other organs.
Once pancreatic cancer is metastasized, the survival rate of the patients dropped significantly as
these spread cancers cannot be removed by surgery. Therefore, there is an urgent need for
regimen to suppress cancer metastasis.

In chapter 3, we demonstrated that direct treatment of 8-HOA can inhibit BxPC-3 cells
migration, therefore, we further tested whether D5D-KD along with DGLA treatment can also
inhibit cell migration of BXPC-3 cells. Wound healing assay was used to test the effect of D5D-
KD and DGLA on cell migration in BxPC-3 cells. D5SD-KD significantly inhibited cell migration
in BXPC-3 cells treated with DGLA (~ wound area of 83.4% at 48 h compared to control 55.3%,
Fig 13). DGLA treatment had no inhibitory effects on cell migration of the negative control
BxPC-3 cells (~wound area of 57.9% vs. ~ 58.1% in control, Fig 14), indicating that 8-HOA
formed in negative control BxPC-3 cells is not sufficient (below 0.5 uM, Fig 11) to inhibit
cancer cell migration.

In addition, a transwell assay was also conducted to assess the effect of D5D-KD and
DGLA treatment on pancreatic cancer cell migration and invasion. Consistent with the wound
healing assay, treatment of DGLA for 48 h resulted in significant inhibition on D5D-KD BxPC-3
cell migration (~ 102 cells migrated for treatment DGLA vs. ~ 146 cells migrated for control,
Fig 15A) and invasion (~ 79 cells invaded for treatment DGLA vs. ~ 121 cells invaded for
control, Fig 15B).

These results have demonstrated that D5D-KD can promoted formation of 8-HOA from
COX-2-catalyzed DGLA peroxidation to reach the threshold level (> 0.5 uM, Fig 11), resulting

in inhibited cancer cell migration and invasion.
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Fig 13. D5D-KD and DGLA supplement inhibited cell migration in BXxPC-3 cells.
A) Wound healing assays and quantification of wound area of D5D-KD BxPC-3 cells upon
DGLA (100 puM, 48 h) treatment vs. controls (without DGLA). (*: significant difference with p

<0.05 from n > 3).
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A. Wound healing assay of NC-si BxPC-3 cells
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Fig 14. DGLA treatment did not inhibit cell migration in negative control BxPC-3 cells.
A) Wound healing assays and quantification of wound area of negative control BxPC-3 cells
upon DGLA (100 uM, 48 h) treatment vs. controls (without DGLA, there is no significant
statistical difference between controls and cells with DGLA treatment from n > 3).
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A. Transwell migration assay of DS5D-KD BxPC-3
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Fig 15. D5D-KD and DGLA inhibited cell migration and invasion in BxPC-3 cells.

A) Transwell migration assay of D5D-KD BxPC-3 cells upon treatment of DGLA (100 puM). The
D5D-KD cells without fatty acid treatment were used as controls; B) Transwell invasion assay of
D5D-KD BxPC-3 cells upon treatment of DGLA (100 uM). The D5D-KD cells without fatty
acid treatment were used as controls. (*: significant difference with p < 0.05 from n > 3).

4.2.4. DGLA’s anti-cancer effects were associated with its COX-2-catalyzed peroxidation
To further confirm that DGLA’s anti-cancer effects were associated with its COX-2-
catalyzed peroxidation, we knocked down D5D and COX-2 separately or simultaneously in
BxPC-3 cells. We used MTS assay to test their cell growth response upon 48 h DGLA treatment.
Results showed that treatment with DGLA significantly inhibited cell viability in D5D-KD
BxPC-3 cells. However, the growth inhibitory effect was abolished in D5D/COX-2 double-KD

BxPC-3 cells (Fig 16), indicating that COX-2 is essential for delivering the anti-cancer effects.
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This observation also provide evidence to support our hypothesis that 8-HOA produced from
COX-2-catalyzed DGLA peroxidation is responsible for DGLA’s anti-cancer activities.

We also tested our strategy (i.e. D5D-KD and DGLA treatment) on cancer cell growth in
another pancreatic cancer cell line PANC-1 with deficient COX-2 expression. Results showed
that after 48 h, DGLA treatment (100 uM) did not inhibit cell growth in D5D-KD PANC-1 cells
(~98.3% cell viability compared to control, Fig 17).

These results taken together indicated that overexpressed COX-2 is essential for
promoting formation of 8-HOA from DGLA peroxidation to control pancreatic cancer cell
growth. Therefore, overexpressed COX-2 is considered as a benefit rather than a problem in our
study, shifting the paradigm of COX-2 biology in cancer as the classic strategy to target COX-2

in cancer is to inhibit it.
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Fig 16. D5D and COX-2 expression levels and their effects on growth of BxPC-3 cells

treated DGLA.

A) Western blot and protein expression level of COX-2 and D5D in BxPC-3 cells with COX-2
and D5D siRNA transfection. Protein expression level was normalized using -actin as loading
control; B) MTS assay of NC-si transfected, D5D-KD, COX-KD and double KD BxPC-3 cells
upon treatment of 100 uM DGLA. (*: significant difference compared to NC-si with p < 0.05

from n > 3).
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A. Western blot of D5D in PANC-1
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Fig 17. DGLA treatment did not inhibit cell viability of D5D-KD PANC-1 cells.

A) Western blot and protein expression level of D5D in NC-si transfected vs D5D-KD PANC-1
cells. Protein expression level was normalized using -actin as loading control. B) MTS assay of
NC-si transfected and D5D-KD PANC-1 cells upon treatment of DGLA (100 pM). The NC-si
transfected and D5D-KD cells without fatty acid were used as controls. (*: significant difference
with p <0.05 from n > 3).
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4.2.5. DGLA treatment and D5D-KD enhanced the efficacies of gemcitabine on inhibiting
pancreatic cancer cell growth

Gemcitabine is used as a front-line chemotherapy drug for pancreatic cancer patients. A
variety of regimens such as o-3 fatty acids and COX-2 inhibitors have been combined with
gemcitabine to further kill cancer cells [34-35, 75-81]. In chapter 3, we have previously shown
that direct treatment of 8-HOA can sensitize BxPC-3 cells to gemcitabine. In this chapter, we
further tested whether the threshold of 8-HOA formed from COX-catalyzed DGLA peroxidation
can also enhance the efficacy of gemcitabine.

When cells were co-treated with DGLA and gemcitabine, DGLA could significantly
enhance efficacy of gemcitabine on D5D-KD BxPC-3 cells as we observed in MTS assay (cell
viability 41.3 % for co-treatment vs. 54.6 % for gemcitabine only, Fig 18A). Significantly
inhibited colony formation was also observed in D5D-KD BxPC-3 cells upon treatment of
gemcitabine and DGLA (survival fraction ~30.8% vs. 51.3% for gemcitabine only, Fig 18B). For
NC-si BXxPC-3 cells, DGLA treatment could not improve efficacy of gemcitabine as shown in
MTS assay and colony formation assays in Fig 16 A-16B. The further inhibited cancer cell
growth in D5D-KD BxPC-3 cells was attributed to 8-HOA reaching the threshold level (above
0.5 uM, Fig 15), consistent with the observed further growth inhibition upon treatment of
gemcitabine and 8-HOA.

Lower concentration of gemcitabine was used in clonogenic assay (0.1 uM) compared to
MTS assay (1.0 uM) as the same high concentration of gemcitabine used in MTS assay (48 h)
can kill all the cells in clonogenic assay and leave no cells to form colonies (48 h treatment, 10

days incubation).
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We also used FITC-Annexin V and Pl double staining to the effect of gemcitabine and
DGLA treatment on cell apoptosis in D5D-KD BxPC-3 cells. Results showed that gemcitabine
alone can induce cell apoptosis in D5D-KD BxPC-3 cells as demonstrated as FITC-Annexin V
positive and PI negative staining (population of early apoptotic cells ~12.6%, Fig 18C).
Gemcitabine-induced cell apoptosis was further promoted by DGLA treatment on D5D-KD

BxPC-3 cells (population of early apoptotic cells, ~18.0%, Fig 18C).
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Fig 18. D5D-KD and DGLA treatment enhanced efficacies of gemcitabine to kill BxPC-3
cells.

A) MTS assay of NC-si and D5D-KD BxPC-3 cells upon treatment of gemcitabine (1.0 uM)
alone or gemcitabine + DGLA (100 puM). B) Clonogenic assay of NC-si and D5D-KD BxPC-3
cells at 10 days with treatment of DGLA (100 uM), gemcitabine (0.1 uM) or gemcitabine +
DGLA for 48 h. The NC-si and D5D-KD cells without fatty acid and drug treatment were used
as controls. C) Cell apoptosis of D5D-KD BxPC-3 cells treated with vehicle (control), DGLA
(100 uM), gemcitabine (0.1 pM) alone or gemcitabine + DGLA. (*: significant difference vs.
control with p < 0.05; and #: significant difference vs. gemcitabine with p < 0.05 from n > 3).
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Gemcitabine has been known to suppress cancer cell growth by inducing p53-dependent
as well as p53-independent cell apoptosis [158-159]. In order to assess the possible molecular
mechanism of gemcitabine efficacy promoted by DGLA, D5D-KD BxPC-3 cells (mutated p53)
were treated by DGLA, gemcitabine alone, and their combination, respectively.

We found that gemcitabine alone could down regulate Bcl-2 (anti-apoptotic proteins) as
well as activate procaspase 9 and procaspase 3 (pro-apoptotic proteins, Fig 19). Increased
expressions of acetyl histone H3 and YH2AX were observed in D5D-KD BxPC-3 cells treated
with DGLA, consistent with Fig 4, and confirmed that 8-HOA can serve as a histone deacetylase
inhibitor to induce DNA damage. Further increased expression of yH2AX and down-regulated
expressions of Bcl-2, procaspase 9 and procaspase 3 (Fig 19) were observed when D5D-KD
BxPC-3 cells were co-treated by DGLA and gemcitabine (vs. gemcitabine alone). The data
indicated that combination of DGLA and D5D-KD can significantly enhance gemcitabine’s
efficacy potentially by 8-HOA which can induce DNA damage, and then decrease expressions of
anti-apoptotic proteins (e.g., Bcl-2) and activate pro-apoptotic proteins (e.g., caspase-9 and
caspase-3).

From what we observed in clonogenic assay and apoptosis assay, the growth inhibition
effect was additive when D5D-KD BxPC-3 cells were treated with the combination of DGLA
and gemcitabine. The combination of gemcitabine and DGLA showing additive rather than
synergistic effects on cancer cells may be attributed to both gemcitabine and 8-HOA inducing
cancer cell apoptosis by causing DNA damage. Therefore, in the future, we can combine our
strategy with other drugs that inhibit cancer growth via a different mechanism such as targeted

therapeutic drugs to treat cancer cells. In addition, in order for the combination of our strategy
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and drug to exert synergistic effect, we should use the drug at a low concentration as the high

concentration may mask the effect of our strategy on cancer cell growth inhibition.
A. Western blot of D5D-KD BxPC-3
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Fig 19. D5D-KD and DGLA treatment promoted gemcitabine-induced apoptosis via p53
independent pathway.
A) Western blot of acetyl histone H3, YH2AX, Bcl-2, procaspase-3 and procaspase-9 from D5D-
KD BxPC-3 cells treated with vehicle (control), DGLA (100 uM), gemcitabine (0.1 uM) or
gemcitabine (0.1 uM) + DGLA (100 uM) for 48 h. B) Quantification of protein expression level
of acetyl histone H3, yYH2AX, Bcl-2, procaspase-3 and procaspase-9 from D5D-KD BxPC-3 cells
treated with vehicle, DGLA, gemcitabine or gemcitabine + DGLA for 48 h. Protein expression
level was normalized using B-actin as loading control. (*: significant difference vs. control with p
< 0.05; and #: significant difference vs. gemcitabine with p < 0.05 from n > 3).
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4.2.6. D5D-KD and DGLA treatment improved efficacies of other chemotherapy drugs on
inhibiting pancreatic cancer cell growth

Erlotinib, a reversible tyrosine kinase inhibitor acting on epidermal growth factor
receptor, has been used as a targeted therapeutic drug for a variety of cancers including
pancreatic cancer. Oxaliplatin, a platinum-based anti-neoplastic agent, has been also used as a
common chemotherapy drug for pancreatic cancer. Besides gemcitabine, we also tested whether
our strategy (i.e. D5SD-KD and DGLA treatment) could sensitize BxPC-3 cells to erlotinib and
oxaliplatin.

Our data showed that DGLA treatment improved the cytotoxicity of erlotinib and
oxaliplatin on D5D-KD BxPC-3 cells as shown in their MTS assays (~39.6% and 34.3% cell
viability for treatment DGLA plus chemo-drugs vs. 52.1% and 46.9% for erlotinib and
oxaliplatin only Fig 20A). The results suggested that D5D-KD can promote the formation of 8-
HOA to reach a threshold level (> 0.5 uM), leading to enhanced efficacy of chemotherapeutic
drugs.

The clonogenic assays also demonstrated that co-treatment of DGLA with erlotinib and
oxaliplatin further inhibited colony formation (~34.5% and 36.7% survival fraction for treatment
DGLA plus chemo-drugs vs. ~52.2% and 62.9% for erlotinib and oxaliplatin alone Fig 20B). In
NC-si transfected BxPC-3 cells, treatment of DGLA could not enhance the efficacies of erlotinib

and oxaliplatin.
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A. MTS assay from erlotinib or oxaliplatin and DGLA for 48 h
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Fig 20. Improved cytotoxicities of erlotinib and oxaliplatin by DGLA in D5D-KD BxPC-3

cells.

A) MTS assay of NC-si and D5D-KD BxPC-3 cells treated with erlotinib (10 uM) alone or
erlotinib + DGLA as well as oxaliplatin (20 pM) alone or oxaliplatin + DGLA for 48 h. B)
Clonogenic assay of NC-si and D5D-KD BxPC-3 cells at 10 days treated with erlotinib (2.0 uM)
or erlotinib + DGLA as well as oxaliplatin (2.0 uM) or oxaliplatin + DGLA for 48 h. The NC-si
and D5D-KD cells without fatty acid and drug treatment were used as controls. (*: significant
difference with p < 0.05 from n > 3).
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4.2.7. The efficacy of gemcitabine was enhanced by D5D-KD on suppressing cancer cell
migration

Gemcitabine, a nucleoside analog, replaces one of the building blocks of nucleic acids
during DNA replication. Gemcitabine has been used to treat pancreatic cancer metastasis in
clinical patients [160]. Thus, we further tested whether the strategy of DSD-KD and DGLA
treatment can also enhance the efficacy of gemcitabine on suppressing pancreatic cancer cell
migration and invasion. Results showed that D5D-KD and DGLA treatment could improve the
efficacy of gemcitabine on BXPC-3 cells as shown in transwell migration assays (~ 63 cells
migrated for treatment DGLA plus gemcitabine vs. ~ 87 for gemcitabine only Fig 21A). The
transwell invasion assays also showed that co-treatment of DGLA with gemcitabine further
inhibited cell invasion in D5D-KD BxPC-3 cells (~ 40 cells invaded for treatment DGLA plus
gemcitabine vs. ~62 cells for gemcitabine alone Fig 21B).

Gemcitabine has been shown to suppress cancer migration and invasion by altering
MMP-2 expression and epithelial mesenchymal transition (EMT) protein levels [161-175]. We
found that gemcitabine alone could decrease expression of MMP-2, vimentin (mesenchymal
marker) and Snail (transcriptional factor inducing EMT) as well as increase expression of
epithelial marker E-cadherin (Fig 22). Increased expressions of acetyl histone H3 was observed
in D5D-KD BxPC-3 cells treated with DGLA, confirming that 8-HOA can serve as a histone
deacetylase inhibitor to inhibit cancer cell migration and invasion (Fig 22). When D5D-KD
BxPC-3 cells were co-treated with DGLA and gemcitabine, further decreased expressions of
MMP-2, vimentin and snail as well as further increased expression of E-cadherin were observed

in D5D-KD BxPC-3 cells compared to treatment gemcitabine alone (Fig 22).
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A. Transwell migration assay of D5D-KD BxPC-3
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Fig 21. D5D-KD and DGLA treatment enhanced efficacy of gemcitabine on cell migration
and invasion in BxPC-3 cells.

A) Transwell migration assay of D5D-KD BxPC-3 cells upon treatment of DGLA (100 uM),
gemcitabine (0.1 uM) alone or gemcitabine + DGLA. The D5D-KD cells without fatty acid and
drug treatment were used as controls. B) Transwell invasion assay of D5D-KD BxPC-3 cells
upon treatment of DGLA (100 puM), gemcitabine (0.1 uM) alone or gemcitabine + DGLA. The
D5D-KD cells without fatty acid and drug treatment were used as controls. (*: significant
difference with p < 0.05 from n > 3).
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A. Western blot of D5D-KD BxPC-3
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Fig 22. D5D-KD and DGLA treatment improved efficacy of gemcitabine via altering
expressions of proteins involved in cell migration and invasion in BXxPC-3 cells.

A) Western blot and protein expression level of acetyl histone H3, MMP-9, MMP-2, E-cadherin,
vimentin and snail from D5D-KD BxPC-3 cells treated with vehicle (control), DGLA (100 uM),
gemcitabine (0.1 uM) or gemcitabine + DGLA. B) Quantification of protein expression level of
acetyl histone H3, MMP-9, MMP-2, E-cadherin, vimentin and Snail from D5D-KD BxPC-3 cells
treated with vehicle, DGLA, gemcitabine or gemcitabine + DGLA. Protein expression level was
normalized using [-actin as loading control (*: significant difference vs. control with p < 0.05;
and #: significant difference vs. gemcitabine group with p < 0.05 from n > 3).
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4.3. Discussion

In chapter 3, we showed that direct treatment of DGLA’s unique free radical byproduct
8-HOA can not only inhibit cell growth and migration, but can also enhance the efficacy of
chemotherapy drugs e.g., gemcitabine on pancreatic cancer cells. In this chapter, we further
tested whether D5D-KD can promote formation of 8-HOA to inhibit growth and migration of
pancreatic cancer cells.

We detected the levels of 8-HOA in D5D-KD BxPC-3 cells treated with DGLA for 48 h
using GC/MS. A threshold level of endogenous 8-HOA (> 0.5 uM) was found essential to exert
its anti-cancer effect on pancreatic cancer cells (Fig 11). Our results suggested that, in cancer
cells with high COX-2 expression, the endogenous formation of 8-HOA can inhibit cancer
growth and migration in an autocrine manner once a threshold level (> 0.5 uM) was reached.

In addition, for cancer cells with deficient COX-2 expression, our strategy (i.e. D5D-KD
and DGLA treatment) can also be used to inhibit their cell growth and migration. This is because
8-HOA, continually generated from nearby cancer cells (overexpress COX-2), can suppress the
growth and migration of cancer cells with deficient COX-2 expression in a paracrine manner.

Gemcitabine, acting as a nucleoside analog to replace one of the building blocks of
nucleic acids in the process of DNA replication, has been widely used as front line chemo-drug
to treat patients with advanced pancreatic cancer. However, drug resistance has been a major
obstacle for successful chemotherapy (e.g. gemcitabine) for pancreatic cancer. Our study
demonstrated that promoted formation of 8-HOA from DGLA treatment along with D5D-KD
could enhance the efficacy of gemcitabine to control pancreatic cancer cell growth by further

promoting gemcitabine-induced cell apoptosis though a p53-independent pathway (Fig 21).
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Considering that the common low efficacy of chemotherapy for pancreatic cancer patients, our
strategy can be used to improve many frontline chemo-drugs to kill cancer.

In this study we demonstrated that 8-HOA can inhibit cancer cell migration and invasion.
The molecular mechanism behind the observation is that 8-HOA can act as an HDACI to prevent
histone deacetylation, leading to relaxed chromatin and transcriptional alternation of targeted
genes (e.g. MMP-2 and MMP-9). Our study also showed that the improved formation of 8-HOA
can enhance efficacy of gemcitabine on suppressing D5D-KD BxPC-3 cell migration and
invasion by further increasing expression of E-cadherin and decreased expression of MMP-2,
vimentin and snail (Fig 22).

For the first time, we have demonstrated that high COX-2 expression could be used to
improve formation of 8-HOA from DGLA peroxidation via D5D-KD for the inhibition of cancer
cell growth and migration, as well as for the improvement of efficacy of chemotherapy on
pancreatic cancer cells. The outcome of our work will reinforce our translational efforts to
develop a novel »-6 based dietary strategy in combination with modified COX-2-catalyzed
DGLA peroxidation and D5D-mediated m-6 conversion, and therefore improving the efficacies

of chemotherapy.
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5. D5D KNOCKDOWN AND DGLA INHIBITED GROWTH OF PANCREATIC TUMOR
OVEREXPRESSING COX-2 IN MOUSE XENOGRAFT MODEL
5.1. Introduction

In chapter 4, we demonstrated that genetic knockdown of D5D promoted formation of 8-
HOA (cancer inhibitor) from COX-catalyzed DGLA peroxidation, leading to cancer cell growth
and migration inhibition. Our strategy also enhanced efficacy of gemcitabine, a front-line
chemotherapy drug, on suppressing pancreatic cancer cell growth and migration. In this chapter,
we further extended our strategy to in vivo studies to confirm whether knockdown of D5D and
DGLA supplementation can also inhibit pancreatic tumor growth and metastasis potential.

We established a xenograft tumor model using immune-deficient mice, which are the
standard in vivo model in cancer researches [166-167]. The immune-deficient mice are athymic
and hairless due to homozygous mutation of Foxnl (Foxn1™/Foxn1™) [168]. The absence of a
thymus blocks the development of T cells, resulting in an immunodeficiency which allows
transplantation of tumor cell xenografts [168]. In addition, nude mice are also ideal for
measurement of subcutaneous tumor volume and whole body imaging.

In present study, a stable D5D-KD BxPC-3 cell line was created and subcutaneously
injected into the flank of nude mice to establish a DSD-KD xenograft tumor model. For
comparison, wild-type BxPC-3 cells were also injected into nude mice and subjected to same
treatments. Following a 2-week standard diet to allow tumors grow, the mice were further
divided into four sub-groups and received different treatments for 4 weeks, including 1) vehicle
(control), 2) DGLA supplementation (8 mg/mice, oral gavage, twice a week), 3) gemcitabine
injection (30 mg/kg, intraperitoneal, twice a week), and 4) combination of DGLA and

gemcitabine (Scheme 9).
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For the first time, we demonstrated that increased formation of 8-HOA from COX-2-
catalyzed DGLA peroxidation via DSD-KD can significantly inhibit pancreatic tumor growth
and metastasis potential, as well as improve the efficacy of gemcitabine. The outcome of our
study is expected to provide guidance for developing a new diet care strategy to improve current
chemotherapy by taking advantage of abundant dietary ®-6s and commonly overexpressed

COX-2 in cancer.

Cell Injection 2.wk Standard Diet 4-wk Standard Diet along with
For tumor growth DGLA Suppl. Gemcitabine
(- No No
(A) wt-D5D
No
|::> Standard Diet <
No
~
4 No No
(B) D5D-KD (shRNA) N
(o]
|::> Standard Diet <
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Scheme 9. Animal experiment design.

A total of 48 mice (8 groups and 6 mice each group) were used in this study to confirm the anti-
cancer effects of DGLA treatment and D5D-KD on pancreatic tumors. Wt-D5D and D5D-KD
BxPC-3 cells were subcutaneously injected into the hind flank of immuno-deficient mice to
establish a xenograft tumor model. After two weeks for tumor growth, the mice bearing wt-D5D
or D5D-KD tumor were further divided into four sub groups and received different treatment for
4 weeks, including 1) vehicle control, 2) DGLA supplementation, 3) gemcitabine injection, and
4) combination of DGLA and gemcitabine. The tumor size and mice body weights were
measured twice a week to test whether D5D-KD and DGLA supplementation could inhibit
pancreatic tumor growth. At the end of the treatment, the mice were euthanized and the tumors
were collected for further analysis.
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5.2. Results
5.2.1. DGLA supplementation suppressed tumor growth in mice bearing D5D-KD tumors

Due to the lack of thymus, the cancer cells injected into the immune-deficient mice can
readily form solid tumors. The hairless phenotype of nude mice is also ideal for evaluating tumor
growth. Mice were injected with wild-type or DSD-KD BxPC-3 cells to establish tumors. After
2-week standard diet to allow tumors to grow, the mice were subjected to different treatments
(e.g. DGLA, gemcitabine, combination of DGLA and gemcitabine) for 4 weeks.

The body weights of mice bearing wt-D5D tumors were measured twice a week to
monitor the toxicity effect of DGLA and gemcitabine treatments. Results showed that DGLA
and gemcitabine administered to mice bearing wt-D5D tumors for 4 weeks did not cause any
significant loss in body weights of mice (Fig 23A). In future animal studies, the livers and
kidneys will be collected for histology to assess organ toxicity.

In groups of mice bearing wt-D5D tumors, 4-week DGLA supplementation (8 mg/mice,
oral gavage, twice a week) did not suppress tumor growth, but even increase the tumor volume
compared to control group (tumor volume 146.9 mm?3 for DGLA supplementation vs. 135.4 mm?®
for control at the end of experiment, Fig 23B-Fig 23C). The results suggested that, in mice
bearing wt-D5D tumors, D5D can readily convert DGLA to AA, limiting formation of 8-HOA
from COX-2-catalyzed DGLA peroxidation to suppress tumor growth.

Gemcitabine, a front-line chemo-drug used for pancreatic cancer therapy, was given to
mice with or without DGLA supplementation. Treatment of gemcitabine (30 mg/kg,
intraperitoneal, twice a week) significantly inhibited tumor growth (tumor volume 87.0 mm?q),
while co-treatment of gemcitabine and DGLA did not further reduced tumor growth in wt-D5D

tumors (tumor volume 96.9 mm?), suggesting that the suppressed tumor growth in mice treated
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with gemcitabine or the combination of gemcitabine and DGLA only comes from the growth
inhibitory effect of gemcitabine.

The 4-week supplementation of DGLA and gemcitabine did not cause any change in the
body weight of mice bearing D5D-KD tumors compared to mice in control group (Fig 24A),
indicating that the treatments (e.g. DGLA and gemcitabine) has no severe toxicity of on mice.

In groups of mice bearing D5D-KD tumors, DGLA supplementation significantly
decreased tumor growth in mice compared to those without DGLA treatment (tumor volume
90.2 mm?3 for DGLA treatment vs. 129.1 mm? for control at the end of experiment, Fig 24B-Fig
24C). In addition, injection of gemcitabine alone also resulted in a significant decrease of tumor
growth in D5D-KD tumors (tumor volume 81.6 mm?). When mice bearing D5D-KD tumors
treated with combination of DGLA and gemcitabine, the tumor volume was further significantly
reduced (tumor volume 37.7 mm?®) compared to mice treated with gemcitabine alone (tumor
volume 81.6 mm?3). The data suggested that D5D-KD and DGLA supplementation could enhance
the efficacy of gemcitabine on inhibiting tumor growth, which is consistent with the conclusion
in in vitro study.

Note, when comparing tumors from both D5D-KD group and wt-D5D group without
DGLA supplementation, the size of tumors from D5D-KD group (tumor volume: 129.1 mm?, Fig
24) was smaller compared to that from wt-D5D group (tumor volume 135.4 mm?, Fig 23). This
may be because D5D-KD blocked the conversion from upstream -6 fatty acids (e.g. DGLA) to

AA, leading to limited production of PGE2 from COX-2-catalyzed AA peroxidation (Fig 25).
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A. Body weights of mice B. Tumor volume of wt-D5D tumors
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Fig 23. Tumor growth of wt-D5D tumors.

A) Body weight of mice from wt-D5D tumors treated with vehicle (control), DGLA (8
mg/mouse), gemcitabine (30 mg/kg) or gemcitabine + DGLA; B) Tumor volume of wt-D5D
tumors treated with vehicle, DGLA, gemcitabine or gemcitabine + DGLA. C) Mice with tumors
xenografts from wt-D5D tumors treated with A: vehicle, B: DGLA, C: gemcitabine and D:
gemcitabine + DGLA. (*: significant difference vs. control with p < 0.05 from n = 6).
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A. Body weights of mice B. Tumor volume of D5D-KD tumors

30, o+~ 200; —m— D5D-KD
) ; E D5D-KD + DGLA
1 Z - - £ 150 4~ D5D-KD + Gem
5 20 2”"‘#%1%"_’? aE: v D5D-KD + Gem + DGLA
E - 100- /l T %
) — e D5D-KD s m i A4
'® 10- D5D-KD + DGLA > "' }
; »  D5D-KD + Gem s 50- /i/: I I #
e D5D-KD + Gem +DGLA £ | AL Y T
Slueidte ibeutiy M I SE 22 SA00EN
0 1 2 3 4 sF 0 1 2 3 a4 5
Weeks after treatment Weeks after treatment

C. Tumors xenografts
A B C D_\ A B & e S0
B & e o 6 o
F g e

°

g

Fig 24. DGLA supplementation suppressed tumor growth in mice bearing D5D-KD tumors.
A) Body weight of mice from D5D-KD tumors treated with vehicle (control), DGLA (8
mg/mouse), gemcitabine (30 mg/kg) or gemcitabine + DGLA. B) Tumor volume of D5D-KD
tumors treated with vehicle, DGLA, gemcitabine or gemcitabine + DGLA. C) Tumor xenografts
from D5D-KD tumors treated with A: vehicle, B: DGLA, C: gemcitabine or D: gemcitabine +
DGLA. (*: significant difference vs. control with p < 0.05; and *: significant difference vs.
gemcitabine group with p < 0.05 from n = 6).
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PGE2 formation in tumors
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Fig 25. D5D-KD decreased level of PGE2 in tumors.

LC/MS quantification of PGE2 in tumors from wt-D5D and D5D-KD groups treated with
vehicle, DGLA, gemcitabine, or gemcitabine + DGLA. Data represent as mean = SD from n = 6.
(*: significant difference with p < 0.05).
5.2.2. Formation of 8-HOA was promoted from COX-catalyzed DGLA peroxidation in
mice bearing D5D-KD tumors

In chapter 4, our strategy (i.e. D5D-KD and DGLA treatment) promoted formation of 8-
HOA to a threshold level (above 0.5 uM), which leads to inhibited cancer cell growth, migration
and invasion. Here, we assessed whether the reduced tumor growth in D5D-KD groups with
DGLA supplementation is associated the promoted formation of 8-HOA from COX-catalyzed
DGLA peroxidation via D5D-KD. The expression of COX-2, D5D as well as the associated
mechanism were assessed by immunofluorescence analysis.

We firstly used immunofluorescence analysis to assess the expression of D5D and COX-

2 in wt-D5D and D5D-KD tumors. The results showed that ~65% expression of D5D (the pink
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color) was inhibited in tumors from D5D-KD groups compared to the tumors from wt-D5D
groups (Fig 26), while COX-2 expression (the green color) remained at similar level in tumors
from both D5D-KD and wt-D5D groups. The data demonstrated that D5D shRNA transfection
can stably knock down D5D expression in tumors without affecting COX-2 expression.

We then detected the levels of DGLA and AA in tumors from both wt-D5D and D5D-KD
groups via LC/MS to investigate whether D5D-KD altered DGLA metabolism in tumors. In mice
without DGLA supplementation (e.g. control groups and gemcitabine groups), the ratio of
DGLA vs. AA in D5D-KD tumors is similar compared to that in wt-D5D tumors (DGLA/AA
range from 0.15 to 0.2, with DGLA level ~0.7 pg/g in both wt-D5D and D5D-KD tumors, Fig
27A). In wt-D5D tumors with DGLA supplementation, we found the ratio of DGLA vs. AA
remains unchanged compared to that in wt-D5D tumors without DGLA treatment (~0.16, with
DGLA level ~1.5 pg/g, Fig 27B). However, the ratio of DGLA vs. AA increased more than 2-
fold in D5D-KD tumors from mice supplemented with DGLA (~0.35, with DGLA level ~3.1
Ma/g, Fig 27B). These results indicated that, when mice were supplemented with DGLA, D5D-
KD can effectively suppress the conversion from DGLA to AA in tumors, which could be

essential for promoting formation of 8-HOA in D5D-KD tumors
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Immunofluorescence of COX-2 and D5D
Wt-D5D D5D-KD

P

COX-2

D5D

© 157 mmm w050 [ JD5D-KD

O E 3

2

B 1.0

c

2

=

c 0.5

2

o

S 00. |
COX-2 D5D

Fig 26. Immunofluorescence analysis of COX-2 and D5D in tumors.

Immunofluorescence analysis of COX-2 (green color) and D5D expression (pink color) in
tumors from wild-type and D5D-KD groups treated with vehicle (control), DGLA (8 mg/mouse),
gemcitabine (30 mg/kg) or gemcitabine + DGLA. Protein intensity rate was calculated by
comparing the immunofluorescence intensity of COX-2 and D5D in D5D-KD groups to those in
wild-type groups. (*: significant difference with p < 0.05 from n = 6).
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Fig 27. D5D-KD increased the ratio of DGLA/AA in tumors supplemented with DGLA.
A) Ratio of DGLA/AA in tumors without DGLA supplementation from wt-D5D and D5D-KD
groups; B) Relative ratio of DGLA/AA in tumors with DGLA supplementation from wt-D5D
and D5D-KD groups. (*: significant difference with p < 0.05).
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GC/MS was performed to measure the PFB-derivative form of 8-HOA generated from
tumors in both D5SD-KD and wt-D5D groups with or without DGLA supplementation. The levels
of 8-HOA in tumors of D5D-KD groups reached ~ 0.5 pg/g during the 4-week DGLA treatment
(Fig 28). The results suggested that, once reached the threshold level (> 0.25 pg/g), 8-HOA can
inhibit tumor growth. However, the levels of 8-HOA in wt-D5D groups only reached ~ 0.15 pg/g
with DGLA supplementation, thus in mice bearing wt-D5D tumors, even treated with
combination of DGLA and gemcitabine, the tumor growth was similar to that in mice treated
only with gemcitabine (Fig 23). The results indicated that, in order for 8-HOA to suppress tumor

growth, it is necessary to reach a threshold level (above 0.25 pg/g) in tumor.

8-HOA formation in tumors
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Fig 28. D5D-KD promoted formation of 8-HOA in pancreatic tumors.
GC/MS quantification of 8-HOA in tumors from wild-type and D5D-KD groups treated with
vehicle (control), (8 mg/mouse), gemcitabine (30 mg/kg), or gemcitabine + DGLA. N.D.: not
detected. The red line indicates the threshold level of 8-HOA to inhibit tumor growth. Data
represent as mean + SD from n = 6. (*: significant difference with p < 0.05).
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5.2.3. Supplementation of DGLA induced tumor cell apoptosis in D5D-KD tumors

The protein expression of Ki-67 is closely related to cell proliferation. Ki-67 has been
commonly used as a marker for detecting proliferating cell [169-171]. Studies from chapter 4
have shown that promoted formation of 8-HOA from COX-catalyze DGLA peroxidation via
D5D-KD can inhibit pancreatic cancer cell viability. Tumor sections from wt-D5D and D5D-KD
groups were stained with Ki-67 (orange dots) to investigate the effect of D5D-KD and DGLA
treatment on pancreatic tumor cell proliferation.

Results showed that in wt-D5D tumors, DGLA supplementation did not reduce Ki-67
positive cells compared to control (percentage of Ki-67 positive cells ~85.2 for DGLA vs. 89.0
for control, Fig 29), which could be associated with insufficient generation of 8-HOA. The
combination of DGLA and gemcitabine caused a significant decrease of tumor cell proliferation
in wt-D5D tumors similar to treatment of gemcitabine alone (percentage of Ki-67 positive cells
~37.6% for DGLA and gemcitabine vs. ~35.7% for gemcitabine alone, Fig 29). The data
suggested that, when the formation of 8-HOA did not reach the threshold level (0.25 pg/g), the
efficacy of gemcitabine cannot be enhanced.

In D5D-KD tumors, treatment of DGLA significantly decreased the percentage of Ki-67
positive cells in D5SD-KD tumors (~58.1 % for DGLA vs. 80.6 % for control, Fig 29), suggesting
that, once formation of 8-HOA reached the threshold level (above 0.25 pg/g), 8-HOA can inhibit
tumor cell proliferation. Gemcitabine treatment alone resulted in a significant decrease in the
percentage of Ki-67 positive cells of D5D-KD tumors (~39.6%, Fig 29). Further reduction of Ki-
67 positive cells was observed in D5D-KD tumors treated with DGLA and gemcitabine (~20.7%,
Fig 29), indicating that our strategy can improve the efficacy of gemcitabine on inhibiting cancer

cell proliferation, consistent with the in vitro study in chapter 4.
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Cleaved PARP has been used as a marker for detecting cell apoptosis in tumors [172-
173]. We also stained tumor tissues with cleaved PARP (pink dots) to test the effect of our
strategy on tumor cell apoptosis. Immunofluorescence analysis of cleaved PARP showed that
DGLA had no effect inducing tumor cell apoptosis in wt-D5D tumor (percentage of apoptotic
cells ~5.1% for DGLA vs. ~4.0% for control, Fig 30). The combination of gemcitabine and
DGLA induced tumor cell apoptosis in wt-D5D tumors similar to treatment of gemcitabine alone
(percentage of apoptotic cells ~ 10.7 for DGLA and gemcitabine vs. ~9.4% for gemcitabine
alone, Fig 30). The results demonstrated that the efficacy of gemcitabine cannot be improved in
wt-D5D tumors as the formation of 8-HOA did not reach the threshold level (0.25 pg/g).

In D5D-KD tumors, supplementation of DGLA significantly induced tumor cell
apoptosis (percentage of apoptotic cells ~6.2% for DGLA vs. 3.6% for control, Fig 30). In
addition, treatment of gemcitabine alone also induced tumor cell apoptosis in D5D-KD tumors
(percentage of apoptotic cells ~9.2%, Fig 30), indicating that formation of 8-HOA reaching the
threshold level (> 0.25 pg/g) is essential for inducing tumor cell apoptosis. When mice were co-
treated with DGLA and gemcitabine, promoted formation of 8-HOA from DGLA and D5D-KD
could significantly enhance efficacy of gemcitabine on D5D-KD tumors as we observed in
cleaved PARP staining (percentage of apoptotic cells ~16.0 %, Fig 30).

The decreased percentage of Ki-67 (marker for detecting proliferating tumor cells)
positive cells in tumors from mice supplemented with DGLA and gemcitabine could be
attributed to the increased apoptotic cells in tumors, suggesting that improved formation of 8-
HOA from D5D-KD and DGLA supplementation can enhance the efficacy of gemcitabine on

inducing tumor cell apoptosis, consistent with the in vitro study in chapter 4.
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Immunofluorescence analysis of Ki-67 expression in tumors
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Fig 29. D5D-KD and DGLA supplement decreased Ki-67 positive cells.

Immunofluorescence analysis of Ki-67 expression (orange dots) in tumors from wild-type and
D5D-KD groups treated with vehicle (control), DGLA (8 mg/mouse), gemcitabine (30 mg/kg) or
gemcitabine + DGLA. The orange dots indicate Ki-67 positive tumor cell. (*: significant
difference with p < 0.05 from n = 6).
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Immunofluorescence analysis of cleaved PARP expression in tumors
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Fig 30. D5D-KD and DGLA supplement induced tumor cell apoptosis.

Immunofluorescence analysis of cleaved PARP expression (pink dots) in tumors from wild-type
and D5D-KD groups treated with vehicle (control), DGLA (8 mg/mouse), gemcitabine (30
mg/kg) or gemcitabine + DGLA. The pink dots indicate the apoptotic tumor cells. (*: significant
difference with p < 0.05 from n = 6).

A western blot was performed to investigate the molecular mechanism of observed tumor
growth inhibition. We observed no alternation in expression of acetyl histone H3, yYH2AX, Bcl-2,
procaspase-9 and procaspase-3 in wt-D5D tumors with DGLA supplementation. The data
indicated that, in wt-D5D tumors supplemented with DGLA, there is not enough 8-HOA

generated to inhibit HDAC and cause DNA damage (Fig 31).
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Gemcitabine was known to suppress cancer cell growth by inducing p53-dependent as
well as p53-independent cell apoptosis [165-166]. Treatment of gemcitabine downregulated
expressions of Bcl-2 (anti-apoptotic protein) and procaspase 9 and procaspase 3 (pro-apoptotic
proteins) in wt-D5D tumors (Fig 31). However, there is no further alternation in expression of
YH2AX, Bcl-2, procaspase-9 and procaspase-3 in wt-D5D tumors treated with the combination
of DGLA and gemcitabine (Fig 31).

Increased expression of acetyl histone H3 and YH2AX as well as decreased expressions
of Bcl-2 (anti-apoptotic protein), procaspase-9 and procaspase-3 (pro-apoptotic proteins) were
observed in D5D-KD tumors treated with DGLA, confirming that 8-HOA could act as a histone
deacetylase inhibitor to cause DNA damage (Fig 32). These data suggested that D5D-KD can
promote formation of 8-HOA from DGLA in tumors, which can in turn inhibit HDAC activity
and induce DNA damage, leading to activation of cell apoptotic pathways and resulting in
induced tumor cell apoptosis.

In addition, gemcitabine also down-regulated Bcl-2 as well as activated procaspase 9 and
procaspase 3 in D5D-KD tumors (Fig 32). Further increased expression of yYH2AX and down-
regulated expressions of Bcl-2, procaspase 9 and procaspase 3 (Fig 32) were observed when

mice in D5D-KD tumors were co-treated by DGLA and gemcitabine.
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A. Western blot in wt-D5D tumors

Ac-His H3
YH2AX
Bcl-2
procas-3
procas-9
B-actin

Gem +
Ctrl DGLA Gem DGLA

— | . WRSm—— S—

o c—  ——

’“—-

B. Quantification of protein level

10 -

Protein expression level
&)
‘\

B Ctrl ] DGLA
[ 1Gem [ _|DGLA + Gem

*
*

ll

* %k

| Il

o Il §

Ac-H3 YH2AX Bcl-2 cas3 cas 9

% !
T T T

Fig 31. Western blot and quantification of protein level in wt-D5D tumors.

A) Western blot of acetyl histone H3, YH2AX, Bcl-2, procaspase-3 and procaspase-9 in tumors
from wild-type groups treated with vehicle (control), DGLA (8 mg/mouse), gemcitabine (30
mg/kg) or gemcitabine + DGLA. B) Quantification of protein expression level. Protein
expression level was normalized using B-actin as loading control (*: significant difference vs.
control with p < 0.05; and #: significant difference vs. gemcitabine group with p < 0.05 fromn =

6).
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A. Western blot in D5D-KD tumors
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Fig 32. D5D-KD and DGLA treatment promoted gemcitabine-induced apoptosis via p53
independent pathway.

A) Western blot of acetyl histone H3, YH2AX, Bcl-2, procaspase-3 and procaspase-9 in tumors
from D5D-KD groups treated with vehicle (control), DGLA (8 mg/mouse), gemcitabine (30
mg/kg) or gemcitabine + DGLA. B) Quantification of protein expression level. Protein
expression level was normalized using -actin as loading control (*: significant difference vs.
control with p < 0.05; and #: significant difference vs. gemcitabine group with p < 0.05 from n =
6).
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5.2.4. DGLA supplementation altered expressions of markers involved in cancer metastasis
in mice bearing D5D-KD tumors

Tumors from wt-D5D and D5D-KD groups were tested via immunofluorescence for
expression of protein markers that play an important role in cancer metastasis such as MMP-2
and E-cadherin. MMP-2 participates in degradation of extracellular matrix, facilitating tumor cell
migration. The epithelial marker E-cadherin plays an important role in maintaining the integrity
of tissue architecture. Loss of E-cadherin can lead to increased potential for tumor cells to
metastasize.

When mice in D5D-KD groups were supplemented with DGLA, there is a decrease in the
expression of MMP-2 (the pink color), which is involved in the degradation of extracellular
matrix, (mean fluorescence intensity ~ 114.4 for DGLA vs. 154.4 for control, Fig 33), suggesting
that the formation of 8-HOA in D5D-KD tumors (above 0.25 pg/g) can inhibit tumor metastasis
potential. In wt-D5D tumors, DGLA did not decrease the MMP-2 expression (mean fluorescence
intensity ~ 167.7 for DGLA vs. 160.3 for control, Fig 33). Results also showed that treatment of
gemcitabine alone can downregulate the MMP-2 level in wt-D5D (mean fluorescence intensity ~
99.8, Fig 33) and D5D-KD tumors (mean fluorescence intensity ~ 104.7, Fig 33). In wt-D5D
tumors, the combination of DGLA and gemcitabine did not further downregulate MMP-2
expression (mean fluorescence intensity ~ 106.6, Fig 33). Further decreased expression of MMP-
2 was only observed in DSD-KD tumors treated with the combination of DGLA and gemcitabine
(mean fluorescence intensity ~ 50.9, Fig 33). The data demonstrated that our strategy can
improve the efficacy of gemcitabine on inhibiting tumor metastasis potential.

Results showed that DGLA did not affect the expression level of E-cadherin (the green

color) in wt-D5D tumors (mean fluorescence intensity ~ 61.4 for DGLA vs. 56.2 for control, Fig
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34). In D5D-KD tumors, DGLA supplementation significantly upregulated expression of E-
cadherin (mean fluorescence intensity ~ 77.7 for DGLA vs. 55.8 for control, Fig 34). The results
suggested that formation of 8-HOA to reach the threshold level (> 0.25 pg/g) was essential to
increase the expression level of E-cadherin. Treatment of gemcitabine alone upregulated the
level of E-cadherin in wt-D5D (mean fluorescence intensity ~ 94.3, Fig 34) and D5D-KD tumors
(mean fluorescence intensity ~ 90.0, Fig 34). Further increased expression of E-cadherin was
observed in D5D-KD tumors co-treated with DGLA and gemcitabine (mean fluorescence
intensity ~ 109.2, Fig 34) compared to treatment with gemcitabine alone, while in wt-D5D
tumors, the combination did not further upregulate E-cadherin (mean fluorescence intensity ~
92.7, Fig 34). Taken together, the results demonstrated that promoted formation of 8-HOA from
D5D-KD and DGLA supplementation can enhance the efficacy of gemcitabine on suppressing
cancer metastasis potential by decreasing MMP-2 expression and increase E-cadherin

expression.
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Immunofluorescence analysis of MMP-2 expression in tumors
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Fig 33. D5D-KD and DGLA treatment downregulated MMP-2 expression.
Immunofluorescence analysis of MMP-2 expression (pink color) in tumors from wild-type and
D5D-KD groups treated with vehicle (control), DGLA (8 mg/mouse), gemcitabine (30 mg/kg) or
gemcitabine + DGLA. The pink area indicates the expression of MMP-2. (*: significant
difference with p < 0.05 from n = 6).
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Immunofluorescence analysis of E-cadherin expression in tumors
Control DGLA Gem Gem + DGLA

Wt-D5D

D5D-KD

150 - B Control
2 [ G em
72) *

S —— |

§100— | |

: ,,,,,
-

2 50

©

(4]

Q

(1] 0 -

Wild-type ' D5D-KD
Fig 34. D5D-KD and DGLA treatment upregulated E-cadherin expression.
Immunofluorescence analysis of E-cadherin expression (green color) in tumors from wild-type
and D5D-KD groups treated with vehicle (control), DGLA (8 mg/mouse), gemcitabine (30
mg/kg) or gemcitabine + DGLA. The green area indicates the expression of E-cadherin. (*:
significant difference with p < 0.05 from n = 6).
5.3. Discussion

In chapter 3 and chapter 4, we have shown that direct treatment of 8-HOA as well as
formation of endogenous 8-HOA from D5D-KD and COX-catalyzed DGLA peroxidation could
not only inhibit cancer cell growth and metastasis in pancreatic cancer cells, but also enhance the

efficacy of chemotherapy drugs e.g. gemcitabine. In this chapter, we further investigated whether
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the strategy of D5D-KD and DGLA treatment can also inhibit pancreatic tumor growth and
metastasis in mice models.

We detected the levels of 8-HOA in tumors from wt-D5D and D5D-KD groups
supplemented with DGLA using GC/MS. In in vitro studies, a threshold level of endogenous 8-
HOA (> 0.5 puM) was determined for inhibiting pancreatic cancer cells growth and metastasis.
Similarly, a threshold level of 8-HOA (> 0.25 ug/g) was also found essential to exert anti-cancer
effect on pancreatic tumors (Fig 28). The decreased levels of PGE2 as well as the increased
levels of 8-HOA in D5D-KD tumors (Fig 25 and Fig 28) suggested that knockdown of D5D
could not only promote the formation of 8-HOA, but also limit the generation of deleterious
metabolites from AA.

Mutated p53 is found in majority of pancreatic cancer patients and it is urgent to identify
a strategy that can inhibit growth of cancer cells with mutated p53 [157]. We thus tested whether
D5D-KD and DGLA treatment can induce pancreatic tumor cell apoptosis via p53-independent
manner. The results demonstrated that our strategy can enhance the efficacy of gemcitabine to
control pancreatic cancer cell growth by further promoting gemcitabine-induced cell apoptosis
through a p53-independent pathway (Fig 32), which is consistent with our in vitro studies.

In general, cancer patients have a much higher expression level of COX-2 than the
noncancerous population, and COX-2 can be readily induced by various agents, such as growth
factors and tumor promoters. Thus, the prostaglandins from AA may continue to form at
deleterious levels despite using COX inhibitors in cancer patients. D5D-KD not only prevents the
buildup of AA to limit prostaglandin formation, but also promotes DGLA to generate 8-HOA,
which suppresses cancer growth and metastasis. Therefore, the higher expression of COX-2 in

cancer is actually a benefit in our strategy rather than a problem.
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Our strategy can be used to inhibit growth and metastasis of tumor cells possessing high
COX-2 expression as well as those with low or deficient COX-2 expression. For tumors with
high COX-2 expression, 8-HOA formed from D5D-KD and DGLA can inhibit cancer growth
and metastasis in an autocrine manner. For tumors cells with low or deficient COX-2 expression,
8-HOA can be continuously produced from most nearby tumor cells and stromal cells that
overexpress COX-2, and suppress cancer growth and metastasis in a paracrine manner. Our
theory is supported by several studies showing that increased level of COX-2 can be found in the
cancer associated fibroblasts that make up the bulk of cancer stroma [174-175].

For the first time, we have demonstrated that high COX-2 expression could be taken
advantage to promote formation of 8-HOA from DGLA peroxidation via D5D-KD for the
inhibition of pancreatic tumors growth and metastasis, as well as to improve the efficacy of
chemotherapy. The outcome of our work will reinforce our translational efforts to develop a
novel ®-6 based dietary anti-cancer strategy in combination with modified COX-2-catalyzed
DGLA peroxidation and D5D-mediated m-6 conversion, and therefore improving the efficacies

of chemotherapy.
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6. SUMMARY, CONCLUSION AND FUTURE DIRECTION
6.1. Summary of research data
6.1.1. Summary of chapter 3: DGLA’s exclusive byproduct 8-HOA inhibited pancreatic
cancer cell growth and migration
In chapter 3, we assessed the potential effect and molecular mechanism of DGLA’s

exclusive byproducts using pancreatic cancer cell line BXxPC-3. Results showed that among all of
the tested DGLA’s byproducts, 48 h treatment with 8-HOA (1.0 uM-10 pM, physiological
relevant concentration), can significantly inhibit the viability and colony formation of BXxPC-3
cells. Other DGLA byproducts from COX-2 peroxidation, including HEX, HTA and PGEL1, did
not suppress cancer cell viability in BxPC-3 cells in the same concentration range. In addition, it
was also found that 8-HOA (1.0 uM, 48 h) can induce BxPC-3 cell apoptosis. As 8-HOA shared
similar structure with some short chain fatty acids serving as HDAC inhibitors, we tested 8-
HOA'’s effect on HDAC. Results showed that 8-HOA can inhibit the activity of HDAC and
cause DNA damage, resulting in activation of pro-apoptotic proteins procaspase-9 and
procaspase-3, which are responsible for the cell growth inhibition and cell apoptosis induction in
BxPC-3 cells. In addition, we also tested 8-HOA’s effect on cancer cell migration and found that
8-HOA can suppress cancer cell migration in BxPC-3 cells by downregulating MMP-2 and
MMP-9.
6.1.2. Summary of chapter 4: D5D-KD and DGLA treatment inhibit pancreatic cancer cell
migration and invasion

In chapter 4, D5D expression was knocked down in BxPC-3 cells by transfecting the cells
with D5D targeted siRNA. The results from GC/MS demonstrated that a threshold range of

endogenous 8-HOA above 0.5 uM is essential for exerting DGLA’s anti-cancer activities. We
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then investigated whether this strategy (i.e. DGLA treatment and D5D-KD) can inhibit
pancreatic cancer cell growth and migration as we observed from direct 8-HOA treatment in
chapter 3. Results showed that DGLA treatment (100 uM) significantly inhibited the growth and
migration, and induced cell apoptosis in D5D-KD BxPC-3 cells as the formation of 8-HOA
reached the threshold level (0.5 pM). No inhibitory effect was observed from DGLA treatment
on the negative control sSiRNA transfected cells because 8-HOA cannot accumulate in negative
control cells.

The strategy of D5D-KD along with DGLA treatment could also sensitize BxPC-3 cells to
various chemotherapy drugs such as gemcitabine, likely via p53-independent pathway through
downregulating of anti-apoptotic proteins (e.g., Bcl-2) and activating pro-apoptotic proteins (e.g.,
procaspase 3, -9). In addition, D5D-KD and DGLA treatment can also inhibit BXPC-3 cells’
migration and invasion as promoted formation of 8-HOA can act as an HDAC inhibitor to
downregulate cancer metastasis promotors, e.g., MMP-2, MMP-9, vimentin and snail as well as
upregulate cancer metastasis suppressor, e.g. E-cadherin
6.1.3. Summary of chapter 5: D5D-KD and DGLA treatment inhibit pancreatic tumor
growth and metastasis

In chapter 5, we further extended our strategy to in vivo studies by testing the effect of
formation of 8-HOA from D5D-KD and DGLA treatment in a mouse xenograft tumor model.
We found that DGLA supplementation can significantly suppress tumor growth compared to that
in the control group for mice bearing D5D-KD tumors, while in wt-D5D tumors, no significant

difference in tumor volume was observed between control and DGLA supplementation groups.
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In D5D-KD tumors with DGLA supplementation, we detected that formation of 8-HOA
can reach the threshold level (0.25 pg/g), which in turn inhibit tumor growth, while in wt-D5D
tumors, the production of 8-HOA is insufficient to suppress tumor growth.

DGLA supplementation can enhance the efficacy of gemcitabine by further inhibiting
tumor volume in D5D-KD tumors compared to treatment of gemcitabine alone, while in wt-D5D
tumors, supplementation of DGLA did not further inhibit tumor growth.

Supplementation of DGLA significantly decreased Ki-67 positive cells and induced
apoptosis in in D5D-KD tumors. The molecular mechanism of the observations is that 8-HOA
can act as a HDAC inhibitor to cause DNA damage, resulting in downregulation of anti-
apoptotic protein and activation of pro-apoptotic proteins.

In addition, we also tested the effect of DSD-KD and DGLA treatment on expression of
proteins involved in tumor metastasis. Consistent with the in vitro studies, we observed that there
is a decreased expression of MMP-2 and an increased expression of E-cadherin in D5D-KD
tumors with DGLA supplementation, suggesting improved formation of 8-HOA from DGLA and
D5D-KD can also inhibit tumor metastasis potential.

6.2. Conclusion

COX-2 is overexpressed in 70% of pancreatic cancer patients, and it can promote
pancreatic cancer development and progression by catalyzing AA peroxidation to generate
deleterious metabolite PGE2. Therefore, COX-2 inhibition, which aims at limiting generation of
PGEZ2, has been extensively studied as a complementary strategy for pancreatic cancer treatment.
However, COX-2 inhibitors are not very effective on patients as COX-2 can be stimulated by a
variety of factors, including pathological conditions, stresses and pro-inflammatory signals. In

addition, COX-2 inhibitors also suffer from severe side-effects such as increased risk of
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gastrointestinal tract injury and cardiovascular diseases in patients. Therefore, it is urgent to
develop alternative strategies for targeting commonly high COX-2 levels in cancer to improve
chemotherapy efficacy.

For the first time, our research showed that, through COX-2 catalyzed lipid peroxidation,
DGLA can form a distinct byproduct 8-HOA which serves as an HDAC inhibitor to inhibit
pancreatic cancer growth and migration. Based on this novel finding, we proposed and
demonstrated that instead of COX-2 inhibition, we consider high COX-2 expression as a benefit
and take advantage the high COX-2 expression to promote formation of 8-HOA to control cancer
cell growth and migration.

D5D has not been investigated specifically in cancer treatment. For the first time, our
studies demonstrated that D5D-KD is an effective strategy to promote 8-HOA formation from
COX-catalyzed DGLA peroxidation to inhibit cancer cell and tumor growth. Compared to
classic COX inhibition strategy in cancer treatment, our novel DSD-KD strategy will result in
dual inhibitory effects on cancer by not only limiting PGE2 (cancer promoter) formation from
arachidonic acid (the common objective as COX inhibitor), but also improving formation of 8-
HOA via capitalizing on the high COX-2 expression in cancers and the abundance of ®-6s in the
daily diet. Thus, D5D represents a novel drug target for cancer treatment and investigation on
D5D inhibition will be a promising direction for cancer research.

Our strategy could also be expected to kill low or deficient COX-2 cancer cells in a
paracrine-like manner as they surrounded by many other cancer cells (overexpressing COX-2)
that can continuously produce sufficient 8-HOA. Our theory is supported by several studies
showing that increased levels of COX-2 can be found in the cancer associated fibroblasts that

make up the bulk of cancer stroma [174-175].
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In sum, my research has led to the following (1) establishment of a new dogma of COX-2
biology in cancer treatment by taking advantage of overexpression of COX-2 in cancer; (2)
improvement of DGLA’s anti-cancer effects by promoting 8-HOA formation via D5D-KD; (3)
enhancement of chemotherapy drugs’ efficacy for pancreatic cancer treatment. Our research
strategy will lead to a better therapeutic outcome with less side effect for cancer treatment and a
novel o-6s-based diet care strategy for treating cancer as cancer cells have higher COX-2
expression, fatty acid intake, and HDAC expression compared to normal cells.

6.3. Future direction
6.3.1. Assessment of the effect of our strategy on gene levels in cancer cells and tumors via
RT-PCR

RT-PCR is a common technique to test the alternation of levels of gene expression in
cancer cells and tumors. Studies have shown that HDAC inhibitors relax the structure of
chromatin, allowing transcriptional activators or repressors to bind with DNA and alter the levels
of gene expression involved in cancer growth and metastasis [152-154]. In order to illustrate the
mechanism of 8-HOA inhibiting cancer cell growth and migration, we will use RT-PCR to test
the effects of our strategy (i.e. D5D-KD and DGLA treatment) on the gene expression for key
genes that play an important role in cancer growth and metastasis.

6.3.2. Study of the effect of our strategy on pancreatic cancer associated fibroblasts and
tumor hypoxia

Cancer associated fibroblasts make up the majority of stroma which infiltrates and
enwraps the cancer cells and promote tumor growth as well as metastasis. Although some
pancreatic cancer cells are deficient in COX-2, they can still take advantage of prostaglandins

formed from stromal cells with high levels of COX-2 to promote their own proliferation [176-
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177]. However, in our study, high COX-2 expression in pancreatic cancer associated fibroblasts
will not be seen as a problem but a solution to pancreatic cancer cells lacking COX-2. High
COX-2 in cancer associated fibroblasts can be used to promote formation of 8-HOA which can
inhibit pancreatic cancer growth and metastasis in a paracrine-like manner. We propose that our
strategy can also work on pancreatic cancer cells that lack COX-2 as the pancreatic cancer
associated fibroblasts possess high COX-2 expression.

Tumor hypoxia is caused by insufficient oxygen supply to tumor cells as sometime tumor
cells grow rapidly, leaving parts of the tumors in the region with less oxygen concentration
[178]. Tumor hypoxia is closely associated with increased metastasis potential and resistance to
therapy [178]. Studies have shown that hypoxia can induce the expression of COX-2 in tumors
via hypoxia-inducible factor-1a binding a hypoxia-responsive element on the COX-2 promoter
[179-180]. In our study, we can exploit the induction of COX-2 in hypoxic cancer cells and
tumors to promote the formation of 8-HOA (cancer inhibitor) from COX-2-catalyzed DGLA
peroxidation. We propose that our strategy can also be used on cancer cells and tumors
undergoing hypoxia.

6.3.3. Investigation of the effect of our strategy on inhibition of pancreatic tumor growth
and metastasis in orthotopic mouse model

Human xenograft mouse models are mainly categorized into: heterotopic and orthotopic
based on the locations of transferred cancer cells or tumors. Although the subcutaneous mouse
model requires less techniques to operate and is of lower cost, its ability to reveal the real effect
of therapeutic regiments on human patients is limited. The orthotopic pancreatic tumor model is
more preferred for pancreatic cancer study as cancer cells or tumors can be transplanted into the

pancreas from which the cancer originated so that the tumors can simulate the actual pancreatic
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tumors in clinical patients [181-183]. The orthotopic xenograft models have similar tumor
microenvironment as the original pancreatic tumor and are therefore considered to be more
associated with the natural tumorigenesis in humans. In addition, the orthotopic model is fitting
to study pancreatic cancer metastasis as metastatic cancer cells develop spontaneously from the
primary tumor, and progressively spread to other organs including lymph nodes, liver and lung
[184]. We will establish orthotopic models by injecting pancreatic cancer cells into the pancreas
of the mice to determine the effect of D5D-KD and DGLA supplementation on pancreatic tumor
growth and metastasis as well as tumor microenvironment.

We selected female mice in our subcutaneous tumor xenografts study is due to their less
aggressive nature. Although there is no indication that gender has a significant impact on
pancreatic cancer development or progression, in order to achieve a more comprehensive and
convincing outcome, we will use both male and female mice in future animal studies.

6.3.4. Study of delivery of D5D siRNA to cancer cells and tumors using RNA nanoparticle

RNA nanoparticles have arisen recently as a new platform for targeted drug, SiRNA,
mIiRNA, anti-miRNA and immunomodulator delivery for cancer therapy. The RNA
nanoparticles can specifically target cancer with little to no accumulation in healthy tissues,
highlighting the benefits of translating RNA nanoparticles for cancer therapy with enhanced
targeting efficiency and reduced side effects [185-187]. In addition, the modular design of RNA
nanoparticles with different shape, size, stoichiometry, targeting ligand, and functionalities with
their flexibility, versatility, and ample design space provides opportunities for future
optimization [188-189]. We are now can working on construction of stable RNA nanoparticles

harboring D5D siRNA to allow specific delivery of D5D siRNA to cancer cells or tumors which

112



could be a more practical approach to downregulate D5D. We will deliver nanoparticles

containing D5D siRNA to downregulate D5D in pancreatic cancer cells and tumors.
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