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ABSTRACT

Epidemiological studies about the correlation of dietary fat intake and prostate cancer are very
controversial. | hypothesize that metabolism of dietary saturated fatty acids (SFASs) contribute to
elevated activity of oncogenic proteins, thereby tumor progression. This thesis analyzes the
contribution of dietary SFAs to prostate cancer, and summarizes biosynthetic pathways of how
metabolism of SFAs will lead to the elevated levels of myristoyl-proteins. The metabolic
processes include that 1) exogenous FAs are transported into cells in a variety of pathways, or
endogenous FAs are biosynthesized through De novo synthesis or lipid salvage pathways; 2)
Biosynthesis of acyl-CoAs catalyzed by Acyl-CoA synthetase Long Chain Family proteins.
Finally, a variety of small molecule compounds has been developed to target either the
myristoyl-CoA or the Gly-peptide binding sites of N-myristoyltransferase (NMT) to inhibit
myristoylation process. The pharmaceutical intervention of NMT activity could be developed as

chemotherapeutic approach for the treatment of cancer progression.
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CHAPTER 1

Introduction

1.1 Background of Prostate Cancer and Current Treatments

Prostate cancer is the second leading cause of cancer-related death in men and the most common
cancer in men in developed countries [1], accounting for estimated 10.7% of new cancer cases
and 4.4% of all cancer deaths in 2016 [2]. The prostate gland lies in front of the rectum and
below the bladder[3]. The primary function of the prostate is to produce a secretion which forms
a part of seminal fluid. The secretion is essential to the survival and mobility of sperm. Prostate
specific antigen (PSA) is produced in the prostate. Both benign and malignant growth of the
prostate can put pressure on and destroy the glandular tissue which can lead to an increased
leakage of PSA into the bloodstream [4]. Although the value of PSA does not precisely reflect
prostate pathological status, a high PSA value in the blood stream is currently the most common

indicator of prostate cancer.

Prostate cancer begins with abnormal epithelial proliferation and prostatic intraepithelial
neoplasia (Figure 1). Most tumors begin to form in proximity to the outer surfaces of a prostate
gland. Some tumors can grow to a volume where they start to obstruct urination, progression to
invasive carcinoma and metastases mainly in the skeleton(Figure 2). Aggressive tumors can
eventually break the capsule and infiltrate nearby organs. If tumor cells separate and enter the
blood stream, prostate cancer may spread to other parts of the body. Prostate cancer progression
despite androgen-deprivation therapy, a rise in serum levels of PSA, or appearance of new
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metastases. Eventually, the stage called castration-resistant prostate cancer (CRPC) is PCa
progression despite androgen-deprivation therapy, with a rise in serum levels of PSA, or
appearance of new metastases [5]. 90% of men with CRPC will develop bone metastases which
can produce significant morbidity [6]. The exact triggers of prostate primary and metastatic
cancer are complex and still under investigation. The incidence of prostate cancer increases
exponentially with age [7]. Approximately 80% of men above the age of 70 have prostate cancer.
Additionally, diet, family history, lifestyle, and other factors also affect prostate cancer. Many
researchers have been demonstrated that high-fat diet accelerates cancer progression [8-11].
Therefore, an investigation of how statured fatty acids, especially myristic acid, play a role in

prostate cancer progression is the theme of this thesis.

The median age at diagnosis of carcinoma prostate carcinoma is 66 years [12]. In the United
States, the 5-year relative survival rate for men diagnosed from 2007 to 2013 with the local or
regional disease was 100%, and the rate for distant disease drops to 29.8%; a 98.6% survival rate
was observed for all stages combined [13]. For the low grade of prostate cancer, surgical remove
prostate gland and some tissue around it is always the best option to treat prostate carcinoma.
Radiation is also as the first treatment for cancer that is still just in the prostate gland. Besides,
radiation is applied if the cancer is not removed completely or recurs in the area of the prostate
after surgery [14]. For local or regional prostate cancers that have grown outside the prostate
gland and into nearby tissues, hormone therapy along with radiation may be used [15].
Chemotherapy is applied if the disease is not get controlled by hormone therapy. Docetaxel,
Cabazitaxel, Mitoxantrone, Estramustine are the typical prostate cancer chemo drugs.

Enzalutamide is used for the treatment of metastatic, castration-resistant prostate cancer [16].


https://en.wikipedia.org/wiki/Metastasis
https://en.wikipedia.org/wiki/Castration
https://en.wikipedia.org/wiki/Prostate_cancer

CRPC is the primary cause of prostate cancer death[17]. The treatment of
prostate cancer remains difficult because patients are resistant to current chemotherapeutic
agents; therefore, it is important to continue to search for cellular functions that can result in the

inhibition of the malignant growth of prostate cells and progression of prostate cancer.

1.2 Difference of dietary contents between Western and Eastern countries is correlated
with the risk of prostate cancer

As we consider, the prostate cancer incidence is much higher in Western countries compared
with Asian countries (Figure 3). For example, the PC rate in the US is nine times higher than that
in Japan[18]. However, an epidemiological study shows that prostate cancer incidence is higher
among Japanese immigrants to the United States than that in Japan (Figure 4), suggesting a
potential connection of the alteration of lifestyle including the diet with prostate cancer [19].
Western diets contain a high intake of fat and several FAs (Table 1). The standard American diet
is about 50% carbohydrate, 15% protein, and 35% fat [20]. The characteristics of a typical
American diet can often be described as high in sugar and saturated fats, including foods like
nachos, bacon, steak, pizza, burgers, and fries. In contrast, the Asian diet, while varying between
the many different countries, can mostly be described as centered around plants and vegetables,
rice and grains, seafood, poultry, and fruit. The average Japanese diet is about 60% carbohydrate,
15% protein, and 25% fat [21] which indicates the lower total fat and lower saturated FAs. For
example, a traditional Japanese meal includes fish, such as salmon or mackerel, simmered
vegetables, miso soup, rice and green tea.

The study showed that consumption of beef meat and high intake of animal fat and dairy

products increased PC risk [22]. Fourteen or more vegetables and seven to fourteen fruit servings



per week decreased PC risk by 96% and 98%, respectively [22].The Japanese fish consumption
is twice as Americans, which suggests that the Japanese have a higher unsaturated FAs intake
than Americans. Most Japanese meals are served with soy, in the form of tofu and edamame,
vegetables such as ginger, eggplant, cabbage, broccoli, cauliflower, and kale, or seaweed
including nori and wakame. These diet components contain a significantly low amount of dietary
fat. As a result, the dietary components might directly lead to a fact that Japanese obesity rate is

the lowest in the developed world -- 3% in Japan versus 32% in the US [23].

1.3 The relative risks of prostate cancer imparted by Obesity

The consumption of dietary content reflects obesity rate. Obesity has been well known as a high-
risk group for type 2 diabetes and cardiovascular disease [24]. There is a growing consensus that
obesity has a significant association with risk of many cancers in observational studies [25],
including prostate cancer which accounts for almost one-third of cancer-related deaths. However,
there is no increase prostate cancer risk with a higher BMI as listed in Table 2. Many studies
have been performed over the past 30 years that investigate the relationship between cancer and
obesity by measuring body mass index (BMI). These results show that higher adult BMI is
associated with increased risk of prostate, pancreatic, liver ovarian, endometrial, lung, esophagus
and colorectal cancer (Table 3). The positive correlation of BMI with cancer risk suggests lipid
deposition contributes to tumor initiation and progression. Moreover, obesity is also correlated

with the progression of higher grade disease and poorer outcomes of many cancers [26].

Table 2 is a summary of the association between body mass index and prostate cancer risk. The

results of studies on the correlation between body fat and prostate cancer risk are controversial


http://www.webmd.com/diet/obesity/features/am-i-obese

[27-35]. One study showed that obese men had a 47 % increased rate of overall mortality
compared to normal weight men (risk ratio = 1.47, 95 % CI 1.03-2.10) [34]. Compared to
maintaining a stable weight, a weight loss >5 % or a weight gain >5 % after diagnosis almost
doubled the rate of mortality (risk ratio = 1.94, 1.93 respectively) [34]. Moreover, another study
showed that obesity reduces the risk of low-grade (Gleason <7) prostate cancer (risk ratio = 0.74;
P = 0.001) and increased the risk of high-grade (Gleason >7) PCa (risk ratio = 1.28; P-value
=0.042) [28]. However, a study showed that for men over 60 years old, prostate cancer risk for
obese men (BMI >30 kg/m?) was lower than that in men with a lower BMI (23-24.9 kg/m?) (risk
ratio = 0.52, 95% CI = 0.33, 0.83; P-value <.001) or had a family history of prostate cancer (risk
ratio = 0.74, 95% CI: 0.45, 1.19; P-value =0.01) [31]. Additionally, a study showed for white
males over 40 years, BMI and prostate cancer death provide a J-shaped relationship (risk ratio:
1.041, 95% CI:1.007, 1.077; P-value =0.04) [30]. Nilsen et al [36] reported no association

between body mass index and prostate cancer incidence(risk ratio = 1.2; 95% CI 0.9, 1.6).

One explanation for these observations is that obesity is associated with lower PSA [37] and
testosterone[38] levels, which could lead to confounding the detection and analysis of cancers
[28]. Another reason may be that obesity is involved in the progression of prostate cancer rather

than initiation [39]. In conclusion, obesity could be a risk factor for high-grade PCa.

Obesity increases the incidence of advanced prostate cancer by 14%, increases recurrence after
castration by 21%, and increases prostate cancer-specific death by 15% compared to men who
are not obese[40]. Molecular biological mechanisms of how obesity is related to prostate cancer
are very complex. A study shows that the human peri-prostatic adipose tissue (PPAT) does not
accelerate prostate tumor growth. Mice tumor cell proliferation was similar in co-grafted

patient- matched PPAT with prostate cancer tissues and grafted prostate cancer tissues. Only
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after artificially altering the expression of prostate cancer oncogene or suppressor gene (e.g.
TRAMP, Hi-Myc, Pten—/+), does diet-induced obesity promote prostate cancer progression in
mice within xenografts derived from PC3 or LNCaP cells [40]. This study suggests that obesity
promotes high-grade, aggressive prostate cancer while engrafted moderate-grade prostate cancer
tissues were not different between the LFD and HFD mice groups [40]. Moreover, prostate
epithelial cells (BPH-1) elongated and were more motile when treated with PPAT conditioned
media which indicated that factors secreted from PPAT accelerated tumorigenesis in cultured
prostate epithelial cells. Therefore, the general consensus is that obesity is associated with high-
grade or aggressive prostate cancer [41], and might have weak or no association with moderate-

grade prostate cancers [40].

1.4 High-fat diet and fatty acid in prostate cancer progression

The strong association between national rate of prostate cancer mortality and national
consumption of dietary fat indicates that high-fat diet plays a significant role in prostate cancer
progression [42]. Epidemiologic studies showed that high-fat consumption as a potential cause of
this disease, especially animal fat is directly related to the risk of advanced prostate cancer [43-
45]. One evidence is that diet can influence endogenous androgen levels. Androgens especially
dihydrotestosterone (DHT) control prostate cells growth [45]. Another evident is that dietary
FAs accelerated prostate cell growth by protein acylation. Especially myristoylation is an
essential anchor for some oncogenic proteins to localize at the cell membrane, thereby carrying

out the molecular functions of these oncogenes in cancer cells [46].

Some studies suggest that the associations of fatty acids depend on prostate cancer severity.



Saturated fat intake increases the risk of advanced prostate cancer (highest vs. lowest quintile HR
1.21) and fatal prostate cancer (HR 1.47) [47]. Specifically, levels of myristic acid in the blood
were associated with higher prostate cancer incidence (Table 4), increasing rate ratios almost
twofold (odds ratio, 1.93; 95% confidence interval, 1.02—-3.64) [48]. Also, higher prostate cancer
risk with increased serum palmitic acid level (OR=1.53, 95% CI = 1.07 - 2.20)[49]. However,
the results of studies on the association between saturated fatty acid and prostate cancer risk are
not constant. Most previous studies have found no association with levels of myristic, palmitic
[50, 51]or stearic acids [52]and prostate cancer risk [53-55]. This controversial and gap in
knowledge do need further investigation, while | believe that greater prostate cancer risk with
elevated saturate fatty acid levels. The positive association between monounsaturated FAs such
as palmitoleic acid and oleic acid levels and prostate cancer is relatively consistent with almost
all studies report [53]. Lower blood levels of MUFAs in the present study are associated with
lower risk (Table 4). Moreover, most studies are in agreement with that eicosapentaenoic acid
(20:5, EPA) and docosahexaenoic acid (22:6, DHA) inhibited prostate cancer cell proliferation,
whereas the n-6 fatty acids linoleic acid (LA) and arachidonic acid (AA) stimulated proliferation
[56]. Whereas an exception has been reported that the modest associations of eicosapentaenoic
(OR =1.14, 95% CI = 1.01 - 1.29) , and docosapentaenoic acid(OR = 1.16, 95% CI = 1.02 -
1.33) with prostate cancer[57]. There were no significant associations between prostate cancer

risk and fat from red meat, dairy products, and fish[54].



CHAPTER 2

Biogenesis of Myristoyl-CoA

2.1 Diet as the exogenous source of myristic acid
Typically, 35% of kcals of the consumed diet comes from fat in the US diet, and 95% of dietary
fat is triglycerides. The bulk of dietary fat will enter the adipocytes as triglyceride storage. Some

dietary fat will be taken up by muscles for energy needs, and some will be taken up by the liver.

Myristic acid is a 14-carbon saturated fatty acid (SFA)[58]. Dietary food is the major source of
myristate. Myristic acid exists as glycerol ester, in most animal and vegetable fats and oils. In
animal fats, such as meat, eggs, milk, shellfish, and eel, it is present in small quantities [59],
about 1.4 g/100 g. Butter and coconut oil are the exception: roughly 8.3 g/100 g in butter and 17
/100 g in coconut oil. In contrast that the average myristate intake of Japanese is about 1
g/d, American is about 6 g/d [60]. The uptake and metabolism of myristate by cells are
more rapidly than palmitate [59]. Moreover, the cholesterol-raising potency of myristic
acid is 1.5 times higher than palmitic acid [61]. Our body first removes the glycerol from the
fat and gets free fatty acids and monoglyceride by lipases, which are activated hormonally. The
hormones, like insulin and adrenaline, bind to the receptor on a cell, causing a signaling process
to occur inside the cell that results in the lipases being activated. Large amounts of free FAs
circulate in plasma to provide fuel for ATP sources, substrates for more complex lipids or to
participate in signaling pathways. FFA’s concentration in blood is from about 100 uM to more

than 1 mM, and almost all FFA are bound to serum albumin. The pool of circulating free FAs


http://www.tuscany-diet.net/lipids/classification-functions/
http://www.tuscany-diet.net/lipids/classification-functions/

contains over 40 different FA molecules [62].

2.2 Transportation of exogenous fatty acids

FAs must activate through covalent modification by CoA via fatty acyl-CoA synthetases in order
to be further esterified or incorporated into membranes, or oxidized to CO:2 as an energy source,
or signaling lipids[63]. Another reason is that fatty acids are toxic for cells since they act like
detergents which may denature proteins. Cells take fatty acids and link them to CoA rapidly and
keep fatty acid from becoming detergent. The mechanism of cellular long-chain fatty acid uptake
IS putative [64].

There are five pathways having been reported to transport FAs across the plasma membrane
(Figure 5). 1) Fatty acids could dissociate with albumin and cross the plasma membrane by
passive diffusion. 2) FABPpm is a peripheral membrane protein which could act alone or together
with CD36, facilitate FAs translocate into cells. CD36 is a transmembrane protein, also known as
fatty acid translocase (FAT). 3) CD36 itself could also mediate FAs transport cross the lipid
bilayer. Once FAs get into the cells, FAs are bound with FABPc. The extracellular aloumin and
intracellular FABPc work the same way in the blood circulation and cytoplasm, respectively. 4)
Fatty acid transporter protein (FATP) belongs to Acyl-CoA synthetase (ACS) superfamily which
can transport VLC-FAs and converts then directly into fatty acyl-CoA. 5) A minority of FAs are
thought to be transported by FATP1 and rapidly activated by plasma membrane ACS1 to form
acyl-Co esters. A prevalent view is that protein-mediated uptake is dominant at physiological
concentrations of FAs and that simple diffusion becomes important at higher, nonphysiological

concentrations of FAs [65].



2.2.1 Roles of CD36

CD36 (cluster of differentiation 36), have been found on the surface of many cell types,
especially in the heart and skeletal muscle cells. It imports fatty acids inside cells which also has
an effect on fatty acid metabolism both under basal conditions and during metabolic challenges
[66]. CD36 null mice reduce fatty acid uptake 50% to 80% in heart and 40% to 75% in skeletal
muscle. While oxidation-enhancing agent stimulation of fatty acid uptake was also markedly
impaired in CD36 KO mice, wild type (WT) mice have 7.5-fold higher FAs uptake than knock
out (KO) mice in myocytes; and 6-fold higher in skeletal muscle. Moreover, insulin stimulation
of fatty acid uptake was three times less in the muscle of CD36 null mice compared with WT
mice (Table 5) [66]. These impair in fatty acid uptake also contributed to altered rates of fatty

acid metabolism.

Another study showed that CD36 is amplified in metastasis in most types of tumors and CD36+
cells require fatty acid to promote metastasis [67]. They monitored tumors from wild type and
CD36 null mice fed either with a high-fat diet (HFD) or control diet (CTD). HFD promote
CD36+ cell metastasis tumors and have no effect on primary tumors. CD36 KO mice almost
complete inhibit metastasis tumors and have no effect on primary tumors, either. Moreover,
Thrombospondin which is a secreted glycoprotein, TSP-1 and TSP-2 have also been known as
the anti-angiogenic molecules [68]. Interestingly, the inhibition of TSP-1 or CD36 inhibits anti-
angiogenesis and metastasis [69] and also suppresses the migration of LNCaP cells [70],
suggesting that the CD36 is responsible for the TSP-1-induced migration. By binding to CD36,

TSP-2 could induce human PCa cells migration as well [71].
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2.2.2 Roles of plasma membrane fatty acid binding protein (FABPpm)

FABPpm is a 40-43 kDa plasma membrane protein and located at outer leaflet of the phospholipid
bilayer. In mammalian tissue, FABPpm transports long-chain saturated and unsaturated fatty acids
cross the plasma membrane [72]. Several studies demonstrate that FABPpm inhibition reduced
fatty acids uptake by 50% to 75% in adipose, liver, jejune, heart and skeletal-muscle cells which
indicated the contribution of FABPpm to the overall fatty acid uptake [64]. Upregulation of
FABPpmcould increase FA oxidation instead of store as triacylglycerol[73]. However, FABPpm
overexpression (+173%) only increases the rate of palmitate by 79%, which suggest FABPpm

alone has limited capacity.

FABP1 (also known as liver-FABP)is mainly expressed in the liver and intestine, is the only
isoform that binds both FA and fatty acyl-CoA,; the other FABP isoforms bind only FA [74].
Although the loss of FABP1 reduces FA binding capacity in the liver, total liver lipid content,
including TAG and free FA, is still unchanged (Table 6) [75]. Liver-FABP and intestine-FABP
were upregulated (5-9- fold) in DU145 prostate cancer cell line in vitro, whereas adipose-FABP,
epidermal-FABP, and heart-FABP were down-regulated (3-20-fold) in cancer cells when
compared to normal cells in tissue cultures and biopsy samples [76]. Block the expression of
epidermal-FABP induced proliferation in DU 145 cells[76]. It is believed that adipose-FABP is
present in normal cells and prostate cancer DU145 cells lack expression of adipose-FABP.
Another study showed that induction of adipose-FABP blocked the growth of DU145 cells
suggesting its role as a tumor suppressor [77]. Liver-FABP protein was secreted from DU 145
cells, blocking the expression of Liver-FABP resulted in remarkable effects on apoptosis and cell

proliferation of prostate cancer cell lines[78].
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The heart-type FABP3 is most abundantly expressed in the heart, skeletal muscle, and the brain.
FABP3-deficient mice have defective FA oxidation and more reliant on glucose for the energy
source in both heart and muscle (Table 6). FABP3 KO mice are extremely cold intolerant [79].
Disruption of the FABP4 (adipose-FABP)gene in mice increases the content of free FA in the
cytosol, FABP4 is generally thought to facilitate FA transport between intracellular

compartments for storage or export [80].

2.2.3 Roles of fatty acid transport protein (FATP)

FATPs have six isomers each with a tissue-specific distribution (Table 5). Only FATP1 and
FATP5 are present on the plasma membrane; others are located in the mitochondria or ER and
peroxisomal membranes [81]. FATP1 is highly expressed in brain, heart, skeletal muscle and
adipocytes[82]. Transgenic overexpression of FATP1 by 8-fold in the mice heart increased the
FA uptake rate by 4-fold[83]. Although in the FATP1 KO mice, the basal rate of FA uptake had
no change in the adipocytes and skeletal muscle[84], insulin-stimulated FA uptake was
significantly decreased, and the mice were cold intolerant[81]. FATP5 is prominent in
hepatocytes. Ablation of FATP5 reduced 50% FA uptake and contained 48% less TAG [85], but
almost three times more phosphatidylserine in the liver. FATP5-null mice also show a defective
bile acid conjugation and decreased food intake which could protect from diet-induced obesity

and non-alcoholic fatty liver disease [86].

2.3 De Novo Synthesis of myristic acid
Acetyl Coenzyme A(acetyl-CoA) is the building block of fatty acids and is converted by

pyruvate in the TCA cycle (Figure 6). When the acetyl-CoA in the mitochondria starts to
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accumulate, FA de nove synthesis starts with high levels of citrate and ATP. The synthesis of
FAs begins with the irreversible carboxylation of acetyl-CoA which generates malonyl-CoA by
transferring CO2 from biotin to the acyl-CoA molecule. The enzyme that catalyzes and commits
acetyl groups to FA is acetyl-CoA carboxylase. Fatty acid synthetase (FASN) is a single
polypeptide chain and contains seven different catalytic domains that catalyze the assembly of
fatty acid chains via fatty acid synthase. In the loading step, acetyl-CoA and malonyl-CoA are
attached to acyl carrier protein (ACP). Then, both acetyl-CoA and malonyl-CoA are condensed
by fatty acid synthase to from acetoacetyl-ACP. The third step is reduction through which
NADPH is oxidized to form hydroxybutyryl ACP. Next is dehydration which removes a
hydroxyl group to form a double bond, thereby forming a crotonyl attached to ACP and releasing
an H20. Then the second reduction step is to form butyryl-ACP, NADPH as a source of e- and
H+. The last four steps are repeated six more times with malonyl-ACP to elongate the chain until

palmitate is produced.

2.3.1 FA de novo synthesis in cancer

Normal cells rely on complete oxidation in the presence of oxygen as energy support, while most
cancer cells rely on anaerobic oxidation and cause lactose accumulation. In healthy adult
humans, FA de novo synthesis mainly happens in cells with high lipid metabolisms like
adipocytes, hepatocytes, sebaceous glands, and in hormone-sensitive cells like breast,
endometrium, prostate, and adrenal cortex [87]. However, overexpression of lipogenic enzyme
FASN is also found in aggressive tumors and fetal tissues to proliferate epithelial cells [88]
indicates that FA synthesis in cancer cells almost reach embryonic state. The predominant

product of enhanced FASN activity is palmitic acid[89]. Moreover, early studies showed that FA
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and lipid synthesis rate in tumors at a rate is similar to the liver[90] to meet large lipid needs of a
rapidly growing. Blood levels of specific fatty acids could reflect the activity of De novo

lipogenesis which has been implicated in prostate cancer [53].

Usually, normal cells uptake FA from exogenous sources, and cancer cells are more dependent
on de novo FA synthesis [89]. However, studies show that advanced cancer cells and those
cancer cells surviving chemotherapy consume exogenous FA as well. On account of the
differences in FA uptake and consumption between normal cells and cancer cells, targeting FA
metabolism might be specific and selective for uncontrolled cancer cells[91].

Upregulation of lipogenic enzymes, such as FASN, ATP Citrate Lyase (ACLY) and ACC couple
with phenotypic alteration in a variety of tumors and always represent a poor prognosis in cancer
patients [92]. Inhibiting ACC expression leads to a major decrease in the cellular palmitic acid
and apoptosis induction[93]. FASN or ACLY inhibitors can attenuate prostate cancer cell
proliferation only in the absence of lipoproteins. Knockdown or chemical inhibition of ACLY
prevents lipid formation by glucose metabolism. This alteration further reduces murine tumor
proliferation and stops xenograft tumorigenesis of human cancer cells. Studies have shown that
downregulation of FASN concomitantly reduces TG and phospholipid levels thereby inhibiting
cell growth and promoting apoptosis in LNCaP cells[94]. Cancer cells have been demonstrated
to be selectively killed by small molecule inhibitors of FASN, as most cancer cells have been
found to rely on de novo FA synthesis mediated by FASN [87]. The first FASN inhibitor in
clinical trials is TVB-2640 [95]. Phase | clinical trial has been involved patients with non-small
long cancer, breast cancer, and ovarian cancer, phase Il clinical trial will open later this year for

HER2-positive breast cancer. The dose-limiting side effects are skin and subcutaneous disorder,
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especially hand-foot syndrome, as well as eye toxicity including iritis, corneal edema, and

keratitis [96].

Unlike palmitate, myristate is not abundant in our bodies, making it difficult to track the De
Novo Synthesis of myristic acid. A study showed that treatment with palmitic acid (C16:0)
resulted in a slight increase of the C14:0 CoA and smaller increases of other shorter acyl-CoAs
in HepG2 cells [97].The increases are possibly due to degradation by B-oxidation of the
synthesized acyl-CoA inside the mitochondria, which yields an acetyl-CoA and a fatty acyl-CoA
two carbons shorter after each cycle. Likewise, treatment with C12:0 resulted in increases of the
C14:0 CoA by elongation of acyl-CoAs which demonstrates that humans can either shorten

longer fatty acids or elongate laurate (12:0) into myristate.

Another study has been performed in African Trypanosomes which causes human sleeping
sickness. This parasite demands huge amounts of myristate as a protein anchor for their surface
glycoproteins[98]. This study initiated myristate biosynthesis in the cell-free system by adding a
combination of butyryl-CoA, NADPH, and [14C] malonyl-CoA as a radiolabel. As a result,
[14C] myristoylated protein was expected. Then [3H] caprylate (8:0) and [3H] laurate (12:0) as
metabolic precursors were used for fatty acid synthesis and similarly labeled proteins were also
observed. In contrast, [*H] palmitate (16: 0) did not label proteins which mean Trypanosomes
cannot shorten longer fatty acids by oxidation. The sources of myristate could be an elongation
of laurate or caprylate, and de nove synthesis fatty acids stop at myristic acid which provides us a

hypothesis that myristate could also be the final product of de nove synthesis in humans.
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2.3.2 Upstream regulators (sterol regulatory element binding proteins) of endogenous FA
biosynthesis

Sterol regulatory element-binding protein (SREBP-1) is a transcription factor which regulates
FA synthesis gene expression. Inhibiting SREBP-1 in cancer cells could reduce the enzyme
transcription level of FA synthesis including ACLY, ACC, FAS, SCD-1, and GPAT, thereby
reducing cancer cell growth [99]. Higher levels of SREBP-1 and SREBP-2 have been
demonstrated in the process of prostate cancer progression to androgen independence [100].
Chemical inhibition of SREBP shows a down-regulation of SREBP-1 and SREBP-2 target
genes, while significantly limiting cell proliferation has been reported in multiple cancer cell

lines [101].

2.4 Biogenesis of myristic acid from lipid salvage pathways
The major source of myristic acid is De Nove synthesis and Diet. Besides, lipid salvage pathway

may slightly contribute to the biogenesis of myristic acid.

2.4.1 Triglyceride lipid droplet

When dietary fats enter the small intestine, lipases break down the FAs, our body will repackage
the redundant FAs as triglyceride and storage in lipid droplets (LDs) which are organelles and
comprised of a neutral lipid [102]. Triglycerides constantly enter the adipocyte in the fed state
via triglyceride rich lipoproteins which could be either chylomicrons or VLDL. Lipoprotein
lipase (LPL) breaks down triglycerides and allows them to be taken up by the receptors and fatty
acid transporters. Some fatty acids are then restored as triglycerides inside the adipocyte lipid

droplets. When FAs are needed, hormone-sensitive lipases break down the triglyceride
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producing FAs which are then released into circulation and are able to be oxidized or associated

with certain proteins[103].

2.4.2 Phospholipid

A phospholipid is one of the common lipids in our body, and it is the building block of the cell
membrane. Phospholipases (PLC, PLD, and PLA) are critical mediators of cell signaling [104].
They can generate many bioactive lipid mediators, such as diacylglycerol, phosphatidic acid,
lysophosphatidic acid and arachidonic acid. These lipid mediators can promote tumorigenesis,
including proliferation, migration, invasion, and angiogenesis.

Phospholipase Al (PLA1) hydrolyze phospholipids into saturated FAs and a lysophospholipid
by cleaving fatty acyl ester bonds at the sn-1 sites of the glycerol backbone [105]. Then saturated
FAs can undergo further post-translational modification or other metabolic pathways (Figure 7).
PLAL has not been well investigated and may relate to cancer. However, many PLAL1 enzymes
have some neutral lipase activity like hydrolyzing triacylglycerol in the sn-1 cleavage site.
Several PLA1 sequences exhibit sequence similarities to the pancreatic, hepatic, and endothelial

lipases [106]. Other PLAL sequences have no similarity to lipase.

2.5 Conversion to myristoyl-CoA by Acyl-CoA synthetases

Acyl-CoA synthetases(ACS) catalyzes the conversion of FA to an acyl-CoA, which is required
for exogenous and endogenous FA to enter lipid bioactive pool and participate in multiple
metabolic pathways [97]. Between birth and adulthood, ACS activity in rat liver increases
sevenfold [107] and long-chain acyl-CoA synthetase (ACSL) activity in mouse heart increases

more than tenfold [108]. There are five Long-Chain Acyl-CoA Synthetase isoforms, ACSL1,
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ACSL3, ACSL4, ACSL5, and ACSL6. Different isoforms have different substrate specificity or

preference for endogenous versus dietary FA [81].

ACSL1 is highly expressed in liver, heart, adipose tissues, and skeletal muscle [109]. Studies
showed ACSL1 specifically esterifies 18:0 FA to 18:0-CoA[110]. From birth to adulthood,
ACSL1 mRNA in mouse increases 2.5-fold[108]. In liver, ACSL1 upregulates with fasting or
high-fat diets and downregulated with high-sucrose diets[111]. In the KO mice, total ACSL
activity decreases 50% in liver, also hepatic acyl-CoA content decreases 25-35% [110]. In
heart[108] and white or brown adipose [112], KO of ACSL1 decreases 80-90% total ACSL
activity, concomitantly with profound decreases in FA oxidation which strongly suggest that
ACSLI1 plays a primary role in channeling toward B-oxidation. Overexpression ACSL1 in

macrophages increases 20:4w6 metabolism and promotes inflammation and atherosclerosis

[113].

ACSL3 is expressed on lipid droplets and Endoplasmic Reticulum(ER) in most tissues [114].
Studies showed ACSL3 specifically contributes to the incorporation of 10:0-CoA, 20:4-CoA and
20:5-CoA. Knockdown ACSL3 diminishes de novo FA synthesis from [14C] acetate into lipid
extracts [115]. Knockout ACSL3 is lethal to mice because FAs are ligands for the Peroxisome
proliferator-activated receptors (PPARs) which are transcription factors of nuclear hormone
receptor superfamily[116]. The absence of acyl-CoA enhances the activity of PPAR and
increases transcription of PPAR target genes [81] which suggests that ACSL3 could mediate

hepatic lipogenesis by controlling transcription.

18



ACSL4 is prominently expressed in brain, also highly expressed in the adrenal gland, ovary, and
testis. The preference of ACSL4 is polyunsaturated FAs, such as 20:4w6 and 20:503 [117]. Lack
of ACSL4 in neural development by mutations could impair the transport and function of
synaptic vesicle and accumulate axonal aggregates, thereby cause X-linked mental retardation
[118]. ACSL4 especially regulates eicosanoid metabolism, overexpression ACSL4 significantly
increases the synthesis of 20:4m6-CoA and its incorporation into phospholipid and TAG, and
decreases Prostaglandin E2 (PGE2) secretion. Conversely, inhibiting ACSL4 activity increases
PGE2 release [119]. Upregulation of ACSL4 in ACSL4- negative LNCaP cells promotes cell
proliferation, migration, and invasion, while ablation of endogenous ACSL4 decreases cell
proliferation, migration, and invasion[17]. The ACSL4 expression is increased in castration
resistant as compared with hormone naive prostate cancer[17]. There is an inverse relationship
between AR and ACSL4 expression. The ACSL4 expression is associated with hormone-
independent cell growth and is able to induce castration resistance prostate cancer, so ACSL4

may be useful as a biomarker for CRPC [120].

ACSLS5 is prominently expressed in the intestinal mucosa, and lower expressed in lung, liver,
adrenal gland, adipose tissue, kidney[121]. The expression of ACSL5 is higher during fasting
and lower with refeeding[111]. The KO of ACSL5 decreases total ACSL activity 60% in
jejunum without changing the mRNA expression of the other isoforms. SIRNA against ACSL5
decreases incorporation of 18:1 into TAG, phospholipids, and cholesterol esters in primary rat

hepatocytes[122].
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ACSLG6 is highly present in the plasma membrane of brain cells [123]. The KD of ACSL6 in
mouse neuroblastoma cells inhibits proliferation and neurite outgrowth [124]. Overexpressed
ACSL6 in PC12 cells increases the accumulation of 22:6w3 and the incorporation of 18:1,
20:4w6, and 22:6w3 into phospholipids and TAG. These studies suggest that ACSL6 play a
primary role in docosahexaenoic acid metabolism and phospholipid synthesis during neurite

outgrowth [125].

2.6 The proportional acyl-CoA profile

Yang et al. [97] recently reported a study measured seven saturated fatty acyl-CoA, one
monounsaturated fatty acyl-CoA and three polyunsaturated fatty acyl-CoA in healthy liver cells
(HepG2) and healthy prostate cells (PNT2). A couple of common monounsaturated and
polyunsaturated fatty Acyl-CoAs were not examined, so the relative myristoyl-CoA was higher
than reality. There were no fatty acid metabolic analyses performed on healthy human livers
because wedge biopsies of the liver require surgery. Instead, obese human liver and healthy rat

liver biopsies are available.

The levels of myristoyl CoAs and palmitoyl CoAs were higher in HepG2 cells than PNT2 cells
indicating a higher activity of myristic and palmitic acid metabolism in hepatic cells. These data
were collected from four different publications. The relative proportion of 14:0 and 16:0 (or
C14:0 CoA and C16:0 CoA) was compared. Brain and plasma FA profiles reflect dietary fat.
There are only very limited amounts of free FAs and Fatty Acyl-CoAs in our body since they are

intermediate and quickly used as fuel molecules or added onto proteins to create lipoproteins or
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as building blocks of phospholipids and glycolipids. In obese livers, the saturated FAs are much

higher than healthy rat livers.

2.7 Myristoyl/palmitoyl-CoA facilitates the biosynthesis of the cytoplasmic membrane

Fatty acids, as the building block of cellular membranes, are integral components of
phospholipids that function to maintain cellular integrity and modulate the activities of many
membrane associated proteins[45]. Dietary saturated FAs regulate the composition of ceramides,
sphingolipids, and other phospholipids in cancer cells [25]. Ceramides are found in high
concentrations within the cell membrane since they are composed of sphingosine and fatty acids
that make up sphingomyelin, one of the major lipids in the lipid bilayer (Figure 8). Ceramides,
generated by hydrolysis of plasma membrane sphingomyelin, are crucial for programmed cell

death, autophagy and inflammation[126].

Ceramide associated with myristoylated Src determine the formation of detergent resistant lipid
raft microdomains in the cytoplasmic membrane [126]. Exogenous FAs altered ceramide
compositions and increased myristoylated protein, particularly an increase of C16:0 ceramide.
Lipid rafts are the major platform where proteins can associate and initiate oncogenic signaling
[127]. Ceramides are one of the important elements in assembling lipid rafts in the cellular
membrane [126]. The ceramide enriched membrane domain promotes reorganization of receptor
molecules, potassium channels or recruits intracellular signal mediators for effective cell signal

initiation or transduction [128].
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CHAPTER 3

Protein myristoylation facilitates the activity of oncogenic proteins and oncogenic signaling

3.1 Protein N-myristoylation

The biosynthesis of acyl-CoAs derived from the activation of exogenous fatty acids from high-
fat diets or de novo synthesized fatty acids provide substrates for ATP synthesis in the fatty acid
oxidation, protein lipidation including acylation, and lipid biosynthesis, and other biological
process [81]. Two most common forms of protein acylation are myristoylation and
palmitoylation [129]. The attachment of myristate (14-carbon saturated fatty acid) and palmitate
(16-carbon saturated fatty acid) is an essential lipid modification that targets proteins to the
cytoplasmic membrane to facilitate molecular functions. Of those, protein myristoylation is one
of the important processes in the maintenance of oncogenic protein activity and oncogenic

signaling in cancer progression.

N-myristoylation reaches 1-4% of all proteins to be predicted in eukaryotic proteome [130] or
0.5-0.8% of all proteins in the genome [131]. In a combination of Click chemistry and
proteomics analysis, more than 100 proteins were identified to be myristoylated in the
mammalian cells [132], including N-myristoylated proteins, apoptotic cleaved proteins, and
modification of proteins at lysine due to the amine group. Protein myristoylation provides an
anchorage for the association with cytoplasmic membrane, which is essential for its function

[129]. Among those, numerous proteins have been characterized in the oncogenic process.
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N-myristoylation regulates the localization of its substrates to the specific membrane where the
protein can regulate signal transduction pathways including small G proteins and many kinases
[133]. Thus, N-myristoylation plays a major role in cell communication and metastatic prostate
cancer. Additionally, N-myristoylation is necessary but not sufficient to target a protein to the
membrane [134]. A palmitate or a polybasic motif will provide the second signal for

myristoylated proteins [135].

3.2 Myristoyl-protein promotes tumor progression

Recently, at least 30 proteins have been identified that are myristoylated via post-translational
modification during apoptosis [136]. N-myristoylation has been demonstrated to be essential for
the viability and survival of humans, plants, fungal, and many other organisms[137, 138] since
it’s important for membrane association and function of certain proteins. The activity of many

oncogenes can be extremely enhanced by myristoylation, such as Src and AKT.

3.2.1 Myristoylation of proto-oncogene tyrosine-protein kinase Src

Src family kinases (SFKs) are well-known regulators of diverse signal transduction pathways.
Proto-oncogene tyrosine-protein kinase Src is essential for normal mitotic cycling and overactive
in many cancers including prostate[139]. Myristoylation is conserved in the SH4 domain and
regulates SFKs intracellular trafficking[140]. N-myristoylated Src, change the membrane
binding affinity by regulating the number of positive charges on the surface, during which the
electrostatic and hydrophobic interactions function together to anchor the protein to a
membrane[129]. Tyrosine phosphorylation controls Src activity and regulates Src intramolecular

interactions. SH2 and SH3 Domains of Src-mediated protein—protein interactions with
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sequences containing phosphotyrosine and proline-rich motifs[141]. It switches signaling on and

off by phosphorylation and dephosphorylating.

The upregulation of the c-Src has been observed in about 50% of tumors from colon, liver, lung,
breast, prostate and the pancreas[142]. The overexpression of c-Src leads to transforming normal
cells into cancer cells and the enhanced angiogenesis and sever epithelial cells proliferation. One
mechanism is genetic mutations that result in the increased activity or the constitutively activated
c-Src. Compared with normal prostate cells, members of the SFK, Src, Fyn, and Lyn are
overexpressed in malignant prostate cells DU145 and LNCaP [143]. When the primary prostate
cells were treated with Saracatinib (AZDO0530), which is an inhibitor of Src, reduced cell
proliferation and migration can be observed in vitro [144]. The localization of SFKs at the
cytoplasmic micro domain is critical for cell signaling mediation, exhibiting activity, and
illustrating their tumorigenic potential in cancer cells. Src is mainly localized in the plasma
membrane in normal cells to phosphorylate its downstream targets, myristoylation is responsible
for Src targeting membrane. However, mutation of the N-myristoylation site of Src, Glycine2
switching to alanine (G2A), causes the reduction or loss of membrane binding. Non-
myristoylated Src mutants diffuse into the cytoplasm and form aggregates; therefore Src(G2A)
do not mediate cellular transformation[145]. Targeting myristoylation of SFKs has an
advantageous inhibitory effect on proliferation of tumorigenic cells in advanced prostate cancer
patients. Also, the use of a Src kinase inhibitor is a potential way of reducing the progression of

prostate cancers.
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3.2.2 Myristoylated AKT(mAKT)

AKT, a serine/threonine kinase, is a well-known oncogene, also known as Protein kinase B
(PKB). Stimulation of AKT requires a functional phosphatidylinositol 3-kinase by growth factors
or insulin[146]. Myristoylated AKT is that a Src myristoylation sequence (first nine amino acids
sequence) was added in front of AKT so than AKT can be directed to membranes and become
constitutively active AKT. In LNCaP cells, a myristoylated AKT fusion protein was found to be

highly enriched in lipid rafts compared with wild-type AKT [147].

Since high-fat diet provides elevated amount of exogenous myristic acid, we examine if
exogenous FAs accelerate mAKT-mediated prostate tumor progression by using a previously
established prostate regeneration cancer model (Figure 9). Host mice carrying mAKT induced
prostate tumors were fed a low-fat diet (LFD, 10% fat), 45% fat or a high-fat diet (HFD, 60%
fat) (Table 7). All diets were designed to contain the same amount of total calories, and both
groups of mice showed no significant difference in total amount of calories consumed during the
experimental period as reported in other studies. The composition of individual FAs varied
between the diets. For example, compared 45% fat diets with 10% fat diets, the amount of MA

increased 10-fold and PA increased ~6-fold (Table 8).

Hematoxylin and Eosin(H&E) staining to differentiate nucleus and cytoplasm, and RFP positive
corresponded to the location of mAKT transformation. The regenerated prostate tissue from
MAKT in the 10% fat diet group contained low-grade PIN lesion. In contrast, mAKT regenerated
grafts in the 45%, and 60% fat diet groups showed higher grade tumor pathologically. We
observe severe cell proliferation within a prostate tubule at the HFD group. Although the

expression levels of AKT or AR showed similarly between LFD with HFD, the tubules in the
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regenerated tumors were comprised of more CK8+ luminal tumorigenic cells in HFD than that in
LFD. These data suggest that HFD accelerates mAKT-mediated prostate tumorigenesis. E-
Cadherin/Vimentin is staining for Epithelial-mesenchymal transition (EMT) which usually
occurs during embryonic development and tumor progression. We did not observe a visible

difference in tumors between LHD and HFD (Figure 10).
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CHAPTER 4

NMT as a potential drug target to treat prostate cancer

4.1 NMTs catalyze protein myristoylation

N-myristoyltransferases (NMT) is a monomeric enzyme belonging to the N-acetyltransferase
superfamily [148]. To date, nineteen NMTs from mammalian and fungal cells have been
identified. Most higher eukaryotes have two NMTs (NMT1 and NMT2) and share very similar

sequence identity and enzyme function[133].

N-myristoyltransferase (NMT) catalyzes the transfer of a myristate to an N-terminal glycine of
various cellular proteins by covalent bond (Figure 11) [149]. N-myristoylation site of proteins is
destined to begin with the sequence: Methionine-Glycine. The initiating methionine in the N-
terminal is removed by the co-translational process, and myristoyl group is attached to Gly-2 via
an amide bond [129]. The preference of the peptide substrate is glycine at position 2, serine or
threonine at position 6, and basic amino acids like lysine or arginine at positions 7 and 8 [129].
Myristoyl group is specially attached to the N-terminus of the protein substrate. The binding

affinity of longer or shorter acyl-CoAs is low[150].

Under most circumstances, N- myristoylation is a co-translational modification in cells that
happens before the polypeptide chain detached to the ribosome [151]. Co-translational addition
of the myristate occurs in almost 80% of myristoylated proteins. An N-terminal Gly is exposed

because of N-terminal methionine excision process during protein biosynthesis. However, this
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modification can also occur later on a newly exposed N-terminal Gly after a proteolytic cleavage
during apoptosis or by removal of a leader peptide from bacterial proteins in the eukaryotic host

cells [152]. Thus, N-Myristoylation is a co- or post-translational modification.

4.2 NMT as an antifungal target

NMT has been reported as a novel and potent antifungal, antiparasitic, and anticancer target.
Plenty of NMT inhibitors have been reported recently, as promising antifungal, antiparasitic, or
anticancer agents[153]. Fungal infections have been received significant attention due to the
limitation of current treatment, for instance, resistance development, low selectivity (severe host
toxicity), and limited activity spectrum [154].Then research found that loss of NMT is lethal for
fungi since N-myristoylation is necessary to protein structural conformation and thermos-
stability [155]. Although mammalian and fungal NMTs have overlapping, due to their distinct
substrate specificity, NMT has been characterized as a potential antifungal and antiparasitic drug
target. Proteins from other microorganisms such as parasites and bacteria can undergo N-

myristoylation in the host [131].

4.3 NMT as an anti-cancer target

In humans, two homologs of NMT, HsSNMT1, and HSNMT2, are potential chemotherapeutic
targets in cancer and autoimmune disorders[156]. Compared with two distinct family members
of NMT, 58kDa of human NMT2 protein has 96% and 77% sequence overlapping with mouse
NMT2 and human NMT1 [23, 157]. NMT1 is the most abundant enzyme in mammalian cells
[158]. The requirements for both protein substrate and myristoyl group specificity of NMT are

restricted. The expression of NMT is considerably elevated in several cancers, originating in the
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prostate colon[158], stomach, gallbladder, brain, and breast, and loss of NMT has been shown to
induce apoptosis in cancerous cell lines and reduce tumor volume in murine xenograft models
for cancer[159]. This review highlights recent advances for new natural and synthetic NMT

inhibitors, focusing on their biological activity, selectivity, and their anticancer activities.

NMT catalyzes the reaction of N-Gly-peptide with myristoyl-CoA in Bi-Bi reaction mechanism
[160]. The protein interacting with two substrates are confirmed by a co-crystal structure of
NMT, myristoyl-CoA analog and peptide inhibitors based on NMT protein of Saccharomyces
cerevisiae species [161]. Several NMTs inhibitors have been well-characterized so far. These
inhibitors are designed to target two binding sites to interfere the myristoylation process (Figure

12) [139]. As a result, myristoylation proteins are inhibited.

4.3.1 Inhibitors of targeting peptide binding site.

An NMT inhibitor named as “Compound 1” was identified by Edward Tate’s group [132]. This
compound is a dual NMT1/2 inhibitor. Based on X-ray crystallography (2.1A resolution),
“Compound 1” competes with protein substrate and binds at the protein substrate-binding site in
the presence of myristoyl-CoA [132]. The compound inhibits over 100 protein N-myristoylation.
It induces cell cycle arrest, ER-stress, and apoptosis in breast and colon cancer cells [136]. The

IC50 value of compound 4 is 0.005 uM against HSNMT.

A drug screening based assay lead to an identification of 32 compounds with chemotype of
cyclohexyl-octahydropyrrolo[1,2-a]pyrazine. Among those, COPP-24 showed inhibitory effect
toward human NMT-1 with competitive inhibition on the binding site of the peptide substrate

29



and with non-competitive inhibition of targeting the myristoyl-CoA site [162]. In particularly,
cyclohexyl moiety of COPP24 is positioned at the plane of the peptide substrate based on the

docking analysis of the X-ray structure of the yeast NMT. COPP24 possesses ICgqg of 6 uM in

inhibition of human NMT in vitro [162]. The inhibitory effect of COPP24 is further confirmed
by a cell-based assay with blockade of Myr-GFP location at the cytoplasmic membrane. COPP24

exhibits suppression of proliferation of numerous cancer cells.

4.3.2 Inhibitors of targeting myristoyl-CoA binding site

Analogs of myristoyl-CoA are also designed as competitive inhibitors to inhibit NMT activity.
One sub-type is the inhibitors containing the coenzyme A group, but resistant to be released due
to the chemical modification. Sharma’s group report that myristoyl coenzyme A derivatives,
such as S-(2-ketopentadecyl)-CoA and 2-dodecylglycidoyl-S-CoA. The similarity of the
myristoyl group shows high affinity to access the myristoyl-CoA binding site. The compounds

show IC,, toward human NMT of 60 nM and 450 nM [163].

The other subtype of myristoyl-CoA mimics is the compounds with myristoyl group without
coenzyme A moiety. The myristoyl group provides affinity for competition with the myristoyl-
CoA binding site, while the moiety of coenzyme A is replaced by aromatic ring group with a
similarity in structure. We screen a panel of LCL compounds synthesized for targeting
ceramidase  [164]. D-NMAPPD, N-[(1R,2R)-2-hydroxy-1-(hydroxymethyl)-2-(4-
nitrophenyl)ethyl]-tetradecanamide, also named B13 (or LCL4) and LCL204 are identified with
ICs0 of 77.6 and 8.7 uM of potential inhibition of NMT1 activity, respectively. B13 shows an

inhibitory effect in suppression of Src kinase myristoylation and exhibited limited toxicity to
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normal cells and no observed pathological in liver and kidney, or lung tissue, but significantly
inhibited xenograft tumors (Unpublished data). The SAR analysis shows that the number of acyl
group with 14 carbon is essential for the inhibitory effect. Longer or shorter acyl chains exhibits
no inhibitory effect (unpublished data). Due to the hydrophaobicity of the myristoyl group, these
analogs of myristoyl-CoA might require to be modified for solubility in the pre-clinic test.
Additionally, a special delivery system such as nanoparticle should be considered as a delivery

vehicle.

4.3.2 Other compounds of unknown targeting sites

Other compounds of unknown targeting sites are also reported to have the inhibitory effect in
NMT activity. These compounds have been summarized in the review article [153], including
monocyclic and bicyclic compounds (Table 9). Some of these compounds have a higher value of

IC50 on NMT enzyme than IC50 on cells, suggesting non-specific cytotoxic issues or off-target.

4.3.4 Future consideration of using NMT inhibitors for the treatment of cancers.

An array of proteins has been reported to be myristoylated. Targeting NMT activity will un-
avoidably impact the activity of a complexity of proteins. Therefore, the toxicity of inhibitors
designed to target NMT activity needs to be carefully assessed before being used in a clinic trial.
Future study should focus on if cancer cells have particular myristoylated protein pattern in
comparison with normal cells. Cancer cells have been well-documented in the elevation of fatty

acid metabolism [165]. Additionally, NMTs expression is also aberrantly elevated in some
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cancers types. It is possible that with an elevation of either NMTs activity or the amount of
myristoyl-CoA supply, cancer cells develop the addiction to myristoyl-proteins to promote
proliferation of cancer cells. The differential activity of NMT activity will open a window to use

the NMT inhibitors for the treatment of cancer progression.
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CHAPTER 5

Conclusion

Dietary fat is a major source of fatty acids. High-fat diets provide a tremendous amount of fatty
acids for the acceleration of oncogenic signaling. Increase myristic acid from the high-fat diet,
leading to myristoylated mAKT/Src. Protein modification and abnormal expressions are
associated with the cause and progression of cancer (Figure 13). The expression and activity of
Src family kinases (SFKs) are highly elevated in numerous human cancers, including prostate
cancer. SFKs are pleiotropic activators in several signal transduction pathways. Targeting SFKs
has a favorable inhibitory effect on proliferation of tumorigenic cells and bone metastasis in
advanced castration-resistant prostate cancer patients. Epidemiologic studies suggested that
systemic metabolic disorders like obesity might increase the risk of prostate cancer. Exogenous
MA and PA led to an alteration of ceramide compositions. Fatty acid de novo synthesis and lipid
salvage pathway could contribute to the growth of tumors. Alterations of Fatty acid metabolism
have been demonstrated in a variety of cancers, including prostate cancer to promote the growth
and survival of cancer cell. Exploitation of the dysregulation in lipid metabolic pathways in PCa
could be a promising method to develop new therapeutics. Inhibition of ACSL inhibited FAs
entry bioactivity pool, ACSL is too complex to be an anticancer drug target. Inhibition of acyl-
CoA biogenesis inhibited myristoylation of Src kinase, and its oncogenic signaling and cancer
cell proliferation. The inhibition of myristoylation as a therapeutic strategy in targeting

MAKT/Src-mediated tumorigenesis.
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Figure 1. Prostate cancer progression in a tubule level[166].
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Figure 2. Prostate cancer progression in a tissue level. Prostate cancer begins with abnormal
epithelial proliferation and prostatic intraepithelial neoplasia. Most tumors begin to form in
proximity to the outer surfaces of a prostate gland. Some tumors can grow to a volume where
they start to obstruct urination, progression to invasive carcinoma and metastases mainly in the
skeleton. Aggressive tumors can eventually break the capsule and infiltrate nearby organs. If
tumor cells separate and enter the blood stream, prostate cancer may spread to other parts of the
body. Eventually, the stage called castration-resistant prostate cancer (CRPC) is the incurable
state of prostate cancer [5].

45



100

8‘ 0

[ ]

o

o

= &0

Wy

=

]

) W Australia/New Zealand
o

o

P H Northern America
Li+]

2 .

.E Eastern Asia

o 10.5

< [A=] B South-Central Asia
=< a

‘wastern country Eastem country

Figure 3. Prostate cancer incidence in 2012. The age-standardized rate of prostate cancer is a
weighted average of the age-specific rates per 100,000 persons, where the weights are the
proportions of persons in the corresponding age groups of the WHO standard
population. Western countries like Australia, have a much higher incidence and mortality rate of
prostate cancer than Eastern countries.
(http://globocan.iarc.fr/old/FactSheets/cancers/prostate-new.asp)
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Figure 4. A case study of prostate cancer on Japanese descent in US[19]. The prostate cancer
incidence of Japanese immigrants to the Unite State represents a less-differentiated to that of the
general American population. This rate is higher than the native Japanese population, strongly
suggesting that the environment, lifestyle, and diet play an important role in contributing to the
initiation and progression of prostate cancer.
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Figure 5. Myristic acid/myristoyl-CoA Transporters. Fatty acids can across the plasma
membrane by either passive diffusion or facilitate diffusion (route 1-5). 1) Fatty acids could
dissociate with albumin and cross the plasma membrane by passive diffusion. 2) FABPpm is a
peripheral membrane protein which could act alone or together with CD36, facilitate FAs
translocate into cells. 3) CD36 itself could also mediate FAs transport cross the lipid bilayer.
Once FAs get into the cells, FAs are bound with FABP.. 4) Fatty acid transporter protein (FATP)
belongs to Acyl-CoA synthetase (ACS) superfamily which can transport VLC-FAs and converts
then directly into fatty acyl-CoA. 5) A minority of FAs are thought to be transported by FATP1
and rapidly activated by plasma membrane ACS1 to form acyl-Co esters. [65].
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Figure 6. Fatty acid de novo synthesis [87]. When the acetyl-CoA in the mitochondria starts to
accumulate, FA de nove synthesis starts with high levels of citrate and ATP. Fatty acid
synthetase (FASN) is a single polypeptide chain and contains seven different catalytic domains
that catalyze the assembly of fatty acid chains via fatty acid synthase. In the loading step, acetyl-
CoA and malonyl-CoA are attached to acyl carrier protein (ACP). Then, both acetyl-CoA and
malonyl-CoA are condensed by fatty acid synthase to from acetoacetyl-ACP. The third step is
reduction through which NADPH is oxidized to form hydroxybutyryl ACP. Next is dehydration
which removes a hydroxyl group to form a double bond, thereby forming a crotonyl attached to
ACP and releasing an H20. Then the second reduction step is to form butyryl-ACP, NADPH as a
source of e- and H+. The last four steps are repeated six more times with malonyl-ACP to
elongate the chain until palmitate is produced.
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Figure 7. Lipid Salvage Pathway

Phospholipases hydrolyze phospholipids by cleaving fatty acyl ester bonds, release saturated
FAs, unsaturated FAs and lysophospholipids [105]. Lipoprotein lipase breaks down triglycerides
and allows them to be taken up by the receptors and fatty acid transporters. Some fatty acids are
then restored as triglycerides inside the adipocyte lipid droplets. When FAs are needed,
hormone-sensitive lipases break down the triglyceride producing FAs which are then released
into circulation and are able to be oxidized or associated with certain proteins[103]. Although
lipid salvage pathway is not the primary source of myristate, it may slightly contribute to the
biogenesis of myristic acid.
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Figure 9. Schematic of the in vivo prostate regeneration assay. Prostate epithelial cells
derived from C57BL/6J mice were transduced with mAKT and mixed with UGSM and implanted
under the renal capsule. Host SCID mice were feed with a 10%, 45% and 60% fat diet for 8
weeks. Total calorie intake was not significantly different between the diet groups
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Figure 10. Representative H&E (panoramic view, scale bar, 400 um), RFP fluorescence (a
marker for lentiviral infection) and co-staining of CK5(red), a basal epithelial cell marker,
CKS8(green), a luminal epithelial cell marker and DAPI of tumors from and IHC staining
(selected tumorigenic region, scale bar, 100 pum) of AR and AKT, co-staining of E-
Cadherin(red), an Epithelial cell marker, vimentin(green), a mesenchymal cell marker and DAPI.
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Figure 11. N-Myristoylation, as co-translational N-terminal protein modifications, which are
catalyzed by two enzymes. Methionine aminopeptidase (MetAP) which ensure the N-terminal
methionine excision process, followed by N-myristoyltransferase that acylates proteins.
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Figure 13. Schematic representation of metabolism of dietary myristic acid facilitates
prostate cancer progression. Myristic acid could be derived from Lipid salvage pathway and de
novo synthesis, and diet. Myristic acid undergo to myristoylated protein or elongation to
palmitoyl-CoA, and further incorporated in ceramide synthesis.
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Europe UsS Japan South Korean

Total Fat Intake (kcal%) 36% 35% 22% 21%
Saturated Fatty Acids 14% 12% 7% 7%
Monounsaturated Fatty Acids 16% 19% 9% 9%
Polyunsaturated Fatty Acids 6% 5% 6% 5%

Table 1. Dietary fat comparison. Western diets contain a high intake of fat and several FAs.
The standard American diet is about 50% carbohydrate, 15% protein, and 35% fat [20]. The
average Japanese diet is about 60% carbohydrate, 15% protein, and 25% fat [21] which indicates
the lower total fat and lower saturated FAs.
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Prostate Cancer

White males over 40
years

Younger (<60 years old)

Had a family history of
prostate cancer
Low-grade PCa
(Gleason <7)
High-grade PCa
(Gleason> 7)
Low-grade PCa
(Gleason <7)
High-grade PCa
(Gleason> 7)

Obese men compared to
normal weight men

BMI kg/m?

BMI > 25.5 compared
with<25.5

BMI > 30 compared with
23-24.9

BMI > 30 compared
with<25

BMI > 30 compared
with<25

BMI > 30 compared
with<25

Cancer Risk Ratio
1.041 (95% CI:1.007, 1.077)

0.52 (95% CI:0.33, 0.83)
0.74 (95% CI:0.45, 1.19)
0.79 (P = 0.01)

1.28 (P =0.042)

0.82 (95% Cl= 0.69, 0.98)
1.29 (95% CI =1.01, 1.67)

1.2 (95% C1=0.9, 1.6)
1.47 (95 % Cl= 1.03, 2.10)

Table 2. The correlation between body mass index and prostate cancer risk.
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Cancer type BMI kg/m? Cancer Risk Ratio Reference
Pancreatic Smokers BMI < 185 compared | 1.99 (95%CI: 1.03, 3.84) | [167]
Cancer with 21.5-22.4
Non-smokers | BMI >27.5 compared | 1.75 (95 %CI: 0.93-3.3)
with 21.5-22.4
Colorectal Cancer 18.5-22.5 1 JRef[ [168]
22.5-24.9 1.22 (95% CI: 1.03, 1.44)
25275 1.36 (95% Cl: 1.15, 1.61)
27.5-29.9 1.39 (95% CI: 1.15, 1.69)
>30 1.61)95% ClI: 1.33, 1.94(
Lung Cancer | Non-smokers | BMI < 21.26 compare | 2.4 (95%CI: 1.1, 6.0) [169]
with > 30.84.
Smokers BMI < 21.26 compare | 3.2 (95%CI: 1.3, 8.1)
with > 30.84.
Endometrial | Overweight BMI=23-27.49 compare | 2.6 (95%Cl: 1.9, 3.5) [170]
Cancer (10-15%) with  normal  weight
(BMI=18.5-22.9)
Obese (2-3%) | BMI>27.50compare with | 3.5 (95%Cl: 2.2, 5.4)
normal weight
(BMI=18.5-22.9)
Liver Cancer For every 511.32(95% ClI:1.25,1.38) | [171]
kg/m? increase in BMI
Esophagus Overweight BMI=25-29 compare with | 1.80) 95% CI: 1.48-2.19( | [172]
Cancer (men) normal weight

(BM1=18.5-24.9)

Obese (men)

BMI >30 compare with
normal weight

2.58) 95% CI: 1.81-3.68(

Overweight BMI=23-27.49 compare | 1.64) 95%CI: 1.08-2.49(
(women) with  normal  weight

(BM1=18.5-22.9)
Obese BMI>27.50compare with | 2.06) 95% CI: 1.25-3.39(
(women) normal weight

Table 3. The correlation between body mass index and the risk of cancers.
Supplementary data.
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Saturated FA

Monounsaturated
FA

Polyunsaturated
FA

Table 4. Different fatty acids vs Prostate cancer risk. Specifically, some studies reported blood
levels of myristic acid were associated with higher prostate cancer incidence, but several studies
showed there is no association between MA and PCa risk. Also, the correlation between prostate
cancer risk and serum palmitic acid level is controversial. Lower blood levels of MUFAs in the
present study are associated with lower risk. Moreover, most studies are in agreement with that
EPA and DHA inhibited prostate cancer cell proliferation, whereas the n-6 fatty acids linoleic
acid and arachidonic acid stimulated proliferation. Whereas an exception has been report that the
modest associations of EPA (OR =1.14, 95% CI = 1.01 - 1.29), and DHA (OR = 1.16, 95% CI =

Fatty Acid

C14:0 Myristic

C16:0 Palmitic

C18:0 Stearic

Cl14:1
C16:1 Palmitoleic

C18:1 Oleic
C18:2 Linoleic
C18:3 Linolenic

C20:5
Eicosapentanoic
C22:6
Docosapentaenoic

1.02 - 1.33) with prostate cancer.

Risk Ratio

Odds Ratio(OR)= 1.93; 95%
confidence interval(C1)=1.02 - 3.64

OR=1.62,95% Cl=1.15-2.29
No association

OR=0.53; 95% CI=0.19-1.54

OR=1.53, 95% CI1 =1.07 - 2.20

OR=0.88, 95% Cl1 =0.78 - 1.00

OR=1.35,95% CI1 =0.94 - 1.94
OR=1.74,95% Cl = 1.15 - 2.65

OR=1.97, 95% CI = 1.27 - 3.06

OR=1.47,95% CI =0.95 - 2.26
OR=10.17,95% CI =0.04 - 0.68
No association

OR=1.14,95%CI=1.01-1.29

OR=1.16,95% CI =1.02 - 1.33
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Reference
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[55]
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[57]
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Stimulation of FA uptake Wild Type CD36
Oxidation- cardiac myocytes  +150%

enhancing agent skeletal muscle +77%

Insulin +60%
Muscle contraction +100%,

Knock out CD36

+20%
+13%

+21%

Table 5. Fatty acid uptake during metabolic challenges.
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FABP isoform Tissue distribution Knockout model

Fabpl liver and intestine reduces hepatic FA binding capacity,
total liver lipid content remains unchanged
Fabp3 heart, skeletal muscle, defective FA oxidation
and brain more reliant on glucose as a substrate for

energy production.
extremely cold intolerant.

Fabp4 adipocyte increases the cytosolic content of free FA

Table 6. Tissue distribution and loss-of-function studies of fatty acid binding protein.
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Protein (kcal%)

Carbohydrate (kcal%) 70 35 20

Table 7. Nutrition facts of mice diet. Each diet shares the same amount of total calories and
protein.
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10% fat diet 45% fat diet 60% fat diet

C2, Acetic 0 0 0
C4, Butyric 0 0 0
C6, Caproic 0 0 0
C8, Caprylic 0 0 0
C10, Capric 0.0 0.1 0.1
C12, Lauric 0.0 0.2 02
C14, Mynstic 02 20 28
C14:1, Mynstoleic 0 0 0
C15 0.0 0.1 02
C16, Palmitic 6.5 369 499
C16:1, Palmitoleic 03 24 34
C16:2 0 0 0
C16:3 0 0 0
C16:4 0 0 0
C17 0.1 0.7 09
C17:1 0 0 0
C18, Stearic 3.1 19.8 269
C18:1, Oleic 126 64 4 86.6
C18:2, Linoleic 18.3 56.7 73.1
C18:3, Linolenic 2.2 4.3 5.2
C18:4, Stearidonic 0 0 0
C20, Arachidic 0.0 03 04
C20:1, 0.1 11 15
C20:2 0.2 14 2.0
C20:3 0.0 02 0.3
C20:4, Arachidonic 0.1 05 07
C20:5, Eicosapentaenoic 0 0 0
C215 0 0 0
C22, Behenic 0 0 0
C22:1, Erucic 0 0 0
C22:4, Clupanodonic 0 0 0
C22:5, Docosapentaenoic 00 02 02
C22:6, Docosahexaenoic 0 0 0
C24, Lignoceric 0 0 0
C24:1 0 0 0

Table 8. Fatty acid components in 10, 45, 60% fat diets. Myristic acid is ten and fourteen
times higher in 45% and 60% fat diet than 10% fat diet. Palmitic, stearic, oleic and linoleic are
all around six or eight folds higher in 45% and 60% fat diet compared with 10% fat diet,
respectively.
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Group of Inhibitors

Name

IC50 (against hNMT and/or
tested cells)

Monocyclic | Metal

compounds | complexes

Cu(ll) complexes

12.2 pM to NMT

Mn(I11) complexes

16.1 uM to NMT

Benzenesulfon | N-heterocyclic sulphonamide 4 uM to NMT
amides derivative
a,b-unsaturated | Thiol alkylators 4 uM to NMT
ketones

Thiol alkylators 1.5uM to NMT

6-arylidene-2-
dimethylaminomethylcyclo-
hexanone hydrochlorides

500 M to NMT

2.18-2.4 uM to cells

Bicyclic compounds

Core structure: 3-arylidene-1-
(4-nitrophenylmethylene)-2-
0x0-3,4-dihydro-1H-
naphthalenes

54+ 2 uM to NMT

0.95-3.2 uM to cells

Core structure: 3-arylidene-1-
(4-nitrophenylmethylene)-2-
0x0-3,4-dihydro-1H-
naphthalenes

54+ 2 uM to NMT

1.1-4.8 uM to cells

Table 9. NMT inhibitors with un-characterized targeting location of NMT enzymes [153].
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	Another study showed that CD36 is amplified in metastasis in most types of tumors and CD36+ cells require fatty acid to promote metastasis [67]. They monitored tumors from wild type and CD36 null mice fed either with a high-fat diet (HFD) or control d...

