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Abstract

Recent research has demonstrated that colon cancer cell proliferation can be suppressed in the
cells that overexpress COX-2 via generating 8-hydroxyoctanoic acid (a free radical byproduct)
during dihomo-y-linolenic acid (DGLA, an w-6 fatty acid) peroxidation from knocking down
cellular delta-5-desaturase (D5D, the key enzyme for converting DGLA to the downstream -6,
arachidonic acid). Here, this novel research finding is extended to pancreatic cancer growth, as
COX-2 is also commonly overexpressed in pancreatic cancer. The pancreatic cancer cell line,
BXxPC-3 (with high COX-2 expression and mutated p53), was used to assess not only the inhibitory
effects of the enhanced formation of 8-hydroxyoctanoic acid from cellular COX-2-catalyzed
DGLA peroxidation but also its potential synergistic and/or additive effect on current
chemotherapy drugs. This work demonstrated that, by inducing DNA damage through inhibition
of histone deacetylase, a threshold level of 8-hydroxyoctanoic acid achieved in DGLA-treated and
D5D-knockdown BxPC-3 cells subsequently induce cancer cell apoptosis. Furthermore, it was
shown that a combination of D5D knockdown along with DGLA treatment could also significantly
sensitize BxPC-3 cells to various chemotherapy drugs, likely via a p53-independent pathway
through downregulating of anti-apoptotic proteins (e.g., Bcl-2) and activating pro-apoptotic
proteins (e.g., caspase 3, —9). This study reinforces the supposition that using commonly
overexpressed COX-2 for molecular targeting, a strategy conceptually distinct from the prevailing
COX-2 inhibition strategy used in cancer treatment, is an important as well as viable alternative to
inhibit cancer cell growth. Based on the COX-2 metabolic cascade, the outcomes presented here
could guide the development of a novel w-6-based dietary care strategy in combination with
chemotherapy for pancreatic cancer.
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1. Introduction

Pancreatic cancer is one of the most common causes of cancer death in the United States. A
variety of pharmacological and dietary care regimens have been investigated as
complementary strategies to improve the efficacy of standard pancreatic cancer
chemotherapies. For example, dietary manipulations, such as supplementation with -3 fatty
acids (w-3s, normally found in marine products), has been proven to possess anti-cancer
effects towards pancreatic cancer cells and tumors [1-8]. Docosahexaenoic acid and
eicosapentaenoic acid (two w-3s) showed some growth inhibitory effects on several
pancreatic cancer cell lines, and were also able to sensitize pancreatic cancer cells to
chemotherapeutic drugs, such as gemcitabine [9,10]. However, w-6s, more abundant in our
daily diet (e.g., in traditional western diets the w-6 vs. w-3 ratio is between ~10:1 and 30:1),
have received much less interest from the cancer community, mainly due to the formation of
deleterious metabolites (e.g., 2-series prostaglandins) from Cyclooxygenase (COX)-
catalyzed arachidonic acid (AA, downstream w-6 fatty acid) peroxidation [11-17].

COX is a bi-functional membrane bound enzyme that typically catalyzes w-6s/w-3s to
prostanoids, such as prostaglandins. There are two isoforms of COX, e.g., COX-1, the
constitutive form; and COX-2, the inducible form that can be induced by a variety of factors
including pathological conditions, stresses and pro-inflammatory signals [18-21].
Overexpressed COX-2 is highly associated with inflammation and many types of cancers,
including pancreatic cancer (e.g., ~70% of specimens from pancreatic cancer patients have
overexpressed COX-2 [22]). The common elevation of prostaglandin E2 (PGE2) identified
in various types of cancers suggests an association between COX-catalyzed AA peroxidation
and carcinogenesis [11-17]. While suffering from critical safety issues (e.g., increased risks
of cardiovascular disease and gastrointestinal injury [23,24]), many COX-2 inhibitors (e.qg.,
celecoxib and apricoxib) are still tested as a complimentary strategy to enhance the efficacy
of chemotherapy against cancers, including pancreatic cancer [25-31]. Alternative strategies
for targeting the commonly high COX-2 level in cancer to improve the efficacy of
chemotherapy have not yet been considered and developed.

COX-catalyzed lipid peroxidation is a well-known free radical chain reaction [32]. Recently,
the Qian lab developed a HPLC/ESR/MS combination approach, along with a spin trapping
technique, allowing a thorough characterization of commonly and exclusively generated free
radicals from COX-catalyzed AA and dihomo-y-linolenic acid (DGLA, an intermediate
precursor of AA) peroxidation [33,34]. A unique structural moiety in DGLA led to the
formation of a novel free radical byproduct, 8-hydroxyoctanoic acid (8-HOA) [35]. More
recently, the Qian lab also demonstrated that 8-HOA is the bioactive metabolite responsible
for DGLA'’s anti-cancer effect [35,36]. Direct treatment with certain level of 8-HOA as well
as accumulation of 8-HOA from DGLA-treated cells were also found to be essential to
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inhibit growth of colon cancer cells (e.g., HCA-7 colony 29, overexpresses COX-2) via
arresting the cell cycle in G1 and promoting cell apoptosis in a p53-dependent manner [37].
In the current study, DGLA metabolism in BxPC-3 cells (high COX-2 expression pancreatic
cancer cell line) was manipulated via knocking down delta-5-desaturase (D5D) in order to
further confirm that 8-HOA accumulated from cellular COX peroxidation can suppress
pancreatic cancer growth.

Despite the variety of chemotherapeutics, clinical pancreatic cancer chemotherapy has been
hampered by the development of resistance [38—44]. For example, pancreatic cancer cells
have shown resistance to gemcitabine, a front-line chemo-drug for pancreatic cancer therapy,
due to decreased expression of hLENT1 (human equilibrative nucleoside transporter 1, e.g.,
gemcitabine transporter) [39]. Many complementary strategies have been investigated in
order to improve the efficacy and safety of chemotherapy, including COX inhibition [25-
31]. In current study, the efficacies of many chemo-drugs for pancreatic cancer treatment can
be enhanced by manipulating overexpressed COX-2 and downregulated D5D, along with
DGLA treatment. The outcomes of this work could provide a basis for dietary care designs
to include utilizing abundant w-6s to enhance chemotherapeutic efficacy for pancreatic
cancer cells overexpressing COX-2.

2. Material and methods

2.1. Cell line and reagent

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% fetal
bovine serum (Thermo Fisher Scientific, MA, USA). Cells were cultured in an incubator
containing a 95% humidified atmosphere with 5% CO, at 37 °C.

DGLA was purchased from Nu-Chek-Prep (MN, USA). CelLytic™ lysis reagent, D5D
primary antibody (from rabbit), 8-HOA, and B-actin primary antibody (from mouse) were
obtained from Sigma-Aldrich (MO, USA). Erlotinib was acquired from Adooq Biosciences
(CA, USA), and gemcitabine and oxaliplatin were purchased from Cayman Chemicals (Ml,
USA). CellTiter® 96 Aqueous One Solution Reagent was acquired from Promega (Madison,
WI, USA). Annexin V Apoptosis Detection Kit | was purchased from BD Pharmingen™
(NJ, USA). Pierce ECL western blot substrates 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). COX-2 primary antibody (from rabbit) was
acquired from Abcam (MA, USA). y-H2AX primary antibody was purchased from Bethyl
Laboratories (TX, USA). All other primary antibodies and secondary antibodies were
obtained from Cell Signaling (MA, USA).

D5D siRNA (catalog #4390824), negative control siRNA (NC-si, catalog #4390843), and
Lipofectamine™ RNAIMAX transfection reagent were purchased from Thermo Fisher
Scientific (MA, USA). DNA oligos encoding D5D-targeted ShRNA,
TGCTGTAATCATCCAGGCCAA-
GTCCAGTTTTGGCCACTGACTGACTGGACTTGCTGGATGATTA (top strand) and
CCTGTAATCATCCAGCAAGTCCAGTCAGT-
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CAGTCAGTGGCCAAAACTGGACTTGGCCTGGATGATTAC (bottom strand), were
designed (using BLOCK-IT™ RNAI Designer, www.invitrogen.com/rnai) and obtained
from Integrated DNA Technologies (1A, USA). pcDNA™ 6.2-GW/EmGFP-miR vector was
purchased from Invitrogen (NY, USA).

2.2. SIRNA transfection

BxPC-3 cells were seeded in 6-well plates for transfection (96-well plate for MTS assay).
After overnight incubation, the cell culture medium was removed and cells were washed
with phosphate buffered saline (PBS). D5D siRNA or NC-si stock solution (final
concentration at 150 uM, in RNase free water) were mixed with transfection reagent that
was previously diluted into 250 pl Opti-MEM reduced serum medium. Subsequently, cells
were added with the mixture and incubated for 6 h, at which time serum-reduced medium
was replaced by culture medium. Cells were further incubated for 48 h for complete siRNA
transfection prior to treatments (e.g. w-6s, chemo-drugs) and assessments (e.g. MTS assay,
clonogenic assay, western blot, apoptosis assay and GC/MS analysis). Cells transfected with
NC-si were used as a control.

2.3. ShRNA transfection

The DNA oilgos encoding D5D-targeted shRNA were cloned into pcDNA™ 6.2-GW/
EmGFP-miR vector and transformed into Escherchia coli. The sShRNA expressed vector was
transfected into BXxPC-3 cells using Lipofectamine™ RNAiIMAX transfection reagent. Cells
transfected with negative control sShRNA (NC-sh) were used as a control.

2.4. MTS assay

CellTiter® 96 Aqueous One Solution Reagent was used to assess cell proliferation of
BxPC-3 cells upon different treatments according to manufacturer’s instruction. Briefly,
after 48 h treatments of w-6s and/or chemo-drugs, 20 pl CellTiter® 96 Aqueous One
Solution Reagent was added to each well and incubated ~2 h. After incubation, the
absorbance at 490 nm, which is proportional to the quantity of formazan product, was
recorded with 96-well plate reader (SpectraMax M5; Molecular Devices). Cell viability was
calculated as a percentage compared to the control group (treated with vehicle).

2.5. Clonogenic assay

A clonogenic assay was used to assess colony formation of NC-si/NC-sh and delta-5-
desaturase knockdown (D5D-KD) BxPC-3 cells after treatments (e.g. 8-HOA, w-6s, and
chemo-drugs). After BXPC-3 cells were transfected with D5D siRNA (shRNA as well) or
NC-si (NC-sh as well), transfected cells were harvested and counted, and then plated (2000
cells per well in the 6-well plate). Forty-eight hours after treatment with 8-HOA, w-6s
and/or chemo-drugs, siRNA transfected cells were washed with PBS and then incubated for
10 days with cell culture medium. Cells transfected with shRNA were also used for
clonogenic assay incubated with refreshed DGLA-supplemented culture medium every 3
days during 10-day incubation. At day 10, the cells were washed with PBS, fixed with 10%
neutral buffered formalin solution for 30 min and stained with 0.05% crystal violet solution
for 30 min. Colonies containing more than 30 individual cells were counted. Plate efficiency
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was calculated as number of colonies counted divided by number of cells plated. Note, 2000
untreated cells were plated in 6-well plates and the average plate efficiencies calculated with
range from 0.075 to 0.082. Survival fraction was calculated as the plate efficiency of
treatment group vs. the plate efficiency of control groups.

2.6. Cell apoptosis assay (Annexin V-FITC/PI staining)

Annexin V Apoptosis Detection Kit | was used to assess cell apoptosis of BXPC-3 cells upon
treatments (e.g. 8-HOA, w-6s, and chemo-drugs) following the manufacturer’s instruction.
Briefly, after different treatments, the cells were trypsinized, washed with cold PBS and re-
suspended in 1 x binding buffer at a concentration of 1 x 106 cells/mL. After transferring
100 pl of the sample solution to a new tube, 5.0 pl of FITC Annexin V and 5.0 pl PI solution
were added. The cells were gently vortexed and incubated for 15 min at 25 °C in the dark.
After adding 400 pl of 1 x binding buffer, 10,000 cells of each sample were injected into an
Accuri C6 flow cytometer for analysis. Unstained cells, cells stained with FITC Annexin V
only and PI only were used as controls for compensation and quadrants. Data was analyzed
by FlowJo (TreeStar, Ashland, OR, USA).

2.7. Western blot

Cells were seeded, incubated overnight and subjected to treatments (e.g. 8-HOA, w-6s and
chemo-drugs). Approximately 48 h after treatments, the protein was extracted using
CelLytic™ lysis reagent and quantified via a Bradford protein assay (Bio-Rad, USA).
Extracted protein was loaded into each well of 10% or 15% SDS-PAGE gels (based on
protein sizes) and then transferred to nitrocellulose membranes. Membranes were blocked
with 5% (w/v) non-fat milk in Tris buffered saline with tween 20 (0.5%, TBST) and then
incubated with primary antibodies (1:1000 dilution), e.g., D5D, COX-2, Bcl-2, procas-3 and
-9, etc, overnight at 4 °C with continuous rocking. Membranes were washed three times with
TBST and then incubated with a horseradish peroxidase (HRP)-conjugated secondary
antibody (1:2000 dilution). After the blot was washed three times in TBST, membranes were
incubated with ECL western blot substrate for one min, and exposed to X-ray film.
Luminescent signals were captured using a Mini-Medical Automatic Film Processor
(Imageworks).

2.8. GC/MS detection of 8-HOA

GC/MS analysis was used to quantify 8-HOA (in its derivative of pentafluorobenzyl
bromide, PFB [45]) generated from D5D-KD and NC-si transfected BXPC-3 cells treated
with DGLA as described elsewhere [37]. Briefly, after DGLA treatment (48 h), the cells
were scraped into ~1.0 mL medium and added to a methanol containing internal standard
(hexanoic acid) and 50 pl of 1.0 N HCI. The mixture was added to 3.0 mL dichloromethane
and vortexed. Each sample was subsequently centrifuged to extract 8-HOA, and the
dichloromethane layer was collected. The extraction process was repeated again with
another 3.0 mL of dichloromethane. The dichloromethane layers were combined and
evaporated to dryness by a vacuum evaporator and derivatized using diisopropylethylamine
and PFB-bromide. After allowing it to react for 20-min at room temperature, the solvent was
removed by vacuum evaporator and reconstituted with dichloromethane and subjected to
GC/MS analysis.
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GC/MS analysis was carried out by injecting each sample into an Agilent 6890A gas
chromatograph. The temperature of the GC oven was programmed to increase from 60 to
300 °C at 25 °C/min. The injector and transfer line were kept at 280 °C. Quantitative
analysis was performed by a mass selective detector with a source temperature of 230 °C
and nebulizer pressure of 15 psi. The quantification of 8-HOA (in PFB derivative form) was
calculated by comparing the base peak of 8-HOA-PFB (/m/z181) with the base peak of the
internal standard (hexanoic acid-PFB derivative).

2.9. Statistic analysis

All data was assessed using an unpaired student-test with significance at p < 0.05.

3. RESULTS

3.1. 8-HOA inhibits cancer cell growth and enhances the cytotoxicity of gemcitabine

BxPC-3 cells were used to test whether direct treatment of 8-HOA (e.g., free radical
byproduct formed from COX-2 catalyzed DGLA peroxidation) could inhibit the growth of
pancreatic cancer cells overexpressing COX-2. Upon treatment with 8-HOA (1.0 uM),
BxPC-3 colony formation was inhibited with the survival fraction ~73.0% (Fig. 1A).
Subsequently, 8-HOA was delivered with gemcitabine, a front-line chemo-drug used for
pancreatic cancer therapy, and the survival fraction was reduced to ~31.1% compared to
cells treated with gemcitabine alone, which has a surviving fraction of ~50.6% (Fig. 1A).
Furthermore, FITC-Annexin V and PI staining indicated that direct treatment 8-HOA
induced apoptosis, increasing the early apoptotic cell population from ~2.35% (without 8-
HOA) to ~6.89% for 8-HOA treatment. Treatment with 8-HOA also promoted gemcitabine-
induced cell apoptosis (from 11.8% to 16.1%, Fig. 1B). Expression of acetyl histone H3 and
the DNA damage marker yH2AX were both increased in BXPC-3 cells treated by 8-HOA,
suggesting that 8-HOA might inhibit histone deacetylase thereby leading to DNA damage
[46] (Fig. 1C).

3.2. Promoted 8-HOA formation from COX-DGLA peroxidation suppresses cancer cell

growth

To confirm the promoted formation of 8-HOA from COX-catalyzed DGLA free radical
peroxidation could also suppress pancreatic cancer cell growth, BXxPC-3 cells were
transfected with sSiRNA (shRNA as well) to knock down D5D and manipulate DGLA
metabolism. About 75% D5D expression suppressed in siRNA transfected BxPC-3 cells was
observed compared to the cells transfected with the negative control siRNA (NC-si, Fig. 2A,
similar inhibition effect also achieved in sShRNA, data not shown). Subsequently, DGLA
treatment (48 h) significantly inhibited colony formation in D5D knockdown (D5D-KD)
BxPC-3 cells (~survival fraction of 70.6%, Fig. 2B), but had no effect on cell growth of the
cells transfected with NC-si. Moreover, more cancer cell killing was observed in ShRNA
transfected BxPC-3 cells when DGLA-supplemented culture medium was used to incubate
cells (refreshed 3 times in 10 days, ~ survival fraction of 53.9%, Fig. 2B).

In order to confirm the similar threshold level of endogenous 8-HOA proposed for colon
cancer cells would be also essential for inhibiting pancreatic cancer cell growth, GC/MS was

Free Radlic Biol Med. Author manuscript; available in PMC 2018 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 7

performed to measure the PFB-derivative form generated from both D5D-KD and NC-si
BXxPC-3 cells treated with DGLA for 48 h [37]. Endogenous 8-HOA continually
accumulated in D5D-KD BxPC-3 cells and maintained the threshold level 0.5 uM most of
time during 48 h (Fig. 2C). However, endogenous 8-HOA in NC-si transfected cells never
reached 0.5 UM during the 48 h treatment with DGLA, revealing that concentrations less
than 0.5 UM were insufficient to exert an effect on cancer cell growth. With FITC-Annexin
V-PI double staining study, we observed that DGLA treatment significantly increased the
early apoptotic cell population in D5D-KD BxPC-3 cells (8.12%, Fig. 2D) vs. the control
(e.g., D5D-KD cells without DGLA treatment, ~2.71%).

3.3. D5D-KD and DGLA treatment enhances the efficacy of gemcitabine

Gemcitabine, a nucleoside analog, has been used as a front-line chemo-drug for pancreatic
cancer treatment. However, a variety of pancreatic cancer cell lines (including BxPC-3) have
been reported resistant to gemcitabine [39-44]. When cells were co-treated with DGLA and
gemcitabine, DGLA significantly enhanced the efficacy of gemcitabine on D5D-KD
BXxPC-3 cells as indicated by the MTS assay for cell proliferation (41.3% cell viability for
co-treatment vs. 54.6% for gemcitabine only, Fig. 3A). Colony formation was also
significantly inhibited in D5D-KD BxPC-3 cells upon co-treatment with gemcitabine and
DGLA (survival fraction ~30.8% vs. 51.3% for gemcitabine only, Fig. 3B). For NC-si
BxPC-3 cells, DGLA treatment has no effect on drug efficacy as shown in cell proliferation
and colony formation assays (Fig. 3A-B). Gemcitabine-induced cell apoptosis was further
promoted by DGLA treatment on D5D-KD BxPC-3 cells (population of early apoptotic
cells, ~18.0% vs. gemcitabine treatment alone ~12.6%, Fig. 3C).

Increased expression of acetyl histone H3 and yH2AX was observed in D5D-KD BxPC-3
cells treated with DGLA, consistent with Fig. 1C and confirmed again that 8-HOA can act as
a DNA damaging agent. Gemcitabine is known to suppress cancer cell growth by inducing
p53-dependent as well as p53-independent cell apoptosis [47,48]. In the current study,
gemcitabine down-regulated Bcl-2 and Bcl-XL (anti-apoptotic proteins) as well as activated
procaspase 9 and procaspase 3 (pro-apoptotic proteins, Fig. 4). Considering the mutated p53
background in D5D-KD BxPC-3 cells, apoptosis seems proceed according to a p53-
independent pathway. Further increased expression of yH2AX and down-regulated
expressions of Bcl-2, procaspase 9 and procaspase 3 (Fig. 4) were observed when D5D-KD
BxPC-3 cells were co-treated with DGLA and gemcitabine. In addition, we would like to
point it out that there is no statistically different effect between DGLA+/- gem on Ac-his-
H3 as gemcitabine itself did not inhibit histone deacetylase.

3.4. D5D-KD and DGLA treatment improves the cytotoxicities of other chemotherapy drugs

It was apparent that D5D-KD and DGLA treatment could sensitize BxPC-3 cells to
gemcitabine, we also assessed the potential synergistic and/or additive effect on other
chemotherapeutic drugs, e.g., oxaliplatin (classic chemo-drug used for pancreatic cancer
therapy [49]) and erlotinib (targeted therapy drug used for pancreatic cancer [50-53]).
DGLA treatment improved the cytotoxicity of erlotinib and oxaliplatin on D5D-KD BxPC-3
cells as shown via MTS assays (~39.6% and 34.3% cell viability for treatment DGLA plus
chemo-drugs vs. 52.1% and 46.9% for only erlotinib and oxaliplatin respectively Fig. 5A).
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Clonogenic assays also demonstrated that co-treatment of DGLA with erlotinib and
oxaliplatin (using relative lower drug concentration compared to MTS assays) also inhibited
colony formation (~34.5% and 36.7% surviving fraction for treatment DGLA plus chemo-
drugs vs. ~52.2% and 62.9% for erlotinib and oxaliplatin alone, respectively Fig. 5B). In
NC-si transfected BxPC-3 cells, treatment of DGLA has no influence on the efficacy of
either erlotinib or oxaliplatin.

4. Discussion

Previous studies in the colon cancer cell line HCA-7 showed that direct treatment of 8-HOA
as well as accumulated endogenous formation of 8-HOA in D5D knockdown and COX-
catalyzed DGLA peroxidation can not only inhibit cell growth, but also enhanced the
cytotoxicity of the chemotherapy drug 5-FU, likely via a p53-dependent pathway [36,37].
The current study aimed to extend the supposition that D5D knockdown in conjunction with
DGLA treatment can also be used to inhibit growth of pancreatic cancer cells via p53
independent pathway, using pancreatic cancer cell line BXPC-3 which has both high COX-2
expression and mutated p53.

Considering that a variety of aliphatic acid compounds have been reported to inhibit histone
deacetylase [54,55], we found that 8-HOA could also act as a histone deacetylase inhibitor
(Fig. 1C). Increased expression of acetyl histone H3 and yH2AX were also observed when
D5D-KD BxPC-3 cells were treated with DGLA (Fig. 4), analogous to promoting the
endogenous formation and accumulation of 8-HOA (Fig. 2C), suggesting that the observed
growth inhibitory effect of DGLA is derived from generation of certain amount of 8-HOA
and 8-HOA-induced DNA damage.

A threshold level of endogenous 8-HOA (> 0.5 uM) was determined essential to inhibit the
growth of pancreatic cancer as previously reported for colon cancer [37]. In addition to
measuring levels of 8-HOA (via GC/MS), LC/MS was used to detect levels of DGLA, AA
and their metabolites PGE1 and PGE2 in both D5D-KD and NC-si BXxPC-3 cells treated
with DGLA for 48 h. Higher levels of free DGLA and formation of PGEL, and decreased
level of free AA and formation of PGE2, were observed in D5D-KD BxPC-3 cells when
compared to NC-si transfected cells (Supplement Table 1) as the conversion from DGLA to
AA was suppressed in D5D-KD cells. Note, the basal levels of undetected 8-HOA and
negligible DGLA in D5D-KD and NC-si BXPC-3 cells (e.g., without DGLA treatment) were
also observed as we previously noted for colon cancer cells. Unlike single dose DGLA
treatment, however, the continued supplement of DGLA (aiming to keep a steady state
concentration of 8-HOA) to mimic availability in dietary care could further inhibit colony
formation of D5D-KD BxPC-3 cells (Fig. 2B).

Gemcitabine, acting as a nucleoside analog to interfere DNA replication [44], has been used
as front line chemo-drug to treat patients with advanced pancreatic cancer. However,
pancreatic cancer cells can develop resistance to gemcitabine for a variety of factors, such as
a decrease of hENT1 expression [39]. Various regimens such as COX-2 inhibitors (e.g.,
celecoxib) as well as w-3 fatty acids have been used to improve the efficacy of gemcitabine
on pancreatic cancer cells [10,29]. The current study has demonstrated that DGLA treatment
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along with D5D-KD could also enhance the efficacy of gemcitabine to control pancreatic
cancer cell growth by further promoting gemcitabine-induced cell apoptosis (Fig. 3).
Additionally, this study also indicates that DGLA treatment in the presence of D5D-KD can
improve the cytotoxicity of oxaliplatin (classic chemotherapy drug [49]) or erlotinib (FDA-
approved targeted therapeutic drug [50-53], Fig. 5). Although only additive effects of
DGLA (Fig. 5) as well as 8-HOA (Fig. 1) on chemo-drug efficacy was observed, we would
like to point out that the synergic effect could occur on the situation of a diet (supplemented
with DGLA) continually fed to the animals, consistent with our unpublished in vivo study.

Previously, D5D knockdown and DGLA treatment were reported to be able to inhibit growth
of colon cancer cell line HT-29 (p53 mutated), likely through a p53-independent pathway
[37]. Here, DGLA treatment could further promote gemcitabine-induced cell apoptosis in
D5D-KD BxPC-3 (mutated p53). This effect is hypothesized to be mediated by the
formation and accumulation of DGLA’s free radical byproduct (e.g., 8-HOA) that could (1)
damage DNA, (2) decrease expression of anti-apoptotic proteins (e.g., Bcl-2), and (3)
activate pro-apoptotic proteins (e.g., caspase-9 and caspase-3), via a p53-independent
mechanism (Fig. 4). Given that the p53 mutation can be found in all types of cancers [56],
this strategy might be useful for improving the efficacy of chemotherapy in pancreatic
cancer commonly carrying p53 mutation.

To determine whether the level of COX-2 expression could affect the growth inhibition of
cancer cells, we also knocked down D5D via siRNA transfection in PANC-1 (another
pancreatic cancer cell line with deficient COX-2 expression), as well as doubly knocked
down D5D and COX-2 in BXPC-3 cells. The data showed that DGLA has no inhibitory
effects on D5D- KD PANC-1 or COX/D5D double KD BxPC-3 cells (Supplement Fig. 1),
indicating that overexpressed COX-2 can be exploited to increase formation of 8-HOA from
DGLA peroxidation to control pancreatic cancer cell growth. Note, when D5D-KD PANC-1
and COX-2/D5D double KD BxPC-3 were treated with 8-HOA, the growth of both cell lines
were also inhibited (data not shown), demonstrating that 8-HOA could suppress growth of
pancreatic cancer cells irrespective of their COX-2 and D5D expression level. These results
suggested that in a tumor environment, the growth of cancer cells which have low or
deficient COX-2 level (e.g., not preferred killing by our strategy) might also be inhibited by
the 8-HOA that is continually generated from nearby cancer cells (~70%, overexpressing
COX-2) in a paracrine manner. Our strategy should preferentially inhibit the growth of
pancreatic cancer cells and tumors, while having less influence on normal cells due to their
lower intake of fatty acids as well as much lower COX expression.

In the present study, high COX-2 expression could be used to promote formation of 8-HOA
from DGLA peroxidation to inhibit growth of pancreatic cancer cell lines as well as improve
the efficacy of multiple chemo-drugs. By targeting high COX-2 expression in conjunction
with the development of an w-6-based diet (more pervasive than w-3 in daily diet), the
proliferation of pancreatic cancer cells could be inhibited. Since no effective and selective
D5D inhibitors have so far been used for cancer treatments, as well as D5D knockdown may
have limited clinical value, we are now working on two workable approaches of D5D down-
regulation: (1) to screen and select small compounds or molecules used as effective D5D
inhibitor(s) for drug development; and (2) to apply RNA nanotechnology for cancer therapy,
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e.g, to construct a thermodynamically and chemically stable RNA nanoparticles harboring
D5D siRNA and allow specific delivery of D5D siRNA to cancer cells/tumors [57]. The
outcomes of this work will support our translational efforts to modify w-6 dietary
supplements and COX-2-mediated free radical peroxidation, and therefore enhancing the
efficacy of chemotherapy in pancreatic cancer treatment.
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Fig. 1.
8-HOA's growth inhibitory effects on BXPC-3 cells. (A) Clonogenic assay of BXPC-3 cells

at 10 days after 48 h of 8-HOA treatment (1.0 uM), gemcitabine (0.1 pM), and 8-HOA
+gemcitabine. The BxPC-3 cells treated with vehicle only were used as control; (B) Cell
apoptosis analysis of BXPC-3 cells. After 48 h treatment of vehicle (control), 8-HOA (1.0
uM), gemcitabine (0.1 uM) and gemcitabine +8-HOA, cells were double stained with FITC-
Annexin V/PI and subjected to flow cytometry. (*: significant difference vs. control with p <
0.05; and #: significant difference vs. gemcitabine group with p < 0.05 from more than three
experiments); and (C) Western blot and protein expression level of acetyl histone H3 and
YH2AX in BXPC-3 cells treated with vehicle, 8-HOA (1.0 pM), gemcitabine (0.1 uM), and
8-HOA plus gemcitabine. Protein expression rate was normalized using histone H3 as
loading control (*: significant difference p < 0.05 from more than three experiments).
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A. Western blot of COX-2 and D5D B. Clonogenic assay of BxPC-3 cells
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Fig. 2.
D5D-KD improved DGLA’s growth inhibitory effect in BXPC-3 cells. (A) Western blot and

protein expression level of COX-2 and D5D expression in NC-si transfected vs. D5D-KD
cells. Protein expression rate was normalized using p-actin as a loading control; (B)
Clonogenic assays of NC-si and D5D-KD BxPC-3 cells at day 10 after DGLA (100 puM, 48
h) treatment vs. control (without DGLA, four columns on the left); clonogenic assay of NC-
sh and shRNA transfected D5D-KD BxPC-3 cells at day 10 along with culture medium
supplemented with/without DGLA (refreshed every three days during 10-day period, four
columns on the right); (C) GC/MS quantification of 8-HOA from NC-si transfected or D5D-
KD BxPC-3 cells treated with 100 pM DGLA. Data represent as mean + SD from 3
experiments; (D) Cell apoptosis analysis of D5D-KD cells treated with vehicle (control) or
DGLA (100 uM). (*: significant difference with p < 0.05 from more than three experiments).
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Fig. 3.

D5D-KD and DGLA treatment enhanced efficacy of gemcitabine to kill BxPC-3 cells. (A)
MTS assay of NC-si transfected and D5D-KD BxPC-3 cells upon treatment with
gemcitabine (1.0 pM) alone or gemcitabine (1.0 uM)+DGLA (100 uM). The NC-si
transfected and D5D- KD cells without fatty acid and drug treatment were used as controls;
(B) Clonogenic assay of NC-si and D5D-KD BxPC-3 cells at 10 days with treatment of
DGLA (100 pM), gemcitabine (0.1 pM) or gemcitabine (0.1 uM)+DGLA (100 uM) for 48 h.
The NC-si transfected 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),
gemcitabine (0.1 pM) alone or gemcitabine (0.1 uM)+DGLA (100 uM). (*: significant
difference vs. control with p < 0.05; and #: significant difference vs. gemcitabine group with
p < 0.05 from more than three experiments).
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A. Western blot and quantification of protein expression rate in D5D-KD BxPC-3
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Fig. 4.
D5D-KD and DGLA treatment promoted gemcitabine-induced apoptosis via p53

independent pathway. (A) Western blot and protein expression level of acetyl histone H3,
YH2AX, Bcl-2, Bel-XL, procaspase-3 and procaspase-9 from D5D-KD BxPC-3 cells treated
with vehicle (control), DGLA (100 uM), gemcitabine (0.1 pM) or gemcitabine (0.1 pM)
+DGLA (100 uM) for 48h. Protein expression rate was normalized using p-actin as loading
control. (*: significant difference vs. control with p <0.05; and #: significant difference vs.
gemcitabine group with p < 0.05 from more than three experiments).
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A. MTS assay from erlotinib or oxaliplatin and DGLA for 48 h
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B. Clonogenic assay from erlotinib or oxaliplatin and DGLA for 48 h
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Fig. 5.

Imgproved cytotoxicity of erlotinib and oxaliplatin by DGLA in D5D-KD BxPC-3 cells. (A)
MTS assay of NC-si transfected and D5D-KD BxPC-3 cells upon treatment of erlotinib (10
UM) alone or erlotinib (10 uM)+DGLA (100 pM) as well as oxaliplatin (20 pM) alone or
oxaliplatin (20 pM)+DGLA (100 pM) for 48 h. The NC-si transfected and D5D-KD cells
without fatty acid and drug treatment were used as controls; (B) Clonogenic assay of NC-si
transfected and D5D-KD BxPC-3 cells at 10 days with treatment of erlotinib (2.0 uM) or
erlotinib (2.0 uM)+DGLA (100 pM) as well as oxaliplatin (2.0 uM) or oxaliplatin (2.0 pM)
+DGLA (100 uM) for 48 h. The NC-si transfected and D5D-KD cells without fatty acid and
drug treatment were used as controls. Note, relative lower amount of chemo-drugs (vs. MTS
assay) were used for clonogenic assay in order to allow enough colony to be formed. (*:
significant difference with p < 0.05 from more than three experiments).
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