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ABSTRACT

Colon cancer is the third most commonly diagnosed cancer in the world. Research showed
that arachidonic acid, a downstream w-6 fatty acid (®-6), plays a role in colon cancer development
by producing deleterious metabolites from its COX-2 catalyzed peroxidation. On the other hand,
dihomo-y-linolenic acid (DGLA), the immediate precursor of arachidonic acid, may represent an
exceptional ®-6 associated with anti-cancer activities. However, the mechanism of DGLA’s anti-
cancer effect still remains unclear, and the rapid conversion of DGLA to arachidonic acid in human
body by delta-5 desaturase (D5D) greatly restricts DGLA’s availability. Recent work from Dr.
Qian’s group demonstrated that DGLA can undergo a unique pathway during COX-2-catalyzed
peroxidation and produce distinct free radical byproducts. Here we proposed that (1) DGLA’s anti-
cancer activity is derived from its distinct byproduct, e.g., 8-hydroxyoctanoic acid (8-HOA), from
COX-2-catalyzed peroxidation, and (2) by knocking down cellular D5D expression, we can take
advantage of the commonly overexpressed COX-2 in cancer cells to promote 8-HOA formation,
inhibit colon cancer growth and migration, and develop a novel cancer therapy and a paradigm
shift concept in contrast to classic COX-2 inhibition strategy in cancer treatment. Our results
showed that 8-HOA, at physiological concentrations, could suppress human colon cancer cell
growth and migration, by serving as a histone deacetylase inhibitor and DNA damage agents. Data
also showed that knocking down D5D in colon cancer cells promoted endogenous formation of 8-
HOA to a threshold level which then inhibited cancer cell growth and migration. Consistent with
the in vitro data, knocking down D5D in human colon cancer cell-derived mice xenograft tumors
along with DGLA supplementation promoted endogenous formation of 8-HOA in vivo and
significantly suppressed tumor growth. In addition, direct supplementation and endogenous

formation of 8-HOA from COX-2 catalyzed DGLA peroxidation were found to enhance the



efficacies of various chemotherapeutic drugs. In conclusion, we demonstrated that by taking
advantage of commonly overexpressed COX-2 in cancer, D5D knockdown can promote the
formation of 8-HOA from DGLA peroxidation to inhibit cancer growth and migration. Results

from this work will lead us to develop a novel ®-6 based treatment strategy for colon cancer.
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1. INTRODUCTION

Colon cancer is the third most commonly diagnosed cancer in the world and the second
leading cause of cancer deaths in United States [1]. A large body of evidence suggested that there
is a substantial association between dietary fatty acid consumption and colon cancer incidence [2-
11]. For instance, research showed that consumption of ®-3 fatty acids (®-3s), such as
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are mainly found in marine
food products, may suppress colon cancer development, and also reverse drug resistance in cancer
cells [3-7, 10]. On the other hand, arachidonic acid (AA), a downstream -6 fatty acid, could
produce deleterious metabolites (e.g., prostaglandin E2, PGE2) from cyclooxygenase-2 (COX-2)
catalyzed peroxidation and play a role in colon cancer development[8-9, 11-18]. Given these
observations, ®-3s have been extensively investigated for their anti-cancer activities, whereas ©-
6s received much less research attention although they are the much more abundant in our daily
food compared to ®-3s.

Recently, increasing evidence suggested that the immediate precursor of AA, i.e. dihomo-
y-linolenic acid (DGLA), may represent an exceptional m-6 which was reported to associate with
anti-proliferative activities against various types of cancer cells [19-24]. Therefore, considering
the abundance of -6 fatty acids in our daily food, DGLA might be a promising dietary source for
cancer prevention and treatment. However, the molecular mechanism of DGLA’s anti-cancer
activities has not been understood until the present study. In addition, the rapid conversion of
DGLA to AA in the human body by delta-5-desaturase (D5D) greatly restricts DGLA’s availability
and activity.

Cyclooxygenase-2 is overexpressed in 85% of adenocarcinomas, and, it can promote colon

cancer progression by catalyzing AA peroxidation to produce the deleterious metabolite PGE2



[25-28]. Therefore, COX-2 inhibition, which aims at limiting the COX-2/AA pathway, has been
extensively studied as a conventional strategy for the treatment of cancers [29-30]. However,
COX-2 can be induced rapidly in the cancer environment even with the presence of COX-2
inhibitors, which raises the question about the therapeutic efficacy from COX-2 inhibitors in
cancer patients [31]. In addition, COX-2 inhibitors were found to induce GI injury and
cardiovascular side effects in patients [30, 32-34]. Therefore, alternative treatment strategy
targeting COX-2 peroxidation in colon cancer with safer and better therapeutic outcomes are
urgently needed.

In the presenting study, for the first time, we discovered that, through COX-2 catalyzed
peroxidation, DGLA can produce a distinct byproduct, 8-HOA, which serves as an HDAC
inhibitor and inhibits colon cancer growth and migration. Based on this novel finding, we proposed
and demonstrated that instead of inhibiting COX-2, we can take advantage of the high COX-2
expression in cancer cells to promote the formation of DGLA’s beneficial byproduct 8-HOA to
inhibit cancer cell growth and migration. This novel strategy will lead to a better therapeutic effect
in colon cancer treatment due to its dual anti-cancer mechanisms, i.e. simultaneously promoting
the anti-cancer effect from DGLA and limiting the pro-cancer effect from AA. Our strategy will
also have fewer side effects vs. classic COX-2 inhibitors as normal tissues have less COX-2
expression and a lower fatty acids intake rate compared to cancer cells [25-28, 35]. In addition,
our proposed strategy of making use the hallmark of cancer cell (i.e. the commonly overexpressed
COX-2) to work against cancer cell itself would provide a novel insight into cancer therapy and
challenge the current paradigm of COX-2 inhibition strategy in cancer treatment. Results from this
study will lay down the foundation for further development of a ®-6 fatty acids-based diet care

strategy for colon cancer prevention and treatment.



1.1. Polyunsaturated Fatty Acids
1.1.1. Polyunsaturated fatty acids: ®-6s vs. ®-3s

Polyunsaturated fatty acids (PUFAS) are fatty acids that contain more than one C=C double
bonds in their backbone [36]. There are two important classes of dietary PUFAS, namely ®-6s and
®-3s, which are essential cellular components and possess diverse bioactivities in the human body
[37-38]. These two types of PUFAs are classified according to the position of the first C=C double
bond in their backbone. For example, ®-6 fatty acids, including linoleic acid (LA), gamma-
linolenic acid (GLA), DGLA and AA, have their first double bond at the sixth carbon atom (®-6
carbon) from the end of the carbon chain (Scheme 1). ®-3 fatty acids, on the other hand, have their
first C=C double bond at the third carbon atom (-3 carbon) from the methyl end of the carbon
chain (Scheme 1). The common ®-3s includes a-linolenic acid (ALA), EPA and DHA, etc.

®-6s and ®-3s are important cellular components and are indispensable to maintain normal
cellular functions [39-41]. However, the human body cannot synthesize them de novo due to a lack
of the enzyme needed to introduce double bonds into fatty acids beyond carbons 9 and 10 from
the carboxyl end [42]. Therefore, ®-6s and ®-3s are considered essential fatty acids which must
be obtained from our daily diet. The dietary source varies for different w-6s and ®-3s. For example,
LA is the precursor and main source for ®-6s, it is widely present in vegetable oils including
sunflower, safflower, corn and soybean oil [43]. GLA can be found in evening primrose oil, borage
oil, black currant oil, and hemp seed oil [44]. A small amount of AA can be obtained from meat

and egg yolks [45].



Essential ¢-6 Fatty Acids Essential »-3 Fatty Acids

Methyl end (o end)
HiC A= = 00N H,C "V CO0oH
Linoleic acid (LA) o-Linolenic acid (ALA)
A-6 desaturase
(D6D or FADS2)
HConn ===~ COOH HoC = === LO0H
v-Linolenic acid (GLA) Stearidonic acid
Elongase
HiCo~o~ne A COOH HSC/\:/\:/\:/\:/\/\/\/COOH
Dihomo-y-linolenic acid (DGLA) Eicosatetraenoic acid
A-S desaturase
(D3D or FADS1)
AN ey A ANV ANV
HiCA e = = a0y H,C = COOH
Arachidonic acid (AA) Eicosapentaenoic acid (EPA)
Elongase
A-6 desaturase
B-oxidation

Docosahexenoic acid (DHA)
Scheme 1. Essential m-6 and -3 fatty acids in the human body.
Upon uptake into the human body, LA and ALA, the parent ®-6 and ®-3 fatty acids, respectively,
are converted to their corresponding downstream fatty acids under the catalysis of a series of fatty

acid metabolism enzymes including delta-6 desaturase, elongase and delta-5 desaturase. Note, the
®-6 and ®-3 are not interconvertible in human bodies.



ALA is the parent fatty acid for the -3 family, and it is present in canola oil, perilla oil,
flaxseed oil and walnuts [43]. EPA and DHA are mostly found in the oil from deep, cold water
fish [56-57]. In the typical western diet, the ratio of daily intake of ®-6 to -3 is around 10:1 to
30:1 [48-51].

Although they cannot be synthesized de novo, the downstream ®-6s and ®-3s can be
produced in the human body from their corresponding parent fatty acids, i.e. LA and ALA,
respectively [52-56]. For instance, upon uptake into the human body, LA, the precursor of ®-6s,
will be converted to GLA by delta-6 desaturase (D6D, also known as fatty acid desaturase 2 or
FADS?2) which introduces a new C=C double bond to the structure (Scheme 1). GLA will then be
converted into DGLA by elongase which adds two additional carbon atoms. DGLA is further
metabolized to arachidonic acid by delta-5 desaturase (also known as fatty acid desaturase 1 or
FADSL1) which adds another C=C double bond. In fact, the ®-6s in human tissues are mainly
derived from dietary LA. Similarly, upon consumption, ALA, the precursor of ®-3s, can be
metabolized via elongase, delta-6-desaturase and delta-5-desaturase to produce various
downstream PUFAs including EPA and DHA (Scheme 1). However, the conversion of ALA to
EPA and DHA is very limited, for example, only ~20% of dietary ALA is converted to EPA and
less than 10% is converted to DHA in females, while only ~8% of ALA is converted to EPA and
no conversion to DHA in males [54-56]. In addition, the conversion rate from ALA to EPA and
DHA could be further reduced when ALA is consumed along with ®-6s, as they will compete for

the same sets of fatty acids metabolizing enzymes.



1.1.2. Polyunsaturated fatty acids and human health

®-6s and ®-3s possess diverse bioactivities and are both essential to maintain normal
cellular functions [39-41]. For example, PUFAs can be incorporated into cell membranes and
become important structural cellular components. Research showed that the fatty acids
composition in the membrane lipid bilayers is critical for membrane fluidity, flexibility and normal
function of membrane-bound enzymes [40-41, 57-63]. Animal studies indicated that the high level
of DHA in the retina plays an important role in the normal development and function of the retina
[64-65]. DHA and AA are involved in normal neurogenesis, neurotransmitter metabolism, and
learning function [66-67]. In addition, w-6s and ®w-3s were also found to regulate gene expression
by interacting with various transcription factors [68-69].

Besides directly exerting biological effects, the ®-6s and ®-3s in cells can also undergo
enzymatic or non-enzymatic lipid peroxidation to produce various bioactive metabolites. For
instance, through the actions of cyclooxygenase, lipoxygenase or cytochrome P450s, fatty acids
such as DGLA, AA, EPA and DHA can be metabolized to produce various lipid-derived signaling
molecules, including prostaglandins (PGs), prostacyclins, thromboxanes, leukotrienes,
hydroxyeicosatetraenoic acids and epoxy eicosatrienoic acids, etc [70-73]. These lipid-derived
metabolites act in an autocrine or paracrine manner to deliver diverse bioactivities in regulating
platelet aggregation, blood vessel permeability, dilation and constriction, as well as modulating
cell adhesion and chemotaxis [70-73]. Alternatively, fatty acids can also go through non-enzymatic
lipid peroxidation to produce isoprostanes, isoleukotrienes, and other peroxidized fatty acid
products which may also function as inflammatory mediators [74].

Although dietary intake of m-3s and -6s are both essential for maintaining normal cellular

functions, ®-3s and ®-6s supplementation could lead to contrasting biological consequences in the



human body. In general, it is widely accepted that ®-3s supplementation may result in many
beneficial effects on human health, while arachidonic acid (a downstream ®-6) is associated with
a deleterious outcome [2-11, 75-88]. For example, supplementation of ®-3s, especially EPA and
DHA, has been shown to prevent incidence of cardiovascular disease, ameliorate the symptoms of
chronic inflammation, improve cognitive function, and prevent cancer incidence [2-11, 75-86]. On
the other hand, a large body of cellular, animal and epidemiological studies have suggested that
the increased cellular level of arachidonic acid, mediated via its COX-catalyzed peroxidation, is
associated with an increase in the incidence of diseases involving inflammatory processes, such as
cardiovascular diseases, rheumatoid arthritis, inflammatory bowel diseases, and colon cancer [5,
8-9, 11, 86-88]. Given these facts, the bioactivities from ®-3s have been extensively studied for
health improvement purposes, whereas the potential beneficial effects from w-6s have received
much less research attention.
1.2. COX-2 Catalyzed Fatty Acid Peroxidation and Its Association with Colon Cancer

After directly obtained from food or released from membrane phospholipids, ®-3 and -6
PUFAs will undergo enzymatic or non-enzymatic lipid peroxidation to produce various important
lipid-derived signaling molecules with diverse bioactivities [70-73]. COX is one of the major lipid
peroxidizing enzymes that metabolizes PUFAs such as AA and DGLA to produce prostaglandins
(Scheme 2), which can be further converted to prostacyclins and thromboxane [70-73]. COX is a
bi-functional enzyme containing a cyclooxygenase site and a peroxidase site, thus it metabolizes
fatty acids by two reactions, e.g. its cyclooxygenase activity incorporates two oxygen molecules

into fatty acids, and its peroxidase activity reduces them to their corresponding alcohol [89-91].
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Mediated by the cyclooxygenase and peroxidase activities, COX metabolizes DGLA and AA to
produce PGH1 and PGHZ2, respectively, which can be further converted to prostaglandin E1 and
E2 (major bioactive metabolites from DGLA and AA), as well as various other products including
1 and 2 series prostaglandin D, prostaglandin F, prostacyclins and thromboxanes by corresponding

enzymes.



There are two isoforms of COX, i.e. COX-1, the constitutive form which is expressed in
most tissues, and COX-2, the inducible form that can be readily induced in response to various
stimuli including stresses, cytokines, growth factors, pro-inflammatory signals as well as cancer
promoters [91-94]. COX-1 and COX-2 contain 576 and 587 amino acids, respectively [95-97].
They are membrane bound proteins and located on the lumenal surfaces of the endoplasmic
reticulum and nuclear membranes. The three-dimensional structures of both isoforms are nearly
superimposable, both of them are homodimers with each subunit of the dimer consisting of three
domains, e.g. the epidermal growth factor domain, the membrane binding domain and the catalytic
domain [90-93]. COX-1 and COX-2 are encoded by different genes, and there is 60%-65%
sequence identity between COX-1 and 2 from the same species and 85%-90% identity among
individual isoforms from different mammalian species [94, 98]. COX-1 play a housekeeping role
in normal physiological processes by providing immediate, pulsatile prostaglandins formation in
various organs [99], while COX-2 is rapidly induced under pathological conditions and
metabolizes PUFASs to produce lipid-derived molecules to mediate the inflammatory process.

It has been well established that COX-2-catalyzed arachidonic acid peroxidation is the
major mechanism by which w-6s are implicated in the carcinogenic process. Evidence showed that
COX-2 is overexpressed in ~50% of human adenomas and ~85% of adenocarcinomas relative to
normal mucosa, and is associated with worse survival among colon cancer patients [25-28]. It has
also been commonly observed that the levels of PGE2 (the major metabolite from COX-2-
catalyzed arachidonic acid peroxidation) as well as PGE2 receptors are elevated in colorectal
cancers [100-103]. These observations suggested an association between the COX-2-catalyzed
arachidonic acid signaling pathway and colorectal carcinogenesis. In fact, research showed that

PGE2 can promote colon cancer cell survival and intestinal adenoma formation by indirectly



transactivating PPAR & receptor through phosphoinositide 3-kinase and protein kinase B
(P13Kk/Akt) signaling [104]. PGE2 stimulation also led to the stabilization and nuclear translocation
of B-catenin, thereby stimulating B-catenin-dependent gene expression and the aberrant growth of
colon cancer cells [105-108]. In addition, PGE2, as a major pro-inflammatory mediator, plays an
important role in chronic inflammation, while long term inflammatory bowel diseases, such as
ulcerative colitis and Crohn's disease, are major risk factors for developing colon cancer [109-
111].

Considering the implication of COX-2 catalyzed AA peroxidation in cancer, the COX
enzymes have been studied extensively as a drug target in cancer treatment as well as in other
inflammation-related diseases for over 100 years [112-115]. More recently, many selective COX-
2 inhibitors have been developed and tested for clinical use, including celecoxib, etoricoxib and
rofecoxib, etc, which are collectively known as non-steroidal anti-inflammatory drugs or NSAIDs
[116-122].

COX-2 inhibitors have been widely tested and applied as adjuvant agents in combination
with front-line chemo-therapy drugs for treatment of colon cancer [120-122]. However, COX-2
can be induced rapidly in the cancer environment even with the presence of COX-2 inhibitors,
which raises the question about the therapeutic efficacy from COX-2 inhibitors in cancer patients
[31]. In addition, it has been documented that COX-2 inhibitors can cause critical safety issues,
including severe gastrointestinal tract injury and increased risk of cardiovascular diseases (e.g.,
heart attacks and strokes), probably due to the impairment of the normal function of COX [30, 32-
34]. Therefore, developing an alternative treatment strategy for colon cancer with safer and better

therapeutic outcome is an urgent need.
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1.3. Potential Anti-Cancer Activity from DGLA and Its COX-2 Mediated Byproducts
1.3.1. DGLA, an exceptional ®-6 fatty acid associated with potential anti-cancer activities
While arachidonic acid is associated with cancer incidence mainly due to its peroxidation
by COX-2, DGLA, the immediate precursor of arachidonic acid, may represent an exceptional ®-
6 by virtue of its potential anti-inflammatory and anti-cancer effects [19-24, 123-124]. For
instance, dietary DGLA supplementation prevented atherosclerosis in ApoE-deficient mice, but
this anti-atherosclerotic effect was attenuated by a COX inhibitor naproxen [123-124]. DGLA
exerted cytotoxicity towards human cervical carcinoma cells in vitro and enhanced the
susceptibility of cancer cells to chemo-drug, probably by improving drug uptake and reducing drug
efflux [19, 22, 24]. In rats with 7, 12-dimethylbenz(a) anthracene-induced mammary tumors, the
ratio of tumor-bearing rats to total number of rats was lowest in the DGLA treatment group
compared to groups treated with GLA and corn oil [20]. More importantly, DGLA
supplementation induced apoptosis in tumor cells associated with significant increase of free
radicals and lipid peroxide formation, suggesting that DGLA-derived free radicals and lipid
peroxides may be responsible for its anti-tumorigenic effect [19, 22, 24]. Further study showed
that the COX inhibitor indomethacin as well as various anti-oxidants blocked the tumoricidal
action of DGLA on human cervical carcinoma cells [22, 24]. This evidence together suggested
that DGLA might represent an exceptional ®-6s with anti-cancer activity, and the free radical
species generated from COX-2 catalyzed DGLA peroxidation may play a role in the anti-cancer
effect of DGLA. However, the molecular mechanism of DGLA derived anti-cancer activities has

not been understood until the present study.
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1.3.2. Identification of distinct free radical byproducts produced from COX-2 catalyzed
DGLA peroxidation

COX-2-catalyzed fatty acid peroxidation is a well-known free radical chain reaction during
which a variety of free radical intermediates are produced [125-128]. Initially, the tyrosyl radical
in the COX enzyme is activated and abstracts H at the bis-allylic methylene position of a lipid
molecule, which leads to the formation of a carbon-centered lipid radical. The lipid radical will
then react with Oz to form peroxyl radical, which can further attack other lipid molecules during
the propagation process. The peroxyl radical can also be converted into other types of free radicals
through Fenton-type reactions and B-scission [127-128]. Identification of these highly reactive free
radical intermediates may advance our understanding of the biological implications of PUFAS in
many diseases, especially in the inflammatory disorders and cancer. However, due to their
extremely short half-life, these free radical intermediates were not characterized until recent work
from Dr. Qian’s group [129-134].

Previous work from Dr. Qian’s group developed and refined a novel HPLC/ESR (spin-
trapping)/MS combined technique, in which spin-trapped free radicals with different structures are
separated by an HPLC column according to their distinct chromatographic behavior, followed by
ESR monitoring for radical confirmation and MS detection for structural identification [135]. This
novel technique enabled us to successfully identify and characterize both common and exclusive
free radical byproducts from COX-2 catalyzed DGLA and arachidonic acid peroxidation [136-
138]. Dr. Qian’s research demonstrated that, due to the common structural moiety in arachidonic
acid and DGLA, COX-2 can catalyze their peroxidation through the same C-15 oxygenation
pathway to form two common C=C centered free radical metabolites (Scheme 3). These free

radicals are converted to their corresponding stable forms in a cellular reducing environment, i.e.
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pentane and 1-hexanol (HEX), which accumulate overtime [136-138]. On the other hand, the
different structural moiety in DGLA leads to a unique C-8 oxygenation and consequently the
formation of two distinct free radical derived byproducts, i.e. heptanoic acid (HTA) and 8-
hydroxyoctanoic acid (8-HOA, Scheme 4) [136-138].

Inspired by these novel findings, we proposed that the distinct free radical pathway and
byproducts, i.e. 8-HOA, from COX peroxidation may be responsible for DGLA’s anti-cancer
activity. Therefore, in the present study, we investigated the potential anti-cancer effect from
DGLA’s free radical byproducts as well as possible molecular mechanisms. The study is expected
to provide the first detailed data of the biological effects from COX-2-mediated free radical
byproducts in colon cancer. The outcome of our study will allow us to manipulate -6 peroxidation
to promote the anti-cancer benefits from DGLA for colon cancer treatment.

We proposed that DGLA’s anti-cancer activity may be derived from its COX-2
peroxidation, which leads to a possibility that instead of inhibiting COX-2, one can take advantage
of the high COX-2 expression in cancer cells to promote formation of 8-HOA to control cancer
cell growth. As COX-2 is commonly overexpressed in colon cancers, our innovative idea of using
a cancer cell hallmark to work against a cancer cell itself may provide a novel insight into cancer

therapy, and challenge the classic paradigm of COX-2 inhibition strategy in cancer treatment.
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Scheme 3. Pathway of COX-2 catalyzed DGLA C-15 peroxidation.

Due to the common structural moiety in arachidonic acid and DGLA, both of them can go through
the same C-15 oxygenation pathway and produce two common free radical byproducts, e.g.
pentane and 1-hexanol [136-138].
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Scheme 4. Pathway of COX-2 catalyzed DGLA C-8 peroxidation.

The different structural moiety in DGLA leads to a unique C-8 oxygenation and consequently the

formation of distinct free radical byproducts, e.g. heptanoic acid and 8-hydroxyoctanoic acid [136-

138].
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1.4. D5D Represents a Novel Target for Colon Cancer Treatment

DGLA is associated with potential anti-cancer activity, however, the rapid conversion of
DGLA to AA in human body by D5D greatly restricts DGLA’s availability and activity [139-148].
For example, it was reported that dietary supplementation of DGLA as ethyl esters or triglycerides
leads to only a small increase in DGLA content in cell membrane lipids, while accompanied by a
very significant increase in AA content [139]. Other in vitro and in vivo studies also showed that
even after enrichment with DGLA, the cellular content of AA was still 2.5 to 3 fold higher than
DGLA due to effective desaturation of DGLA [139-141].

Therefore, inhibiting D5D will be an effective way to limit the conversion of DGLA to AA
and promote potential anti-cancer effect from DGLA’s distinct byproducts (e.g. 8-HOA). In fact,
some natural and synthesized compounds such as sesame, curcumin and CP-24879 have been
reported to own certain inhibitory effect against DSD activity [139, 149-153]. For exampl
curcumin inhibited rat liver microsomal delta-5 and delta-6 desaturases, and led to a 2 fold increase
of mycelial DGLA levels in fungus with a concomitant decrease in AA levels [150]. Results
obtained in experiments with both a cell-free extract of the fungus and with rat liver microsomes
demonstrated that (+)-sesamin specifically inhibits D5D at low concentrations, resulting in
increased DGLA content [151]. CP-24879, a mixed D6D/D5D inhibitor, was shown to increase
cellular DGLA content in cultured lung carcinoma cells and decrease AA content both in vitro and
in vivo [139, 152-153].

Although D5D inhibition was studied to modify the ratio between DGLA and AA (as well
as their corresponding metabolites), D5D was not investigated specifically related to any major

diseases including cancer. In this study, we proposed that D5D is a novel drug target for colon
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cancer treatment, and we aimed to genetically knockdown D5D to reserve more DGLA, thereby
promoting the formation of 8-HOA to deliver its potential anti-cancer effect.
1.5. Summary of Research Aims in Present Study

DGLA is an exceptional -6 fatty acid associated with potential anti-inflammation and
anti-cancer activities, thus it may represent a promising dietary source for cancer prevention and
therapy especially considering the abundance of -6 fatty acids in our daily food. However, the
molecular mechanisms of DGLA’s anti-cancer activities have not been clarified until our present
study. DGLA’s availability and activity is greatly restricted due to the rapid conversion of DGLA
to arachidonic acid in human body by D5D. We hypothesized that the anti-cancer activity of
DGLA may be derived from its distinct byproduct 8-HOA formed during the COX-2 catalyzed
peroxidation, and inhibition of cellular D5D activity/expression could promote formation of 8-
HOA which consequently exert anti-cancer effect. More importantly, instead of inhibiting COX-
2 expression in cancer cells, we plan to take advantage of the high COX-2 expression levels in
colon cancer cells and tumors to promote DGLA peroxidation and therefore its associated anti-
cancer activity, which may challenge the current paradigm of COX biology in cancer treatment.

To test these hypotheses, in this study, we aimed to (1) investigate the potential anti-cancer
effect of DGLA’s byproducts in colon cancer as well as the underlying molecular mechanisms;
and (2) genetically knockdown cellular D5D expression to limit the conversion of DGLA and
promote the formation of DGLA’s beneficial byproducts for delivering anti-cancer effect (Scheme
5). We believe our novel strategy will result in a dual mechanism for inhibiting cancer growth, i.e.
promoting the anti-cancer effects from DGLA while limiting the pro-cancer effect from AA, which
will lead to a better and safer therapeutic effect in colon cancer treatment compared to the

traditional COX-2 inhibition strategy.
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AIM 1 (CHAPTER 3)
To Investigate the potential anti-cancer effect from DGLA’s
distinct byproducts as well as the underlying mechanisms

(downstream w-6)

AIM 2 (CHAPTER 4)
To knockdown cellular D5D expression to limit the conversion
of DGLA and promote the formation of DGLA'’s beneficial
byproducts for delivering anti-cancer effect in vitro

AIM 3 (CHAPTER 5)
To inhibit xenograft colon tumor growth by D5D-knockdown
and DGLA supplement

Scheme 5. Research outline in present study.

We hypothesized that the anti-cancer activity of DGLA may be derived from its COX-2 catalyzed
peroxidation, therefore, in this study we aimed to investigate the potential anti-cancer effects of
DGLA’s distinct byproducts in colon cancer as well as the underlying molecular mechanisms. We
also planned to genetically knockdown D5D expression and take advantage of the high COX-2
expression levels in colon cancer to promote the formation of DGLA’s beneficial byproducts for
delivering anti-cancer effects in vitro and in vivo.

18



2. METHODS AND MATERIALS
2.1. Chemicals and Reagents

Chemicals and materials: Pure DGLA for in vitro cell treatment was obtained from Nu-

Chek-Prep (MN, USA). Analytical standard solution of AA, DGLA, PGEL, PGE2, AA-ds, DGLA-
de, PGE1-ds and PGE2-dg as well as DGLA ethyl ester for animal treatment were purchased from
Cayman Chemical (MI, USA). 8-HOA and 5-FU were acquired from Sigma-Aldrich (MO, USA).
Crystal violet, pentafluorobenzyl bromide, diisopropylethylamine, sodium dodecyl sulfate (SDS),
ammonium persulfate (APS), tetramethylethylenediamine (TEMED), tris base, acrylamide/bis-
acrylamide, glycine, NaCl, HPLC-MS grade water, acetonitrile, acetic acid and methanol were
obtained from VWR (PA, USA). SampliQ Silica C18 ODS reverse phase SPE cartridge was
obtained from Agilent Technology (CA, USA). X-ray film was purchased from Phoenix Research
Products (NC, USA). CelLytic™ lysis reagent and Ribonuclease A were acquired from Sigma-
Aldrich (MO, USA). Pierce ECL western blot substrates, Pure Link™ HQ Mini Plasmid DNA
Purification Kit, T-Per tissue protein extraction reagent, NE-PER™ nuclear and cytoplasmic
extraction reagents were bought from Thermo Fisher Scientific (MA, USA).

Biological reagents: D5D primary antibody produced from rabbit and X-tremeGENE HP

DNA transfection reagent were acquired from Sigma-Aldrich (MO, USA). Negative control
SiRNA, D5D-targeting siRNA (catalog # 4390825), COX-2 targeted siRNA (catalog #4392422),
Lipofectamine™ RNAiMAX transfection reagent and 24-well transwell chamber were purchased
from Life Technologies (NY, USA). GlutaMAX™ Opti-MEM reduced serum medium and bovine
serum albumin standard solution were bought from Thermo Fisher Scientific (MA, USA). BCA
protein assay was obtained from Bio-Rad (CA, USA). CellTiter 96® AQueous One Solution Cell
Proliferation Assay kit, mMRNA reverse transcription system and qPCR master mix were purchased
from Promega (W1, USA). HDAC activity colorimetric assay kit was obtained from Biovision
(CA, USA). Fetal bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium and McCoy's 5A
Medium were obtained from VWR (PA, USA). Annexin V Apoptosis Detection Kit | were
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acquired from BD Pharmingen™ (NJ, USA). RNeasy Mini Kit was purchased from Qiagen
(Hilden, Germany). Primary antibodies for COX-2, matrix metalloproteinase-2, E-cadherin,
cleaved PARP, Ki-67, and Alexa fluor-conjugated secondary antibodies were acquired from
Abcam (MA, USA). yH2AX primary antibody was purchased from Bethyl Laboratories (TX,
USA). Primary antibodies for p53, matrix metalloproteinase -9, acetyl histone H3, histone H3,
procaspase 9, procaspase 7, p21, vimentin, snail, B-actin and horseradish peroxidase-conjugated
secondary antibodies were bought from Cell Signaling (MA, USA). D5D forward/reverse primers
and DNA oligos encoding D5D-targeted pre-shRNA were obtained from Integrated DNA
Technologies (1A, USA). BLOCK-iT Pol Il miR RNAI Expression Vector Kit was purchased from
Invitrogen (NY, USA).
2.2. Cell Culture

The human colon cancer cell lines HCA-7 colony 29 (from European Collection of Cell
Cultures) were grown in Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS. HT-
29 and HCT 116 cells (from American Type Culture Collection) were grown in McCoy's 5A
Medium supplemented with 10% FBS. Cells were cultured in an incubator containing a 95%
humidified atmosphere with 5% CO- at 37°C.
2.3. MTS Assay

Colon cancer cell in vitro proliferation was assessed via MTS assay using CellTiter 96®
AQueous One Solution Cell Proliferation Assay, which is a colorimetric method for determining
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) [154]. PES has enhanced chemical stability that allows it to be combined with

MTS to form a stable solution. In metabolically active cells, the MTS tetrazolium compound can
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be bioreduced by NADPH or NADH (produced by dehydrogenase enzymes) into a soluble colored
formazan product. The quantity of formazan product as measured by the absorbance at 490 nm
therefore is directly proportional to the number of living cells in culture.

The MTS cell proliferation 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, including siRNA transfection, fatty
acids, DGLA metabolites and/or chemotherapy drugs. At the end of treatment, 20 pL of CellTiter®
96 Agqueous 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). Cells treated with vehicle (ethanol for DGLA,
DMSO for all the other reagents, less than 0.1% in total volume) served as controls. Cell viabilities
in treatment groups were calculated as percentages of the control group (normalized to 100%).
2.4. Colony Formation Assay

Cancer cell survival upon various treatment was assessed in vitro by a colony formation
assay, which is a method based on the ability of a single cell to grow into a colony [155]. Briefly,
cells were seeded at 1,000-2,000 cells per well into 6-well plates, incubated overnight and exposed
to various treatments including siRNA transfection, fatty acids, DGLA metabolites and/or
chemotherapy drugs. Then the cells were washed with phosphate buffered saline (PBS) and
incubated with fresh complete medium for 10-14 days. At the end of incubation, the cells in each
well were washed with 1.0 mL PBS, fixed with 2.0 mL of 10% neutral buffered formalin for 15
min, and stained with 2.0 mL of 0.05% (w/v) crystal violet solution for 30 min. Cell colonies with

at least 50 cells/colony in each well were then counted using an inverted microscope. Plating
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efficiency and survival fraction were calculated as bellows (the survival fractions of all the control
groups were normalized to 100%):

number of colonies counted

Plating Bffici _
lating Ef ficiency number of cells plated

plating ef ficiency in treatment group

Survival Fraction = , — _
plating ef ficiency in control group

2.5. In Vitro Cell Cycle Distribution Analysis

Cell cycle distribution upon treatments was analyzed using the propidium iodide (PI)
staining method. P1 is a fluorescent molecule that can bind to nucleic acids, thus it is commonly
used as a DNA staining molecule to evaluate DNA content in cell cycle analysis [156]. Briefly,
3.0x10° cells were seeded overnight in each well of 6-well plates and exposed to different
treatments including siRNA transfection, fatty acids, DGLA metabolites and/or chemotherapy
drugs. At the end of treatment, the cells were harvested by trypsinization, washed with PBS and
fixed with 70% ice cold ethanol at 1.0x10° cells/mL at 4°C for 30 min. After centrifugation for 5
min at 1,000 rpm, the supernatant was discarded, and the cells were washed with PBS which was
removed by centrifugation again for 5 min at 1,000 rpm. Then the cell pellet was treated with 10
uL ribonuclase A (10 mg/mL) at room temperature for 5 min, followed by addition of 400 puL of
PI (50 ng/mL) into each sample. The cell cycle distribution was measured after 30 min incubation
using an Accuri C6 flow cytometer (Becton—Dickinson, NJ, USA), 10,000 cells were counted for
each sample. Data were analyzed by FlowJo (TreeStar, Ashland, OR, USA).
2.6. In Vitro Cell Apoptosis Analysis

Cell apoptosis upon different treatments was analyzed in vitro using Annexin V Apoptosis
Detection Kit I. Annexin V is a Ca®" dependent phospholipid-binding protein that has a high

affinity for phosphatidylserine. During early stage of apoptosis, the membrane phosphatidylserine
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is translocated from the inner to the outer leaflet of the plasma membrane, thereby can be bound
with Annexin V [157]. Staining with FITC-conjugated Annexin V is typically used in conjunction
with propidium iodide 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 Pl negative are considered viable; cells that are FITC Annexin V positive and Pl
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,
3.0x10° cells were seeded overnight in each well of 6-well plates followed by different treatment
including siRNA transfection, fatty acids, DGLA metabolites and/or chemotherapy drugs. After
exposure to treatment for certain time, the cells were harvested by trypsinization, washed with
PBS and re-suspended in 1xbinding buffer (supplied in the kit) at a concentration of 1.0x10°
cells/ml. Then 100 pl/sample of such cell suspension was treated with 5.0 pL of FITC Annexin V
and 5.0 puL of PI solution (supplied in the kit), and incubated for 15 min at 25°C in the dark. After
mixed with 400 puL of 1xbinding buffer, the samples was 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 PI only was used to set up compensation and quadrants.
Data were analyzed by FlowJo.

2.7. Wound Healing Assay

Wound healing assay was performed to assess cancer cell migration upon various

treatments. Briefly, cells were seeded at 1.0x10° cells per well in 6-well plates to reach 90%

confluence and incubated overnight. A sterile 200 pL pipette tip was used to scratch on the bottom
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of cell culture plate to create a vertical wound down through the cell monolayer. Excessive force
against the plate should be avoided as it may damage the cell culture surface. After washing with
PBS to eliminate dislodged cells, the cells were incubated with cell culture medium supplemented
with 1.0% FBS and subject to different treatments, e.g. fatty acids, DGLA metabolites and/or
chemotherapy drugs. Images of cells in each well were captured by a bright field microscopy
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). For different
treatments, the percentage of wound area at 48 h vs. wound area at 0 h was calculated to evaluate
cell migration ability.
2.8. HDAC Activity Assay

HDAC activity in colon cancer cells after different treatment was assessed using an HDAC
Activity Colorimetric Assay Kit. Briefly, the cells were seeded at 3.0x10° per well in 6 well plates
and exposed to various treatment for 48 h, then the nuclear protein was extracted using NE-PER™
nuclear and cytoplasmic extraction reagents. 100 pg of nuclear extract (diluted in 85 pL water)
was added into each well of a 96-well plate, and mixed with 10 pL assay buffer and 5 pL of HDAC
colorimetric substrate (supplied in kit) followed by 1 h incubation h at 37 °C. The HDAC substrate
comprises an acetylated lysine side chain which can be deacetylated by HDAC and become
sensitive to the Lysine Developer. Therefore, after 1 h incubation, 10 pL of the Lysine Developer
(supplied in kit) was added into each well and the plate was incubated for another 30 min at 37 °C.
The chromophore produced from the reaction of Lysine Developer and deacetylated substrate was

analyzed using a plate reader and used as an index for HDAC activity.

24



2.9. Western Blot for In Vitro Experiment
2.9.1. 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 DC™ BCA protein assay were mixed immediately before use.

SDS (10%) solution was prepared by dissolving 1.0 g of SDS in 10 mL deionized water.
APS (10%) solution 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 completely dissolve. The 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 10x 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 1x working solution was prepared by transferring 100
mL of 10x running buffer into a 1000 mL reagent bottle. The volume was made up to 1000 mL

with deionized water and stored at 4 °C.
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Transfer buffer 10x 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 1xworking solution was prepared by
transferring 100 ml of 10xtransfer 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) 10xstock 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 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. TBS-T 1xworking solution was
prepared by transferring 100 mL of 10xTBS in a 1000 mL reagent bottle. Then 1.0 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 5.0
g of non-fat dry milk in a 100 mL reagent bottle. 90 mL of 1xTBS-T was added and stirred to
dissolve, the volume was made up to 100 mL with 1xTBS-T.

SDS-PAGE gel: The resolving gel (10%) and stacking gel (4%) were prepared using 1.5

mm plates according to Table 1.
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Table 1. Components for casting SDS-PAGE gel

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 uL 10 pL
Total ~15mL ~10 mL

2.9.2. Western blot procedure

Protein Extraction: The cells were seeded in 6-well plates and exposed to different
treatment including siRNA transfection, fatty acids, DGLA metabolites and/or chemotherapy
drugs, etc. At experimental point, the culture medium was discarded and the cells were washed
with PBS. Then ~100 puL of CelLytic™ lysis reagent was added into each well, the plates were
allowed to sit on ice for 10-15 min. The cell lysates were then collected by scratching them off
from the plates. After centrifugation at 12,000 rpm for 10 min, the supernatant was collected.

Protein Quantification: The protein concentrations 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 ul reagent B were added in each well of a 96-well
plate and mixed well. After 15 minutes incubation at room temperature in the dark, the absorbances
were read at 750 nm using a microplate reader. For every measurement, a series of protein
standards was also included to construct a standard curve for quantification.

Sample Loading: Each protein sample was normalized to the same concentration by
diluting with a certain amount of lysis buffer. The samples were mixed with 4xloading buffer
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(sample: loading buffer = 3:1) and denatured at 95°C for 5 min. Then 40-60 g protein in each
sample was loaded onto a well of 10% SDS-PAGE gel, a protein weight marker (5.0 pL) was
included for each gel.

Gel Electrophoresis: 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 bromophenol
blue line reached the bottom of gel.

Membrane Transferring: 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.

Blotting: After transferring, the membranes were incubated in 6.0 mL of blocking solution
with continuous rock for 15 min to prevent non-specific binding, then incubated with primary
antibody (diluted in blocking solution) for overnight at 4°C in dark with continuous rocking. The
next day, membranes were washed 3 times for 5 min each in 1xTBS-T, and incubated with
secondary antibody (also diluted in blocking solution) for 2 h at room temperature with continuous
rocking. Then the membranes were washed 3 times for 5 min each in 1xTBS-T again, incubated
in ECL western blot substrates for 2 min, and exposed to X-ray film. Luminescent signals were
captured on a Mini-Medical Automatic Film Processor (Imageworks). Image of the film was
captured and analyzed using NIH ImageJ software.

2.10. SiRNA Transfection
2.10.1. Preparation of siRNA transfection mixture

D5D-targeting siRNA (catalog # 4390825) was purchased from Life Technologies (NY,

USA). It contains a sense strand of ACAUCAUCCACUCACUAAALt and an antisense strand of

UUUAGUGAGUGGAUGAUGUCcg.
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For transfection in each well of 96-well plates, 0.15 puL D5D targeted siRNA (100 uM
stock) and 0.6 pL of Lipofectamine™ RNAiMAX transfection reagent were diluted into 100 uL
GlutaMAX™ Opti-MEM reduced serum medium, respectively. For transfection in each well of 6
well plates, 1.5 uL D5D targeted siRNA (100 pM stock) and 6.0 pL of Lipofectamine™
RNAIMAX transfection reagent were diluted into 1.0 mL 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.

2.10.2. Transfection of siRNA into cells

Human colon cells were seeded at 3.0 x10° 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 well of the plates. After 6 h transfection, the reduced serum medium was replaced by
fresh complete cell culture medium supplemented with 10% FBS. After 48 hours, the transfected
cells were ready for further treatments and other experiments, e.g. western blot, MTS assay, colony
formation assay, LC/MS analysis, GC/MS analysis, cell cycle distribution and apoptosis analysis,
etc. Cells transfected with a non-target sSiRNA were used as negative control (Nc-si).

2.11. Stable D5D Knockdown via ShRNA Transfection

In order to investigate the effect of D5D knockdown (D5D-KD) in tumor xenograft, we
created a stable D5SD-KD HCA-7 cell line via sShRNA transfection to be injected into nude mice.
Briefly, we designed and purchased D5D-targeted pre-shRNA, which was then cloned into
pcDNAtm 6.2-GW/miR vector and transformed into E.coli (protocol available at

https://tools.thermofisher.com/content/sfs/manuals/blockit_miRNAexpressionvector_man.pdf).
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The plasmid DNA from expression clone was transfected into wild type (wt) HCA-7 cells followed
by antibiotic selection to create stable D5D knockdown cell colonies (Scheme 6). The stable D5D-
KD cells were then injected into nude mice to establish D5D-KD xenograft tumors.

Design of D5D-targeted DNA oligonucleotides: Using BLOCK-iT™ RNAi Designer

(www.invitrogen.com/rnai), two strands of DNA oligonucleotides encoding D5D-targeted ShRNA
were designed and purchased. The sequences are as follows: target strand,
TGCTGTAATCATCCAGGCCAAGTCCAGTTTTGGCCACTGACTGACTGGACTTGCTGG
ATGATTA,; complementary strand, CCTGTAATCATCCAGCAAGTCCAGTCAGTCAGTGG
CCAAAACTGGACTTGGCCTGGATGATTAC.

Annealing Reaction: the reaction system was set up as shown in Table 2 ina 0.5 ml sterile

centrifuge tube at room temperature. The mixture was incubated at 95°C for 4 min and allowed to
cool down to room temperature for 5-10 min during which time the single-stranded oligos would
anneal to form a double-stranded oligo (at final concentration of 50 uM). Then the tube was
centrifuged briefly (~5 seconds), gently mixed and stored at -20°C (stable for at least a year).

Ligation Reaction: prior to clone the double-stranded oligo into 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: firstly, 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; secondly, 1.0 pL of 500 nM ds oligo was mixed
with 5.0 uL of 10xoligo annealing buffer and 44 pL of DNase/RNase-free water to obtain a final
concentration of 10 nM. Then the ligation reaction was set up at room temperature according to
Table 3. 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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Step 1. Design single strand oligo of D5D-target pre-shRNA

Target Strand:
TGCTGTAATCATCCAGGCCAAGTCCAGTTTTGGCCACTGACTGACTGGACTTGCTGGATGATTA

+
Complementary Strand:

CCTGTAATCATCCAGCAAGTCCAGTCAGTCAGTGGCCAAAACTGGACTTGGCCTGGATGATTAC

v

Step 2. Annealing to double strand oligo
TGCT

GTCC

Step 3. Clone double strand oligo into vector by ligation

5'miR Flanking [iidis CAGG 3’miR Flanking
Region ACGA GTCC Region

SV40 pA

-

Step 4. Transformation into E.coli. and select expressing clone

~J

Step 5. Transfect plasmid DNA into cells for stable D5D knockdown

Scheme 6. Flow chart for creating the stable D5D-KD HCA-7 cell line.
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Table 2. Preparation for annealing reaction

Reagent Amount
Target strand DNA oligo (200 uM) 5.0 L
Complementary strand DNA oligo (200 uM) 5.0 uL
10x Oligo Annealing Buffer 2.0 uL
DNase/RNase-Free Water 8.0 uL
Total 20 pL

Table 3. Preparation for ligation reaction

Reagent Amount
5xLigation Buffer 4.0 pL
pcDNA™6.2-GW/miR, linearized (5 ng/pl) 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 uL
Total 20 pL

Transformation: 2.0 ul 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 hour. 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.

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
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instruction. The concentration of plasmid DNA in each sample was determined using Nanodrop
Spectrophotometer.

Transfecting cells: in 6-well plates, cells were seeded at 3x10° cells/well and incubated

overnight. The cell culture medium was removed and cells were washed with PBS. For transfection
in one well, 1.0 pg of plasmid DNA and 6.0 pl X-tremeGENE HP DNA transfection reagent was
diluted into 500 pl of reduced serum medium, respectively, then mixed together for 30 min at room
temperature and added into each well. pcDNA™6.2-GW/+ EmGFP-miR-neg control plasmid was
also transfected into cells as a negative control. After six hours transfection, the reduced serum
medium was replaced with fresh complete medium with 10% FBS and the cells were incubated
overnight. Then the cells in each well of 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 days until Blasticidin-resistant colonies were
identified (~10-14 days). About 20 Blasticidin-resistant colonies were collected and expanded,
followed by western blot analysis to evaluate the knockdown effect.
2.12. gRT PCR Analysis

gRT PCR analysis was performed to evaluate D5D knockdown efficiency in human colon
cancer cell lines after sSIRNA transfection. The procedures are described as follows:

Extraction of mRNA: colon cancer cells were seeded at 3.0 x10° cells per well in a 6-well

plate, incubated overnight, followed by 48 h siRNA transfection. Then cellular mRNA was
extracted using RNeasy Mini Kit according to manufacturer’s instruction. Briefly, the cells were
harvest by trypisinization and washed with PBS. After centrifugation, the cell pellet was collected
and mixed with 350 pL of buffer RLT (supplied in kit) and 350 pL of 70% ethanol. The mixture

was transferred to an RNeasy Mini spin column and placed on a 2.0 mL collection tube, followed
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by centrifugation for 15s at 12,000 rpm, the flow-through was discarded. 700 pL of buffer RW1
(supplied in kit) was then added to the column followed by centrifugation for 15s at 12,000 rpm,
the flow-through was discarded. Afterwards, 500 uL of buffer RPE (supplied in kit) was added to
the column followed by centrifugation for 15s at 12,000 rpm, the flow-through was discarded.
Another 500 pL of buffer RPE (supplied in kit) was then added to the column followed by
centrifugation for 2 min at 12,000 rpm. The column was placed in a new collection tube, and 30-
50 uL RNase-free water was added, followed by centrifugation for 1 min at 12,000 rpm to elute
the RNA. The concentration of RNA in each sample was determined using a Nanodrop
Spectrophotometer (Thermo Fisher Scientific).

cDNA synthesis: for each sample, 0.5 pL of random primer, 40 ng of mMRNA sample were

mixed in a PCR tube, DNase/RNase-free water was added to make a total 10 pL solution. The tube
was processed in a thermal cycler at 70°C for 5min and kept at 4°C. Then a reaction mixture was
prepared according to Table 4, and 15 uL of such mixture was added into each sample and mixed
well, bubbles were avoided. The PCR tubes were processed in a cycler for cDNA synthesis with
the program as follows: 16°C, 30 min; 42°C, 15 min x2 cycles; 85°C, 5 min; 4°C, c min.

Table 4. Preparation for cDNA synthesis

Reagent Amount
MMLV RT 5*B 5.0puL
dNTPs 5.0 L
RNAs 0.625 L
MMLV RT 1.0 uL
DNase/RNase-Free Water 3.375 uL
Total 15 pL
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gRT PCR analysis: the primers used for human D5D and 18s rRNA (internal standard) are
as follows: Reverse primer for DSD: 5’-AGTCTTCCTCCTCTTCTTCCA-3’, forward primer for
D5D: 5’-CCGACATCATCCACTCACTAAA-3’. Reverse primer for 18s: 5’-GCCTCGA
AAGAGTCCTGTATTG-3’, forward primer for 18s: 5>-CTGAGAAACGGCTACCACATC-3".
The reaction mixture was prepared according to Table 5, and added to each well of PCR plates.
The plate was sealed and centrifuged for 3 min at 1500 rpm, followed by gRT PCR analysis using
a ABI 7500 Fast qPCR. The program was set as follows: stage 1 (1 cycle), 50°C, 2 min; stage 2 (1
cycle), 95°C, 10 min; stage 3 (40 cycles), 95°C, 15 sec; 60°C, 1 min.

Table 5. Preparation for qRT PCR analysis

Reagent Amount
SYBR green 2x 10 pL
Primer (D5D or 18s) 1.0puL
DNase/RNase-Free Water 4.0 uL
Dilution of cDNA 5.0 puL
Total 20 pL

2.13. Extraction of Fatty Acids and Prostaglandins from Cells

The free w-6s and PGs from cells treated with DGLA were quantified via LC/MS analysis
as described elsewhere [138]. Briefly, cells were seeded at 3.0x10° cells per well in 6-well plates
and incubated overnight, followed by siRNA transfection and fatty acids treatment. At different
time points, the cells (scratched off from well) with 1.0 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-ds, DGLA-ds, PGE1-ds and PGE2-dy, 5.0 pL each),
the mixture was vortexed for 1 min and set on ice for 30 min. Then sample solution were

centrifuged for 15 min at 3,000 rpm, the supernatant was collected and adjusted to pH 3.0 using
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1.0 N HCI, followed by solid phase extraction (SPE) using a reverse phase SPE cartridge (SampliQ
Silica C18 ODS, Agilent Technology). For SPE, the cartridge was pre-conditioned with 2.0 mL
water 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.

2.14. HPLC/MS Analysis of Fatty Acids and Prostaglandins from Cells

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 before. LC separations were performed on a C18 column (Zorbax Eclipse-XDB,
4.601x 75 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: H20 with 0.01% acetic acid and B: acetonitril with 0.01% acetic acid) was 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 were 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 DGLA, AA, PGE1, PGE2 standard solution at various concentrations, and internal
standards DGLA-ds, AA-dg, PGE1-d4, PGE2-dy at a constant concentration. Extracted ion current
were used to monitor the peak area of PGE1 (m/z 353), PGE1-ds (m/z 357), PGE2 (m/z 351),

PGE2-ds (m/z 360), DGLA (m/z 305), AA (m/z 303), AA-ds (m/z 311) and DGLA-ds (m/z 311),

36



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.
2.15. GC/MS Analysis of 8-HOA from Cells

Due to the stability issue, endogenous generation of 8-HOA cannot be detected in
HPLC/MS and GC/MS system in its original form. Therefore, 8-HOA produced from cells treated
with/without DGLA was quantified via GC/MS analysis in its derivative of pentafluorobenzyl
bromide (PFB-Br, Scheme 7) [158]. Briefly, 3.0x10° cells were seeded overnight in each well of
6-well plate followed by various treatments including siRNA transfection, fatty acids and/or
chemotherapy drugs. At experimental time points, the cells (scratched 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 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 combined and evaporated to
dryness using a vacuum evaporator. The sample was then reconstituted in 50 uL of 1.0%
diisopropylethylamine in acetonitrile (v/v) and derivatized with 50 pL 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.
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Br HOANAAC
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F P 37°C, 30 min
E F 1.0% diisopropylethylamine
in acetonitrile
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8-hydroxyoctanoic acid PFB-Br =

Derivative for GC/MS analysis

Scheme 7. Derivatization of 8-HOA with PFB-Br for GC/MS analysis.

Sample solution (2.0 pL) was injected into an Agilent 7890A gas chromatograph. The GC
oven temperature was programmed from 60 to 300°C at 25°C/min. The injector and transfer line
were 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 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 peak area of the 8-HOA to the peak area of internal
standard.

2.16. Transwell Migration/Invasion Assay

Transwell migration assays were performed to assess cancer cell migration and invasion
upon various treatment in a transwell chamber (24-well plates with insert, pore size: 8 mm,
Corning, Life Sciences). For migration assay, 3.0x10° cells were seeded overnight in each well of
6-well plate followed by various treatments including siRNA transfection, fatty acids and/or

chemotherapy drugs. Then 5x10* cells were collected by trypsinization and seeded in the top
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chamber of transwell inserts with the non-coated membrane and incubated overnight. Then cell
culture medium containing no serum or 10% serum was added to the top chamber and lower
chamber, respectively. After another 48 h incubation, the cells were washed with PBS, fixed in
10% neutral buffered formalin for 30 min and stained with 0.05% crystal violet solution for 30
min. After removing the cells stayed at the top surface of the insert, cells that migrated through the
pores to the lower surface of the inserts were counted under an inverted microscope. For each
inserts, at least five view fields were counted.

For invasion assays, 3.0x10° cells were seeded overnight in each well of 6-well plate
followed by various treatments including siRNA transfection, fatty acids and/or chemotherapy
drugs. Then 5x10* cells were collected by trypsinization and seeded in the top chamber of
transwell inserts coated with Matrigel. The following procedures were performed same as
described in migration assay.

2.17. Mouse Xenograft Tumor Model

All the animal experiments were approved by Institutional Animal Care and Use
Committees at North Dakota State University (protocol A16039). A total of 48 four-week 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 1VVC system with
water and food ad libitum. After allowing the mice to acclimate for one week, tumor xenografts
were established by subcutaneously injecting 2x10°® wild type or D5D knockdown HCA-7 cells
(suspended in 100 pL PBS) into both of the hind flank of mice. The mice were fed a standard diet
for another two weeks to allow tumors to grow, then divided into four different treatment groups
which received four-week treatment of vehicle control, DGLA supplementation (oral gavage), 5-

FU injection (iv.), or combination of DGLA and 5-FU, respectively. All the mice received the
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treatment at the same time, i.e. two weeks after cancer cell injection. Tumor growth was monitored
twice a week using a digital caliper during the treatment. Tumor volume was calculated as: V =
LxW?/2. 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.
2.18. In Vivo DGLA and 5-FU Treatment

Mice injected with wild type or D5D knockdown HCA-7 cells were further divided into
four sub groups and received: (1) vehicle control; (2) DGLA ethyl ester at a dose of 8 mg/mice,
oral gavage, twice a week; (3) 5-FU at 30 mg/kg by i.v. injection, twice a week; and (4)
combination of DGLA ethyl ester and 5-FU.
2.19. Quantification of Fatty Acids and Prostaglandins from Tumor Tissues

After four weeks treatment, the mice were euthanized and the tumor tissues were collected.
0.05-0.2 g tumor tissues from each mice were weighted, 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 L 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.
2.20. Quantification of 8-HOA from Tumor Tissues

0.05-0.2 g freshly collected tumor tissues from each mice were weighted, frozen in liquid
nitrogen, smashed to powder and suspended in 1.0 mL water. The suspension was mixed with 500

uL of methanol containing internal standard (hexanoic acid), 50 pL of 1.0 N HCI, as well as 3.0
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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 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 as described previously.
2.21. Western Blot for Tumor Tissue Samples

The protein in tumor tissue powder was extracted using T-Per tissue protein extraction
reagent. Briefly, the tissue samples were weighted and mixed with T-PER Reagent (1:20, g/mL).
A smaller volume of reagent can be used to obtain more concentrated protein extracts. The mixture
was homogenized on ice and centrifuged at 12,000 rpm for 5 minutes. The supernatant was then
collected, and the expression of p53, procaspase9, YH2AX and acetyl histone H3 in tumor tissues
was assessed by western blot assay as described previously.
2.22. Immunofluorescence Analysis

Expressions of D5D, COX-2, cleaved PARP, Ki-67, matrix metalloproteinase-2 and E-
cadherin in tumor tissues was analyzed by immunofluorescence at Advanced Imaging &
Microscopy Laboratory, NDSU. Briefly, freshly collected tumor tissues were fixed with 10 %
formaldehyde and embedded in paraffin blocks. Tissues sections (4 um) were deparaffinized with
xylene, rinsed and rehydrated through a graded series of alcohol. Then the tumor sections were
incubated with primary antibodies and fluorochrome-conjugated secondary antibodies
subsequently. Cell nuclei were counter stained with DAPI. The images were acquired by a Zeiss

Axio Imager M2 microscope and analyzed by Image Pro software.
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Six tumor samples from every treatment group were analyzed for each target protein. For
quantification analysis of D5D, COX-2, matrix metalloproteinase-2 and E-cadherin, the mean
fluorescence intensities for target proteins in each sample were acquired using Image Pro software
as index for their expression levels in tumor tissues. For cleaved PARP, the result were presented
as percentage of cleaved PARP positive cells to the total number of cells in each image. Note, the
total number of cells in one image were calculated as total DAPI positive area divided by mean
area of a single nucleus. Similarly, for quantification of Ki-67, the result were presented as
percentage of Ki-67 positive events to the total number of events in each image.

2.23. Statistics

For the in vitro studies, data were presented as mean * standard deviation (SD) from at
least three separate experiments. For the in vivo study, data were presented as mean + SD from six
tumor samples. All the original data were used for statistic analysis. Statistic differences between
the mean values for different groups were evaluated by analysis of variance (ANOVA) and post

hoc t-test, significant differences were considered with a p-value < 0.05.
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3. ANTI-CANCER EFFECT FROM DGLA-DERIVED DISTINCT BYPRODUCT 8-HOA

Arachidonic acid is well known to promote colon cancer development by producing 2-
series of prostaglandins from COX-2 catalyzed peroxidation [12-13, 98-99]. On the other hand,
DGLA, the immediate precursor of arachidonic acid, has been show to associate with potential
anti-cancer activities [19-20, 22, 24]. Although the mechanism underlying DGLA’s anti-cancer
effect is still unclear, evidence suggested that the free radical metabolites from COX-2 catalyzed
DGLA peroxidation may play an important role [19, 22, 24], while others reported that PGE1 is
mainly responsible for DGLA’s bioactivity [159-162].

By developing and employing a novel HPLC/ESR (spin-trapping)/MS combined
technique, Dr. Qian’s group has previously identified and characterized both common and
exclusive free radical byproducts produced from COX-2-catalyzed DGLA and arachidonic acid
peroxidation (Schemes 3-4) [136-138]. The studies demonstrated that the different structural
moiety in DGLA vs. arachidonic acid leads to the formation of two distinct DGLA derived free
radical species from a unique C-8 oxygenation. Further quantification analysis showed that there
were 0.01-0.1 uM DGLA-derived free radical species that could be trapped by a spin trapping
agent and measured from cells after 48 h DGLA supplementation [136-139]. These free radical
species were predicted to be converted into their corresponding stable forms in a cellular
environment, e.g., 8-HOA and HTA, which can accumulate to micro molar range [136-139].

We thus proposed that these distinct byproducts from COX-2-catalyzed DGLA
peroxidation may be responsible for the anti-cancer activity of DGLA. In this chapter, we tested
the potential anti-cancer effect from DGLA’s distinct byproducts in colon cancer as well as
investigated the associated molecular mechanisms. Results from this chapter will lay down the

foundation for us to develop a w-6s diet care strategy in colon cancer treatment and prevention.
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3.1. DGLA-Derived Distinct Byproduct Inhibited Colon Cancer Cell Growth

To test our hypothesis that the anti-cancer effect of DGLA is derived from its distinct
byproduct, we firstly assessed the effect of these byproducts on the proliferation of human colon
cancer cell lines including HCA-7 cells (high COX-2, wt-/mutant p53 heterozygous), HT-29 cells
(low COX-2, mutant p53) and HCT 116 (COX-2 deficient, wt-p53) [163]. Three free radical-
derived byproducts were tested here, including a common byproduct from both DGLA and AA,
i.e. HEX, and two exclusive byproducts from DGLA, i.e. HTA and 8-HOA (Schemes 3-4). The
tested concentrations range from 0.1 uM to 10 pM, which is physiological relevant according to
our previous report [164].

Results from the MTS assay showed that among all of the treatment, 48 h supplementation
of 8-HOA, starting at 1.0 pM, significantly inhibited the viabilities of HCA-7, HT-29 and HCT
116 cells with the reduced cell viability at 75.2 + 6.7%, 79.2 £ 1.2% and 89.4 + 4.2%, respectively,
compared to their corresponding controls (normalized to 100%, Fig. 1A-C). However, the other
two DGLA byproducts HEX and HTA did not significantly influence cell growth at the same
concentration range.

Besides free radical-derived metabolites, we also tested the effect of PGE1 on the growth
of human colon cancer cell lines. PGEL is the one of the major metabolite from COX-catalyzed
DGLA peroxidation. It has been reported to possess certain anti-inflammation and anti-cancer
activities [159-162]. Therefore, there is a general belief that PGE1 is the major bioactive metabolite
from DGLA and may be responsible for DGLA’s anticancer activity. However, our results showed
that treatment of PGE1 at 0.1-10 uM (physiologically relevant concentration [164]) did not affect
the viabilities of all three tested cell lines, suggesting the bioactivities of DGLA in cancer is not

derived from PGEL1 (Fig. 1).
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Figure 1. Effect of DGLA’s byproducts on colon cancer cell viability at 48 h.

A. HCA-7 cells, B. HT-29 cells and C. HCT 116 cells were treated with HEX, HTA, 8-HOA and
PGEL1 at indicated concentrations for 48 h, followed by the MTS assay. Data represent mean + SD
with at least three separate experiments. The cell viabilities for control groups are normalized to
100% for every separate experiment to calculate the percentage of cell viabilities from treatment

groups. (*: significant difference vs. control with p < 0.05) [163].
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To further confirm the anti-cancer effect from 8-HOA, colony formation assays was also
performed on the same three human colon cancer cell lines. Results showed that treatment of 8-
HOA at 1.0 uM for 48h could significantly suppress colony formation of HCA-7, HT 29 and HCT
116 cells, with survival fraction of 75.9 + 3.0%, 72.3 £ 2.5% and 72.9 + 4.3%, respectively,
compared to 100% in their corresponding controls (Fig. 2A-C) [164]. These data together with the
MTS assay suggested that it might be the distinct free radical byproduct, i.e. 8-HOA, that is
actually responsible for the DGLA’s anti-cancer bioactivity.

3.2. 8-HOA Induced Cell Cycle Arrest in Colon Cancer Cell

The cell cycle is the series of events that leading to cell division and DNA replication.
Modulation of cancer cell cycle progression is a complicated process that can lead to cell
proliferation, senescence or apoptosis [165]. In order to investigate how 8-HOA could suppress
colon cancer cell growth, we analyzed cell cycle distribution of HCA-7 colony 29 cells after 8-
HOA treatment via Pl staining followed by flow cytometry analysis.

Our data showed that supplementation of 8-HOA (1.0 uM, 48 h) resulted in a significantly
higher population of HCA-7 cells (50.6 + 2.5%) arresting at G1 phase during the cell cycle progress
compared to vehicle control (only 39.9 + 1.9%, Fig. 3A) [163]. In comparison, treatment of same
amount of HEX and HTA did not have any significant effects compared to control.

We then tested the possible alteration of various key regulators involved in cell cycle
progression, e.g. cyclin D, p21 and p27, etc, in HCA-7 cells upon 8-HOA treatment [163]. Among
all the test proteins, it was found that 8-HOA could up-regulate the expression of p27, a cyclin-
dependent kinase inhibitor commonly involved in G1 arrest[165], which may explain the observed
G1 arrest from 8-HOA treatment in HCA-7 cells (Fig. 3B). Again, other treatments including HEX

and HTA did not have a significant effect on p27 expression.
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Figure 2. 8-HOA inhibited colony formation of human colon cancer cells.

Colony formation assay of A. HCA-7, B. HT-29 and C. HCT 116 cells treated with 8-HOA at 1.0
MM for 48 h. Data represent mean + SD with at least three separate experiments. The survival
fractions for control groups are normalized to 100% for every separate experiment. (*: significant
difference vs. control with p < 0.05).
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A. Cell cycle distribution of HCA-7 cells

Control HEX (1.0 pM)
3004
300 G1:393+199% G1: 40.61+ 1.8%
S: 30.9+0.1% S: 3611 34%
. 200+ - +16°
. 200, G2:21.0 £09% |, G2:19.5 £1.6%
3 | s
0 i fennae) i 0 -M-
0 500K M 1.5M  2M 0 500K m 1.5M 2M
DNA content DNA content
HTA (1.0 uM) 8-HOA (1.0 pM)
400 4 !01: 42.9 +2.9% 300 G1:50.6 +2.5%*
300 18: 335+ 4.7% S: 207+ 3.8%
1 2:17.2 £249% G2: 23.7 +26%
i * 2004 :
S 200 ]
(&) (&)
1001 1004
01 0+ ian pnan
0 500K m 1.5M  2M 0 500K 1M 1.5M 2M
DNA content DNA content
B. Western blot for p27 - 3.
e *
[}
—
N
«° o 5 2
& I <& .2
& &K »
P27 | - w— - - g 1]
>
L
practin. [ ———]
2 0!

IR A

Figure 3. Effect of DGLA’s byproducts on cell cycle distribution of HCA-7 cells.

A. Cell cycle distribution of HCA-7 colony 29 cells treated with HEX, HTA or 8-HOA at 1.0 uM
for 48 h. B. Western blot for p27 expression in HCA-7 cells after 48 h treatment of DGLA’s
byproducts (1.0 uM). The p27 expression level in individual treatment was calculated as the ratio
to beta-actin, and the level in the control group was normalized to 1. Data represent mean + SD
with at least three separate experiments. (*: significant difference vs. control with p < 0.05) [163]
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3.3. Activation of p53-Dependent Apoptosis by 8-HOA

Apoptosis, a programmed cell death process, plays an important role in the treatment of
cancer as it is a major target of many treatment strategies [166]. In our study, to determine whether
8-HOA could inhibit colon cancer cell growth by inducing cell apoptosis, HCA-7 cells were treated
with 8-HOA at 1.0 uM for 48 h and subject to Annexin V-FITC/PI double staining followed by
flow cytometry analysis for apoptosis.

The results showed that supplementation of 8-HOA led to a significantly increased early
apoptotic cell population (10.5 £ 1.9%, stained with Annexin V-positive and PIl-negative)
compared to vehicle control (4.2 + 0.8%, Fig. 4A) [163]. HTA, another distinct DGLA-derived
byproduct, also promoted early cell apoptosis in HCA-7 cells, but with less effect (7.4 + 0.2%)
compared to 8-HOA. In comparison, no significant effect was observed from the treatment of
HEX.

We also examined the possible alteration of cancer suppressor p53 (a key protein regulating
the cell apoptotic pathway as well as cell cycle [166]) upon 8-HOA treatment. Consistent to the
apoptosis data, it was observed that the exclusive DGLA’s byproducts HTA and 8-HOA could
significantly up-regulate the expression level of p53 in HCA-7 cells, which may be responsible for
the observed cell apoptosis, while almost no change in p53 level was observed from the HEX
treatment (Fig. 4B).

3.4. Suppressed Colon Cancer Cell Migration by 8-HOA

Besides development of a primary tumor, cancer metastasis is also a severe issue for cancer

patients and accounts for around 90% of cancer-associated death [167-169]. Here we tested

whether direct treatment of 8-HOA could inhibit migration of colon cancer cells HCA-7.
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A. Cell apoptosis analysis of HCA-7 cells
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Figure 4. Effect of DGLA’s byproducts on HCA-7 cell apoptosis.

A. Flow cytometry analysis (via FITC Annexin V/PI double staining) for cell apoptosis of HCA-
7 colony 29 cells treated with HEX, HTA or 8-HOA at 1.0 uM for 48 h. B.W estern blot for p53
expression in HCA-7 cells after 48 h treatment of DGLA’s byproducts (1.0 uM). The p53
expression level in individual treatment was calculated as the ratio to beta-actin, and the level in
the control group was normalized to 1. Data represents mean + SD with at least three separate

experiments. (*: significant difference vs. control with p < 0.05) [163]
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Results from a wound healing assay showed that 48 h of 8-HOA treatment at physiological
concentration (1.0 uM) significantly slowed down the migration of HCA-7 cells, evident by a
larger wound area (~ 73.0%) remaining at 48 h in the treatment group compared to only 47.4%
wound area remaining in the control group (Fig. 5A) [170]. Further mechanistic studies showed
that 8-HOA treatment led to decreased expressions of matrix metalloproteinase-2 (MMP-2) and
matrix metalloproteinase-9 (MMP-9), two proteins involved in cancer cell migration/invasion by

degrading extracellular matrix (Fig. 5B) [171-172].

A. Wound healing assay of HCA-7 cells
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Figure 5. 8-HOA inhibited HCA-7 cell migration.

A. Wound healing assay of HCA-7 cells with 48 h of 8-HOA treatment (1.0 uM). The wound area
at 0 h are normalized to 100% for every separate experiment. B. Western blot for MMP-2 and
MMP-9 expression in HCA-7 cells after 48 h treatment of 8-HOA (1.0 uM). The MMPs expression
level in the control group was normalized to 1. B-actin was used as a loading control. Data
represents mean £ SD with at least three separate experiments. (*: significant difference vs. control
with p <0.05) [170]
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3.5. 8-HOA Serves as an Histone Deacetylase Inhibitor and Induces DNA Damage

Histone deacetylases (HDACS) are a family of enzymes that remove acetyl groups from
histone, which is an epigenetic modification widely involved in gene transcription, DNA
replication, cell cycle progression, gene silencing, and genotoxic response [173-174]. It has been
documented that HDACs may play important roles in regulating colon cell maturation and
transformation, and their expression is upregulated in colon tumors. Consistently, downregulation
of specific HDACs by HDAC inhibitors was shown to inhibit colon cancer growth and migration
in vitro and in vivo [173-175].

Interestingly, research showed that various short chain fatty acids, such as butyrate and
valproic acid, are potent inhibitors of HDACs and shown to inhibit cancer cell growth and
migration, and induce cell cycle arrest and apoptosis in many types of cancer [175-180]. For
example, it was reported that butyrate could inhibit Sp1/Sp3-associated HDAC activity, thereby
leading to histone hyperacetylation and transcriptional activation of the p21 gene, which resulted
in cancer cell cycle arrest [177]. Butyrate was also found to inhibit colon cancer cell invasion by
regulating the expression of c-Src and focal adhesion kinase [175]. Valproic acid was shown to
inhibit HDACs and consequently down-regulate amyloid precursor protein and inhibit colon
cancer cell proliferation [180]. In addition, it was reported that concurrent application of HDAC
inhibitors could improve chemotherapy and radiotherapy in colorectal cancer [179-182].

These observations led us to propose that 8-hydroxyloctanoic acid, as a short chain fatty
acid, may also inhibit HDAC activity which is responsible for the observed growth and migration
inhibitory effects (Fig. 1-5). In fact, a previous study from Gilbert et al was carried out to

investigate the structure-activity relationship of short chain fatty acids as HDAC inhibitors [183].

52



It was found that heptanoic acid and octanoic acid could also inhibit HDAC activity in HeLa cell
nuclear extracts, although only with ~50% potency compared to butyrate.

Consistently, in this study, results from the HDAC activity assay showed that 48 h of 8-
HOA treatment led to significant inhibition of HDAC activity in HCA-7 cells, e.g. 63.9%
remaining activity compared to 100% in the vehicle control (Fig. 6A). In association with that,
western blot data showed that 8-HOA treatment led to a significant accumulation of acetyl histone
H3 (AcH3, a substrate of HDAC) in HCA-7 cells, indicating suppressed HDAC activity (Fig. 6B-
C) [164]. In addition, it has been reported that inhibition of HDAC could trigger DNA damage
thereby inducing cell death in various cancer cells [184-185]. Consistent with that, here we also
observed significant upregulation of yYH2AX upon 8-HOA treatment, which is a sensitive marker
for DNA double-strand breaks (Fig. 6B-C) [164, 184]. Together, these data together indicated that
8-HOA, by inhibiting deacetylation of histone, could regulate gene transcription and induce DNA
damage, then subsequently induce cell cycle arrest and apoptosis, eventually resulting in the

suppression of cancer cell growth and migration (Scheme 8).
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Figure 6. Inhibition of HDAC activity in HCA-7 cells by 8-HOA.

A. HDAC activity assay of HCA-7 cells treated with 10 uM 8-HOA for 48 h, and B-C. Western
blots and quantification for acetyl-histone H3, histone H3 and YH2AX expression in HCA-7 cells
treated with 8-HOA (10 and 25 uM) for 48 h. The proteins expression level in individual treatment
was calculated as the ratio of target protein to B-actin, and the ratio in the control group was
normalized to 1. Data represents mean + SD with at least three separate experiments. (*: significant
difference vs. control with p < 0.05) [164]
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A. Structures of HDAC inhibitors in comparison with 8-HOA
Known HDAC inhibitors Proposed new HDAC inhibitor

s TEEEEEEEEEEE-- -"'\/ ~

[ 1
I I
I I
I I
I I
| [

o - . -

DGLA's byproduct 8-HOA

B. Reaction Mechanism of HDAC inhibitors
HDAC inhibitors

.
WK, S5 "9998s)
~ DR DR DN \ DI
AC AC AC AC AC

Acetylated histone v Deacetylated histone
(Gene transcription) (Gene Silencing)

Altered Gene Transcription

Induced Cell Cycle Arrest and Apoptosis;
Inhibtied Cancer Cell Growth and Migration

Scheme 8. 8-HOA serves as an HDAC inhibitor and inhibits colon cancer growth and migration.
A. Structures of known HDAC inhibitors in comparison with 8-HOA. B. Action mechanism for
HDAC inhibitors. Short chain fatty acids such as butyrate, valproic acid and 8-HOA could inhibit
HDAC activity and regulate the expression of genes involved in cancer growth and migration,
therefore, exerting anti-cancer effects.
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3.6. Improved Anti-Cancer Effects from Combination of 8-HOA and Chemo-Drug

Chemo-resistance has been a major obstacle for cancer therapy [186]. For example, 5-
fluorouracil (5-FU) is one of the most commonly used first-line chemo-drugs in colon cancer, it is
a pyrimidine analog and acts as a thymidylate synthase inhibitor to interfere with DNA synthesis
and inhibit cancer cell growth. However, many cancer cell lines are resistant to 5-FU’s cytotoxicity
[187]. Therefore, combinations of 5-FU with various other cancer therapeutic agents as well as
fatty acid supplementation have been extensively studied to enhance the efficacy of 5-FU against
cancer [188-194]. Here we tested whether 8-HOA could improve the efficacy of 5-FU on a
resistant colon cancer cell line HCA-7 colony 29.

Consistent with the study from other research [190], our data from MTS assay showed that
the HCA-7 colony 29 cells are insensitive to 5-FU with an observed 1C50 around 1.0 mM (Fig.
7A), while concurrent treatment of 8-HOA (1.0 uM) led to a better growth inhibitory effect
compared to 5-FU treatment alone at various concentrations [163]. For example, 5-FU treatment
alone at 0.25 mM reduced HCA-7 cell viability to 78.3 + 7.3% compared to 100% in control, while
combination of 5-FU and 1.0 uM 8-HOA further reduced the cell viability to 61.1 + 11.3%;
concurrent application of 0.5 mM 5-FU and 1.0 uM 8-HOA reduced cell viability to 50.6 + 4.4%
compared to 64.3 = 3.3% in 5-FU treatment alone; and the combination of 1.0 mM 5-FU and 1.0
1M 8-HOA reduced the cell viability to 44.8 + 2.4% compared to 51.7 + 2.3% in 5-FU treatment
alone (Fig. 7A). Noteworthy, a decreased IC 50 at ~ 0.5 mM of 5-FU was achieved when the cells
were concurrently treated with 5-FU and 8-HOA. Consistently, concurrent supplementation of 8-
HOA in HT-29 and HCT 116 cells led to better growth inhibitory effects compared to 5-FU alone
at a range of concentrations (Fig. 7B-C). In fact, an improved IC50 for 5-FU was achieved in both

of HT-29 (from original 10 uM to 5.0 uM) and HCT 116 cells (from original 2.5 uM to 1.0 uM).
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Figure 7. Cell viabilities after 48 h combined treatment of 5-FU and 8-HOA.

A. MTS assay of HCA-7 colony 29 cells treated with 5-FU (0.25, 0.5 and 1.0 mM) alone or in
combination with 8-HOA (1.0 uM) for 48 h. B. MTS assay of HT-29 cells treated with 5-FU (2.0,
5.0 and 10 uM) alone or in combination with 8-HOA (1.0 uM) for 48 h. C. MTS assay of HCT
116 cells treated with 5-FU (0.5, 1.0 and 2.5 pM) alone or in combination with 8-HOA (1.0 uM)
for 48 h. Cell viability was presented as the percentage compared to control (treated with vehicle).
Red dash line indicates 50% inhibitory effect. Data represents mean + SD with at least three
separate experiments. The cell viabilities for control groups are normalized to 100% for every
separate experiment. (*: significant difference with p < 0.05)
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3.7. Conclusion And Discussion

Previous results from our group first showed that DGLA could go through a unique C-8
oxygenation pathway during COX-catalyzed peroxidation to produce exclusive free radicals, e.g.
8-HOA [136-138, 163]. In this chapter, we demonstrated that 8-HOA could serve as an HDAC
inhibitor and DNA damage reagent, which affect the expressions of key regulators (e.g. p27 and
p53) in cancer cell growth and migration, thereby inducing cell cycle arrest and apoptosis [163-
164, 170]. We also showed that concurrent supplementation of 8-HOA could enhance 5-FU’s
cytotoxicity towards resistant colon cancer cells [163].

Prostaglandin E1 is one of the major metabolites from DGLA peroxidation and has been
reported to possess certain anti-inflammation and anti-cancer effect [159-162]. Therefore, people
generally considered PGE1 the major beneficial bioactive metabolite from DGLA. Here we tested
the potential effect of PGE1 on colon cancer cell growth at the concentration range from 0.1 pM
to 10 uM. The tested concentration range was selected based on PGE1 production from cells
treated with 100 uM of DGLA [164]. However, our data showed that the cell growth of all three
tested cell lines was not affected by PGEL treatment (Fig. 1), probably due to the low (but
physiological relevant) concentration employed in our experiment compared to that in other
research[159-162, 195]. On the other hand, the exclusive DGLA byproduct 8-HOA was found to
significantly inhibit cancer cell growth at the same concentration range, suggesting that 8-HOA
may be actually responsible for the anti-cancer effects of DGLA at physiological conditions (Figs.
1-2).

To investigate how 8-HOA could regulate colon cancer cell growth, we also examined the
cell cycle distribution and apoptosis in HCA-7 cells upon 8-HOA treatment. Results showed that

8-HOA could arrest cell cycle progression at the G1 phase and induce apoptosis, and was
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associated with a significant induction of a cell cycle inhibitor p27 and a cancer suppressor p53
(Figs. 3-4). In fact, our results showed that 8-HOA could inhibit the growth of cell lines with
different p53 status, e.g. HCA-7 cells (wt-/mutant p53 heterozygous), HT-29 cells (mutant p53)
and HCT 116 (wt-p53) (Fig. 1), indicating that 8-HOA could cause cancer cell death via p53-
dependent as well as p53-independent mechanisms. Considering the fact that many cancer cells
bear a mutant p53 gene, in our future study we will further investigate the possible p53-
independent mechanism by which 8-HOA could deliver anti-cancer effects.

Our results also showed that 8-HOA could act as an HDAC inhibitor and consequently lead
to DNA damage, which may explain the observed cell cycle arrest, apoptosis and growth inhibition
in colon cancer cells (Fig. 6). However, HDAC consists of a family of iso-forms which may
interact with various target proteins, and HDAC inhibition may lead to various biological
consequences through different mechanisms [173-179, 184-185]. Therefore, further mechanistic
and Kinetic studies are required to elaborate whether and how 8-HOA could interact with specific
HDAC:s and trigger inhibitory effects on cancer cell growth and migration.

5-FU is a pyrimidine analog which induces cancer cell apoptosis by interfering with DNA
replication. It has been widely used as a first line of standard chemotherapy for patients with
advanced colorectal cancer. However, chemoresistance to 5-FU remains a major limitation of 5-
FU-based cancer therapy [187]. We proposed and tested the ability of DGLA’s byproduct 8-HOA
to enhance the cytotoxicity of 5-FU in the human colon cancer cell line, HCA-7 colony 29, which
is reported as 5-FU insensitive (IC50 = 1.1 mM) [190]. In fact, a significantly improved IC50 of
5-FU (to 0.5 mM) was observed when the cells were treated with 5-FU in combination with 8-

HOA (Fig. 7) [163]. Similar effects were also achieved in HT-29 and HCT 116 cells, indicating
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such combination may result in a better therapeutic outcome in colon cancer compared to 5-
FUalone.

COX-2is overexpressed in 85% of adenocarcinomas and can promote cancer development
by catalyzing AA peroxidation to produce PGE2 [25-28]. Therefore, COX-2 inhibition has become
a conventional strategy for the treatment of cancers [106-108]. However, COX-2 can be induced
rapidly in the cancer environment even with the presence of COX-2 inhibitors, which raises the
question about the therapeutic efficacy from COX-2 inhibitors in cancer patients [31]. In addition,
COX-2 inhibitors can cause critical safety issues, including severe gastrointestinal tract injury and
increased risk of cardiovascular diseases (e.g., heart attacks and strokes) [30, 32-34]. The results
from this chapter showed that, under the catalysis of COX-2, DGLA can produce the beneficial
byproduct 8-HOA with anti-cancer activity. This new observation leads to a possibility that instead
of inhibiting COX-2, one can take advantage of the high COX-2 expression in cancer cells to
produce DGLA-derived beneficial metabolites to control cancer cell growth. This innovative idea
of making use the hallmark of cancer cell (i.e. high levels of COX-2) to work against cancer cell
itself may provide a novel insight into cancer therapy and may challenge the current paradigm of
COX biology in cancer treatment.

In summary, results from this chapter provide the first evidence demonstrating that the
exclusive DGLA free radical byproduct 8-HOA inhibited colon cancer cell growth and migration,
induced cell cycle arrest and apoptosis, and these effects may be mediated by HDAC inhibition.

This may explain the reported anti-cancer activities for DGLA.
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4. D5SD KNOCKDOWN PROMOTED 8-HOA FOMATION FROM COX-2 CATALYZED
DGLA PEROXIDATION AND INHIBITED COLON CANCER CELL
GROWTH/MIGRATION

Our results from Chapter 3 showed that the distinct byproduct 8-HOA produced from
COX-2 catalyzed DGLA peroxidation can serve as an HDAC inhibitor and suppress colon cancer
cell growth and migration. These observations indicated that DGLA may represent a promising
dietary factor for cancer treatment. However, DGLA can be effectively converted to its
downstream -6 fatty acid arachidonic acid by delta-5-desaturase, which greatly restricts DGLA’s
bioavailability and activity [139]. We proposed that knockdown of D5D could limit the conversion
from DGLA to arachidonic acid, thus promote 8-HOA formation from COX-2 catalyzed DGLA
peroxidation to a threshold level which could inhibit colon cancer growth and migration. To test
this hypothesis, we knocked down D5D expression in HCA-7 cells (high COX-2 expression) via
SiIRNA transfection, and assessed the cell growth response upon DGLA treatment via various
biological analyses.

COX-2 is overexpressed in 85% of adenocarcinomas, and it can promote colon cancer
progression by catalyzing arachidonic acid peroxidation to produce the deleterious metabolite
PGEZ2 [106-109]. Therefore, COX-2 inhibition, which aims at limiting the COX-2/arachidonic acid
pathway, has been extensively studied as a conventional strategy for the treatment of cancers.
However, COX-2 can be induced rapidly in cancer environment even with the presence of COX-
2 inhibitors, therefore COX-2 inhibitors failed in clinic treatment for cancer patient [31]. In
addition, application of COX-2 inhibitors is associated with a high risk of Gl injury and

cardiovascular side effects in patients [30, 32-34].
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In our research, instead of inhibiting COX-2, we aimed to take advantage of the high COX-
2 expression in cancer cells to produce the DGLA-derived beneficial byproduct 8-HOA to control
cancer cell growth. Therefore, three colon cancer cell lines with different COX-2 expression levels
were tested in our study. In addition, a COX-2 knockdown analog of HCA-7 cells was also
included to investigate the role of COX-2 in our proposed novel strategy. We anticipate that our
novel strategy will result in a dual mechanism for inhibiting cancer growth, i.e. promoting anti-
cancer effect with DGLA, at the meantime limiting the pro-cancer effect with AA. Therefore, it
will lead to a better therapeutic effect in colon cancer treatment compared to the traditional COX-
2 inhibition strategy.
4.1. D5D-Knockdown and DGLA Supplementation Inhibited Colon Cancer Cell Growth

SiRNA (small interfering RNA) is a synthetic RNA duplex which specifically binds to a
target mMRNA for degradation. It is commonly used for inducing transient silencing of protein
coding genes. In our study, in order to limit the conversion of DGLA to AA and promote 8-HOA
formation, we transfected HCA-7 colony 29 cells with D5D targeted siRNA, which contains a
sense strand of ACAUCAUCCACUCACUAAALtt and an antisense strand of
UUUAGUGAGUGGAUGAUGUCcg. The D5D knockdown efficacy was then evaluated by
western blot and gRT PCR analysis. Results showed that siRNA transfection in HCA-7 cells led
to significantly less D5D mRNA and protein expression levels (~30% remaining) compared to

those in cells transfected with negative control sSiRNA (Figs. 8A-B) [164].
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A. Western blot of DSD in HCA cells
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Figure 8. Knockdown of D5D expression in HCA-7 cells by siRNA transfection.

A. Western blot and relative expression level of D5D in negative siRNA transfected (Nc-si) and
D5D-siRNA transfected (D5D-KD) HCA-7 colony 29 cells (loading control: B-actin). The ratio of
D5D to B-actin in control was normalized to 1; B. mRNA level of D5D in HCA-7 cells after siRNA
transfection. The mRNA level of D5D in control was normalized to 1. Data represents mean + SD
with at least three separate experiments. (*: significant difference with p < 0.05)

63



We proposed that D5D knockdown (D5D-KD) would preserve DGLA to promote
endogenous 8-HOA formation, thereby eliciting anti-cancer effects. Hence, after confirming D5D-
KD efficiency in HCA-7 cells, we performed colony formation assay to test whether D5D-KD
along with DGLA treatment could inhibit colon cancer cell growth as observed from direct 8-HOA
treatment. Results showed that 48 h treatment of 100 uM DGLA significantly inhibited the colony
formation in D5D-KD HCA-7 cells with a surviving fraction of 66.8 + 5.7% vs. 100% in vehicle
control, while no growth inhibition effect was observed from DGLA treatment on the control
SiIRNA transfected cells (surviving fraction: 98.4 + 7.3%, Fig. 9A-B) [164].

4.2. Anti-Migration Effect from D5D-KD and DGLA Supplementation in Colon Cancer Cells

In Chapter 3, we demonstrated that direct 8-HOA treatment could inhibit colon cancer cell
migration (Fig. 5) [170], therefore, here we tested whether D5D-KD along with DGLA
supplementation could also inhibit HCA-7 cell migration by promoting the formation of 8-HOA
from cells.

Results from the wound healing assay showed that DGLA treatment (100 uM, 48 h) in
D5D-KD HCA-7 cells significantly inhibited cell migration evident by a larger wound area
remaining (75.0%) at 48 h compared to 45.3% in the control group (Fig. 10A). Consistent with the
wound healing assay, results from the transwell assays showed that 48 h DGLA treatment in D5D-
KD HCA-7 cells resulted in a significant inhibitory effect on cancer cell migration and invasion,
evidenced by less migrated and invaded cells compared to vehicle control groups (Fig. 10B-C)

[170].
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Figure 9. D5D knockdown and DGLA treatment inhibited HCA-7 cell growth.

A. Colony formation of Nc-si or D5D-KD HCA-7 cells 10 days after DGLA treatment (100 uM
for 48h); B. Calculated survival fraction from colony formation assay. Data represent mean + SD
with at least three separate experiments. The survival fractions for control groups are normalized
to 100% for every separate experiment. (*: significant difference with p < 0.05) [164]
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A. Wound healing assay of D5D-KD HCA-7 cells with DGLA
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C. Transwell invasion assay of D5D-KD HCA-7
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Figure 10. D5D-KD and DGLA supplementation inhibited migration/invasion in HCA-7 cells.

A. Wound healing assays of D5D-KD HCA-7 cells upon DGLA (100 uM, 48 h) treatment vs.
controls (without DGLA). The wound area at 0 h for both control and DGLA treatment groups are
normalized to 100% in order to calculate the percentage of wound area at 48 h. B. Transwell
migration assay of D5D-KD HCA-7 cells upon DGLA (100 uM, 48 h) treatment vs. controls; C.
Transwell invasion assay of D5D-KD HCA-7 cells upon DGLA (100 uM, 48 h) treatment vs.

controls; Data represent mean +
difference with p < 0.05) [170]
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4.3. D5D-KD Promoted 8-HOA Formation from COX-2 Catalyzed DGLA Peroxidation

We proposed that D5D knockdown in HCA-7 cells could limit the conversion of DGLA to
AA, therefore reserving more DGLA to promote 8-HOA production from COX-2 catalyzed
peroxidation. To test this hypothesis, we quantified the levels of free DGLA, AA and their
corresponding COX-2-catalyzed metabolites (e.g. PGE1 and PGE2) in D5D-KD and Nc-si HCA-
7 cells treated with 100 uM DGLA.

HPLC/MS data showed that, during 48 h incubation with DGLA, D5D-KD cells always
have a higher level of free DGLA and less free AA compared to those in Nc-si cells, indicating
that DSD-KD could effectively limit the conversion of DGLA to AA (Fig. 11A-B) [164]. Notably,
although the free DGLA decreased overtime in both DSD-KD and NC-si cells (due to cellular
consumption), there is still much higher DGLA available in D5D-KD cells at 48 h (4.3 £ 0.3 uM),
while there is only 0.9 + 0.3 uM remaining in Nc-si cells.

Consistently, we also observed a significant increase of PGEL, the most stable metabolite
from DGLA peroxidation, in D5D-KD cells compared to those Nc-si cells (Fig. 11C). For
example, in Nc-si cells, PGE1 retained a stable concentration range (0.35 uM to 0.39 uM) during
the 48 h incubation, while PGE1 in D5D-KD cells was able to accumulate from ~0.5 uM (8 h-12
h) to 0.8 uM in 48 h. We previous observed that PGE1 did not inhibit cancer cell growth at a
concentration range from 0.1 uM to 10 uM (Fig. 1), thus, these data together suggested that
DGLA'’s anti-cancer activity is not from PGE1 at a physiologically relevant concentration. In
addition, consistent with the decreased AA level in D5D-KD cells, we also observed a significant
decrease of PGE2 level in D5D-KD cells compared to that in Nc-si cells during a 48 h incubation
(Fig. 11D), suggesting that D5D-KD not only accumulated byproduct from DGLA, but can also

limited the production of PGE2 from AA and achieve a similar outcome as a COX-2 inhibitor.
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Figure 11. D5D-KD preserved DGLA while limiting arachidonic acid synthesis in HCA-7 cells.
A-B. LC/MS quantification of DGLA and AA from cell medium containing 1.0x10° of Nc-si or
D5D-KD HCA-7 cells after DGLA treatment (100 uM); C-D. LC/MS quantification of PGE1 and
PGE2 from cell medium containing 1.0x108 of Nc-si transfected or D5D-KD HCA-7 cells after
DGLA treatment Data represents mean + SD with at least three separate experiments. (*:
significant difference with p < 0.05) [164]
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We proposed that the anti-proliferation and anti-migration effect observed after DGLA
supplementation is actually derived from its distinct byproduct 8-HOA. Therefore, we also
quantified the endogenous formation 8-HOA in HCA-7 cells after DGLA treatment. As expected,
we observed a significant increase of 8-HOA in D5D-KD cells compared to that in Nc-si cells
(Fig. 12A). GC/MS data showed that 8-HOA accumulated and reached a plateau at 24 h to 48 h
(0.92 £ 0.09 uM at 48 h) in D5D-KD HCA-7 cells treated with DGLA. However, in Nc-si HCA-7
cells, 8-HOA only reached at maximal level of ~ 0.5 uM at the 24 h time point. Our previous
observation in Chapter 3 showed that 8-HOA significantly inhibited HCA-7 cell growth at a dose
of 1.0 uM (Fig. 1), thus, these data together suggested that 8-HOA is the bioactive metabolite
responsible for the anti-cancer effects of DGLA, and to maintain a threshold range of endogenous
8-HOA, ~ 0.5 uM to 1.0 uM, is essential for eliciting DGLA’s anti-cancer activity.

We have previous demonstrated that direct treatment of 8-HOA could inhibit HDAC
activity and induce DNA damage in HCA-7 cells, which is responsible for its anti-cancer effects
(Fig. 6) [164]. Consistently, results from western blot analysis showed that DGLA treatment in
D5D-KD HCA-7 cells also resulted in a significant increase of acetyl histone H3 and yH2AX (Fig.
12B), which is similar to the observation from exogenous 8-HOA treatment, suggesting the
observed anti-cancer effect of DGLA in D5D-KD cells is indeed derived from formation of 8-

HOA.
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A. 8-HOA profile from HCA-7 cells
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B. Western blot of D5D-KD HCA-7 cells
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Figure 12. HDAC inhibition by promoted 8-HOA formation in D5D-KD HCA-7 cells.

A. GC/MS quantification of 8-HOA from cell medium containing 1.0x10° of Nc-si or D5D-KD
HCA-7 cells after DGLA treatment. Red dash line indicates the propose threshold level of
endogenous 8-HOA,; B. Western blot of acetyl-histone H3, histone H3 and YH2AX in D5D-KD
HCA-7 cells treated by DGLA (50 and 100 uM). The protein expression level in vehicle control
were normalized to 1, B-actin serves as loading control. Data represents mean = SD with at least
three separate experiments. (*: significant difference vs. control with p < 0.05) [164]
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4.4. DGLA’s Anti-Cancer Activity Is Derived from Its COX-2 Catalyzed Peroxidation

To further confirm that DGLA’s anti-cancer effects are derived from its COX-2 catalyzed
peroxidation, we knocked down D5D and COX-2 individually or simultaneously in HCA-7 cells,
then investigated the cell growth response after 48 h DGLA treatment (100 uM) by MTS assay
(Fig. 13A-B). Results showed that DGLA supplementation significantly inhibited cell viabilities
in D5D-KD cells; however, this inhibitory effect was abolished in D5D/COX-2 double-KD cells,
suggesting that COX-2 is essential in DGLA’s anti-cancer effects (Fig. 13A). This observation
provides evidence to further support our hypothesis that 8-HOA formed from COX-2 catalyzed
DGLA peroxidation is responsible for DGLA’s anti-cancer activity.

In addition to DGLA, we also tested the potential anti-cancer effect of LA, the precursor
and main dietary source of -6 fatty acids. We proposed that LA could be converted to DGLA in
cells and then elicit certain anti-cancer activity. Results showed that treatment of 100 uM LA also
led to decreased cell viability at 48 h (89.8 £+ 2.4%) in D5D-KD cells compared to vehicle control
(Fig. 13B), although it is not as effective as DGLA. Consistently, this growth inhibitory effect
from LA was also abolished in D5D/COX-2 double-KD cells, suggesting that this effect is derived
from a COX-2-catalyzed metabolism pathway as well.

We also tested our D5D-KD and DGLA supplementation strategy in other colon cancer
cell lines with different COX expression levels. e.g. HT-29 (low COX-2) and HCT 116 (COX-2
deficient, Fig. 14A-B). Results showed that 48 h DGLA treatment (100 uM) only led to a minimal
growth inhibition effect in D5SD-KD HT-29 cells with cell viability reduced to 87.9 £ 4.4%, while
no inhibitory effect from DGLA was observed in D5D-KD HCT 116 cells. This is because there
is much less 8-HOA generated from DGLA in these two cell lines due to their low/deficient COX-

2 levels (data not shown).
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A. Western blotting for D5D/COX-2 double knockdown in HCA-7 cells
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Figure 13. DGLA’s anti-cancer activity is derived from its COX-2 catalyzed peroxidation.

A. Western blot and expression rate of D5SD and COX-2 in HCA-7 cells transfected with negative
control siRNA, D5D targeted siRNA, COX-2 targeted siRNA and D5D/COX-2 combination
siRNAs, respectively. The ratios of different proteins to B-actin in control were normalized to 1,
respectively. B. MTS assay of siRNA transfected HCA-7 cells treated with LA or DGLA (100 uM
for 48h). Data represent mean + SD with at least three separate experiments. The cell viabilities
for control groups are normalized to 100% for every separate experiment. (*: significant difference
with p < 0.05)
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A. COX-2 expression in three colon cancer cell lines
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Figure 14. Growth response of HT29 and HCT116 cells from D5D-KD and DGLA supplement.
A. Western blot of COX-2 in HCA-7, HT-29 and HCT 116 cells B. MTS assay of Nc-si or D5D-
KD HT-29 cells treated with DGLA (100 uM for 48h). Insert: western blot of D5D expression in
Nc-si or D5D-KD HT-29 cells; C. MTS assay of Nc-si or D5D-KD HCT 116 cells treated with
DGLA (100 uM for 48h). Insert: western blot of D5D expression in Nc-si or D5D-KD HCT 116
cells. Data represent mean = SD with at least three separate experiments. The cell viabilities for
control groups are normalized to 100% for every separate experiment. (*: significant difference
with p < 0.05).
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4.5. Improved Anti-Proliferation Effect from D5D-KD, DGLA and 5-FU Treatment

Chemo-resistance has been a major obstacle for cancer therapy [186]. Combinations of 5-
FU with various other cancer therapeutic agents as well as fatty acid supplementation have been
extensively studied to enhance the efficacy of 5-FU against cancer [188-194]. In Chapter 3, we
showed that combination of 8-HOA and 5-FU led to a better growth inhibitory effect on HCA-7
cells compared to 5-FU alone. Here we further tested whether DGLA supplementation along with
D5D-KD could enhance the efficacy of 5-FU in HCA-7 cells. Results from colony formation assay
showed that while 5-FU (50 uM) treatment alone could inhibit the D5D-KD cell growth with a
survival fraction at 51.9 + 2.9%, co-treatment of DGLA (100 uM) and 5-FU in D5D-KD HCA-7
cells led to more significant cell growth inhibition effect (survival fraction 20.1 + 4.8%, Fig. 15)
[164]. On the other hand, DGLA had no influence on 5-FU’s effect on control siRNA transfected
HCA-7 cells (surviving fraction of 62.3% * 7.7% compared to 60.3% * 6.5% with 5-FU treatment

alone).
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Figure 15. Improved anti-proliferation effect from D5D-KD, DGLA and 5-FU treatment in
HCA-7 cells.

Nc-si and D5D-KD HCA-7 cells were treated with vehicle, 5-FU (50 uM) or 5-FU+DGLA (100
uM) for 48 h, followed by another 10 days incubation before examined for colony formation. (*:
significant difference with p < 0.05 from n > 3). Data represent mean = SD with at least three
separate experiments. The survival fractions for control groups are normalized to 100% for every
separate experiment. (*: significant difference with p < 0.05) [164].
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5-FU can block DNA synthesis and induce cell cycle arrest at G1/S point in cancer cells
[196]. Consistently, we observed that 5-FU treatment alone induced G1 arrest in both Nc-si HCA-
7 cells (50.5% + 4.5%) and D5D-KD HCA-7 cells (57.5% = 1.2%) compared to their
corresponding vehicle controls (37.9 % + 5.8% and 40.4 % + 2.1%, respectively, Fig. 16).
Concurrent supplementation of DGLA further promoted 5-FU-induced G1 arrest in D5SD-KD cells
to 64.0% + 3.6%. However, in Nc-si cells, the combination treatment did not lead to a significant
difference compared to 5-FU treatment alone. This is because Nc-si cells cannot generate enough

8-HOA to elicit any growth inhibitory effect (Fig 12A).

A. Cell cycle distribution of Nc-si HCA-7 cells
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Figure 16. Cell cycle distribution of HCA-7 cells after DGLA and 5-FU treatment.

A. Cell cycle distribution of Nc-si HCA-7 cells and B. Cell cycle distribution of D5D-KD HCA-7
cells treated with vehicle, 5-FU (0.2 mM), or 5-FU+DGLA (100 uM)for 48 h. Cell cycle was
examined via flow cytometer followed by PI staining. At least 10,000 cells were counted for each
sample. Data represents mean + SD with at least three separate experiments (*: significant
difference vs. control with p < 0.05; **: significant difference vs. 5-FU group with p < 0.05) [164]
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5-FU is also known to inhibit cancer cell growth by inducing apoptosis [197-198]. Our
results showed that 5-FU alone induced apoptosis in both Nc-si and D5D-KD HCA-7 cells as
demonstrated by the annexin V-positive/Pl-negative staining (population of early apoptotic cells
10.0% + 1.7% vs. 17.7% * 2.1%, respectively, Fig. 17), whereas concurrent DGLA treatment (100
uM) further promoted 5-FU-induced apoptosis in DSD-KD cells (to 27.0% + 3.4%). On the other

hand, there is no enhanced effect could be observed from the combination treatment in Nc-si cells.

A. Apoptosis analysis of Nc-si HCA-7 cells
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Figure 17. HCA-7 cell apoptosis from DGLA and 5-FU treatment.

A. Cell apoptosis of Nc-si HCA-7 cells and B. Cell apoptosis of D5D-KD HCA-7 cells treated
with vehicle, 5-FU (0.2 mM), or 5-FU+DGLA (100 uM) for 48 h. Apoptosis was examined via
flow cytometer followed by annexin V-FITC/PI double staining. At least 10,000 cells were
counted for each sample. Data represent mean + SD with at least three separate experiments (*:
significant difference vs. control with p < 0.05; **: significant difference vs. 5-FU group with p <
0.05). [164]
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Further mechanistic study showed that 5-FU treatment alone could up-regulate the tumor
suppressor p53, activate procaspase 9 and cleave PARP in D5D-KD HCA-7 cells (Fig. 18).
However, when the cells were co-treated with DGLA (100 uM) and 5-FU, an ~ 1.5 fold p53
upregulation, ~ 2 fold decreased procaspase 9, and ~2 fold increase of cleaved PARP were
observed compared to 5-FU treatment alone [164]. These results suggested that DGLA and D5D-
KD can improve the efficacy of 5-FU potentially through the activation of pro-apoptotic proteins,
e.g., p53, caspase 9. In addition, linoleic acid was also found to further activate the pro-apoptotic
proteins in D5D-KD cells treated with 5-FU (Fig. 18).

4.6. Improved Anti-Migration/Invasion Effects from D5D-KD, DGLA and 5-FU Treatment

In addition to inhibiting cancer cell growth, 5-FU has also been used to suppress colon cancer
metastasis [199-202]. Therefore, we tested whether our strategy could enhance 5-FU’s efficacy in
inhibiting cancer cell migration and invasion.

Results from the transwell migration assay showed that while 5-FU alone inhibited cell
migration compared to vehicle control (~63 migrated cells vs. 138 in control), co-treatment of
DGLA and 5-FU led to even more significant inhibitory effect on cell migration (~36 migrated
cells). Similarly, concurrent supplementation of DGLA also led to more significantly suppressed
cell invasion compared to 5-FU treatment alone (~ 43 invaded cells for co-treatment vs. ~ 65 for
5-FU only, Fig. 19A-B) [170].

Further mechanistic study showed that 5-FU alone could downregulate the expressions of
MMP-9, vimentin (a mesenchymal marker) and snail (EMT-inducing transcription factor), while
upregulating the expression of E-cadherin (essential for epithelial cell adhesion) [203-205].
Concurrent supplementation of DGLA in D5D-KD HCA-7 cells further decreased expression of
MMP-9, vimentin and snail, while increasing expression of E-cadherin compared to treatment 5-

FU alone (Fig. 20) [170].
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Figure 18. Altered expression level of apoptotic proteins in D5D-KD HCA-7 cells.

A. Western blot and B. Expression rate of p53, procaspase 9, procaspase 7, PARP, cleaved PARP
and p21 from D5D-KD HCA-7 cells treated with 5-FU (0.2 mM), DGLA (100 uM), LA (100 uM)
5-FU+DGLA, and 5-FU+LA for 48 h. Protein expression levels were calculated as the ratio of
target proteins to B-actin. The ratios in controls were normalized to 1. Data represent mean + SD
with at least three separate experiments. (*: significant difference vs. control with p < 0.05; **:
significant difference vs. 5-FU group with p < 0.05) [164]
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A. Transwell migration assay of D5D-KD HCA-7
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Figure 19. Improved inhibitory effects on HCA-7 cell migration and invasion from D5D-KD,
DGLA and 5-FU treatment.

A. Transwell migration assay of D5D-KD HCA-7 cells with treatment of vehicle control, 5-FU
(0.2 mM) alone or 5-FU + DGLA (100 uM); B. Transwell invasion assay of D5D-KD HCA-7 cells
with treatment of vehicle control, DGLA (100 uM), 5-FU (0.2 mM) alone or 5-FU + DGLA,; Data
represent mean = SD with at least three separate experiments. (*: significant difference vs. control
with p < 0.05; **: significant difference vs. 5-FU group with p < 0.05) [170]
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A. Western blotting
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Figure 20. Altered protein level involved in cell migration/invasion in D5D-KD HCA-7 cells.

A. Western blot and B. Protein expression rate of acetyl histone H3, MMP-2, MMP-9, E-cadherin,
vimentin and snail from D5D-KD HCA-7 cells treated with vehicle control, DGLA (100 uM), 5-
FU (0.2 mM) or 5-FU + DGLA. Protein expression levels were calculated as the ratio of target
proteins to B-actin. The ratios in controls were normalized to 1. Data represent mean + SD with at
least three separate experiments. (*: significant difference vs. control with p < 0.05; **: significant
difference vs. 5-FU group with p < 0.05) [170]
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4.7. Anti-Cancer Effects of D5D-KD and DGLA in Combination with Other Cancer Drugs

In addition to 5-FU, we also tested whether the strategy of DGLA supplementation along
with D5D-KD could enhance the cytotoxicity of other commonly used chemo/targeted therapeutic
drugs, such as irinotecan, doxorubicin and a recently FDA-approved targeted therapy drug,
regorafenib. These three drugs are all commonly used in treating colon cancers with different
mechanisms. For example, after activated by hydrolysis, irinotecan inhibits topoisomerase | which
leads to inhibition of both DNA replication and transcription [206]. Doxorubicin stabilizes the
topoisomerase 11 complex during DNA replication process, thereby preventing the DNA double
helix from being resealed and eventually blocking the process of replication [207]. Regorafenib is
targeted therapy drug approved by the US FDA in 2012 for treating metastatic colorectal cancer.
It acts as an oral multi-kinase inhibitor which inhibits multiple membrane-bound and intracellular
kinases that are involved in normal cellular functions and pathologic processes [208]. We proposed
that our D5D-KD and DGLA supplementation strategy could enhance the anti-cancer effects from
these drugs due to their distinct mechanisms.

MTS assays showed that concurrent DGLA supplementation (100 uM, 48 h) resulted in
better growth inhibitory effects compared to drug treatment alone on D5D-KD cells, but not of Nc-
si cells (Fig. 21A-C). For example, combination of DGLA and regorafenib (10 uM) in D5D-KD
HCA-7 cells led to more significantly reduced cell viability at 46.9% + 1.3% compared to 65.9%
+ 7.5% in regorafenib treatment alone. Similarly, co-treatment of DGLA and irinotican (40 uM)
in D5D-KD cells further reduced cell viability to 46.2% + 7.5% compared to 66.2% * 5.7% in
irinotican treatment alone, while combination of DGLA and doxorubicin (1.5 uM) also resulted in
more decreased cell viability at 25.7% * 3.5% compared to 41.4% * 7.9% in doxorubicin treatment

alone.
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A. MTS assay of HCA-7 cells w/ Regorafenib and DGLA
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Figure 21. Anti-cancer effects from D5D-KD and DGLA in combination with other chemo-
drugs in HCA-7 cells.

A. MTS assay of Nc-si or D5D-KD HCA-7 cells treated with vehicle, regorafenib (10 uM), or
regorafenib+ DGLA (100 uM) for 48 h; B. MTS assay of Nc-si or D5D-KD HCA-7 cells treated
with vehicle, irinotecan (40 uM), or irinotecan + DGLA (100 uM) for 48 h; C. MTS assay of Nc-
si or D5D-KD HCA-7 cells treated with vehicle, doxorubicin (1.5 uM), or doxorubicin + DGLA
(100 uM) for 48 h. Data represent mean + SD with at least three separate experiments The cell

viabilities for control groups are normalized to 100% for every separate experiment. (*: significant
difference vs. control with p < 0.05)
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4.8. Conclusion and Discussion

In this chapter, we demonstrated that D5D-KD is an effective strategy to limit the
conversion from DGLA to AA, thus promote 8-HOA formation from COX-2 catalyzed DGLA
peroxidation to a threshold level which could inhibit colon cancer growth and migration/invasion.
More importantly, the commonly highly expressed COX-2 in cancer cells was exploited to kill
cancer cells, which is a paradigm shifting concept in contrast to the classic COX inhibition
strategy. Furthermore, combined treatments of D5D knockdown, DGLA supplementation and
chemo-drugs were found to result in better growth inhibitory effects in colon cancer cells compared
to drug treatment alone.

In Chapter 3, we have shown that exogenous treatment of 8-HOA at 1.0 uM could
significantly inhibit colon cancer cell growth (Fig. 1) [163]. Therefore, we made the first effort to
quantify endogenous 8-HOA from COX-2 catalyzed DGLA peroxidation in cancer cells. Our
results showed D5D-KD in HCA-7 cells could lead to the accumulation of 8-HOA to the threshold
level that is required for delivering DGLA’s anti-cancer effect. In comparison, although a similar
level of PGE1 was detected in D5D-KD cells after DGLA supplementation, we have previously
demonstrated that PGE1 was unable to affect colon cancer cell growth at this concentration range
(Fig. 1). Taken together, our data suggest that the anti-cancer effects of DGLA are derived from
8-HOA, rather than PGEL. In addition, western blot data also showed that DGLA treatment in
D5D-KD cells can inhibit histone deacetylase and lead to DNA damage (Fig. 12), which is
consistent with the results from direct 8-HOA treatment (Fig. 6), further confirming that 8-HOA
is responsible for DGLA’s anti-cancer activity.

To confirm the role of COX-2 in DGLA’s anti-cancer activity, we further knocked down

COX-2 expression in D5D-KD HCA-7 cells, which was found to abolish DGLA’s anti-cancer
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effects (Fig. 13). We also tested the effect of DGLA in cancer cells with different COX-2
expression levels (Fig. 14). Results showed that DGLA and D5D-KD could lead to the most
significant growth inhibitory effects in HCA-7 cells (high COX-2), while only moderate effects
were observed in HT-29 (low COX-2) cells and no effects were observed in HCT 116 cells (COX-
2 deficient). These results together suggested that DGLA’s anti-cancer activity is dependent on
COX-2 catalyzed peroxidation (by generating 8-HOA), and the overexpression of COX-2 in
cancer cells can be exploited to promote the formation of 8-HOA from DGLA to kill colon cancer
cells.

Although COX-2 is essential for eliciting DGLA’s anti-cancer effect, we have
demonstrated that regardless of the COX-2 expression levels, the growth of HCA-7, HT-29 and
HCT 116 cells could all be significantly suppressed by direct treatment of 8-HOA (Fig. 1). This
observation suggested that even in the cancer cells with limited level of COX-2, our strategy will
also be effective as the stromal cells in tumor environment with elevated level of COX-2 could
also produce 8-HOA, which may act in a local hormone-like manner to trigger anti-cancer effects
[209]. In addition, a recent study from Mustafi et al established a xenograft colon tumor model
using HCT 116 cells, in which they observed an interaction between tumor cells and stromal cells
that led to an upregulation of COX-2 levels in both types of cells [210]. This indicates that the
COX-2 level in both cancer cells and stromal cells will be upregulated in the tumor environment,
which makes the tumor more vulnerable to our strategy.

In this Chapter, we observed that promoted 8-HOA formation from D5D-KD and DGLA
could induce p53-dependent apoptosis in HCA-7 cells. However, p53 is frequently mutated in
many cancer types including colon cancer, which may result in resistance to p53-dependent anti-

cancer therapy. In fact, our results showed that our strategy could also inhibit the growth of HT-
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29 cells with mutated p53 (Fig. 14B), indicating that 8-HOA can also cause cancer cell death via
p53-independent mechanisms. Therefore, in our future work we also plan to investigate the
potential p53-independent mechanisms of 8-HOA’s anti-cancer effect.

Our results showed that treatment with LA, the precursor and main dietary source of ®-6,
also suppressed the growth of D5D-KD cancer cells (Fig. 13). Although the effect was moderate
due to the limited conversion rate from LA to DGLA and the short incubation time (48 h), we
expect more significant anti-cancer effects in our future animal study in which we will modulate
fatty acids consumption on a daily basis. Further investigation of LA may provide information to
develop a more practical w-6-based diet care strategy in cancer treatment since LA is prevalent in
the human diet.

Chemo-resistance is the major obstacle for current cancer chemotherapy. To overcome
drug resistance to 5-FU, various drug combination strategies have been studied in which 5-FU was
concurrently administered with other therapeutic agents. Among the various combinations, the co-
treatment of indomethacin (a nonselective COX inhibitor) and NS-398 (a selective COX-2
inhibitor), could significantly sensitize colon cancer cell to 5-FU, suggesting the regulation of
COX-mediated m-6 metabolism may be an effective strategy to reverse chemoresistance to 5-FU
[188-190]. As our strategy shares a common objective as a COX inhibitor (i.e. limiting COX/AA
peroxidation), we believe our strategy could also sensitize colon cancer cells to 5-FU and may
even reach a better therapeutic outcome considering the dual anti-cancer mechanism from our
strategy. In fact, we observed that concurrent DGLA supplementation in combination 5-FU led to
significantly improved inhibitory effects on D5D-KD HCA-7 cell growth and migration, compared
to 5-FU alone (Figs. 15-20) [164, 170]. In addition, we also demonstrated that our strategy resulted

in better anti-cancer outcomes when combined with many other chemotherapy drugs including,
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irinotecan and doxorubicin, as well as a targeted therapy regorafenib (Fig. 21). These observations
suggested that our strategy can be applied as a novel adjuvant treatment for colon cancer in

combination with various anti-cancer agents with distinct mechanisms.
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5. D5D KNOCKDOWN AND DGLA SUPPLEMENTATION PROMOTED 8-HOA
FORMATION AND SUPPRESSED COLON TUMOR GROWTH IN A MOUSE
XENOGRAFT MODEL

Studies from chapter 4 demonstrated that D5D-KD in human colon cancer cells with high
COX-2 expression could promote 8-HOA formation from DGLA peroxidation to a threshold level,
which in turn inhibited cancer cell growth and migration. However, the in vitro experimental
system cannot completely represent the complex tumor environment in patients. Therefore, we
further tested the anti-cancer effects of our novel strategy in a xenograft tumor model using
immune-deficient mice, which is a commonly used model for cancer research that are more related
to human patients. The immune-deficient mice (J:Nu, 007850, The Jackson Lab) are homozygous
for the Foxn1™ mutation, which makes the mice hairless and athymic. The lack of thymus in these
mice blocks the differentiation and maturation of T cells, resulting in an immunodeficiency that
permits transplantation of tumor cell xenografts [211]. In addition, the hairless phenotype of nude
mice is also ideal for evaluation of subcutaneous tumor growth and whole body imaging.

In this chapter, a stable D5D-KD HCA-7 colony 29 cell line was created and transplanted
subcutaneously into the hind flank of immuno-deficient mice to establish a D5D-KD xenograft
tumor model. As a parallel experiment, wild type HCA-7 cells were implanted into nude mice and
subjected to same follow up treatment. After two weeks of tumor growth, the mice were further
divided into four sub-groups and received different treatment for 4 weeks, including 1) vehicle
control, 2) DGLA supplementation, 3) 5-FU injection, and 4) combination of DGLA and 5-FU
(Scheme 9). The tumor size was measured twice a week to test whether D5D-KD along with
DGLA supplementation could inhibit xenograft tumor growth. At the end of the treatment, the

mice were euthanized and the tumor tissues were collected. HPLC/MS and GC/MS analysis was
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performed to detect fatty acids and 8-HOA profiles in tumor tissues. Immunofluorescence and
western blotting were conducted to determine the potential inhibitory effects and mechanisms on

tumor growth and migration from our treatment strategy.

Cell Injection 2.wk Standard Diet 4-wk Standard Diet along with
For tumor growth DGLA Suppl. @ Chemo-Drug
a No No
(A) wt-D5D
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HCA-7 Colony 29 |::> Standard Diet | <
No
\
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(B) D5D-KD (shRNA)
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HCA-7 Colony 29 |::> Standard Diet |
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Scheme 9. Animal experiment design.

A total of 48 mice were used for the in vivo experiment as described below (6 mice/group x 8
groups). Wt-D5D and D5D-KD HCA-7 colony 29 cells were transplanted subcutaneously into the
hind flank of two different groups 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) 5-FU injection, and 4) combination of DGLA and 5-FU.
The tumor size was measured twice a week to test whether D5D-KD along with DGLA
supplementation could inhibit xenograft tumor growth. At the end of the treatment, the mice were
euthanized and the tumor tissues were collected for further analysis.
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5.1. Establishment of a Stable D5D Knockdown Cell Line

In Chapter 4, we used siRNA to transiently knockdown cellular D5D expression. However,
the siRNA cannot incorporate into host cells” DNA, thus only leads to a short-term knockdown
effect. Hence, in order to investigate the effect of DSD knockdown in tumor xenograft, we created
a stable D5D-KD HCA-7 cell line via ShRNA transfection.

Briefly, D5D-targeted pre-shRNA was designed using BLOCK-iT™ RNAi Designer
(www.invitrogen.com/rnai) and purchased from Integrated DNA Technology. The oligo was
cloned into pcDNA™ 6.2-GW/mIR vector, which was then transformed into E.coli. The plasmid
DNA from expression clone was transfected into wild type HCA-7 cells followed by antibiotic
selection to create stable D5D knockdown cell colonies. The D5D-KD efficiency (~70%) was
evaluated by western blot (Fig. 22). The stable D5D-KD cells were then transplanted into nude

mice to establish D5D-KD xenograft tumors.

A. Western blot for D5D B. D5D expression level

O =1.2; *
o Q>l~ o ]

& 06: 2
c

e 0 0.8
D5D | = 7]
o

B-actin [ SEE—_— — S04
Q
o
Typ)

0 0.0-

wt-DSD D5D-KD

Figure 22. D5D knockdown efficiency in HCA-7 cells via sh RNA transfection.

A. Western blot and B. Relative expression level of D5D in wt-D5D and stable D5D-KD HCA-7
cells. The ratio of D5D to B-actin in control was normalized to 1. Data represent mean + SD with
at least three separate experiments. (*: significant difference with p < 0.05)
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5.2. DGLA Treatment Inhibited the Growth of D5D-KD Xenograft Tumor in Mice

Wild type or D5D-KD HCA-7 cells were transplanted subcutaneously into the hind flank
of immuno-deficient mice to establish a xenograft tumor model. After two weeks of tumor growth,
the mice were further divided into four sub-groups and received different treatments for 4 weeks,
including: 1) vehicle control (No DGLA and 5-FU), 2) DGLA supplementation (8 mg/mice, twice
a week), 3) 5-FU injection (30 mg/kg, twice a week), and 4) combination of DGLA and 5-FU
(Scheme 9). The tumor size was measured twice a week to test whether D5D-KD along with
DGLA supplementation could inhibit xenograft tumor growth.

Results showed that, for the mice bearing wt-D5D tumors, 4-week DGLA treatment did
not decrease, but even increased tumor size (313.7 + 54.3 mm?, Fig. 23) compared to that in the
control group:(306.6 = 65.4 mm?®). This is because wt-D5D rapidly converted DGLA to AA,
leading to limited production of 8-HOA which was unable to trigger any anti-cancer effect, while
the elevated level of AA resulted in increased production of PGE2 which could promote tumor
growth (data in section 5.3).

5-FU was also administered to mice bearing wt-D5D tumors in order to compare the effect
from our strategy with the first line chemo-drug, as well as to test whether our strategy could
improve the efficacy of 5-FU in xenograft tumor. Data showed that, 4-week of 5-FU injection
significantly limited the tumor growth (205.3 + 55.3 mm?) compared to the control group. The
combination of 5-FU and DGLA also significant decreased the tumor size (231.3 + 42.3 mm?3) vs.
control, however, the tumor size was larger when compared to 5-FU alone. Again, this is because
DGLA was converted to AA, thereby led to increased production of PGE2 which promote tumor

growth.
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On other hand, for mice bearing D5D-KD tumors, 4 weeks of DGLA supplementation
resulted in significantly reduced tumor size (178.2 + 31.9 mm?3, Fig. 24) compared to that in the
control group (257.6 + 60.8 mm?), by promoting 8-HOA formation to a threshold level (data in
5.3). This is consistent with previous observation in Chapter 4 that promoted 8-HOA formation
from COX-2 catalyzed DGLA peroxidation could inhibit colon cancer cell growth.

4-week of 5-FU injection also significantly limited the D5D-KD tumor growth (133.7 £
32.4 mm?, Fig 24) vs. the control group. Noteworthy, the anti-tumor activity from DGLA
supplementation was comparable with the effect from 5-FU treatment alone. In addition, mice
received the combination of DGLA and 5-FU have even smaller tumor size (100.1 + 24.3 mm?)
compared to 5-FU alone, suggesting that promoted 8-HOA formation from DGLA peroxidation
could improve the chemotherapy in vivo, which is consistent with the observation in Chapter 4.

When comparing D5D-KD control vs. wt-D5D control group (Fig. 23-24), the size of D5D-
KD tumors (257.6 + 60.8 mm?) was less than that of wt-D5D tumors (306.6 *+ 65.4 mm?3) even
without any additional treatment. This is probably because the upstream ®-6 fatty acids (e.g. LA)
in the standard diet could also be converted to DGLA and produce certain level of 8-HOA that
exerted anti-cancer activity in D5D-KD tumors.

The body weight of the mice was also monitored throughout the experiment, no significant
change was observed in any control or treatment groups during the four-week period (Fig. 23-24),

suggesting that there is no severe toxicity observed from our treatments.
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Figure 23. Effect of DGLA supplementation on wt-D5D HCA-7 xenograft tumor growth.

A. Body weight (BW) of mice bearing wt-D5D tumor during 4-week treatment; B. wt-D5D tumor
size during 4-week treatment; C. Photos of tumor tissues and mice at the end of the treatment (*:
significant difference vs. control with p < 0.05).
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Figure 24. Effect of DGLA supplementation on D5D-KD HCA-7 xenograft tumor growth.

A. Body weight of mice bearing D5D-KD tumor during 4-week treatment; B. D5D-KD tumor size
during 4-week treatment; C. Photos of tumor tissues and mice at the end of the treatment (*:
significant difference vs. control with p < 0.05).
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5.3. Promoted 8-HOA Production in D5D-KD Tumors from DGLA Treatment

We proposed that the observed tumor growth inhibitory effects are due to the promoted
formation of 8-HOA by D5D-KD and COX-2 catalyzed DGLA peroxidation. D5D and COX-2 are
two key components in out hypothesis and their expression levels are crucial in our strategy.
Therefore, we first assessed D5D and COX-2 expression in tumor tissues by immunofluorescence.
Results showed that, despite different treatments, the tumor tissues from mice injected with D5D-
KD HCA-7 cells have significantly less D5D expression compared to those from mice injected
with wt-D5D cells (Fig. 25). On the other hand, no significant differences in COX-2 expression
levels were observed in all groups of mice (Fig. 26).

We then quantified the levels of DGLA, AA, 8-HOA, PGE1 and PGE2 in tumor tissues to
investigate whether the tumor growth inhibitory effects in D5D-KD tumors is associated with
promoted formation of 8-HOA from DGLA treatment as well as decreased PGE2 formation from
AA peroxidation. Results showed that, for the both wt-D5D and D5D-KD mice without any DGLA
supplementation (e.g. treated with control or 5-FU only), we only detected basal levels of DGLA
(Fig. 27). However, after 4 weeks of DGLA supplementation (including combination of DGLA
and 5-FU), we observed a dramatic increase in the level of DGLA in both wt-D5D group and D5D-
KD groups of mice compared to mice without DGLA treatment. More importantly, in D5D-KD
tumors with DGLA supplementation, we detected significantly higher levels of DGLA compared
to those in wt-D5D tumors with DGLA supplementation (Fig. 27).

Consistent with DGLA profile, for the mice without any DGLA supplementation (e.g.
treated with control or 5-FU only), 8-HOA and PGE1 were under the detection limit (Fig. 28).
After 4 weeks of DGLA supplementation (including combination of DGLA and 5-FU), we

observed a dramatic increase in the levels of 8-HOA and PGEL in both wt-D5D group and D5D-
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KD group of mice compared to mice without DGLA treatment. More importantly, in D5D-KD
tumors with DGLA supplementation, we detected significantly higher levels of 8-HOA (e.g. ~0.5
Hg/g) compared to those in wt-D5D tumors with DGLA supplementation (e.g. ~0.15 pg/g, Fig.
28). These data indicated that D5D-KD in tumor tissues effectively limited the conversion of
DGLA to AA and promoted the formation of 8-HOA, which led to the observed growth inhibitory
effect.

In addition to altered levels of DGLA and 8-HOA, we observed that DSD-KD in tumor
cells led to significant decreased level of AA and PGE2 compared to those in wt-D5D tumors (Figs
27-28). For example, in D5D-KD tumors with DGLA supplementation, we detected significantly
lower levels of PGE2 (e.g. ~2.5 ug/g) compared to those in wt-D5D tumors with DGLA
supplementation (e.g. ~4.3 ug/g, Fig. 28). These data suggested that decreased PGE2 level may

also account for the inhibitory effect on tumor growth.
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A. Immunofluorescence of D5D expression in tumor tissues
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Figure 25. Immunofluorescence analysis of D5D expression in tumor tissues.

A. Representative images for D5D expression in tumor tissues, D5D was stained in pink, cell
nuclei were counter stained with DAPI ; B. Mean intensity of D5D in each sample was quantified
as an index of its expression level in tumor tissue (*: significant difference with p < 0.05).
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A. Immunofluorescence of COX-2 expression in tumor tissues
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Figure 26. Immunofluorescence analysis of COX-2 expression in tumor tissues.

A. Representative images for COX-2 expression in tumor tissues, COX-2 was stained in green,
cell nuclei were counter stained with DAPI; B. Mean intensity of COX-2 in each sample was
quantified as an index of its expression level in tumor tissue.
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Figure 27. D5D-KD suppressed DGLA conversion in tumors.
A. HPLC/MS analysis of DGLA in wt-D5D and D5D-KD tumors; B. HPLC/MS analysis of AA

in wt-D5D and D5D-KD tumors. Data represent mean + SD (*: significant difference between wt-
D5D tumor vs. D5D-KD tumor, with p < 0.05).
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A. 8-HOA profile
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Figure 28. D5D-KD and DGLA supplementation promoted formation of 8-HOA in tumors.

A. GC/MS analysis of 8-HOA in tumor tissues. B-C. HPLC/MS analysis of PGE1 and PGE2 in
wt-D5D and D5D-KD tumors. Data represents mean + SD (*: significant difference between wt-
D5D tumor vs. D5D-KD tumor, with p < 0.05).
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5.4. DGLA Supplementation Induced Apoptosis in D5D-KD Tumors

Data from Chapter 4 suggested that D5D-KD and DGLA supplementation could inhibit
colon cancer cell growth and induce apoptosis in vitro from promoted 8-HOA formation via COX-
2 peroxidation. We, thus, performed immunofluorescence studies to test whether our strategy
could also inhibit tumor proliferation and induce apoptosis in vivo.

Results showed that, for the mice bearing wt-D5D tumors, DGLA supplementation did not
have any influence the expression of Ki-67 (a cell proliferation marker [212]) compared to the
control group, whereas treatment of 5-FU as well as the combination of 5-FU and DGLA
significantly decreased Ki-67 expression (Fig. 29). On the other hand, for mice bearing D5D-KD
tumors, 4-week of DGLA supplementation significantly reduced Ki-67 expression (e.g. percentage
of Ki-67 positive cells 19.9 = 1.4%) compared to vehicle control (percentage of Ki-67 positive
cells 30.0 £ 0.5%). These data suggested that the promoted 8-HOA formation (above a threshold
level) from D5D-KD and DGLA supplementation could effectively inhibit colon tumor
proliferation. In addition, while 5-FU alone suppressed tumor proliferation, the combination of
DGLA and 5-FU in D5D-KD tumor resulted in more reduced Ki-67 than 5-FU treatment only.

Tumor apoptosis was examined by immunofluorescence analysis using cleaved PARP as
an apoptotic marker [213-214]. Results showed that, for the mice bearing wt-D5D tumors, DGLA
treatment alone could not induce apoptosis, while treatment with 5-FU as well as the combination
of 5-FU and DGLA led to similar level of tumor apoptosis (Fig. 30). On the other hand, for mice
bearing D5D-KD tumors, DGLA supplementation was shown to induce apoptosis to a similar level
as 5-FU treatment (e.g. percentage of apoptotic cells 9.0 + 0.4% and 11.3 £ 1.0%, respectively).
In addition, the combination of DGLA and 5-FU in D5D-KD tumor appeared to result in more

apoptosis (13.4 + 0.6%) compared to DGLA alone and 5-FU alone.
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A. Immunofluorescence of Ki-67 expression in tumor tissues
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Figure 29. Immunofluorescence analysis of Ki-67 expression in tumor tissues.

A. Representative images for Ki-67expression in tumor tissues. Ki 67 was stained in green, cell
nuclei were counter stained with DAPI; B. Quantification analysis of Ki-67, the results were
presented as percentage of Ki-67 positive events to the total number of events in each image. Data
represent mean + SD (*: significant difference vs. control with p < 0.05).
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A. Immunofluorescence of cleaved PARP expression in tumor tissues
Ctrl DGLA 5-FU DGLA+5-FU
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Figure 30. Immunofluorescence analysis for apoptosis in tumor tissues.

A. Representative images for cleaved PARP expression in tumor tissues, Cleaved PARP was
stained in red, cell nuclei were counter stained with DAPI; B. Quantification analysis of cell
apoptosis, the results were presented as percentage of cleaved PARP positive events to the total
number of events in each sample. Data represent mean + SD (*: significant difference vs. control
with p < 0.05).

102



Western blotting was then performed to investigate the molecular mechanism of observed
tumor growth inhibition and apoptosis in our study. Results showed that, in wt-D5D tumors,
DGLA treatment did not affect the expression of cell apoptotic proteins and acetyl histone H3 (Fig.
31). However, in D5D-KD tumors, DGLA supplementation led to a significant increase of p53 and
decrease of procaspase 9, suggesting activation of the cell apoptotic pathway (Fig. 32), which is
consistent with the results from apoptosis analysis (Fig. 30). We also observed that DGLA
supplementation in D5D tumors led to an accumulation of acetyl histone H3 and yH2AX (Fig. 32),
which further confirmed our in vitro data (Fig. 12) and indicated that the promoted formation of
8-HOA from our treatment could inhibit HDAC and induce DNA damage. These data together
suggested that, DGLA supplementation promoted 8-HOA formation in D5D-KD tumors, which in
turn regulated histone deacetylation and induced DNA damage, thereby triggering the activation
of the cell apoptosis pathway, and led to tumor growth inhibition. In comparison, in wt-D5D
tumors, DGLA treatment failed to activate apoptosis and had no effect on HDAC activity.

5-FU treatment was shown to up-regulate p53 expression, activate procaspase 9 and induce
DNA damage in both wt-D5D and D5D-KD tumors (Figs. 31-32), which is consistent with other
reports [196-198]. Noteworthy, the effect from 5-FU treatment was comparable to that from the
DGLA supplementation in D5D-KD tumor, suggesting our novel treatment strategy could achieve

similar therapeutic outcome as the front line chemotherapy.
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A. Western blot in wt-D5D tumor
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Figure 31. Alteration of apoptotic proteins in wt-D5D tumor tissues.

A. Western blot and B. protein expression level of p53, procaspase 9, acetyl histone H3 and
YyH2AX in wt-D5D tumor tissues. -actin served as a loading control. The ratio of D5SD to B-actin
in control was normalized to 1.Data represent mean + SD (*: significant difference vs. control with
p <0.05).
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A. Western blot in D5D-KD tumor
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Figure 32. Alteration of apoptotic proteins in D5D-KD tumor tissues.

A. western blot and B. protein expression level of p53, procaspase 9, acetyl histone H3 and YH2AX
in D5D-KD tumor tissues. B-actin served as a loading control. The ratio of D5D to B-actin in
control was normalized to 1.Data represent mean = SD (*: significant difference vs. control with
p < 0.05).
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5.5. DGLA Treatment Suppressed Metastasis Potential of D5D-KD Tumors

Besides development of a primary tumor, cancer metastasis is also a severe issue for cancer
patients and accounts for around 90% of cancer-associated death [167-169]. Data from Chapter 3
showed that 8-HOA could inhibit migration and invasion in human colon cancer cells in vitro
[170]. Hence we also tested whether promoted formation of 8-HOA from our treatment could
inhibit tumor metastasis in vivo.

Immunofluorescence study showed that, for the mice bearing wt-D5D tumors, DGLA
supplementation led to increased expression of MMP-2, a protein that degrades extracellular
matrix and contributes to cancer cell migration/invasion (Fig. 33). This is probably because 1)
DGLA was converted to AA in wt-D5D tumor, thus unable to produce enough 8-HOA to the
threshold level for its anti-cancer activity (Fig. 28), and 2) DGLA supplementation in wt-D5D
tumor led to an increased level of PGE2 (Fig. 28), which has been shown to play a role in cancer
migration [215-216]. On the other hand, for mice bearing D5D-KD tumors, promoted 8-HOA
formation from DGLA supplementation significantly decreased the expression of MMP-2 (mean
fluorescence intensity 69.33 + 6.7) compared to vehicle control (mean fluorescence intensity 88.3
+ 8.5%), suggesting endogenous 8-HOA inhibited tumor metastasis potential in D5D-KD tumors.
In addition, 5-FU treatment alone or in combination of DGLA were able to down-regulate MMP-
2 expression in both wt-D5D and D5D-KD tumors.

E-cadherin plays an important role in epithelial cell adhesion, thus, is essential for the
maintenance of tissue architecture [205]. Down-regulation of E-cadherin expression was observed
in the tumor environment which correlates with a strong invasive potential [205]. Our data showed
that for the mice bearing wt-D5D tumors, DGLA supplementation did not have influence on the

expression of E-cadherin in tumor tissues compared to the control group (Fig. 34). On the other
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hand, for mice bearing D5D-KD tumors, promoted 8-HOA formation from DGLA significantly
increased level of E-cadherin compared to vehicle control (mean fluorescence intensity 131.9 +
5.2% vs. 98.8 + 7.9%, respectively). In addition, FU treatment alone or in combination of DGLA

also up-regulated E-cadherin expression in both wt-D5D and D5D-KD tumors.

A. Immunofluorescence of MMP-2 expression in tumor tissues
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Figure 33. Immunofluorescence analysis of MMP-2 expression in tumor tissues.

A. Representative images for MMP-2 expression in tumor tissues. MMP-2 was stained in red, cell
nuclei were counter stained with DAPI; B. Mean intensity of MMP-2 in each sample was
quantified as an index of its expression level in tumor tissue (*: significant difference vs. control
with p < 0.05).
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A. Immunofluorescence of E-cadherin expression in tumor tissues
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Figure 34. Immunofluorescence analysis of E-cadherin expression in tumor tissues.

A. Representative images for E-cadherin expression in tumor tissues. E-cadherin was stained in
green, cell nuclei were counter stained with DAPI; B. Mean intensity of E-cadherin in each sample
was quantified as an index of its expression level in tumor tissue (*: significant difference vs.
control with p < 0.05).
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5.6. Conclusion and Discussion

In this chapter, we tested and demonstrated that DGLA supplementation could promote the
formation of 8-HOA from COX-2 catalyzed DGLA peroxidation to a threshold level in D5D-KD
xenograft colon tumor tissues, which in turn suppressed tumor growth and metastatic potential.

Consistent with our in vitro studies, we observed that promoted 8-HOA formation from
COX-2 catalyzed DGLA peroxidation could induce apoptosis in D5D-KD HCA-7 xenograft
tumors, which is probably mediated through the induction of the cancer suppressor p53 (Fig. 30-
32). However, p53 dysregulation is frequently observed in many cancer types including colon
cancer [217], which may result in resistance to p53-dependent anti-cancer therapy. In fact, our
results showed that 8-HOA could inhibit the growth of HT-29 cells with mutated p53 (Fig. 1),
indicating that 8-HOA can also cause cancer cell death via p53-independent mechanisms.
Therefore, in our future work we also plan to investigate the potential p53-independent
mechanisms of 8-HOA’s anti-cancer effect by establishing a HT-29 derived xenograft tumor
model.

5-FU is a pyrimidine analog which induces cancer cell apoptosis by interfering with DNA
replication. Resistance to 5-FU remains a major limitation of 5-FU-based cancer therapy [187]. In
this study, we demonstrated that combination of 8-HOA (produced from DGLA peroxidation) and
5-FU led to improved anti-cancer effect compared to 5-FU treatment alone. However, the observed
effect is only additive, not synergistic. This is because 8-HOA could not reverse the 5-FU
resistance mechanisms including alteration of drug influx and efflux, drug inactivation, high level
expression of thymidylate synthase, etc [187]. However, it has been reported that HDAC inhibitors
could synergistically enhance the anti-cancer activities of various chemo- and targeted-cancer

drugs, such as decitabine and sorafenib, through distinct mechanisms [218-219]. Therefore, in our
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future study, we will test whether the promoted formation of 8-HOA could also synergistically
improve the efficacies of these reagents in different cancers.

We found that 8-HOA could also inhibit migration and invasion in human colon cancer
cell lines [170]. Consistently, we observed that promoted formation of 8-HOA from our treatment
strategy could suppress the expression of MMP-2 and increase E-cadherin level, suggesting a
potential in inhibiting tumor metastasis (Fig. 33-34). Therefore, in our future studies we plan to
develop an orthotopic tumor model using nude mice to investigate the effect of D5D-KD along
with DGLA supplementation on tumor metastasis. In addition, the orthotopic tumor model has
similar tumor microenvironment as the original tumors, and will reflect how our strategy would

actually perform in cancer patients, thus it is ideal for testing the anti-cancer effect of our strategy.

110



6. SUMMARY, DISCUSSION AND FUTURE DIRECTION
6.1. Research Summary
6.1.1. Summary for Chapter 3: DGLA’s distinct byproduct 8-HOA inhibited colon cancer
cell growth and migration

Arachidonic acid, a downstream ®-6, has been shown to promote colon cancer
development by producing PGE2 during its COX-catalyzed peroxidation [12-13, 98-99]. On the
other hand, DGLA, the immediate precursor of arachidonic acid, may represent an exceptional ®-
6 with certain anti-cancer effects [19-20, 22, 24]. However, the mechanisms underlying DGLA’s
anti-cancer effects are still unclear. Using a novel HPLC/ESR (spin-trapping)/MS combined
technique, previous work from our group identified distinct free radical byproduct produced from
COX-2-catalyzed DGLA peroxidation, e.g. 8-HOA, which shares similar structures as currently
known HDAC inhibitors [136-138, 179]. We thus proposed that these distinct DGLA byproducts
may be responsible for DGLA’s anti-cancer effect by inhibiting HDAC activity and consequently
inhibiting cancer growth and migration. Therefore, in Chapter 3, we tested this hypothesis by
assessing the potential anti-cancer effect and mechanism from DGLA’s byproducts in three human
colon cancer cell lines, e.g. HCA-7, HT-29 and HCT 116 cells.

Results showed that among all of the tested DGLA’s byproducts, 48 h supplementation of
8-HOA, start at 1.0 uM (physiological relevant concentration), could significantly inhibit the
growth and colony formation of HCA-7, HT-29 and HCT 116 cells (Fig. 1-2) [163]. In comparison,
the other DGLA byproducts from COX-2 peroxidation including PGE1, HTA and HEX did not
significantly influence on colon cancer cell growth at same concentration range. It was also found
that supplementation of 8-HOA (1.0 uM, 48 h) resulted in cell cycle arrest at G1 phase and induced

apoptosis, as well as inhibited migration in HCA-7 cells (Fig. 3-5). Mechanism study showed that
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8-HOA could up-regulate cancer suppressor p53 and cyclin-dependent kinase inhibitor p27, while
down-regulate MMP-2 and MMP-9, which may be responsible for observed growth and migration
inhibition in HCA-7 cells (Fig. 3-5). Further investigation showed that as a short chain fatty acid,
8-HOA could serve as a HDAC inhibitor and induce DNA damage (Fig. 6). These data together
indicated that 8-HOA, by inhibiting deacetylation of histone, could regulate gene transcription and
induce DNA damage, then subsequently induce cell cycle arrest and apoptosis, eventually resulting
in the suppression of cancer cell growth and migration. In addition, results from Chapter 3 also
demonstrated that concurrent supplementation of 8-HOA in combination with 5-FU led to a better
growth inhibitory effect in human colon cancer cells compared to 5-FU alone.

6.1.2. Summary for Chapter 4: D5D-KD and high COX-2 level in colon cancer cells
promoted 8-HOA formation and suppressed cancer cell growth and migration

DGLA can produce the distinct byproduct 8-HOA which has anti-cancer effects, however,
DGLA can be effectively converted to its downstream ©-6 fatty acid AA by D5D, which greatly
restricts DGLA’s bioavailability and activity. We proposed that knockdown of D5D could limit
the conversion from DGLA to AA, thus promote 8-HOA formation from COX-2 catalyzed DGLA
peroxidation to a threshold level which could inhibit colon cancer growth.

COX-2 is overexpressed in 85% of adenocarcinomas, and it can promote colon cancer
progression by catalyzing AA peroxidation to produce the deleterious metabolite PGE2 [106-109].
Therefore, COX-2 inhibition, which aims at limiting the COX-2/AA pathway, has been
extensively studied as a conventional strategy for the treatment of cancers. However, application
of COX-2 inhibitors associated with high risk of Gl injury and cardiovascular side effects in
patients [30, 32-34]. In our research, instead of inhibiting COX-2, we aimed to take advantage of

the high COX-2 expression in cancer cells to produce the DGLA-derived beneficial byproduct 8-
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HOA to control cancer cell growth, which is a paradigm shifting concept in COX-2 biology in
cancer.

In Chapter 4, in order to limit the conversion of DGLA to AA, we knocked down D5D
expression in HCA-7 colony 29 cells by transfecting the cells with D5D targeted siRNA. As
expected, we observed that more DGLA was preserved in D5D-KD cells compared to Nc-si cells
during a 48 h incubation after DGLA supplementation, in association with a decreased level of
free AA in D5D-KD cells (Fig. 11). More importantly, we found a significant increase of 8-HOA
and PGE1, two metabolites from COX-catalyzed DGLA peroxidation, in D5D-KD cells compared
to those in Nc-si cells. For example, in Nc-si cells, PGE1 retained a stable concentration range
(0.35 uM to 0.39 uM) during the 48 h incubation, while PGE1 in D5D-KD cells ranged from ~0.5
uM (8 h-12 h) to 0.8 uM in 48 h (Fig. 11). However, we previous demonstrated that PGE1 did not
inhibit colon cancer cell growth at a concentration range from 0.1 uM to 10 uM (Fig. 1), suggesting
that DGLA’s anti-cancer activity is not from PGE1 at physiological relevant concentration. On the
other hand, 8-HOA was found to accumulate and reach a plateau at 24 h to 48 h (0.92 £ 0.09 uM
at 48 h, Fig. 12) in D5D-KD HCA-7 cells treated with DGLA, while in Nc-si HCA-7 cells, the
maximal level of 8-HOA only reached ~ 0.5 uM at 24 h. Considering 8-HOA was shown to
significantly inhibit HCA-7 cells growth at 1.0 uM (Fig. 1), we propose that 8-HOA is the
bioactive metabolite responsible for the anti-cancer effect of DGLA, and maintaining a threshold
range of endogenous 8-HOA (~ 0.5 uM to 1.0 uM) is essential for eliciting DGLA’s anti-cancer
activity.

After confirming D5D-KD could limit conversion of DGLA and accumulate 8-HOA, we
then investigated whether this strategy could actually inhibit colon cancer cell growth and

migration as we observed from direct 8-HOA treatment in Chapter 3. Colony formation assay and
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wound healing assay showed that 100 uM of DGLA treatment significantly inhibited the colony
formation and migration in D5D-KD HCA-7 cells, while no inhibition effect was observed from
DGLA treatment on the control siRNA transfected cells (Fig. 9-10). In addition, we also found
that DGLA treatment in D5D-KD HCA-7 cells resulted in a significant increase of acetyl histone
H3 and YH2AX (Fig. 12), which is similar to the effect from direct 8-HOA treatment (Fig. 6),
indicating the anti-cancer effect of DGLA is derived from formation of 8-HOA. To further confirm
that the observed DGLA’s anti-cancer effect is derived from COX-2 catalyzed DGLA
peroxidation, we performed a DSD/COX-2 double knockdown experiment using HCA-7 cells.
Results showed that DGLA significantly inhibited cell growth in D5D-KD cells, however, this
inhibitory effect was abolished in D5D/COX-2 double-KD cells (Fig. 13), suggesting that COX-2
is involved in DGLA’s anti-cancer effect. This observation provides evidence to further support
our hypothesis that 8-HOA from COX-2 catalyzed DGLA peroxidation is responsible for DGLA’s
anti-cancer activity. Consistently, we observed that 48 h DGLA treatment (100 uM) only led to a
minimal growth inhibitory effect in D5D-KD HT-29 cells, while no inhibitory effect from DGLA
was observed in D5D-KD HCT 116 cells (Fig. 14), probably because there is much less 8-HOA
generated from DGLA in these two cell lines due to their low/deficient COX-2 levels.

We also found that D5D-KD and DGLA treatment in combination with various chemo-
drugs led to better inhibitory effects in colon cancer cell growth and migration, compared to drug
treatments alone (Figs. 15-21). This observation was associated with promoted cell cycle arrest

and apoptosis, as well as further activation of cell apoptosis (Figs. 15-21).

114



6.1.3. Summary for Chapter 5: DGLA supplementation inhibited D5D-KD xenograft tumor
grow and migration potential by promoting 8-HOA formation

In Chapters 4, we observed that DSD-KD in human colon cancer cell lines could promote
8-HOA formation from DGLA peroxidation to a threshold level, which in turn inhibits cancer cell
growth and enhances the efficacy of chemo-drugs. However, the in vitro experimental system
cannot completely represent the complex tumor environment in patients. Therefore, in Chapter 5,
we further tested our novel strategy using a mice xenograft tumor model.

Results showed that for mice bearing D5D-KD tumors, DGLA supplementation led to
significantly reduced tumor size compared to that in the control group (Fig. 24). In addition, mice
receiving the combination of DGLA and 5-FU appeared to have reduced tumor size than mice
receiving 5-FU only, although no significant difference was observed. As we expected, in D5D-
KD tumors with DGLA supplementation, we detected higher level of DGLA, 8-HOA and PGE1
compared to those in wt-D5D tumors with DGLA supplementation, suggesting D5D-KD in tumor
tissues effectively limited the conversion of DGLA to AA and promoted the formation of 8-HOA
(Fig. 27-28). Noteworthy, from our in vitro study, we observed a one fold increase of 8-HOA in
D5D-KD cancer cells compared to wt-D5D cells after 48 h DGLA supplementation (Fig. 12), here
we observed a more dramatic increase of 8-HOA in D5D-KD tumors compared to wt-D5D tumors,
which is very like to be responsible for the observed tumor inhibitory effect.

We also observed that DGLA supplementation in D5D-KD tumors significantly inhibited
tumor proliferation and induced apoptosis, evidenced by Ki-67 and cleaved PARP staining (Fig.
29-30). This observation was associated with activation of the p53-dependednt apoptotic pathway
and inhibition of HDAC, further confirming the tumor suppressive effect was derived from 8-HOA

(Fig. 32).
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In addition, other work from our group found that 8-HOA could also inhibit migration and
invasion in various cancer cell lines [170]. Consistently, we observed that promoted formation of
8-HOA from our treatment strategy could affect the expression of MMP-2 and increase E-cadherin
level, suggesting a potential in inhibiting tumor metastasis (Fig. 33-34).

6.1.4. Conclusion and discussion

COX-2 is overexpressed in 85% of adenocarcinomas, and it can promote colon cancer
progress by catalyzing AA peroxidation to produce deleterious metabolite PGE2 [106-109].
Therefore, COX-2 inhibition, which aims at limiting COX-2/AA pathway, has been extensively
studied as a conventional strategy for the treatment of cancers. However, COX-2, by its nature,
can be induced rapidly in cancer environment, resulting in undesirable therapeutic effect from the
COX-2 inhibition strategy. In addition, COX-2 inhibitors commonly suffer from high risk of Gl
injury and cardiovascular side effect in patients [30, 32-34]. Therefore, developing an alternative
treatment strategy for colon cancer with safer and better therapeutic outcomes is in urgent need.

For the first time, our research showed that, through COX-2 catalyzed peroxidation, DGLA
can produce a distinct byproduct 8-HOA which serves as an HDAC inhibitor and inhibits colon
cancer growth and migration [136-139, 163-164]. Based on this novel finding, we proposed and
demonstrated that instead of inhibiting COX-2, we can take advantage of the high COX-2
expression in cancer cells to promote the formation of DGLA’s beneficial byproduct 8-HOA to
control cancer cell growth and migration. We believe this novel strategy will lead to a better
therapeutic effect in colon cancer treatment due to its dual anti-cancer mechanisms, i.e. promoting
anti-cancer effect from DGLA while limiting the pro-cancer effect from AA. On the other hand,
our strategy will have less side effect compared to COX inhibition, thus resulting in a safer cancer

treatment. In addition, our proposed strategy of making use the hallmark of cancer cell to work
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against cancer cell itself would provide an excitingly novel insight into cancer therapy and may
challenge the current paradigm of COX biology in cancer treatment.

Although we have demonstrated that COX-2 is essential for eliciting DGLA’s anti-cancer
effect, results from our study also showed that regardless of the COX-2 expression levels, the
growth of HCA-7, HT-29 and HCT 116 cells could all be significantly suppressed by direct
treatment of 8-HOA (Fig. 1-2). This observation suggested that even in the cancer cells with a
limited level of COX-2, our strategy will also be effective as the tumor surrounding cells with
considerable levels of COX-2 could also produce 8-HOA, which may act as paracrine-like manner
to trigger anti-cancer effects. In addition, a recent study from Mustafi et al established a xenograft
colon tumor model using HCT 116 cells, in which they observed an interaction between tumor
cells and stromal cells that led to an upregulation of COX-2 levels in both types of cells [210].
This indicates that the COX-2 level in both cancer cells and stromal cells will be upregulated in
the tumor environment, which makes the tumor more vulnerable to our strategy.

Prostaglandin E1 is one of the major metabolites from DGLA peroxidation and has been
reported to possess certain anti-inflammation and anti-cancer effect [159-162]. Therefore, people
generally considered PGEL the major beneficial bioactive metabolite from DGLA. In this study,
we also tested the potential effect of PGEL on colon cancer cell growth at the concentration range
from 0.1 uM to 10 uM. The tested concentration range was selected based on PGE1 production
from cells treated with 100 uM of DGLA [164]. However, our data showed that the cell growth of
all three tested cell lines was not affected by PGEL1 treatment (Fig. 1), probably due to the low (but
physiological relevant) concentration employed in our experiment compared to that in other

research' [159-162, 195].
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Although our results showed that 8-HOA could induce p53-dependent apoptosis in HCA-
7 cells, our results also showed that 8-HOA could inhibit the growth of cell lines with different
p53 status, e.g. HT-29 cells (mutant p53) and HCT 116 (wt-p53) (Fig. 1), indicating that 8-HOA
could cause cancer cell death via p53-dependent and p53-independent mechanisms. Considering
the fact that many cancer cells bear a mutant p53 gene, in our future study we will further
investigate the possible p53-independent mechanism by which 8-HOA could deliver anti-cancer
effects.

Our results also showed that 8-HOA could act as an HDAC inhibitor and consequently lead
to DNA damage, which may explain the observed cell cycle arrest, apoptosis and growth inhibition
in colon cancer cells (Fig. 6). However, HDAC consists of a family of proteins which may interact
with specific target proteins individually, and HDAC inhibition may lead to various biological
consequences through different mechanisms [173-179, 184-185]. Therefore, further mechanistic
studies are required to elaborate whether and how 8-HOA could interact with specific HDACs and
trigger inhibitory effects on cancer cell growth and migration.

D5D has not been investigated specifically related to cancer. In this study, we demonstrated
that genetic knockdown of D5D could effectively reserve more DGLA to promote the formation
of DGLA’s distinct byproduct to deliver its anti-cancer effect. Therefore, D5D represents a novel
drug target for colon cancer treatment and investigation of D5D inhibitors will be a promising
direction for cancer research.

As the most abundant essential dietary fatty acids, ®-6s have not received much research
attention for their potential health beneficial effects. However, our research showed that, through
COX-2 catalyzed peroxidation, DGLA can produce a distinct byproduct 8-HOA which serves as

an HDAC inhibitor and inhibits colon cancer growth and migration in vitro and in vivo. Our

118



research outcome will guide us to develop a novel w-6-based diet care strategy in combination
with frontline chemotherapy for colon treatment.
6.2. Future Directions
6.2.1. To design and screen for specific and effective D5D inhibitors

In the present study, we knocked down D5D expression in cancer cells via siRNA or
shRNA transfection. However, direct SIRNA and shRNA treatments are not suitable in clinical
practice due to stability issues of the sSIRNA products and safety concerns for shRNA vectors [217].
Therefore, in our future study, we plan to screen and/or design specific and effective D5D
inhibitors to be used in patients. In fact, we already selected a lead compound from various
candidate compounds which are reported to have D5D inhibitory effects. The protein-ligand
interaction between D5D and lead compounds was investigated by using various bioinformatics
tools to define the structure-activity relationship of D5D inhibitor. Then we optimized lead
compound by modifying the different functional moieties and synthesized a series of new
compounds. Our preliminary in vitro and in vivo data showed that these newly synthesized
compounds, along with DGLA treatment, could effectively inhibit colon cancer cell and tumor
growth.
6.2.2. Inhibiting D5D expression by innovative RNA nanoparticles

Besides screening D5D inhibitors, we are also planning to employ an innovative RNA
nanoparticle for delivering D5D-target sSiRNA into cancer cells [220-223]. Delivery of therapeutic
RNAs has remained a difficult task for a long time, some challenges include specific cancer
targeting, tissue penetration, intracellular delivery and unfavorable pharmacological profiles.
However, recent study from Dr. Peixuan Guo’s group has developed multi-functional,

thermodynamically and chemically stable RNA nanoparticles harboring cancer targeting ligand
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for specific delivering therapeutic siRNA into cancer cells [220-223]. In collaboration with Dr.
Guo’s group, we constructed RNA nanoparticles carrying targeting ligand as well as D5D-targeted
SiRNA to inhibit D5D expression specifically in colon cancer cells. In our preliminary study, the
RNA nanoparticles containing D5D-siRNA have been shown to inhibit D5D expression
effectively and suppressed colon cancer growth when DGLA was supplemented concurrently.
6.2.3. To investigate tumor metastasis using orthotopic tumor model

We demonstrated that direct treatment of 8-HOA or endogenous formation of 8-HOA from
DGLA peroxidation could inhibit cancer cell migration in vitro and suppress the expression of
proteins involved in tumor metastasis in vivo (Fig. 5, 10, 33, 34). However, we cannot test the
direct effect of our strategy on tumor metastasis in our study as the subcutaneous xenograft model
generally does not lead to spontaneous metastasis [224]. Therefore, in future study, we plan to
employ an orthotopic tumor model in which the cancer cells are implanted into the organ of origin.
The orthotopic tumor model more closely resembles human cancers and could develop
spontaneous metastasis which will enable us to investigate the effect of our strategy on tumor
metastasis. The orthotopic tumor model is ideal for our future in vivo research also because it has
similar tumor microenvironment as the original tumor, thus may provide more reliable data on
how our strategy would actually perform in cancer patients. In addition, besides colon cancer, we
will extend our study to other types of cancer, including breast cancer, skin cancer and lung cancer,
etc. In fact, our recent research has already demonstrated that the D5SD-KD along with DGLA
supplementation could inhibit the growth and migration of other types of cancer cells, including
pancreatic and breast cancer. We believe our novel o-6-based treatment strategy will provide a

powerful alternative option for clinic cancer therapy.
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6.2.4. To synergistically improve the efficacies of chemo- and targeted-cancer therapy

Drug resistance remains a major obstacle for cancer therapy [187]. In this study, we
demonstrated that combination of 8-HOA (produced from DGLA peroxidation) and 5-FU led to
improved anti-cancer effect compared to 5-FU treatment alone. However, the observed effect is
only additive, not synergistic. This is because 8-HOA could not reverse the 5-FU resistance
mechanisms including alteration of drug influx and efflux, drug inactivation, high level expression
of thymidylate synthase, etc [187]. However, it has been reported that HDAC inhibitors could
synergistically enhance the anti-cancer activities of various chemo- and targeted-cancer drugs,
such as decitabine and sorafenib, through distinct mechanisms [218-219]. We propose that, as an
HADC inhibitor, 8-HOA can also synergistically improve these chemo- and targeted-cancer
therapy. Therefore, in our future study, we will combine our novel treatment strategy with various
anti-cancer reagents to test whether promoted 8-HOA formation from DGLA peroxidation could

synergistically improve the efficacies of chemo- and targeted-cancer drugs.
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