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ABSTRACT

Despite numerous strategies for treatment of prostate cancer, there is still shortage in
effective approaches of targeting castration resistant prostate cancer (CRPC) and
associated mortality. A wide variety of resistance mechanisms has been discovered in
CRPC over the last decades. Novel therapeutic targets for CRPC are required.
Mpyristoylation is a co/post-translational protein modification that promote localization of
proteins to cellular membranes, thereby maintaining their conformation and molecular
functions. A growing body of evidence, including those studies in prostate cancer from
our laboratory, has demonstrated that protein myristoylation promotes cancer
progression. This dissertation focuses on studies of the role of N-myristoyltransferase 1
(NMT1) in prostate cancer. In the first aim of the study, we determined expression levels
and activity of NMT1 and how it impacted growth of the prostate cancer. Our data
indicated that NMT1 was highly expressed in prostate cancer cells compared to normal
prostate cells. Genetic knockdown of NMTI inhibited proliferaion of prostate cancer

cells through induction of cell cycle arrest. Additionally, we identified a small molecule



inhibitor that suppressed NMT1 activity at low micromolar range. Pharmacological
inhibition of NMT1 suppressed growth of prostate tumors in vivo. In the second aim of
the study, we investigated a regulatory role of NMT1 on AR protein expression and
activity in prostate cancer tumorigenesis. We showed that NMT1 expression levels and
activity regulated AR protein levels. Inhibiting NMT1 genetically or pharmacologically
reduced AR proteins levels, but not at its mRNA levels. A decrease of AR protein levels
was coupled with reduction of nuclear AR levels and its transcriptional activity. We
further demonstrated that NMT1 regulated AR protein levels through ubiquitination-
proteasome pathway. Finally, our results indicated that NMT1 synergized with AR to
promote prostate cancer tumorigenesis. Taken together, our study has discovered a novel
molecular function of NMT1 in regulation of AR protein levels in prostate cancer, and a

therapeutic approach for treatment of CRPC.
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CHAPTER 1
INTRODUCTION

Human prostate gland

The prostate is a male exocrine organ located below the bladder and in the front wall of the rectum
(2). It is a chestnut-size organ that weighs around 20 grams at puberty and surrounds the beginning
of the urethra, which carries urine and semen out of the body through the penis (3, 4). Growth and
maturation of the prostate gland depend on testosterone, and it rapidly grows at puberty when
testosterone reaches its onset production (6). During ejaculation, the prostate gland plays an
essential role in sperm mobility and viability by secreting a milky slightly acidic fluid called
prostatic fluid into the urethra (7). Prostatic fluid constitutes up to 30% of semen and contains
several ingredients such as zinc, citric acid, and proteolytic enzymes that break-down proteins
from seminal vesicles (7).

Anatomically, five major lobes form the human prostate: anterior, posterior, lateral (right and left),
and median (Figure 1.1) (2). As a non-glandular tissue, the anterior lobe is made up of
fibromuscular tissue and lies in the front of the urethra and corresponds to part of the transitional
zone (2). The posterior lobe forms the middle part of the lateral lobe and roughly corresponds to
the peripheral zone (2). Right and left lateral lobes, which are separated by the urethra, make up
the majority of the prostate mass (2). The median lobe is surrounded by ejaculatory ducts and
corresponds to the central zone (2). Pathologically, the prostate gland can also be divided into four
major zones: 1) Peripheral zone (PZ), 2) Central zone (CZ), 3) Transitional zone (TZ), and 4)
Anterior fibromuscular zone (Figure 2) (8, 9). The peripheral zone, where 80% of prostate cancer

originates from, contains the majority of prostate glands and constitutes up to 70% of total prostate



volume (8, 10). The central zone constitutes about 20% of the adult prostate gland, and only around
3% of prostate cancer is originated from this zone (8, 11). The transition zone, which alone
constitutes 5% of the total volume of the prostate gland, accounts for roughly 15% of prostate
cancer and is the site where benign prostatic enlargement develops (8, 12). The anterior zone is

the only zone predominately made up of muscle fibers and connective tissue (8, 13).

FIGURE 1.1. Prostate gland lobes and zones. Adapted from National Cancer Institute,

SEER training modules: https:/training.seer.cancer.gov/prostate/anatomy/

Histologically, the prostate tissue is composed of 30% muscular stromal that surrounds 70% of the
glandular epithelium (Figure 1.2) (14). These two compartments (stroma and epithelial) are
surrounded by the prostatic capsule, which plays a significant role in determining the extracapsular
extension of the tumor (14). The epithelium compartment contains secretory luminal, basal,
intermediate, and neuroendocrine cells (14). Secretory luminal cells, which are characterized by
the expression of androgen receptor, cytokeratins K8 (CKS8) and K18 (CK18), and specific
membrane antigen (PSMA), are columnar tall cells that are important for the secretion of several
proteins such as prostatic specific antigen (PSA) and prostatic acid phosphatase (PAP) to the
prostatic fluid (14). Basal cells, characterized by the expression of cytokeratins K5 and K14 (CK5
and CK14) and p63, are flattened small cells that form a single layer underneath luminal cells and

play a significant role in supporting luminal cell survival and integrity of lumen-urethra ducts (15).


https://training.seer.cancer.gov/prostate/anatomy/

Neuroendocrine cells are distributed among luminal and basal cells (16). Even though the
biological function of the neuroendocrine cells is unclear, their secretions support the growth of
epithelial cells in the prostate gland (16). The epithelium compartment is surrounded by a stromal
cell that consists of the extracellular matrix, fibroblasts, endothelial, and smooth muscle cells (14,
17). Stromal cells support the growth of epithelial cells by epithelial-stromal crosstalk through

secreting several paracrine growth factors (14, 17).

FIGURE 1.2. Structure of prostate gland. Adapted with permission from: Toivanen R, Shen MM.
Prostate organogenesis: tissue induction, hormonal regulation and cell type specification.

Development. 2017;144(8):1382-1398. (1)

Prostate disorders
There are several disorders of the prostate cancer that are linked to aging (18). An increase in age
is correlated with higher rates of prostate disorders. Here, we describe the most common prostate
disorders (Figure 1.3):

A- Benign prostatic hyperplasia (BPH): Also called benign enlargement of the prostate

(BEP) (19). BPH is characterized by an enlargement of the prostate gland as a result of




an increase in the proliferation and dysregulation of apoptosis of epithelial and stromal
cells in the transitional zone of the prostate tissue (19). BPH is very common in men aged
60 years and above (20). This prostate disorder is not a life-threatening disease, and the
cause is not fully understood (20). However, several factors have been reported to play a
role in the development of BPH, such as an increase in the testosterone levels, amount of
food intake, and aging (20). The primary complications of BPH are the pressing or the
prostate on the urethra, which makes it painful for patients while urinating, increase the
frequency of urination, involuntary urination, urinary tract infection, and bladder outlet
obstruction (BOO) (21).

Prostatitis: A prostate disorder in which the prostate swells as a result of the
inflammation of the prostate gland (22). Usually, prostatitis starts to develop in men at
age 50, though men between 18-50 years also can develop the disease (22). Depending
on the symptoms, prostatitis can be divided into four types: 1- chronic prostatitis, which
accounts for 90% of prostatitis; 2- acute bacterial prostatitis; 3- chronic bacterial
prostatitis, both acute and chronic bacterial prostatitis account for less than 10% of
prostatitis; 4- asymptomatic inflammatory prostatitis (22). Based on the type of
prostatitis, men can develop several symptoms such as dysuria (pain sensation when
urinating), nocturia (frequent urination), painful ejaculation, pain in the lower back
region, chills, and fever (23). Other than bacteria that cause bacterial prostatitis, the
causes of non-bacterial prostatitis are not well identified. However, prostatitis has been
linked to stress, pelvic nerve irritation or inflammation, and urinary tract injuries (24, 25).
Prostatitis can be treated based on the cause by taking antibiotics, anti-inflammatory,

surgery, prostatic massage, or home remedies to ease the pain (26). Inflammation of the



prostate tissue is considered a precursor for prostate cancer (22). Inflammation of the
prostate creates a harmful environment attracting several inflammatory mediators and
growth factors that cause an imbalance between proliferation and apoptosis of prostate
cells resulted in developing lesions in prostate tissue in a process called proliferation
inflammatory atrophy (PIA) (27).

C- Prostate Cancer: A piece of detailed information about prostate cancer will be provided

in the following.

FIGURE 1.3. Prostate disorder stages. Reproduced with permission from Nelson
WG, DeMarzo AM, Isaacs WB: Prostate cancer. N Engl J Med 2003;349:366-381,
Copyright Massachusetts Medical Society (5).

Prostate Cancer

According to the American Cancer Society, a man will be diagnosed with prostate cancer every 3
minutes, making prostate cancer the most common cancer in American men. An estimated
174,650 newly diagnosed cases were made in 2019, which accounted for 9.9% of all new cancer
cases in men during that year. The estimated number of deaths from prostate cancer was 31,620 in

2019, which is 10% of the total estimated deaths from all cancers (28). More than 60% of the



diagnosed cases are in men over 65 years (28). However, prostate cancer can occur in men at age
45 or above, but rarely occurs before age 40 (29). Black men have a 60% higher risk of prostate
cancer than white men for unknown reasons (30). Since the early 1990s, there has been a 85%
increase in the incidence rate of prostate cancer because of the introducing and using of the
prostate-specific antigen (PSA) test (31). Not only has the number of diagnosed prostate cancer
increased, but also the detection of tumors at early stages was improved by PSA screening (31).
Since prostate cancer grows slowly, not all prostate cancer can develop into the clinically relevant
disease before the death of the afflicted. Even though PSA screening led to a sharp increase in
diagnosed prostate cancer cases, it helped reduce the mortality rate by 3.5% per year between 2007

and 2011 (32).

Prostate cancer risk factors

Several risk factors have been studied for their correlation to prostate cancer development and
progression. Some of these factors are highly correlated to PCs development, such as age,
ethnicity/race, and family history (33). Others, such as diet, obesity, environmental factors, and
gene mutations, are also linked to PCs development (34). The probability of developing prostate
cancer is correlated with age, and that makes it the major risk factor for prostate cancer. Young
men aged 30-40 rarely develop prostate cancer (35). However, men with age above 60 account for
more than half of prostate cancer cases (35). Family history is another risk factor, with
development of prostate cancer twice as likely when having a first-degree relative (father)
diagnosed with prostate cancer (36). Recent epidemiological studies show that 10-15% of all
prostate cancer cases are diagnosed in patients with a family history (37). Ethnicity has also been

shown to play a significant role in prostate cancer development (37). Several studies show that



people with dark skin such as Africans and African Americans are more susceptible to develop
prostate cancer and have higher mortality rates compared to other ethnicities (37). On the other
hand, Asians and Americans Indian/Alaska have lower rates of prostate cancer incidence (37).

Diet and obesity are other risk factors that have been linked to the development of prostate cancer.
A high-fat diet has been shown to contribute to carcinogenesis and the aggressiveness of prostate
cancer in several studies (37, 38). The elucidated mechanism of how diet contributes to the
development of prostate cancer is inconclusive. Exposure to environmental factors such as
cadmium and herbicides has been shown to play a role in the development of prostate cancer, but
mechanisms are still unidentified (39). Genetic abnormalities are also associated with an increased
risk of prostate cancer, such as men with mutations in BRCA1, BRCA2, and PTEN (40, 41).
Additionally, overexpression of mutated HPC1, CAPB, ATM, and HPCX increased susceptibility

to prostate cancer (42-45).

Signs and symptoms of prostate cancer

Prostate cancer is a silent disease with no symptoms at the early stages. The disease can go
undetected for many years without routine screenings. However, the most common first indication
of prostate cancer is blood in the urine (46). Also, the growth of the tumor may cause pressure at
the urethra, leading to a painful sensation during urination (47). Several symptoms start to appear
in advanced stages of prostate cancer, such as frequent urination at night, weak stream of the urine,
dysuria, blood in seminal fluid, difficulty passing urine, inability to empty bladder, and urination
interruption (47). However, lower urinary tract symptoms do not mean that the patient has prostate
cancer because these symptoms are shared with other prostate conditions such as prostatitis (48).

Patients should have more screenings to confirm their diagnosis of prostate cancer.



Screening for prostate cancer

Since prostate cancer is asymptomatic, patients at age 50 and above are recommended to consider
prostate cancer tests. Patients who have prostate cancer risk factors should consider prostate cancer
screenings before age 50. Two screening tests are available for prostate cancer: prostate-specific
antigen (PSA) and digital rectal exams (DRE) (49). PSA was introduced in 1979 as a revolutionary
biomarker for prostate cancer (49). PSA is androgen-dependent and secreted into the blood, which
makes it an acceptable biomarker (50). Blood PSA levels in the blood of up to 4 ng/ml is
considered normal; above four ng/ml indicates an abnormality in the prostate (50). However, the
level of PSA can be influenced by other factors such as age, sexual activity, prostate volume, and
other prostate diseases such as benign prostate hyperplasia (BPH) (51, 52). However, some
prostate cancers have low levels of PSA in the blood (53). Patients with PSA levels above 4 ng/ml
are recommended for further analysis, such as a biopsy to confirm prostate cancer (49).

Before introducing PSA, DRE was the only available test for the diagnosis of prostate cancer (49).
In DRE, a physician introduces a lubricated, gloved finger rectally to examine abnormalities in
prostate size. The outcome of the DRE test depends on the examiner's experience. However, both
tests (PSA and DRE) do not diagnose the severity of the disease (49). Further examination by
transrectal ultrasound-guided biopsy (TRUS) is performed, and the tissue is graded according to
the Gleason Grading system to verify the diagnosis (49). Recently, the Food and Drug
Administration (FDA) approved a new prognostic tool for prostate cancer, the measuring of
prostate cancer antigen 3 (PCA3) (54). The high expression of PAC3 in the urine of patients with
prostate cancer makes it a useful tool for diagnostic testing. PAC3 test is used to decide whether a

biopsy is necessary, especially if PSA and DRE were inconclusive.



Grading and staging
The Gleason score system is the primary histological test to determine the aggressiveness of
prostate cancer according to the cancer’s growth pattern (55). Dr. Donald Gleason introduced the
Gleason score system in the 1960s (56). This system has five scores and scales from 1 to 5 (Figure
1.4); 1 resembles normal prostate histology, and 5 resembles the loss of prostate tissue histology.
The final score is the sum of scores of the most common pattern (primary Gleason score) and the
score of the second most common pattern (secondary Gleason score). The final Gleason score
ranges from 2-10. Several modifications and updates were applied to the Gleason score system in
2005 and 2014, including the removal of grade 1. Also, since pathologists never assign a score less
than 2, the lowest final score is 6. Based on this scoring system, a new grading group system was
introduced in 2014. This system was designed to eliminate unnecessary over-treatment of the
indolent prostate cancer (55). The new grading system is as follows:
1) Grade group 1: this group is considered low risk; with Gleason Scores < (3 + 3) =6 or less;
T1-T2a, PSA <10 ng/ml.
2) Grade group 2: this group is considered intermediate risk; with Gleason Scores = (3 +4) =
7; T2b; PSA 10-20 ng/ml.
3) Grade group 3: this group is considered high intermediate risk; with Gleason Scores = (4
+3)=7; T2b; PSA 10-20 ng/ml.
4) Grade group 4: this group is considered high risk; with Gleason Scores = (4 + 4), (5 + 3),
(3+5)=8; T2c; PSA >20.
5) Grade group 5: this group is considered high risk; with Gleason Scores = (4 +5), (5 +4) =

9+ (5 +5) = 10; T2c; PSA > 20.



Androgen receptor:

Androgen receptor (AR, NR3CA; nuclear receptor subfamily 3, Group C, gene 4) is a nuclear
receptor that belongs to a small family of ligand-activated nuclear receptors, Estrogen Receptor-
like nuclear receptors. The Estrogen Receptor-like nuclear receptors family accounts for six known
nuclear receptors, including estrogen receptor-o. (ERa), estrogen receptor- (ERB), glucocorticoid
receptor (GR), mineralocorticoid receptor (MR), and androgen receptor (AR) (57).

Androgen receptor is a transcription factor that is inactive in the cytoplasm while bound to heat-
shock proteins. Androgenic hormones bind to the androgen receptor, causing dissociation of heat-
shock protein 90, dimerization, and translocation to the nucleus where it binds to androgen-
responsive sequences in the promoter site of target genes and regulates gene expression. The major
androgenic hormones that activate androgen receptors are testosterone and dihydrotestosterone
(DHT) (57). Testosterone is synthesized in the testis by Leydig cells from cholesterol under the
control of the hypothalamus and pituitary gland that releases luteinizing hormone-releasing
hormone (LHRH) and luteinizing hormone (LH), respectively. Dihydrotestosterone (DHT) is a
more potent form of testosterone and is synthesized by converting testosterone to
dihydrotestosterone by Sa-reductase in the prostate (58).

Interaction of androgen and androgen receptor are critical for sexual development through
maintaining prostate structure and functions by regulating the expression of a wide range of genes
called androgen-responsive genes (ARGs) (57). The well-known ARGs are PSA, TMPRSS2,
KLK2, TMEPAI1, NOV, and SPKA (57, 59, 60). Additionally, the androgen-responsive genes
involved in different cellular functions include cellular metabolites such as acetyl-CoA-
carboxylase and HMG-Co-reductase; cellular transport or trafficking such as FK-506 binding-

protein (FKBP51) and ANKH; and those involved in cellular proliferation and differentiation such

10



as Mafand Cdc14B (61-63). The capability of the androgen receptor to control such a wide variety

of genes makes it a critical protein in the initiation and development of prostate cancer.

Figure 1.4. Gleason Grading system for prostate cancer. SEER Training
Modules, Prostate Cancer. U. S. National Institutes of Health, National Cancer

Institute. 16, Dec. 2019
<https://training.seer.cancer.gov/prostate/abstract-code-stage/morphology.html>.

AR protein domains:
The AR gene consists of 8 exons with 2757 nucleotides that are located on the X chromosome at
Xql1-12. The eight exons of AR encode AR protein (110 kDa) (57). Similar to other steroid
hormone nuclear receptors, the androgen receptor protein consists of four major domains: a) N-
terminal domain (NTD) (encoded by exon 1); b) DNA binding domain (encoded by exons 2 &
3); ¢) Hinge region (partially encoded by exon 4); d) Ligand binding domain (LBD) (encoded by
exons 4-8) (57). The N-terminal domain is the largest domain of the AR protein and contains

activation function-1 (AF1), which is constitutively active and harbors significant transcriptional

11



activity in a ligand-independent manner. DNA binding domain folds into two zinc-fingers that
coordinate direct binding of the AR to the DNA promoter site of the target gene. DBD contains
the nuclear localization signal (NLS) where importin-o binds and facilitates the translocation of
AR to the nucleus. The Hing region is a flexible region that connects the DBD to the LBD. The
LBD is where the ligand binds to AR. The LBD harbors activation function 2 (AF2), which is

ligand dependent (57).

AR in prostate cancer

The androgen receptor is considered the primary regulator of prostate cancer. The first to
demonstrate the importance of androgen receptor signaling in the progression of prostate cancer
was Charles Huggins in 1941 by showing the influence of castration (removal of testes) on the
growth of prostate cancer (64). PSA, a downstream gene of AR, is elevated in the most prostate
cancer patients, which indicates the activation of AR signaling pathway in patients (65). The
attribution of the AR signaling pathway in the initiation of prostate cancer was further
demonstrated by studying the activation role of AR on growth pathways. In particular, the fusion
of TMPRSS2 with erythroblast transforming specific (ETS) family of transcription factors such as
ETS-related gene (ERG) and ETS-translocation variant 1 (ETV1) (66, 67). TMPRSS2-ERG fusion
occurs in more than 50% of prostate cancer patients and leads to cell cycle activation (66, 68).
First-line treatments of prostate cancer aim to suppress the activity of androgen receptor by
Surgical or pharmacological androgen deprivation treatment (ADT), which is effective for most
patients, further proving the pivotal role of AR in prostate cancer (69). However, the remission of
cancer after patients start ADT does not last long, and the recurrence is inevitable within 2-3 years.

At this stage, the cancer is called castration-resistance prostate cancer (CRPC) (70).

12



AR in castration resistant prostate cancer (CRPC)

Castration resistant prostate cancer is a lethal, incurable stage of prostate cancer in which cancer
can grow in the absence of androgen (70). Even though the term CRPC implies that cancer does
not rely on androgens and AR for its growth, recent studies have demonstrated that AR is essential
for the development of CRPC (70). AR drives the development of CRPC through different
resistance mechanisms to ADT:

¢ AR gene amplification is one of the resistance mechanisms for ADT in CRPC. Despite
low levels of circulating androgens, prostate cancer cells bypass ADT by overexpressing
AR to make it more sensitive to androgens. By this approach, the cells decrease the
threshold of AR to androgens and maintain AR signaling in such an environment. Up to
50% of patients with CRPC showed an increase in AR expression (70).

e Mutation in androgen receptor: Several point mutations have been found in the AR gene
that confers its activity. Up to 30% of CRPC patients have been identified with AR point
mutations. The majority of these mutations are located in the ligand-binding domain of
AR. The most common mutation is T878A that results in the change of AR affinity and
specificity to ligands. A T878A mutation leads to the activation of AR by other hormones
such as progesterone and estrogen or by AR antagonists such as bicalutamide and
flutamide, which provoke AR transcriptional activity and tumor growth. Furthermore, a
T878A mutation results in resistance to the second-generation AR antagonists such as
enzalutamide. Moreover, F876L is another point mutation at the LBD of AR that leads to
resistance to enzalutamide (70).

¢ De novo synthesis of androgen: CRPC starts the de novo synthesis of androgens as a

response to low levels of circulating androgens as a result of ADT. CRPC overexpress
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several converting enzymes such as Aldo-keto reductase family 1 member C3 (AKR1C3)
that help convert androstenedione and dehydroepiandrosterone into testosterones. Also,
CRPC intratumorally over-express CYP17Al1that is a key regulator for the testosterone
synthesis pathway. Recent studies show that CRPC overexpresses a mutated active form
of 3beta-hydroxysteroid dehydrogenase/delta(5)-delta(4)isomerase type 1 (HSD3pB1),
which is a key regulator of the dihydrotestosterone synthesis pathway (70).

Ligand -independent AR activation: AR can be activated in the absence of ligand
through different signaling pathways. These signaling pathways, including
PI3K/Akt/mTOR pathway and tyrosine kinase receptors such as epidermal growth factor
(EGF), insulin-like growth factor 1 (IGF-1), and keratinocyte growth factor (KGF), have
been recently shown to regulate AR signaling in CRPC. Some of the non-receptor tyrosine
kinases such as Src and Ackl can interact and phosphorylate AR to promote its
transcriptional activity. Recently, researchers described the ability of long non-coding
RNAs such as PRNCRI1, which is overexpressed in CRPC, to interact with AR and induce
its transcriptional activity in the absence of AR ligands (70).

Androgen receptor variants is another form of resistance mechanism to escape ADT.
CRPC express different AR variants that are androgen-independent and/or constitutively
active. Several variants have been identified to be expressed in CRPC, such as AR-V1,
AR-V7, and AR-V567es. AR-V7 is the most abundant AR variant expressed in CRPC.
AR-V7 lacks a LBD, makeing it resistant to AR antagonists targeting LBD. AR-V7 is

constitutively active and located in the nucleus in androgen-independent fashion (70).
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Treatment options for prostate cancer

According to the American Urological Association (AUA), there are two major treatment
approaches for prostate cancer patients: non-pharmacological and pharmacological approaches
(71). The preferred approach depends on several factors such as 1) severity of cancer (localized or
metastasized); 2) life expectancy; 3) possible side effects of the approach; and 4) patient medical
conditions (72). If the cancer is in its early stage and is confined within the prostate gland, patients
usually are recommended to be under active surveillance or watchful waiting (69). Patients who
are under active surveillance are recommended to conduct a PSA test every 3 to 6 months. Also, a
DRE is recommended once every year and a biopsy within 6 to 12 months, then once every two

years. local treatment will occur if the cancer worsens (69).

Local treatments include radiotherapy (RT) or radical prostatectomy (RP). Radiation therapy
includes external-beam radiation therapy, brachytherapy, intensity-modulated radiation therapy
(IMRT), or proton therapy. Even though radiation therapy is considered a non-invasive procedure,
it still has several significant side effects, including frequent urination, impotence, fatigue, and
disruption of bowel functions (69). Radical prostatectomy involves the complete removal of the
prostate tissue by open surgery, robotic proctectomy, bilateral orchiectomy, or transurethral
resection of the prostate (TURP) (73). The major side effect of prostatectomy is incontinence
urination and erectile dysfunction (73). After patients receives the non-pharmacological treatment,
they are monitored for any increase in PSA levels. However, up to 40 % of patients who removed
their prostate by RP and up to 50% of patients who received RT had a recurrence within 10 years
(74). At this stage, patients are recommended to begin androgen deprivation therapy (ADT) since

the tumor depends on androgen signaling for growth (69).
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Androgen deprivation therapy aims to reduce testosterone levels in circulation or block the binding
of androgen to the androgen receptor. Currently, luteinizing hormone-releasing hormone (LHRH)
agonists such as leuprorelin or goserelin are used to block production and secretion of testosterone
(69). Also, gonadotropin-releasing hormone (GnRH) antagonists such as degarelix are another
class of ADT, which are more rapid than LHRH agonists in reducing testosterone levels (75).
Unlike LHRH agonists and GnRH antagonists, androgen receptor inhibitors such as bicalutamide
and flutamide inhibit binding of testosterone (androgen) to the androgen receptor (75). While ADT
does not cure cancer, it does slow cancer growth. Eventually, the tumor develops resistance
mechanisms to escape the ADT effect and becomes castration-resistance prostate cancer (CRPC)

(76). CRPC 1is wusually treated with novel androgen synthesis inhibitors (abiraterone),

immunotherapy (sipuleucel-T), or chemotherapy (docetaxel or cabazitaxel) (76). There is an
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CHAPTER 2
LITERATURE REVIEW ON PROTEIN MYRISTOYLATION AND N-
MYRISTOYLTRANSFERASE

Introduction:

The study of an organism would be simpler and more efficient if the total number of proteins
were equal to the total number of genes. The human genome is composed of 20,000 to 25,000
genes, however, the human proteome is more sophisticated, made up of different proteoforms
that have been discovered over the past 50 years (1). One key mechanism that drives the
complexities of the proteome stem from the variety of co-translational and post-translational
modifications. Presently, there are more than 200 different types of post-translational
modifications that have been studied (2, 3). These modifications are carried out mostly by
enzymes such as ligases, transferases, phosphatases, kinases, and hydrolases (4). Each type of
modification allows different proteins to accomplish different functions, such as responding to
external and internal stimuli, localization, activation, and degradation of the protein within the
cell (4). Most common post-translational modifications include but not limited to acetylation,
phosphorylation, methylation, ubiquitination, and lipidation. Recently, protein lipidation gains
attention because its emerging roles in cancer. Protein lipidation is the attachment of a lipid to
the chain of a protein.

One particular protein lipidation modification, the attachment of myristic acid to the N-
terminal glycine, was first described as a blocking group. In 1981, a sequence analysis study
was conducted by Shoji and Titani using the Edman degradation method, which identified the

sequence of the catalytic subunits of cyclic AMP-dependent protein kinase with a group that

21



blocked the N-terminal glycine (5). Using gas chromatography mass spectrometry, Carr and
Titani found that the unrecognized group was linked to the N-terminal glycine of the cyclic
AMP-dependent protein kinase is a myristoyl group. This myristoyl group binds to the N-

terminal glycine through an amide linkage (6).

N-Myristoylation:

For several years, tremendous efforts have been made to understand protein lipid
modifications, including myristoylation. Protein myristoylation is a post-translational lipid
modification in which a C14 saturated fatty acid is irreversibly attached to the N-terminal
glycine of a protein through an amide bond. This irreversible modification is facilitated by N-

myristoyltransferase (NMT) enzyme (7).

Major events demonstrating important finding for N-myristoyltransferase enzyme

Protein myristoylation modifications can be divided into two categories: a co-translational or
a post- translational process, according to when it occurs on the protein (7). In the co-
translational process, the initiator methionine on the nascent synthesized polypeptide is
removed by methionine aminopeptidase (MetAP), which exposes Gly2 to NMT (7). Post-

translational myristoylation may occur for proteins containing an internal glycine residue,
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which is revealed by cleavage by caspases, thereby exposing to NMT as a substrate (Figure

2.1) (7).

Figure 2.1. Two categorizes of protein myristoylation modification.

The attachment of a myristoyl moiety to a protein is irreversible and has several effects (7).
Mpyristoyl moiety can modulate the affinity of the modified protein to the lipid bilayer
membrane to control subcellular localization of the protein and protein-protein interaction (7).
For example, myristoylation of Src increases its hydrophobicity and directs it toward the lipid
bilayer membrane (8, 9). Also, localization of BID-p15 protein to the mitochondria membrane
in the cells is completely controlled by its myristoylation status (10).

Even though the amide bond that forms between the N-terminal glycine of a protein and the
myristic acid is irreversible, the attachment of myristoylated protein to the membrane is
reversible due to its weak lipophilic nature and the myristoylation switches (7). Myristoylation

switches are dynamic processes in which the effect of the myristoyl group can be overcome by
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the myristoylated protein itself (11). There are two myristoylation switch mechanisms that
have been identified: the myristoylation conformational switch and the muyristoylation
electrostatic switch (11-13). For the myristoylation conformational switch, the myristoyl group
can be sequestered inside a hydrophobic pocket within the protein by inducing a
conformational change in that protein (11). This mechanism can be further induced by a ligand,
leading to the reveal of the sequestered myristoyl moiety. For example, the binding of calcium
to recoverin protein induces a conformational change in the protein, leading to the exposure of
the myristoyl moiety to the cytosol, thereby targeting it to the membrane (11). Another
mechanism of myristoylation switches depends on a cluster of basic amino acids in the N-
terminal of the myristoylated protein called electrostatic myristoylation switches. The highly
positive polybasic domain of the protein helps tether the myristoylated protein to the cell
membrane. Changes in the net positive charge of the polybasic domain can result in a release
of the myristoylated protein from the cell membrane (13). For example, phosphorylation of
serine residues in the N-terminal of MARCKS leads to the inability of the polybasic domain
to stabilize MARCKS at the membrane (12).

The importance of studying protein myristoylation comes from its critical role in the
pathogenesis of several diseases. Several myristoylated proteins such as Src, MARCKS, and
heterotrimeric G alpha protein control major intracellular signaling pathways within the cell
(14). Alterations of protein-protein interactions or subcellular localization of these proteins by
the myristoyl moiety can lead to disruption of the signaling pathways (14). Changes in the
myristoylation status of proteins NMT expression levels and activity have been linked to
different diseases such as HIV infection (15), Noonan-like syndrome (16), Alzheimer disease

(17), and epilepsy (18). In addition, the potential role of NMT in different pathogenic

24



conditions, such as ischemia-reperfusion and diabetes mellitus, have been demonstrated using
animal models (19, 20). Myristoylation of several fungal proteins is critical for their survival.
Interestingly, yeast NMT (yNMT) has distinct substrates different from human NMT (hNMT),
which could be utilized for developing a selective inhibitor for yYNMT (21). Myristoylation of
viral proteins, such as Gag and Nef proteins, are essential for viral assembly and survival (22).
More importantly, dysregulation of NMT expression and activity has been linked to the

progression of cancer [section 4] (15).

N-myristoyltransferase:

NMT belongs to the GCN5-related N-acetyltransferase superfamily (GNAT) (7). The function
of this superfamily is characterized by transferring an acyl group from the acetyl-CoA to the
acceptor peptide (7). NMT is a unique member of the GNAT family given its wide range of
substrates (7). Using algorithm prediction analysis methods, up to 0.5 % of mammalian
encoded proteins are substrates for NMT (23). The diversity of substrates makes the enzyme
critical in several organisms.

NMT is a ubiquitous protein that can be found in 53 different species. NMT has been identified
experimentally or bioinformatically to be expressed in lower eukaryotes including
Dictyostelium discoideum (24), Candida albicans 2 (25), Cryptococcus neoformans (26),
Arabidopsis thaliana (27), Plasmodium falciparum  (28), Wheat germ (29), and
Saccharomyces cerevisiae (30). It is also expressed in higher eukaryotes including humans
(31), bovines (32), rats (33), and mice (34).

A huge effort has been made to purifiy, characterize, and clone NMT from yeast. Towler et.

al., was the first to describe NMT enzyme as a membrane bound protein that facilitates the
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attachment of the myristic acid to the N-terminal of synthetic octapeptide derived from a
known N-myristoylated acyl protein in yeast (30). Further characterization of NMT in yeast
revealed only one isoform of NMT in S. cerevisiae strain JR15, which showed 65% and 35%
activity in the membrane and soluble fractions, respectively (35). By using synthetic peptides
and inhibitors, Glaser et. al. demonstrated that NMT in murine muscle cells has the same
peptide specificity as yNMT (36, 37). In 1987, Gordon et. al. purified a 55 kDa monomer
NMT protein from S. cerevisiae. No other isoforms of NMT were ever found to be expressed
in yeast (30). Later, NMT was found to be highly expressed in rat tissue (38) and rat brain
(39) with molecular weight of 84 and 50 kDa, respectively. In contrast to what is known about
yNMT, Sharma’s group demonstrated different molecular weights of NMT in the bovine brain
(bNMT) including: 390 kDa, 224 kDa, 190 kDa and 76 kDa (40). A follow up study in 1997
by Glover et. al., showed that bovine brain tissue contained a heterogenous mixture of NMT
oligomeric complexes (390 and 126 kDa), which assign to multimerization of 60 kDa NMT
subunits (41). Unlike bovine brain tissue, only one form of NMT protein (with a molecular
mass of 50kDa) was found in bovine spleen, which indicates that the spleen bNMT is a
monomeric protein (Table 1) (42).

The hNMT gene was first cloned from a hepatocarcinoma cell line, HepG2, by a functional
complementation of yNMTI-181 mutant, a temperature-deficient mutant that cause a myristic
acid auxotrophy. hNMT protein, which contains 416 amino acids, shares a 44% sequence
similarity to S. cerevisiae NMT (43). Later, a single isoform of hNMT was purified from the
erythroleukemia (HEL) cell line (44) and murine leukemia cell line (L1210) (45). The purified
enzyme shows a 67 kDa molecular mass, which varies from the apparent molecular mass of

yNMT (53 kDa) and bNMT (60 kDa) (46). A second genetically distinct NMT (hNMT2)
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cDNA was isolated from a human liver library that shares 77% sequence similarity to the
previous characterized human NMT (hNMT1). hNMT?2 has a molecular mass of 65 kDa (47).

Similarly, mouse, bovine and rat tissues express two family members of NMT: mNMT1/2,

bNMT1/2 and tNMT1/2 (Table 2.1) (33, 34, 48).

S. Cerevisiae NMT 55 No (30)
C. albicans NMT 53 No (25)
Drosophila NMT 46 No (49)
Rattus norvegicus | NMT1 and NMT2 55 and 66 No (33)
(Rat)

Mus musculus NMT! and NMT2 | 65 and 67 No (34) (47)
Bos taurus (Bovine) | NMT1 and NMT2 50 and 76 No (48)
Homo sapiens NMT1 and NMT2 65 and 67 No (47)

Table 2.1. Isoforms of N-myristoyltransferase in different species.

A characterization study of hNMT2 shows that it catalyzes myristoylation in a similar fashion
to hNMTT, but with different preference (47). For example, both hANMT1 and hNMT2 have a
100% myristoylation rate for a peptide derived from Src kinase (47). Conversely, the
myristoylation rate of the peptide derived from cAMP-dependent protein kinase was higher by
NMT1 (70%) compared to hNMT2 (50%), and 43% by NMT1 compare to 27% by hNMT2
on the peptide derived from c-abl (47). NMT1 and NMT2 genes differ only at the N-terminus,

which contributes to target the enzymes at different sites at the cytoplasm (31). Organisms that
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only express a single isoform of NMT, such as S. cerevisiae (50) and Drosophila (51), were
incapable of surviving without active NMT protein. Furthermore, NMT1-/- knockout mice
failed to deliver healthy pups since NMT1-/- knockout is embryonic lethal (34). NMT2 was
not able to balance the absence of NMT]1, clearly suggesting the substrate specificity of each

NMT members (34).

Regulation of N-myristoyltransferase:

The regulation of NMT expression and activity is still not fully understood. It is not clear
whether NMT could be regulated by the myristoyl-CoA pool or by the expression of
endogenous myristoylated proteins, as has been suggested by several researchers. Also, the
mechanisms that induce NMT activity in some diseases is still unknown. However, several
miRNAs have been identified in regulation of NMT expression. Recently, Chaunhan R. et. al.,
using bioinformatics and functional analysis, predicted 35 miRNAs (15 miRNAs target NMT1
and 20 miRNAs target NMT2) that bind and modulate NMT transcription in cancer. Out of the
35 miRNAs, 11 miRNAs have a described role in prostate cancer, such as miR-421, miR-186-
5p, miR-497, and miR-1193. Furthermore, 4 miRNAs are linked to colorectal cancer (miR-
409-3p, miR-1914-5p, miR-301a-5p, and miR-133a-5p), breast cancer (miR-127-3p, miR-137,
miR-187-5p, and miR-411-5p), and liver cancer (miR-520b, miR-15b-5p, miR-199a-5p, and
miR-584p). In addition, 3 miRNAs play a crucial role in the progression of esophageal cancer
(miR-140-5p, miR-330-3p, and 452-5p), and one miRNA has a defined role in renal cell
carcinoma (miR-200a-3p), brain cancer (miR-503-5p), and squamous cell carcinoma (miR-

346) (52).
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The crosstalk between NMT and its substrates has been identified, and this reciprocal
interaction shows some regulatory effect on NMT activity. NMT is phosphorylated by Src
family kinase (Fyn and Lyn) at Y100 (53). NMT Y100F mutant shows 98% reduction in its
activity compared to the wild type (53). Also, phosphorylation of NMT may play a role in its
localization to the plasma membrane, away from newly synthesized proteins from ribosomes,
which may affect the myristoylation process (53). NMT interacts with Lyn in a
phosphorylation-dependent manner, and this interaction contributes to the movement of NMT
to different cellular compartments (53). On the other hand, phosphorylation of NMT by
Akt/PKB attenuates NMT activity as described by Sharma et. al. (54). The site and
significance of NMT phosphorylation by Akt/PKB is still unknown.

Several endogenous proteins controlling the activity of NMT have been identified. From
bovine brain tissue, Sharma et. al. was the first to demonstrate the inhibitory effect of NMT
inhibitor protein 71 (NIP71) on the activity of NMT (55). NIP71 has 44% homology to heat-
shock cognate protein 70 (HSC70) (55, 56). The exact mechanism of NIP71 is not known, but
it is believed that NIP71 directly interacts with NMT, since it does not possess any protease or
thioesterase activity and does not interact with myristoyl-CoA (55). In addition to NIP71,
Enolase shows a potent inhibition on NMT with ICs0= 0.6 uM in vitro (57). The potential of
both endogenous proteins to serve as NMT inhibitors has not been evaluated in vivo. On the
other hand, 45 kDa NMT activator (NAF4) works as an activator for NMT in bovine brain
tissue (58). NAF45 was copurified with one form of NMT, but does not have an effect on other

forms (58). Incubation of NMT with NAF45 resulted in a 4-fold increase in NMT activity (58).
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Other protein in regulation of NMT activity has also been reported in different studies. In
human mononuclear phagocytes, tumor necrosis factor alpha (TNF-a) and interferon gamma
(INF-g) induce the activity of NMT (59). Also, NMT activity was abolished by retinoic acid

and induced by TPA in a human leukemia cell line (HL-60) (60).

N-myristoyltransferases Localization:

NMT localization was first determined by immunocytochemical methods in HeLa cells using
an affinity antibody raised against a synthetic peptide based on the sequence of NMT. An even
distribution of immunofluorescence staining for NMT was detected across the cytoplasm of
HeLa cells, indicating NMT localization to the cytosol (61, 62). The measurement of NMT in
different subcellular fractions confirms this finding, where the majority of NMT activity comes
from the cytosolic fraction, and only a small portion of the activity was detected in the crude
total membrane fraction (63). Sub-cytosolic localization of NMT was further characterized by
Glover et. al., in different cancer cell lines such as Hela, CEM, and MOLT4 cells using
differential centrifugation methods (64). Full length NMT, 60 kDa, is associated with
ribosomal fractions compared to other subcellular fractions. This ribosomal association is
essential for NMT function since NMT carries out co-translational modification of de novo
synthesized polypeptides. The localization of NMT to the ribosome is totally dependent on the
k box motif, a poly-lysine region in the N-terminal domain of NMT, which has no catalytic
activity of the enzyme (64). However, short forms of NMTI1, which lack the N-terminal
domain, are diffused through the cytoplasm (64). Of note, NMT is localized to the nucleus in
bone marrow mononuclear cells of a tumor-bearing rat (65). The significance of NMT

localized at the nucleus is still unknown.
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Kinetics of N-myristoyltransferase:
-Mechanism of protein myristoylation:

NMT can specifically transfer myristoyl group from myristoyl-CoA to the N-terminus glycine
of intracellular proteins. The characterization of NMT was studied by the interaction between
the S. cerevisiae NMT and myristoyl-CoA using isoelectric focusing gel shift assay and
tryptophan fluorescence quenching experiments. Incubation of NMT with myristoyl-CoA
generates an intermediate with a highly resolved pl equal to 6.7. This is compared to the basic
intermediate for apo-NMT (pI=8.15). The more acidic intermediate was restored by the
addition of a peptide substrate and resulted in a band identical to the NMT alone. This suggests
that there is a high affinity interaction between NMT and myristoyl-CoA, and this complex
can form in the absence of the peptide substrate. Addition of [14C] myristoyl-CoA to the apo-
NMT, followed by proteolytic digestion, denaturing protein electrophoresis, and treatment
with hydroxylamine leads to a result that is highly suggestive of a thioester linkage between
the NMT and myristoyl-CoA. This linkage is mediated by a serine, cystine, or threonine
located between Arg42 to Thr220. The binding of NMT with myristoyl-CoA facilitates the
binding of NMT-myr-CoA to the peptide. However, these data are not sufficient to distinguish
whether the NMT follows a ping-pong or Bi-Bi (sequential) catalysis mechanism, because the
release of CoA may occur before or after the binding of the peptide (66). In 1991, Gordon et.
al. further characterized the catalytic mechanism of NMT by using a non-hydrolyzable
myristoyl-CoA analog. Binding and kinetic studies revealed that the release of the CoA group
is tightly controlled by the addition of the peptide. By using the non-hydrolyzable myristoyl-
CoA analog (S-(2-oxo)pentadecyl-CoA), the CoA group is retained in the NMT-myristoyl-

CoA complex, even after the addition of the peptide, because the linkage between the acyl and
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CoA is non-hydrolyzable (67). This clearly demonstrates that the NMT does not follow the
ping-pong reaction mechanism in which the second substrate does not bind prior the release of
the first product. Further studies were conducted on S. cerevisiae NMT to demonstrate the
catalytic mechanism of the enzyme. These studies revealed that the CoA is a non-competitive
inhibitor for both substrates (peptide and myristoyl-CoA), and myristoylated-peptide is a non-
competitive inhibitor for peptide but a competitive inhibitor for myristoyl-CoA (68). This
pattern of product binding inhibition can be used to distinguish different catalytic mechanism
of the enzyme such as ping-pong and bi-bi mechanisms. From the product binding inhibition,
structural, and kinetic studies, the catalytic mechanism order for NMT is following the ordered
sequential Bi-Bi mechanism. In addition, the affinity of the peptide is greatly affected by the
binding of different acyl-CoAs as a function of the bound fatty acyl-CoA, which suggests that
the fatty acyl-CoA binds to NMT before the nascent polypeptide (Figure 2.2) (69). In
summary, this characterized mechanism suggests that NMT binds to myristoyl-CoA prior to

binding and acylating a nascent polypeptide chain that contains the required sequence.

Figure 2.2. Catalytical cycle of N-myristoyltransferase.
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-Structure and reaction mechanism of N-myristoyltransferase:

NMT structural analyses helped to identify important protein groups that play a major role in
NMT catalytic function. In term of NMT structure, NMT has two binding pockets, one for the
binding of myristoyl-CoA (the N-terminal half of NMT) and the other (the C-terminal half) for
the binding of peptide substrates (70). Each binding pocket has several amino acid residues
that contribute to the binding of the designated substrate (myristoyl-CoA or peptides).

In the myristoyl-CoA binding pocket, myristoyl-CoA binds to NMT with an overall
conformation that morphologically like a question mark with four bends. The first bend is
generated by the interactions between H38, K39, F40, and W41 of the A helix with the 3’
phosphate of CoA. The interactions between N8, C6 of pantetheine with the E105 and Y103
and the hydrogen bond between OS5 of pantetheine and the N6 amine of adenine generate the
second bend of myristoyl-CoA that push it to the active site. The thioester carbonyl of the
myristoyl-CoA forms hydrogen bonds with the backbone of Phe-170 and Leu-171 of NMT,
and these interactions form the third bend, which orients the acyl chain toward the alpha
carbon. Polarization of the thioester carbonyl is mediated by the oxyanion hole formed by Phe-
170 and Leu-171. The fourth bend, which is formed by W41, 1168, 1187, and Y204 side chains,
is positioned at the sixth carbon of the myristoyl-CoA acyl chain and push the acyl chain deeper
into the myristoyl-CoA pocket of NMT. Val-194, Ala-202, and Phe-425 (side chains) and Thr-
191, Trp-200, and His-201 (main chain) form the floor of the acyl chain binding pocket.
Stabilization and release of the CoA thiol, which is formed by the nucleophilic addition-
elimination reaction, is facilitated by the second bend, which is created by the CoA
conformation that forms a hydrogen bond between the sulfur of the CoA and the Né6a of

pantetheine (70-72).
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The specificity of fatty acids for wheat germ and yNMT was comprehensively studied by the
Gordon group. Using a synthetic octapeptide of a well-known NMT substrate, they found that
the myristate (C-14 fatty acid) has 100% transfer efficiency from the myristoyl-CoA to the
octapeptide substrate, in comparison to 9% and 0% for C-10 and C-16 fatty acyl-CoAs,
respectively (29). Oxygen- or sulfur-substituted myristoyl-CoA (12-oxy- and 13-oxy-
myristoyl-CoA) shows a comparable affinity similar to the myristoyl-CoA (69). The length of
the fatty acyl-CoA is the major determinant of the binding to NMT, rather than its
hydrophobicity. As described above, the length of the acyl-CoA is very important since it is

forming a part of the peptide binding site.

The structure of the apo-NMT is characterized by a small peptide binding site. A comparison
of the crystal structure and stopped-flow fluorescence studies show that the myristoyl-CoA
binding site of NMT is in a closed conformation prior to the binding of myristoyl-CoA (73).
Binding of myristoyl-CoA to NMT induces a conformational change involving the N-terminal
alpha helix and the Ab loop (74). This change in the structure of the protein leads to a more
open peptide binding site compared to the apo-enzyme. Also, a ternary complex crystal
structure of NMT shows binding to S-(2- oxo)pentadecyl-CoA (a non-hydrolyzable form of
myristoyl-CoA) and the N-terminal of the Arf2 protein (GLYASKLS), suggesting that the
myristoyl-CoA forms a part of the peptide binding site, since the Glyl and Leu2 of the peptide

interact with the C5 of S-(2- oxo)pentadecyl-CoA (75).

The specificity of NMT for peptide substrates was extensively studied for N-myristoylated
proteins in yeast (74), rat (37), and human (76). These studies show that not only the amino-

terminal residue, but the first six amino acids (Gly2-aa3-aa4-aa5-aa6-aa7) of myristoylated
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proteins have direct contact with NMT and contribute significantly to the recognition and
binding of peptides to NMT (36). Physiochemical properties of the first six amino acids of
nascent polypeptides can be detected by NMT (30). Studies of over 100 synthetic octapeptides
derived from the N-terminus of the catalytic subunit of cAMP-protein dependent kinase reveals
a consensus sequence: G1X2X3X4Xs5Xe6 with glycine residues at the N-terminal. Substitution
of Gly1 with another amino acid (i.e. Ala) diminishes this interaction, making Gly1 critical for
the myristoylation process to take place (30, 77, 78). Also, substitution of a glycine residue
with a glycine analog, such as methyl-glycine, resulted in a very poor interaction with NMT
(30). The requirement of the N-terminal glycine is consistent with the structural studies of
known myristoylated proteins. In addition, mutational substitution of Gly with Ala or Glu for
known NMT substrates, such as Src, gag, and MARCKS, produces a non-myristoylated protein
(79-81). The second amino acid was found to be directed toward the Ab loop’s aromatic side
chains of Y103 and F113, and close to V104, F111, E105 of the Ab loop and to F334 of the
beta strand of NMT (66). These residues preferred to interact with amino acids containing a
hydrophobic side chain, since three potential hydrogen bonds can be formed (70). Uncharged
amino acids such as Ala, Asn, Ser, Gln, and Val are allowed at position 2 (30). A charged
amino acid at position 2 leads to a non-myristoylated peptide (30). Large hydrophobic residues
at this position produce an inhibition feature (30). Unlike position 2, the third amino acid
interacts with Y219, Y330, and Y349, and this environment makes it suitable for a broader
range of residues with hydrophobic and/or aromatic side chains. The fourth amino acid is
surrounded by a large aromatic pocket formed by F111, F234, F334, 1347, and V395. For
positions 3 and 4, basic, acidic, bulky hydrophobic, and small uncharged amino acids are

allowed. NMT binds with high affinity to peptides with uncharged, basic, or acidic residues at
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positions 3 and 4. NMT has low affinity for peptides with Pro at position 3, but it is tolerated.
The fifth amino acid is located close to H221, G418, and D417. These hydrophobic residues
make it a favorable position for Ser with high affinity. Also, small uncharged residues such as
Ala, Thr, Cys, Asn, and Gly are allowed at position 5. Bulky hydrophobic, charged, or Pro
residues are not favorable at this position. The sixth amino acid is located in between D106,
R106, D108, F111, F234 and D417. Position 6 has a broad range of amino acids with less

restrictions, except for Pro (30, 74, 75).

N-terminus of NMT plays a major role in substrate specificity. A study was conducted to
examine whether the N-terminal of the enzyme contributes to the recognition of peptides.
Expressing of two forms of yNMT (full-length or truncated) in E. coli, which lacks endogenous
NMT, showed some differences in the specificity of the truncated NMT toward some peptides.
The ability of the truncated NMT (i.e. lacks the first 39 amino acids of the N-terminus) to add
myristate to some of the peptides was dramatically reduced when compared to the full-length
NMT. These findings strongly suggest the importance of the N-terminus of NMT in the

recognition of peptides, along with the sequence of the peptides themselves (72).

Detection of N-myristoyltransferase activity:

To fully understand an enzyme’s function, having an effective and precise assay to detect its
activity is crucial. Over the past 30 years, several techniques have been described for measuring
NMT activity. The traditional technique was based on using radiolabeled myristoyl-CoA ([3H]
myristoyl-CoA). The myristoylated peptides labeled with [H3] myristate are separated from
other peptides by HPLC (82). This method was extensively used by several groups for studying

the specificity of NMT to numerous octapeptides, but it was not applicable for studying
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myristoyl-CoA analogues. Later, Heuckeroth et. al. (29)(83) introduced iodine to the
octapeptide (GNAAS[1251]YRR) to test the reactivity of NMT to myristoyl-CoA analogues
by measuring the radioactive trace of the end product. The synthesis of radiolabeled peptides
was a limitation for using this method since these modifications on the peptides may have an
effect on the recognition process of these peptides by NMT (84).

In 1991, Sharma’s group introduced a new method for measuring NMT activity using
phosphocellulose paper which is cheaper, more reliable, and can be used to assay multiple
samples in a short time frame compared to the HPLC method (85). In this assay, [3H]-
myristoylated labeled peptides bind to a P81 phosphocellulose paper matrix and are separated
from non-myristoylated peptides. Then, radioactivity is incorporated and measured by liquid

scintillation.

Several modifications have been done to previous methods. For example, instead of using
reversed-phase HPLC, Paige et. al. used CM-Sepharose ion-exchange chromatography to
separate 3H-myristoylated peptide from non-labeled peptides (86). Wagner et. al. separated
14C-myristoyl-peptide from non-myristoylated peptide in a one-step procedure using acidic
alumina (87). These methods provided a more rapid assay for detecting NMT activity

compared to using HPLC alone.

Currently, the process of labeling and identifying myristoylated proteins has been used in
cellular levels. For example, non-radioactive molecules such as myristic-azide has been used
to label myristoylated proteins. The labeled proteins are then conjugated with a reporter in vitro
by biorthogonal reactions, such as copper catalyzed azide-alkyne cycloaddition (CuAAC). The

enzymatically labeled proteins can be visualized by SDS-PAGE (88-90).
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Additional progress was made with recent work from Goncalves et. al., in which an in vitro
fluorescence-based assay, which is an alternative to radioactive assays, was successfully
developed for measuring NMT activity. This fluorogenic assay monitors CoA production,
where it reacts to a pro-fluorescent probe, 7-diethylamino-3-(4-maleimido-phenyl)-4-
methylcoumarin (CPM) (91), to produce a florescencent signal (92). The fluorescence-based
assay can be used to study the kinetics of NMT and for high-throughput screening for inhibitors

(92).

Myristoylated proteins:

A large variety of proteins undergo myristoylation modification, including in humans where
up to 0.5-1 % of all proteins are myristoylated. This modification ensures proper functioning,
subcellular localization, protein-membrane, and protein-protein interactions. Table 2.2

summarizes myristoylated proteins and the function of the myristoyl moiety.

Myristoylation, NMT, and cancer:

NMT manipulates the function of several proteins, including oncoproteins which are involved
in signaling pathways that mediate cell proliferation. Flested et. al. was the first to propose
NMT as a chemotherapeutic target in 1995 (93). In order to establish NMT as a therapeutic
target for cancer, several points need to be addressed: 1) Understand whether cancer is the
driver or the result of change in NMT activity, 2) Identify what regulates NMT activity during
the pathogenesis of cancer, 3) Determine methods to selectively block protein myristoylation

in cancer cells to avoid general toxicity (93).
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Sharma’s group was the first to demonstrate an increase of NMT activity in early stage
colorectal cancer using an azoxymethane-induced rat model (94). Later, high NMT activity
was observed in human colorectal cancer (65), breast cancer (95), gallbladder carcinoma (96),
brain cancer (97) , and oral squamous cell carcinoma (98). Of note, the distribution of NMT in
colon cancer cells is predominantly cytosolic, compared to normal colon cells where NMT is
localized to the cell membrane (65). This may indicate a regulatory mechanism of NMT
localization in cancer tissue that keeps NMT close to newly synthesized proteins from
ribosomes. In a small-scale study, ANMT1 mRNA was investigated in different cancer tissues.
hNMT1 was found to be up-regulated with 1.8-3.7 fold in colon, breast, ovarian, and lung
cancer (99).

Knockdown of NMT using small interfering RNA (siRNA) in ovarian and colorectal
adenocarcinomas was the first direct evidence showing that NMT1 can be utilized as a
therapeutic target for cancer (31). Knockdown of NMTI, but not NMT2, significantly
inhibited the replication of cancer cells (31). Interestingly, ablation of NMT1 and/or NMT2
induced apoptotic cascades and decreased cell survival (31). Moreover, siRNA against NMT1
reduced tumor size in vivo (31). However, further investigation about the role of NMT in
cancer is still needed to confirm these findings, because the experiments were not tightly
controlled and optimized.

Another study investigated the impact of NMT inhibition on cancer progression using a
selective NMT inhibitor on breast, colon, and cervical cancer cells. Inhibition of NMT activity
in these cells led to G1 cell cycle arrest after 1 day, blocking DNA synthesis and induction of
ER stress, followed by sub-G1 arrest (apoptotic) for most of the cells at day seven. This gradual

onset of cell toxicity is due to the time needed for the existing myristoylated proteins to be
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degraded and depleted. A quantitative analysis of the proteome in response to NMT inhibition
in these cells showed 236 up-regulated proteins and 162 down-regulated proteins, all of which
were spread across several important cellular processes. Functional grouping of these proteins
revealed that NMT inhibition significantly down-regulates proteins that are responsible for
controlling chromatin condensation/organization, mitochondrial electron transport, and cell
cycle processes. On the other hand, NMT inhibition significantly up-regulates proteins
controlling Golgi vesicle transport/targeting, N-linked glycosylation, and ER stress (100).
Mpyristoylation modification is considered a maturation process for proteins. Several
oncoproteins, such as c-Src and Lck kinases, require myristoylation for membrane association
and transformation capabilities (8)(101)(102)(103)(104)(105)(106)(107)(108). These kinases
have been documented to be up-regulated in several human cancers including colorectal,
prostate, and breast cancer (8) (109) (110) (111). In colon cancer, the increased expression
level of Src is correlated with the expression level of NMT (112), which may indicate the
requirement of the myristoylated oncoprotein for NMT activity to ensure proper acylation and
function. Blocking Src myristoylation, whether through a G2A mutant (myristoylation dead
mutant) or using an NMT inhibitor, effectively prevented the transformation capability of Src
in human colon adenocarcinoma cells (113), clearly showing the role of myristoylation in the
progression of colon cancer.

Myristoylation modification can inhibit activity of proteins that involve in apoptosis pathways.
A large body of evidence shows the protective effect of the activated Abl kinase against
progression of cancer by inducing apoptosis cascades (114) (115) (116) . Myristoylation of
Abl has an inhibitory effect on the Abl kinase activity (117, 118). An N-terminal myristoyl

group binds to a hydrophobic region in the kinase domain of the Abl, leading to an
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autoinhibitory conformational change in the structure of the protein, inhibiting its activity
(119). Interestingly, inhibition of the binding of the myristoyl group to the hydrophobic pocket
on the kinase domain by a small inhibitor led to activation of the Abl kinase (119). Whether or

not inhibiting NMT will have similar effect is still unknown and needs further investigation.

NMT inhibitors:
There has been a huge increase in the number of synthetic NMT inhibitors developed as anti-
fungal and anti-viral agents and, to a lesser extent, as anti-cancer agents (120). Most of these
agents were developed based on NMT substrates: myristoyl-CoA or peptide substrate.
Structurally, NMT enzyme is composed of two binding pockets: myristoyl-CoA and peptide
pockets (66). The myristoyl-CoA binding site is highly conserved among species (WNMT vs
fungal NMT), however, the peptide binding site is divergent, making it a favorable target site
for developing selective inhibitors for fungal NMT to avoid toxicity (121). NMT inhibitors are
broadly classified as myristoyl-CoA analogues, myristic acid analogues, peptidomimetics, or
synthetic compounds.

-Myristoyl-CoA and myristic acid analogues:
Due to the cooperativity between NMT myristoyl-CoA binding site and Myristoyl-CoA, NMT
is very selective for myristoyl-CoA as a lipid source. Based on this rational, several myristoyl-
CoA and myristic acid analogues have been developed as inhibitors for NMT and evaluated as
anti-viral 109, anti-fungal, and anti-neoplastic agents (120, 122).
The first reported myristic acid analogues used as alternative substrates for NMT were
synthesized by replacing a methylene group of the acyl-CoA backbone chain at different

positions with oxygen, sulfur, or aromatic groups; such as 12-methoxydodecanoic acid, 10-
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propoxydecanoic acid, 5-octyloxypentanoic acid, 11-Phenylundecanoic acid and 11-
ethylthioundecanoic acid. These compounds can serve as NMT substrates but show a
significant reduction in hydrophobicity. They can also inhibit the replication of human
immunodeficiency virus 1 (HIV-1) and Moloney murine leukemia virus (MoMLV) at 10-100
uM, which demonstrates the potential of NMT as a therapeutic target against HIV and MoMLV
(123, 124). In addition, 10-propoxydecanoic acid reduces partitioning of 63 kDa N-myristoyl
protein and Src kinase to the cell membrane by 90% in BC3H1 fibroblast cells (83, 125).

Paige et. al. reported a non-hydrolyzable analogue of myristoyl-CoA, S-(2-oxopentadecyl)-
CoA, as NMT inhibitor. S-(2-oxopentadecyl)-CoA blocks the catalytic transfer of the
myristoyl moiety to the protein substrate. It is a competitive inhibitor and has been tested
against partially purified mouse brain NMT in vitro. S-(2-oxopentadecyl)-CoA inhibited NMT
activity with nanomolar range (126) and had a cytotoxic effect in vitro against human breast
and lung cells (127). Even though S-(2-oxopentadecyl)-CoA shows a great inhibitory effect
against NMT in vitro, it would not be easy for this highly charged compound to pass through
cell membranes to inhibit NMT in intact cells. Synthesis of metabolically activated compounds
would facilitate the delivery of myristic acid analogues to cells where it can be activated by
acyl-CoA synthetase enzyme. 2-substituted myristic acid derivatives, 2-bromomyristic acid, 2-
fluoromyristic acid, and 2-hydroxy myristic acid, were synthesized and tested against mouse
brain NMT1, showing a weak inhibitory effect in vitro (IC50= 100 uM). However, the
metabolically-activated 2-substituted myristic acid derivatives, 2-bromomyristoyl-CoA, 2-
fluoromyristoyl-CoA, and 2-hydroxy myristoyl-CoA, are potent NMT inhibitors with IC50=

450, 200, and 45 nM, respectively(128).
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Glover et. al., reported a number of myristoyl-CoA analogs as competitive inhibitors for
bovine brain NMT. The most potent inhibitor was S(2-ketopentadecyl)-CoA which has a
thioether linkage rather than thioester. This compound inhibits bovine brain NMT in vitro with
Ki=0.11 uM (129).

Various N-myristoyl derivatives have been reported as potent inhibitors for NMT. N-
myristoyl-3-(S)-carboxy-1,2,3,4-tetrahydroisoquinoline and N-myristoylamino-2-
phenylethanehydrogen-phosphonate (IC50= 0.18 uM and 2 uM, respectively) are cytotoxic
agents and inhibit NMT activity of human leukemia cells (HL-60) and mouse lymphocytic
leukemia cells (L1210) (130). These compounds inhibit NMT activity with different potencies
according to NMT origin (cytosolic or microsomal) (45). For example, N-myristoyl-3-(S)-
carboxy-1,2,3 4-tetrahydroisoquinoline inhibited cytosolic NMT at a rate 10-fold greater than
microsomal NMT in L1210 cells (45). Other N-myristoyl derivatives, such as N-myristoyl-
(S)-phenylalanine and N-myristoyl glycine, show a weak inhibitory effect against L1210 NMT
activity with IC50=200 uM (45).

-Peptidomimic inhibitors:

The peptide binding site is located at the C-terminal of NMT where it has low sequence
similarity between different species, such as fungal NMT and hNMT (66). The major
differences between the hNMT peptide binding site and C. albicans are the replacement of
some specific amino acids, such as Ser339, Ala352 and Glu451 in hNMT for Phe339, 1le352
and Leu451 in C. albicans NMT (131). In addition, C. albicans NMT can recognize some
peptides which cannot be recognized by hNMT (131). These differences in the peptide binding
site were utilized by researchers to develop specific inhibitors targeting fungal or viral NMT,

but not human, in order to eliminate cytotoxicity of these agents (132). A characterization study
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of C. albicans NMT peptide binding site shows three major elements, all of which are
important for the recognition process: the N-terminal amino group of the glycine, the hydroxyl
group of Ser5, and the &- amino group of the Lys6 (133). Based on these findings, substituting
the N-terminal glycine of the Arf2b (GLY ASKLS-NH2) peptide with L-alanine (ALY ASKLS-
NH2) led to the first competitive peptidomimic inhibitor (134). This compound showed a 4-
fold increase in potency against C. albicans compared to hNMT (Ki= 5.8 and 35 uM for C.
albicans and hNMT, respectively) (134). Different substitution modifications on the N-
terminal octapeptide of Arf2b protein were carried out to enhance its selectivity toward C.
albicans, such as replacing Leu2 and Tyr3 with alanine, which increases its potency by 8-fold
(135). Also, substituting the N-terminal amino acid residues at positions 1-4 with an 11-
aminoundecanoyl group produced a more potent inhibitor than the starting peptide
(ALYASKLS-NH2) (135). These peptidomimetics were a starting point for developing more
potent and selective NMT inhibitors by other researchers. In 1995, Devadas et. al. reported a
dipeptide 2-methylimidazole containing inhibitor (4-[4-(1H-Imidazol-1-
yl)butyl]phenylacetyl-Ser-Lys-N-(2-cyclohexylethyl)amide) with IC50= 56 nM and a 250-
fold increased selectivity towards C. albicans versus hNMT (105,108). Also, several -
aminoalkyl-substituted Ser-Lys dipeptides of the Arf octapeptide, such as [2-[4-(6-
Aminohexyl)phenyl]propionyl]-Ser-Lys-2-cyclohexylethylamide, have been reported as
potent inhibitors for human and C. albicans NMT in vitro (136).
-Synthetic compounds:

A number of thiol alkylators, such as Mannich bases of a,B-unsaturated ketones (137), which
contain two sites of thiolation, and 3,5-bis(Benzylidene)-4-piperidone derivatives (138), have

been reported as cytotoxic agents. These compounds were tested against Molt 4/C8, CEM T-
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lymphocytes, NCI-H460, MCF7, and as well as murine L1210 and P388 cells, and
demonstrated a marked cytotoxicity, especially toward leukemia and colon cancer cells (137).
Specifically, compound 3a was the most potent cytotoxic agent with IC50= 0.683 and 0.447
puM for colon cancer and leukemia cells, respectively (137). Since the NMT peptide binding
site contains a mercapto group at cysteinel69 (139), these compounds were proposed to exert
their effect through targeting NMT. 3,5-bis(Benzylidene)-4-piperidone derivatives, such as
3,4-dichlorophenylamino,  4-methylphenylamino, 3,4-dichlorophenylamino, and 4-
methylphenylamino, inhibited NMT activity with an IC50 range from 50 to 100 uM (138).
However, Mannich bases of a,B-unsaturated ketones compounds showed a weak inhibitory
effect against NMT in vitro with IC50= 0.5, 1.5, 25, 4, and 10 mM, respectively, when assayed
using cAMP dependent protein kinase substrate (140). Interestingly, no inhibition effect on
NMT activity was observed when these compounds were assayed with pp60Src substrate
(137). The difference in the affinities between the substrates (PKA, Src) and NMT enzyme
may cause the variation in the inhibitory effect of the compounds.

A medium-throughput screening study starting with 1600 compounds has revealed 32 potential
NMT inhibitors (141). These inhibitors are cyclohexyl-octa hydro-pyrrolo [1,2-a]pyrazine
(COPP)-based structure derivatives with IC50 values ranging from 6 uM to mM against
hNMT1 (141). Among the 32 compounds identified, compound 24 (COPP24), which
possesses a 9-ethyl-9H-carbazole-3-ylmethyl group on the purazine nitrogen atom, is the most
potent inhibitor with IC50= 6 uM. COPP24 targets the peptide binding site of NMT1 with
competitive inhibition. A computational docking study using the yNMT crystal structure
demonstrated that COPP24 binds to the peptide binding site of the enzyme. The efficacy of

COPP24 as an NMT inhibitor in cells was evaluated using monkey CV-1 cells expressing N-
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myristoylated GFP-fused protein. Cells treated with COPP24 redistributed GFP signal from
the plasma membrane to the cytosol. COPP24 displays cytotoxic effects against several cancer
cells, such as HepG2 (liver), HT29 (colon), MCF7 (breast), A-498 (kidney), and DU145
(prostate) with IC50=4.4,3.7,0.9, 5.8, and 14.8 uM, respectively (141). The high potency and

cytotoxicity effect of COPP24 makes it a promising inhibitor for NMT as an anti-cancer agent.

A number of benzofuran derivatives as lead compounds for inhibiting NMT activity were
identified by random screening of the Roche chemical libraries. Based on the crystal structure
of C. albicans NMT and SAR studies, substituting the tert-butyl group in the C4 side chain on
the benzofuran ring with (pyridine-3-ylmethyl)amino resulted in developing 3-Methyl-4-{3-
[(pyridin-3-ylmethyl)amino] propoxy}benzo- furan-2-carboxylic acid ethyl ester; a potent C.
albicans NMT inhibitor (IC50= 0.1 uM) and an in vitro anti-fungal agent (IC50= 1.6 uM) 117.
Due to the short elimination half-life, further optimization was conducted on the C2 side chain
of the benzofuran ring. The ester linker at C2 was replaced with a phenyl group via a CH20
linker to increase the stability of the inhibitor. Introducing a 2,4-difluoro or 2,3,4-trifluoro
group to the phenylether at the C2 side chain resulted in two stable and potent C. albicans
NMT inhibitors, {3-[2-(2,4-Difluorophenoxymethyl)-3-methylbenzofuran-4-
yloxy]propyl} pyridin-3-ylmethylamine and  {3-[2-(2,3,4-Trifluorophenoxymethyl)-3-
methylbenzo-furan-4-yloxy]propyl}pyridin-3-ylmethylamine, which demonstrate inhibitory
activity (IC50= 0.0075 and 0.0057 uM) against C. albicans NMT and anti-fungal agents
(IC50=10.03 and 0.035 uM), respectively. These compounds were very effective as anti-fungal

agents in vivo when tested in a murine systemic candidiasis model (120).
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A virtual screening of a database containing two million compounds, followed by CaNMT
screening, led to a weak hit, 2-aminobenzothiazole, as a CaNMT inhibitor (142). Several
modifications were performed on the 2-aminobenzothiazole, resulting in a number of 2-
aminobenzothiazole derivatives as potent and selective CaNMT inhibitors (143). (1R,3S)-N-
{2-[(cyclopeanthylcarbonyl)amino]-benzothiazol-6-yl}-3-[(2-naphthylmethyl) amino]
cyclohexane carboxamide (FTR1335) selectively inhibited C. albicans NMT with 50%
inhibitory concentration at 0.049 nM versus 5400 nM for hANMT. FTR1335 inhibits CaNMT

by competing with peptide substrates for the NMT peptide binding site (142).

A number of pyrazole sulfonamide derivatives have been developed based on a lead hit, which
was identified by screening a diverse library against T. brucei NMT (144). DDD85646 was the
most potent pyrazole sulfonamide derivative with a single digit nanomolar IC50= 2 nM and
has 200-fold selectivity toward TbDNMT versus hNMT (144). DDD85646 has a competitive
mode of inhibition, binding to the peptide binding site of the TONMT as revealed by kinetic

characterization and X-ray crystallography (144).
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Abstract:

Protein N-myristoylation enables localization to membranes and helps maintain protein
conformation and function. N-myristoyltransferases (NMT) catalyze co- or post-translational
myristoylation of Src family kinases and other oncogenic proteins, thereby regulating their
function. In this study, we provide genetic and pharmacological evidence that inhibiting the N-
myristoyltransferase NMT1 suppresses cell cycle progression, proliferation and malignant growth
of prostate cancer cells. Loss of myristoylation abolished the tumorigenic potential of Src and its
synergy with androgen receptor in mediating tumor invasion. We identified the myristoyl-CoA
analog B13 as a small molecule inhibitor of NMT1 enzymatic activity. B13 exposure blocked Src
myristoylation and Src localizaiton to the cytoplasmic membrane, attenuating Src-mediated
oncogenic signaling. B13 exerted its antiinvasive and antitumor effects against prostate cancer
cells with minimal toxic side-effects in vivo. Structural optimization based on structure-activity
relationships enabled the chemical synthesis of LCL204 with enhanced inhibitory potency against
NMTI. Collectively, our results offer a preclincal proof of concept for the use of protein

myristoylation inhibitors as a strategy to block prostate cancer progression.
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Introduction

N-myristoylation is a co/post-translational modification that results in the covalent
attachment of the 14-carbon saturated myristic acid to the N-terminus of a target protein (1). N-
myristoyltransferase (NMT) catalyzes this transfer of the myristoyl- group of myristoyl-CoA to a
glycine in the N-terminus. N-myristoylation is ubiquitously found in eukaryotes, and two
mammalian NMT isoforms, NMT1 and NMT2, have been identified that share 77% identity (2).
NMTs have been considered as promising targets for the development of antifungal, antiparasitic,

and antitumor progression therapeutics (3).

One set of proteins where myristoylation has been observed to play an important role is
Src family kinases (SFKs). Myristoylation together with other modifications allow SFKs to attach
to the cytoplasmic membrane and mediate their kinase activity and cellular functions (4, 5). SFKs
are pleiotropic activators in signal transduction pathways and numerous studies have documented
their role as oncogenic driver genes in a variety of cancers (6). SFKs interact with a variety of
cellular receptors, and are downstream effectors of G protein-coupled receptors, integrins, and
many receptor tyrosine kinases (RTKs) (7, 8). Activation of SFKs also activates a variety of
downstream signaling to facilitate tumor growth, angiogenesis, and metastatic invasion (6, 9, 10).
Particularly, aberrant expression of Src kinase facilitates the phosphorylation of androgen receptor
(AR) and bypasses ligand dependent AR activation in castration resistant prostate cancer (9, 11).
Our previous study showed that co-overexpression of Src and AR promotes invasive prostate

adenocarcinoma (11, 12).

In vitro studies have indicated that NMT1 regulates Src kinase myristoylation and
phosphorylation or kinase activity in COS-1 cells (5) or HT-29 cells (13). Here we further study if

genetic and pharmacological inhibitions of NMT1 regulate proliferation of prostate cancer cells
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and growth of prostate tumor in vivo. We demonstrate that knockdown of NMT1 suppressed
proliferation of prostate cancer cells by blocking cell cycle progression and inhibited the
myristoylation and tyrosine phosphorylation of Src kinase. The inhibitory effect increased with
increasing expression levels of NMT1. Myristoylation was shown to facilitate SFKs-mediated
prostate tumorigenesis, and mediate the interaction of Src kinase with AR, with the synergistic
effect of promoting prostate tumor progression. Screening a panel of small molecule compounds
based on the myristoyl-CoA scaffold identified a compound that blocked the enzymatic activity of
NMT1 and myristoylation of Src kinase. The inhibitor suppressed proliferation, migration and
invasion of prostate cancer cells and tumor growth with a limited toxicity to normal cells or major
organs in vivo. The inhibitory activity of this compound was optimized through structurally guided
and SAR based methods. Our study provides a novel therapeutic approach for the treatment of

prostate cancer by targeting lipidation.
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Materials and Methods:

Plasmid constructs

The open reading frames of the Src(WT) and its mutants [(Src(WT/G2A), Src(Y529F),
Src(Y529F/G2A), Src(YS529F/S3C/S6C), Src(Y529F/G2A/S3C/S6C), Src(YS529F/K298M)],
Fyn(WT) and its mutants [(Fyn(WT/G2A), Fyn(Y528F), Fyn(Y528F/G2A),
Fyn(Y528F/C3S/C6S), Fyn(Y528F/G2A/C3S/C6S), Fyn(Y528F/K298M)], and AR genes were
cloned into FUCRW or FUCGW lentiviral vectors as described previously (14, 15). Src(Y529F)
and Src(Y529F/G2A) were also cloned into the pTK380 vector (16), designated as
TRE/Src(Y529F), which expresses the reverse tetracycline-controlled transactivator (1tTA), and is
regulated by doxycycline (Dox). To knock down the human Src and NMT1 genes, shRNAs
targeting Src and NMT1 were generated using primers listed in Table S1. After the primers were
annealed, the inserts were cloned into psiRNA-W [H1.4] vector at the Bbs I site. The shRNAs with
the H1 promoter were further sub-cloned into FUCRW and/or FUCGW lentiviral vectors at the
Pac I site. To knock down the human Fyn gene, shRNA constructs were purchased from Sigma.
Cell culture

PNT2 cells were purchased from Sigma (Cat#95012613). 293T and prostate cancer cell lines
including LNCaP, 22Rv1l DUI145, and PC-3 were purchased from American Type Culture
Collection (ATCC). The above cell lines were obtained in September 2013 and were defined as
passage 1 (the first thawing) when arrived in the lab. SYF1 (Src”"Yes”"Fyn”") mouse fibroblast cell
line and LNCaP-abl, and 293T expressing rtTA (293T-rtTA) were gifts from Dr. Jonathan
Cooper’s lab in August 2008 (17), Dr. Qianben Wang’s lab in March 2016 (18), and Dr. Kathrin
Plath’s lab in May 2008 (12), respectively. Cancer cell lines were cultured in ATCC-recommended

medium, and LNCaP-abl was grown in 10% charcoal-stripped fetal calf serum. Cell lines from
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ATCC and Sigma had a certificate of mycoplasma-free and authentication when purchased. Other
cell lines including SYF1 and LNCaP-abl were tested by the universal mycoplasma detection kit
(ATCC Cat# 30-1012K) and determined to be mycoplasma free. PNT2, LNCaP, 22Rv1 DU145,
and PC-3 lines were used within no more than 8-10 passages. LNCaP-abl cells were at 62 passages
in this study. SYF1 cells and 293T-rtTA cells were used at the passage of less than 35. Loss of Src
and Fyn expression in SYF cells was confirmed by Western analysis as indicated in each
experiment. The doxycycline induction ability in 293T-rtTA did not show any difference in terms
of cell passage number. SYF1 cells transduced with Src/Fyn(WT) or their mutants, or 293T-rtTA
transduced with TRE/Src(Y529F) by lentiviral infection (12) were grown in DMEM with 10%
FBS (HyClone, Logan, UT). The expression of Src kinase was induced by 1 pg/mL doxycycline.
All the cell lines were periodically examined for mycoplasma contamination.

Protein fractionation

The fractionation protocol for the cytosol and the cytoplasmic membrane were as described
previously with slight modification (19). Briefly, SYFI cells expressing Src/Fyn(WT) or its
mutants were incubated in DMEM including 2% bovine serum albumin (BSA) for 24 h. After
lysing with TNE lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM EDTA pH 7.4, protease inhibitor
cocktail, and phosphatase inhibitor cocktails), the protein extracts were homogenized using a 25-
gauge needle syringe (15 strokes) and centrifuged at 14,000 rpm for 10 min. The supernatant was
collected as the cytosolic (Cyt.) fraction. Pellets were rinsed twice with TNE lysis buffer and re-
suspended in TNE lysis buffer which contained 60 mM B-octylglucoside. Samples were incubated
on ice for 30 min and centrifuged at 14,000 rpm for 20 min at 4 °C. The supernatants were collected
as the total membrane (TM) fraction.

Crystallization of NMT1 and structure determination
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Purified NMT1 was dialyzed overnight against a buffer containing 20 mM Tris pH 7.5, 100 mM
NaCl, and 1 mM DTT. The enzyme was concentrated to 6.3 mg/mL and incubated at a 1:5 molar
ratio with myristoyl CoA. This mixture was filtered with a 0.2 pum filter. NMT1 crystals were
obtained through vapor drop diffusion using a 500 pL reservoir with a 4 pL hanging drop
containing equal parts of NMT1 and reservoir solution (22.5% PEG 4000, 5 mM NiClz, 100 mM
sodium citrate pH 4.5, and 2.5% glycerol) (20). The crystals were flash frozen in liquid nitrogen
using the reservoir solution as a cryoprotectant. The data was collected at the SER-CAT 22ID
beamline at 1 A using a MAR300hs detector. HKL-2000 was used to index, integrate, and scale
data sets. Phenix and coot were used for molecular replacement and refinement of the structure.
Detecting the myristoylation of Src kinase by Click chemistry

To evaluate myristoylation of proteins, PNT2, LNCaP, LNCaP-abl, 22Rv1, PC-3, and DU145
cancer cells were grown in the ATCC-recommended medium with myristic acid azide. The protein
lysates were extracted using M-PER buffer, and a 40 pL protein lysate aliquot was used for the
Click reaction. Myristoyl-proteins were detected by immunoblotting using Streptavidin-HRP.

To detect the effect of NMT1 on expression levels of myristoylated Src protein, PC-3 cells were
transduced with shRNA-control or shNMT1. Additionally, to examine the inhibition of B13 on
Src myristoylation, PC-3 cells were treated with 0, 1, 15, 30 uM of B13 for 2 h. The shNMT1
transduced or B13-treated cells were cultured in the medium with 60 uM of myristic acid-azide
for 24 h. Proteins were extracted with M-PER buffer (Thermo Scientific) containing protease
inhibitors and phosphatase inhibitors. Cell lysates were centrifuged at 14,000 rpm for 20 min. The
supernatants were incubated with Src antibody for 16 h at 4 °C. Protein A agarose beads were
added, and the mixtures were incubated for 1 h at 4 °C. After washing five times with IP lysis

buffer, the Click chemistry reaction was accomplished by adding Click reagents according to the
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manufacturer’s instructions (Life Technologies). In brief, 30 pL of the Click-iT reaction buffer
containing 40 uM alkyne-biotin, 10 pL of CuSOs, and 10 pL of additive 1 solution was mixed
with the equal volume of immunoprecipitated agarose beads. Then 20 pL of additive 2 solution
was added. The myristoyl-Src was further mixed with loading buffer and boiled. The lysate was
detected by immunoblotting using Streptavidin-HRP.

To screen the compounds inhibiting the Src myristoylation, SYF1(Src”"Fyn”"Yes™) cells were
transduced with Src(WT) or Src(G2A) by lentiviral infection. The transduced cells were grown in
DMEM with 2% fatty acid free BSA containing 60 uM myristic acid-azide for 24 h after pre-
treatment of LCL or GRU compounds for 2 h. To examine Src myristoylation in a dose dependent
manner, SYF1+Src(WT) cells were treated at 0, 1, 5, 15, 30 uM of B13 for 2 h, followed by the
addition of 60 uM of myristic acid azide. The expression levels of myristoyl-Src (60 kDa) were
detected by immunoblotting.

Screening for NMT1 inhibitors and measurement of ICso

For screening of NMT1 inhibitors or the measurement of ICso, the 1X reaction buffer (50 mM
HEPES and 0.5 mM EDTA), 140 nM of NMT1 purified enzyme (See the NMT]1 purification
Section, the enzyme stock was preserved in the buffer containing ImM EDTA, 250 mM NacCl,
and 20 mM Tris pH 8.5), 5 uM of peptide Gly-Ser-Asn-Lys-Ser-Lys-Pro-Lys (derived from the
N-terminus of human pp60Src tyrosine kinase), and the inhibitor at 0, 10, 20, 40, 80, 120, 160, or
200 uM respectively were mixed in a 96-well plate. After incubation at 30 °C for 10 min, the
reaction was started by adding 1 puM myristoyl coenzyme A (Avanti Polar Lipids). The total
volume of the above mixture was set 80 uL/well. After incubation at 30 °C for 60 min, the released
coenzyme A was detected by adding 80 puL of 30 uM of 7-diethylamino-3-(4’-maleimidylphenyl)-

4-methylcoumarin (CPM) stock solution (Sigma Aldrich) to each well and incubated in the dark
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for 12 min. The fluorescence intensity was measured by a Flex Station 3, microplate reader
(excitation at 390 nm; emission at 479 nm).

Analysis of mRNA copy number in TCGA database

Expression values were extracted from the cBioPortal for Cancer Genomics

(http://www.cbioportal.org/) for the following genes using the Gene Set Query functions: NMT1

and Src. The expression values were then cross-referenced with the data sets from the TCGA Data
Portal. The data was then downloaded and aligned to the respective TCGA Sample IDs in order to
be used in statistical analysis. Additional data was extracted from the TCGA Provisional Prostate

Adenocarcinoma clinical data set (http://www.cbioportal.org/study?id=prad_tcga#clinical),

giving more information for each Sample ID such as: Gleason Score, Survival Status, Days to
Sample Collection, and Cancer status.

Soft agar colony formation assay

The effect of Src(WT), Src(Y529F), Src(Y529F/G2A), Src(Y529F/S3C/S6C), and
Src(Y529F/K298M) on colony formation in SYF1 cells was assessed by soft agar colony
formation assay using Cell Transformation Detection Assay Kit (Millipore, Darmstadt, Germany).
The assay was performed in six-well plates as follows: 1 mL of 0.8 % agar solution was layered
in the bottom of each well followed by 0.5 mL of 0.4 % agar solution as the top layer. A total of
1,500 cells were suspended in 0.4 % top layer agar containing 0.5 mL of DMEM with 10% FBS
and plated on top of the bottom layer in the same medium according to the manufacturer's
instructions. After 21-28 days of incubation at 37 °C in a 5% CO; incubator humidified
atmosphere, the number of colonies were counted and photographed under a fluorescence

microscope (Carl Zeiss, Germany).
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Cell proliferation, invasion, migration assay, and cell cycle analysis

For cell proliferation assays, cells were seeded in 96-well plates at a density of 3000-5000 cells
per well and treated with different concentrations of B13. The medium was removed and replaced
with 100 pL of fresh culture medium without phenol red. Next, 10 pL of 12 mM MTT
(ThermoFisher) was added to each well, and incubated at 37 °C for 4 h. The reaction was stopped
using 100 pL of 10% SDS (dissolved in 0.01 M HCI), and incubated at 37 °C for another 4 h. The
absorbance was measured at 570 nm (FlexStation 3, Molecular Devices).

For wound-healing assays, 8x10° cells were seeded in a 6-well plate and incubated for 24 h. Once
the cells reached 95% confluence, a space was created using a 1 mL pipette tip to scratch wounds
across the well. After washing with medium to remove floating cells, fresh medium with a tested
compound was added. The scratched space was monitored and imaged daily.

For cell migration assays, cells were cultured to around 80% confluence. After incubation for 24
h in serum free medium, the cells were seeded according to the manufacturer’s instructions. The
top well contained medium with compound or DMSO, and the receiver well contained 10% FBS.
After 48 h incubation, the medium was removed from the insert and washed with PBS, then fixed
with 3.7% formaldehyde for 2 min and methanol for 20 min. The fixed cells were washed with
PBS, and stained with 0.1% crystal violet at room temperature for 15 min in the dark. After
washing with PBS, the non-migrated cells were removed with cotton swabs, and the migrated cells
were imaged and counted.

For cell cycle analysis, cells were grown in ATCC-recommended medium. After attaching, the
medium was replaced with fresh medium with/without 15 or 30 uM of B13 every 24 h for 3 days.
1 x 10° cells were obtained from the plate, and washed with PBS, then fixed with 70% ethanol for

1 h at 4 °C. After washing with PBS, the fixed cells were stained by FxCycle™ propidium
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iodide/RNAse solution (Invitrogen) for 30 minutes in the dark at room temperature. The stained
cells were then analyzed by flow cytometry (CyAn ADP Analyzer, 488 nm excitation and 585nm
emission).

Prostate regeneration assay and xenograft tumors.

C57BL/6J and CB.175¢P/SCID (SCID) mice were purchased from Taconic (Hudson, NY). For the
prostate regeneration assay, primary prostate cells were isolated from 8-12 week-old male
C57BL/6J mice, and infected with lentivirus expressing Src/Fyn(WT) or mutants, or co-infected
with Src(WT)/Src(G2A) and AR according to the experimental setup. Infected cells (2-3 x 10°
cells/graft) were combined with urogenital sinus mesenchyme (UGSM) (2-3 x 10° cells/graft)
together with 25 pL of collagen type I (adjusted to pH 7.0) (12). After overnight incubation, grafts
were implanted under the kidney capsule in SCID mice by survival surgery. All animals were
sacrificed at 8 weeks after grafts were implanted.

To examine the role of Src or NMT 1 in tumor progression, the xenograft tumor model was applied.
PC-3 cancer cells transduced with Src-shRNA, NMT1-shRNA or control shRNA by lentiviral
infection and were grown in DMEM with 10% FBS. 3x10° cells were mixed with 50 uL of
collagen type I (pH 7.0) (BD Biosciences) and inoculated subcutaneously in both lateral flank
sides of SCID mice. The size of tumors was measured weekly. The host mice were sacrificed, and
xenograft tumors were harvested after two months incubation.

For examining the inhibition of B13 on xenograft tumors, PC-3 cells were subcutaneously
inoculated in the flank side of SCID mice. Mice carrying xenografts were randomly separated into
two groups after 2-3 weeks. B13 was dissolved in the vehicle solution containing 30% kolliphor,
65% saline (0.9% NaCl), and 5% ethanol. Mice were administrated intravenously (i.v) with 200

uL of the drug solution at a concentration of 75 mg/kg body weight or vehicle twice a week for 4-

77



6 weeks. Body weight and tumor size were measured (length x width) weekly. Xenograft tumors,
the liver, lung and kidney were harvested for immunohistochemistry analysis. All animals were
maintained according to the surgical and experimental procedures of the protocol A2013 03-008
approved by IACUC at the University of Georgia.

Statistical Analysis: Prism software was used to carry out statistical analyses. The data are
presented as mean + SEM and analyzed using the Student’s t test. All t tests were performed at

the two-sided 0.05 level for significance. “*”: P<0.05; “**”:P<0.01; “N.S.”: not significant.
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RESULTS

Ablation of N-myristoyltransferase 1 inhibits proliferation of prostate cancer cells.

Protein lipidation including myristoylation is essential for regulation of the structure and function
in numerous disease-related proteins (3). N-myristoyltransferase (NMT) catalyzes protein
myristoylation, and has been considered a major target to block cancer progression (13,21). NMT1
was expressed in normal or prostate cancer cells, and mRNA and protein expression levels of
NMT1 were significantly elevated in DU145 and PC3 cancer cells (Fig. 3.1A-B). Increased
expression of NMT1 correlated with elevated protein myristoylation at ~60 kDa (Fig. 3.1C). To
examine if NMT1 regulates the growth of prostate cancer cells, shRNA targeting NMT1
(shNMT1) was generated (Fig. S3.1A-B). Knockdown efficiency was validated in SYF1 (Src™-
Yes”Fyn™) cells expressing Src(WT) by demonstrating a reduction in myristoylated Src kinase
using Click chemistry (Fig. S3.1C). While knockdown of NMT1 showed no inhibition on the
growth of PNT2 cells (normal cells), it inhibited the proliferation of LNCaP, 22Rv1, DU145, and
PC-3 prostate cancer cells (Fig. 3.1D and Fig. S3.1D). In particular, the inhibitory effect on cell
proliferation correlated with the expression levels of NMT1 (Fig. 3.1E) and the lack of inhibition
of normal cells (PNT2 cells) suggests that NMT1 might serve as a potential inhibition target in
prostate tumors without causing major toxicity.

PC-3 cells were selected for xenograft studies since NMT1 expression was highest in this cell
line. Knockdown of NMT1 significantly inhibited the growth of PC-3 xenograft tumors leading to
a decrease in the size and weight of tumors (Fig. 3.1F-G). Suppression of NMT]1 led to cell cycle
arrest at the S-phase with a decrease of the cell population at the G2/M phase (Fig. 3.1H), but had

no significant effect on cell apoptosis (Fig. 3.11).
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NMT1-Src axis mediates proliferation of prostate cancer cells.

Myristoylation of Src kinase regulates its kinase activity (5). SFKs are important oncogenic driver
genes in a variety of cancers including advanced stages of prostate cancer (9, 22). Expression
levels of NMT1 and Src kinase were significantly correlated in human tumors (Fig. 3.2A) and
expression levels of NMT1 correlated with the active Src kinase [detected by pSrc(Y416)
antibody] in prostate cancer cells (Fig. 3.1B). Similar to the effect of sSsRNA-NMT1 on PC-3
xenografts, the growth of PC-3 cancer cells (Fig. S3.2A-B) and xenografts (Fig. 3.2B) were
dependent on expression of Src kinase. Knockdown of another SFK member Fyn kinase led to
only mild inhibition of PC-3 and LNCaP cell proliferation (Fig. S3.2C-D). Down-regulation of
NMT]1 appears to inhibit Src myristoylation (Fig. 3.2C), tyrosine phosphorylation (pSrcY416),
and the level of FAK phosphorylation, a downstream target of Src kinase (Fig. 3.2D), highlighting
a potential NMT1-Src axis to inhibit tumor growth, particularly in Src-driven tumors.

Single and double knockdown of NMT1 and Src were performed to evaluate the effect on cell
proliferation in LNCaP, 22Rv1, and PC-3 cell lines. Single knockdown of Src or NMTT1 inhibited
proliferation of the three cell lines (Fig. 3.2E) but double knockdown (shSrc and shNMT1) showed
no additive effect in LNCaP and 22Rv1 cells. However, double knockdown in PC-3 cells (showing
the highest expression of NMT1 and pSrc) showed greater inhibition of proliferation compared to
either single knockdown (Fig. 3,2E). These results demonstrate an NMT1-Src axis that plays a role
in prostate cancer cell growth.

Loss of N-myristoylation inhibits SFK-induced oncogenic signaling in vitro and prostate
tumorigenesis in vivo.

The tumorigenic potential of the following Src and Fyn kinase mutants were examined in vitro and

in vivo: constitutively active that recapitulates activated Src kinase in tumors [Src(Y529F) or
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Fyn(Y528F)], loss of the myristoylation site [Src(Y529F/G2A) or Fyn(Y528F/G2A)], gain
[Src(Y529F/S3C/S6C)] or loss [Fyn(Y528F/C3S/C6S)] of two palmitoylation sites, and loss of
both myristoylation and palmitoylation sites [Fyn(Y528F/C3S/C6S/G2A)] (Fig. 3.3A and 3.3B).
Src(Y529F/G2A), Fyn(Y528F/G2A) and Fyn(Y528F/C3S/C6S/G2A) inhibited phospho-Erk,
pFAK expression (Fig. S3.3A and B), and colony formation (Fig. S3.3C and D), suggesting that
specifically myristoylation and not palmitoylation is essential for SFKs-mediated oncogenic
signaling and transformation in vitro.

As previously reported (17), while regenerated tissue derived from Src(Y529F) or
Fyn(Y528F/C3S/C6S) infected epithelial cells formed a solid tumor (Fig. 3.3C-D), tissue from
Src(Y529F/S3C/S6C) showed normal tubule structure (Fig. 3.3C and E). Src(Y529F)-induced
tumors were composed of sheets of poorly differentiated carcinoma cells without glandular
structures and with focal sarcomatoid areas (Fig. 3.3C). In contrast, the regenerated tissue derived
from Src(Y529F/G2A) showed normal tubule structure (Fig. 3.3E). Additionally, regenerated
prostate tissue derived from Fyn(Y528F) and Fyn(Y528F/C3S/C6S) exhibited high grade
adenocarcinoma and invasive tumor, respectively (17). The tissues from Fyn(Y528F/C3S/C6S)
showed solid tumors with un-differentiated tumorigenic cells. In contrast, tissues from
Fyn(Y528F/G2A) or Fyn(Y528F/C3S/C6S/G2A) showed normal glandular tubules (Fig. 3.3D and
F). Collectively, these results indicate that myristoylation is essential for SFKs-induced
tumorigenesis and loss of myristoylation abolishes tumorigenic potential, suggesting that
myristoylation is an important oncogenic target.

Blockade of myristoylation inhibited synergy of Src and AR in prostate tumorigenesis.
Co-expression of c-Src and AR induces activation of Src kinase and leads to invasive prostate

tumorigenesis in vivo (12). The role of myristoylation in the synergy of Src-AR induced
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tumorigenesis was also examined. Prostate primary cells were transduced with AR, Src(WT),
Src(G2A), AR+Src(WT), or AR+Src(G2A) by lentiviral infection (Fig. 3.4A). Their expression
was visualized in the regenerated tissues by fluorescence imaging of the GFP/RFP markers (Fig.
3.4B). Although the size of regenerated tissue showed no visible difference, the weight of
regenerated tissue derived from Src(WT)+AR increased significantly in comparison with
Src(WT), Src(G2A), AR, or Src(G2A)+AR (Fig. 4B). As reported previously (12), over-
expression of AR or Src(WT) alone did not induce prostate tumorigenesis, and regenerated tissues
contained histologically normal prostate tubules (Fig. 3.4C). Regenerated tissues derived from
Src(WT)+AR displayed phenotypic features of a poorly differentiated or undifferentiated high
grade carcinoma with an invasion of some tumorigenic cells into the neighboring tissues. While
normal tubules usually contains a large lumen cavity, tumors from Src(WT)+AR tumors are
comprised of tumorigenic cells without cavity. As a result, although regenerated tissues showed
no difference in size, the weight of regenerated tissue from Src(WT)+AR group was significantly
elevated than those from normal tubules. In contrast, regenerated tissues derived from over-
expression of Src(G2A) alone or Src(G2A)+AR showed normal tubule structure (Fig. 3.4C),
suggesting that loss of Src kinase myristoylation blocks the synergy of Src(WT) and AR induced
tumorigenesis in vivo. Since myristoylation was important for Fyn transformation, the synergy of
AR and Fyn was examined. However, the results showed no synergistic effect in the regenerated
tissues (Fig. S3.4A-B), suggesting differential functions of Src family kinases (17), likely dictated
by differential intracellular trafficking pathways (23).

Loss of Src myristoylation interfered with the protein interaction of exogenously expressed Src
and endogenous AR in LNCaP (Fig. S3.5A-C) and 22Rv1 prostate cancer cells (Fig. S3.5D-F) in

the presence or absence of AR agonist (R1881), and inhibited AR-regulated expression of the PSA,
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KLK2, and TMPRSS2 genes (Fig. S3.5G). These results further suggest that myristoylation is a
potential therapeutic target for the inhibition of Src kinase function and its mediated tumorigenesis.
Small molecule targeting of NMT1 enzymatic activity.

To identify small molecule compounds that target NMT activity, recombinant NMT1 protein (with
an exclusion of the 108 amino acids DNA sequence in the N-terminus) was used (Fig. S3.6A-B).
The protein was purified by affinity chromatography (Fig. S3.6C) (20). A fluorescence-based in
vitro assay was developed (Fig. S3.7A) (24) and the myristoylation process was found to occur by
a “Ping-Pong” mechanism (Fig. S3.7B). The detection of Src myristoylation using click chemistry
was developed to examine the inhibition of compounds at the cellular level (Fig. S3.8A-B). The
assays were used to screen a selected panel of LCL compounds of previously synthesized
myristoyl-CoA analogs (Fig. S3.8C and Fig. S3.9). D-NMAPPD, N-[(IR,2R)-2-hydroxy-1-
(hydroxymethyl)-2-(4-nitrophenyl)ethyl]-tetradecanamide, also named B13 (or LCL4), was the
top hit that inhibited NMT]1 activity and Src kinase myristoylation (Fig. 3.5). The I1Cso of B13
(77.6 uM) was not improved with analogs with longer or shorter N-acyl carbon chains on R1 group
such as LCL7 or LCL35 likely due to steric clashes of the longer tails or loss of hydrophobic
interactions with shorter tails with the NMTT1 protein (Fig. 3.5). Additionally, when the nitro (R2
group) was removed from the p-position of the aromatic ring of LCL4 along with the addition of
hydroxymethyl (R4 group) such as the compound LCLI1, it showed a significant increase in ICso
value. However, N,N’-Disubstituted urea as a linker between aromatic ring and aliphatic tail such
as LCL17 led to a decrease of the ICso value, which could be due to the planar and non-flexible

nature of the -NH-CO-NH- linker (Fig. 3.5).
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B13 and its derivative LCL204 compete with the myristoyl-CoA binding site of NMT1.

B13 is structurally similar to myristoyl-CoA as both contain a 14-carbon alky] tail (Fig. 3.6A). The
crystal structure of NMT1 was solved to understand how B13 interacts with NMT1 (Table S3.2).
Similar to the reported structure (20), the myristoyl-CoA binding site of NMT1 was identified in
our structure and placement of B13 within this site was performed initially by overlaying B13’s
alkyl tail with that of myristoyl-CoA (Fig. 3.6B). Additionally, orientation of B13 within the active
site was driven by the SAR data (Fig. 3.6B and S3.9). Several favorable interactions between B13
and the NMT1 the binding pocket, including the interaction of 1) the aromatic ring with a
hydrophobic patch comprised of Tyr180 and Vall81; 2) the aliphatic tail with Asn246; 3) potential
hydrogen bonds between R2 nitro group and Arg255, between the amide group and Thr282 and
the backbone amide of Leu248, and between the R4 hydroxymethyl group and the hydroxyl group
of Tyr180 (Fig. 3.6B).

The interactions of B13 and NMT1 described above were used to identify an analog with improved
efficacy. Based on the BI3-NMT1 model in Fig. 3.6B, the hydroxymethyl group and carbonyl
oxygen are competing for hydrogen bonding interactions with NMT1. Therefore, the removal of
the carbonyl could potentially enhance binding and thus increase inhibition. Molecular modeling
by using Autodock Vina further suggested that the carbonyl group behaved in a more rigid manner
than the NO2 moiety (Fig. 3.6B) and could extend the half-life due to introduction of the stable
alkane group. To probe the predictive accuracy of this structural placement and molecular
modeling, LCL204 was synthesized (Fig. 3.6A-B) and found to exhibit an order of magnitude
enhancement in potency towards NMT1 (ICso = 8.7 uM, Fig. 3.6C). These results suggest a likely

path forward for further structure optimization for greater potency in targeting NMT]1 activity.
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B13 inhibits Src myristoylation, localization at the cytoplasmic membrane, and its mediated
oncogenic signaling and transformation.

Src myristoylation is a down-stream target of NMT1. B13 inhibited Src myristoylation of
ectopically expressed Src kinase or endogenous Src kinase (Fig. 3.6D-E). Myristoylation is
essential for the attachment of Src family kinases at the cytoplasmic membrane. The majority of
Src/Fyn proteins were found to localize in the cytosol in the Src(G2A), Src(Y529F/G2A),
Fyn(G2A), and Fyn (Y528F/G2A) mutants (Fig. S3.10A-D). Loss of myristoylation inhibited the
association of Src kinase with the cellular membrane (Fig. S3.10E). B13 inhibited Src kinase
tyrosine phosphorylation [detected by pSrc(Y416)] in association with down-regulation of pFAK
and pAkt (Fig. 3.6F), or suppression of de novo synthesized Src-induced signaling (Fig. 3.6G).
Similarly, the amount of non-phosphorylated Src kinase in the open conformation [detected by
non-pSrc(Y527)] at the cytoplasmic membrane, representing the doxycycline induced de novo
synthesized Src kinase, was reduced after treatment with B13 (Fig. 3.6H). Expression levels of
non-phosphorylated Src in the cytoplasmic fraction did not change with B13 treatment most likely
because only a small portion of the total cytosol lysate was analyzed due to the limited loading
volume available in the gel. Additionally, while Src(Y529F) significantly increased colony
formation, the transformation was inhibited by B13 (Fig. 3.61).

B13 inhibits proliferation, migration, and invasion of prostate cancer cells and growth of
xenograft tumors.

The ability of B13 to inhibit transformation and proliferation of prostate cancer cells was
examined. B13 significantly inhibited proliferation of 22Rv1, PC-3, and DU145 prostate cancer
cells, but this effect was less sensitive in LNCaP cells (Fig. 3.7A), which is correlated with the

lower expression of NMT1 (Fig.3.1A-B). Cell cycle progression was significantly inhibited in the
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tested prostate cancer cells (Fig. 3.7B). The cell cycle inhibition was further confirmed by
decreased expression of CDK2 and cyclin D1, increased expression of p27 in PC-3 and DU145
cells, and decreased expression of CDK6 in DU145 cells (Fig. 3.7C). B13 also suppressed invasion
of 22Rv1 and migration of PC-3 cancer cells (Fig. 3.7D). However, B13 had a limited effect on
PNT2 normal cell proliferation and did not affect the cell cycle in PNT2 cells (Fig. S3.11A-C) or
proliferation of 293T cells (Fig. S3.11D).

To examine the specificity of B13 for targeting the NMT1-Src axis, 22Rvl or PC-3 cells
transduced with shRNA-control or shRNA-Src were subjected to the B13 treatment. Single B13
treatment or knockdown of Src showed significant inhibition on proliferation of 22Rv1 and PC-3
cells (Fig. S3.12A-B). PC-3 cells with Src knockdown and B13 treatment showed a combined
effect on reducing proliferation (ShRNA-Src+B13 versus B13) (Fig. S3.12A). This effect on
proliferation was not observed in 22Rvl cells (shRNA-Src+B13 versus shRNA-Src) (Fig.
S3.12B). As PC-3 cells showed the highest and 22Rv1 the lowest expression of NMT1 and pSrc,
this data suggests that the NMT1-Src axis sensitizes cells to targeting myristoylation to reduce
proliferation.

The effect of B13 in host mice carrying PC-3 xenograft tumors was further examined. B13
significantly inhibited the size and weight of PC-3 xenograft tumors (Fig. 3.7E) with no observed
pathological toxicity to the major organs of host SCID mice including the liver, kidney, and lung
(Fig. 3.7F), and no significant changes in body (Fig. S3.13A) or organs’ weight (Fig. S3.13B).
Collectively, B13 exhibited inhibition on the growth of prostate cancer cells, suggesting its

potential as an effective agent for the treatment of prostate tumors.
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Discussion:

Our study demonstrates that the inhibition of NMT1 genetically or pharmacologically suppresses
proliferation of prostate cancer cells and growth of xenograft tumors. The magnitude of the
inhibitory effect is positively correlated with the expression levels of NMT1 and pSrc(Y416) in
cancer cells. Inhibition of NMT1 suppresses myristoylation and tyrosine phosphorylation of Src
kinase in vitro and in vivo. Targeting myristoylation exhibits dual effects in inhibiting Src-
mediated oncogenic activity since both the catalytic domain and scaffold function are essential for
SFKs (10). The myristoyl group may participate in protein folding and promote Src kinase to
switch to its active conformation leading to phosphorylation at Tyr416 (25). Loss of myristoylation
suppresses down-stream signaling including FAK as well as the MAPK signaling pathway (13).
Additionally, inhibition of myristoylation blocks the scaffold function of Src kinase, and prevents
the protein—protein interaction with AR thus inhibiting androgen independent AR activation.
Several studies have reported that high levels of Src kinase dead mutants are still able to enhance
FAK catalytic activity (26) and decrease osteoporosis in the Src”- animal model (27), and promote
AR activity in part (12). Inhibition of Src kinase anchoring to the intracellular membrane could
change the protein intracellular trafficking path (23). Inhibition of NMT provides an additional
pathway to inhibit SFK-mediated oncogenic signaling in comparison with numerous Src kinase
inhibitors such as dasatinib that only target the ATP binding site (28). We show that expression of
NMTT1 is correlated with expression levels of Src kinase in human tumors. Given the fact that the
elevation of Src expression and activity has been well documented in advanced prostate cancer
(9), targeting the NMT1-Src axis provides a novel approach for inhibiting tumor progression,

particularly in Src-driven tumors.
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Although numerous NMT inhibitors have been developed as antiviral, antifungal or
antiparastic agents (29), only a limited number of inhibitors including COPP24 and “Compound
1” have been reported as anticancer agents (30, 31). NMT activity occurs via the formation of a
ternary complex with myristoyl-CoA and glycine at the N-terminus of the target proteins (32). Our
study identifies B13 as a novel NMT inhibitor that can be modeled into the myristoyl-CoA binding
site in NMT. B13 shows limited effect on normal cells or organs, which may be due to elevated
fatty acid metabolism and lipogenesis in cancer cells in comparison with normal cells (33).
Elevated expression of fatty acid synthase (FASN) has been well documented in numerous
cancers, and targeting FASN shows benefit in inhibiting cancer progression (34). Biosynthesis of
acyl-CoAs including myristoyl-CoA is a required step for phospholipid synthesis (35). In concert
with aberrant expression of NMT in a variety of cancer cells (3, 21, 36), an increase of myristoyl-
CoA production either from exogenous fatty acids or through de novo synthesis could further
promote protein myristoylation to facilitate the growth of cancer cells (35). In particular, Src
expression and/or activity are highly elevated in advanced prostate cancer (9). Further studies are
required to determine if the amount of myristoylated Src, which is essential for its kinase activity,
is also elevated in advanced prostate cancer. Nevertheless, the differential activity of fatty acid
metabolism coupled with an elevation of NMT enzymatic activity might provide a molecular basis
to differentiate cancer cells with normal cells. Our study emphasizes the NMT1-Src axis in
mediation of the growth of prostate cancer cells. It should be noted that targeting NMT may also
lead to inhibition of other NMT downstream proteins in which myristoylation is essential for their
function. For example, myristoylation of AMPK is required for its recruitment to the mitochondria
for the induction of mitophagy and cell viability (37). The inhibition of B13 on NMT1 activity

could potentially block the AMPK recruitment process to inhibit the proliferation of prostate
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cancer cells. Regardless, our study has demonstrated that targeting NMT activity provides a

promising therapeutic approach for treatment of cancer progression.

It should be noted that B13 could have other inhibitory targets in addition to NMT]1. For
example, it has been reported that B13 can inhibit acid ceramidase (38, 39). The inhibition
suppresses the conversion of ceramide to sphingosine, which leads to an increase of ceramide
levels including Ci4-, Ci6-, Ca4-, Ca4.1-ceramides and a decrease of sphingosine (24, 38, 39). The
alteration of ceramides and sphingosine triggers the cell apoptosis pathway (40). It remains to be
studied if inhibition of NMT activity could also contribute to the alteration of ceramide levels. The
biosynthesis of ceramides requires fatty acyl-CoA as substrates, and the accumulation of
myristoyl-CoA resulting from the blockade of NMT activity might potentially facilitate ceramide
biosynthesis. Therefore, B13 might potentially be a dual inhibitor in targeting both NMT and acid
ceramidase.

Further optimization of B13 and development of a drug delivery vehicle may improve the
efficacy for cancer treatment. We have illustrated that LCL204, a B13 derivative identified by
structure replacement, shows 9-fold decrease in ICso on NMT1 enzymatic activity. Interestingly,
LCL204 is also reported as an inhibitor of acid ceramidase with higher inhibitory potential than
B13 (38). Further development of LCL204 will rely on its toxicity to normal cells and organs in
pre-clinical trials. Additionally, the myristoyl group of B13 confers hydrophobicity to the
compound. Using a nanoparticle-based vehicle to deliver the compound might be helpful for the

improvement of its efficacy in vivo and reduction of adverse side effects in cancer treatment (41).
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Figures

Figure 3.1. NMT1 regulates the proliferation of prostate cancer cells and xenograft tumors.
(A-C) PNT2 (normal prostate cells) and prostate cancer cells were grown with 60 uM myristic
acid-azide. Cell lysates were subjected to Click chemistry for detecting myristoylated proteins.
Expression levels of NMT1 mRNA (A), protein (B), and myristoylated proteins (C) were analyzed.
Note: PNT2 cells are immortalized by the large T-antigen, which usually leads to the activation of
Src kinase. (D) NMT1 was knocked down by two independent shRNA-NMT1 by lentiviral
infection and proliferation measured after 5 d. Data are relative to the control (set as 1). Also see
Supplemental Figure S1 for the growth curve. (E) The correlation of NMT1 expression levels with
growth inhibitory rate of ShARNA-NMT1. (F-G) PC-3 cancer cells infected with control shRNA
or shRNA-NMTI1 of low titer (L, MOI=10) and high titer (H, MOI=50) were implanted
subcutaneously in SCID mice (n=6 per group). Tumor size was measured weekly and tumor weight

measured at week 8. (H-I) PC-3 cancer cells infected with control sShRNA or shRNA-NMT1 (L,
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MOI=10; H, MOI=50) were cultured for 3 d followed by cell cycle analysis. The percentage of the
cells in G0/G1, S, and G2/M phases is relative to the control shRNA (H). Levels of the indicated

apoptosis-related proteins were detected by immunoblotting (I). *: p<0.05; **: p<0.01.
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Figure 3.2. NMT1 knockdown causes tumor suppression by down-regulation of Src kinase
myristoylation and tyrosine phosphorylation. (A) Correlation of Src and NMT1 expression (copy
number from the TCGA database (n = 498 tumors). (B) PC-3 cancer cells infected with control
shRNA or shRNA-Src were implanted subcutaneously in SCID mice (n=6 per group). The size
and weight of xenograft tumors were measured at week 8. (C-D) PC-3 cancer cells were transduced
with sShRNA-NMT1 (MOI= 0, 10, 30, 50) by lentiviral infection. The transduced cells were grown
with/without myristic acid-azide and myristoylated Src was detected by Click chemistry and
immunoblotting with streptavidin-HRP (C). The expression levels of the indicated proteins from
the protein lysates were measured by immunoblotting (D). (E) LNCaP, 22Rv1, and PC-3 cancer
cells were transduced with control, ShARNA-NMT1, shRNA-Src, or both and proliferation was
measured by the MTT assay after 5 d. Data are relative to the control (set as 1). **: p<0.01 (each
treatment group was compared with the control group). #: p<0.05; ##: p<0.01 (the compared

groups were indicated in the figure).
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Figure 3.3. Loss of myristoylation inhibits SFK mediated tumorigenesis. (A-B) Schematic of
constitutively active Src(Y529F) and Fyn(Y528F) mutations resulting in loss of myristoylation
and gain or loss of palmitoylation sites. Gly2 was mutated to Ala (loss of myristoylation site) in
constitutively active Src(Y529F) or Fyn(Y528F) kinases. Ser3 and Ser6 sites of Src(Y529F) were
mutated to Cys (gain of palmitoylation sites), and the Cys3 and Cys6 sites of Fyn(Y528F) were
mutated to Ser (loss of palmitoylation sites). (C-D) The in vivo prostate regeneration assay was
performed with the Src(Y529F) or Fyn(Y528F) and acylation mutants (RFP marker).
Representative images of regenerated prostate tissue and RFP detection. Scale bar, 2 mm. (E-F)
Representative H&E, RFP fluorescence, and THC staining of CK5 (basal mark, red)/CK8(luminal
mark, green)/DAPI (nucleus staining), and Src kinase or Fyn kinase in the regenerated tissues.

Scale bar, 100 pm.
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Figure 3.4. Loss of myristoylation in Src kinase inhibits the synergy of Src(WT) with
androgen receptor (AR) in prostate tumorigenesis. (A) Schematic for examining the synergy
of Src and AR in prostate tumorigenesis. Primary prostate epithelial cells were transduced with
AR (GFP marker), Src(WT) (RFP marker), Src(G2A) (RFP marker), or co-transduced with
Src(WT)/Src(G2A) and AR and the infected cells were combined with UGSM, and implanted

under the renal capsule of SCID mice. Regenerated prostate tissue was isolated after 8 weeks. (B)
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Representative images of regenerated prostate tissue and RFP/GFP detection (scale bar, 2 mm).
The weight of prostate tissues was compared in the bar graph. The * indicates an unpaired, two-
tailed t test. (C) H&E, RFP/GFP, and IHC staining of AR and total Src, and co-staining of CKS,

CKS5 and DAPI in regenerated tissue. Scale bar, 100 um.
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Figure 3.5. Chemical structures and ICso values of LCL compounds targeting NMT1
enzymatic activity. The ICso of LCL compounds on NMT1 enzymatic activity was measured.
LCL7 and LCL35 represent a compound with a longer and shorter acyl-chain (R1 group in Figure
5A) than LCL4/B13, respectively. LCL17 represents a compound with NH group in the acyl-chain,
which enhances inhibitory effect. LCL86 represents a compound with longer acyl-chain and
without nitro group (R2 group). LCL1 represents a compound without both nitro and hydroxyl

group (R4 group). The bold highlights the chemical groups different to LCL4/B13 compound.
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Figure 3.6. Myristoyl-CoA analog, B13, inhibits NMT1 enzymatic activity and suppresses
Src kinase mediated cell transformation. (A) Comparison of the myristoyl-CoA structure with
B13 and LCL204. The C14 acyl-group (R1) highlighted with a red square in B13 is identical with
that in myristoyl-CoA. R2 (nitro group), R3 (hydroxyl group), and R4 (hydroxymethyl group) are
important for the inhibitory effect based on structure-activity relationship (SAR) analysis in the
Supplemental Figure S9. (B) The analysis of the NMT1 protein structure with B13 and LCL204
inhibitor. The binding site of myristoyl-CoA with the NMT]1 crystal structure was replaced with
B13. The upper right panel shows B13 interactions with neighboring side chains. Myristoyl-CoA
and LCL204 were modeled in the NMT1 binding pocket. The bottom right panel shows that
LCL204 interactions with the neighboring side chains. According to the structure replacement, the
replacement of the methoxide group in B13 with -CH; led to a B13 derivative, LCL204, which
favors the interactions of the functional groups with amino acids in the binding pocket of NMT]1.

(C) The inhibitory effect of LCL204 on NMT 1 enzymatic activity. The ICso of LCL204 on NMT1
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enzymatic activity was 8.7 uM, which increased about 9-fold in comparison with that of B13. (D-
E) SYF1 cells were transduced with Src(WT) and the transduced cells, SYF1+Src(WT) (D) or PC-
3, (E) were cultured with B13 overnight followed by myristic acid-azide (60 uM) for 8 h. The
lysates from SYF1+Src(WT) cells (D) and Src immunoprecipitates from PC-3 cells (E) were
subjected to Click chemistry. The expression levels of myristoyl-Src detected by streptavidin-
HRP, total Src, and GAPDH were analyzed by immunoblotting. (F) The expression levels of the
indicated proteins in the total lysates from (E) were measured by immunoblotting. (G) 293T cells
expressing doxycycline inducible Src(Y529F) were treated with/without doxycycline (Dox,
Ipug/ml) and with DMSO (C), 15, and 30 uM of B13 for 24 h. The levels of the indicated proteins
were determined by immunoblotting. (H) The lysate from (G) was fractionated. Caveolin-1 and
GAPDH were used as markers for total cytoplasmic membrane (TM) and cytosolic fraction (Cyt),
respectively. Immunoblot detection using the non-pSrc(Y527F) antibody represented the de novo
synthesized Src kinase. (I) SYF1 cells were transduced with Src (Y529F), Src (Y529F/G2A), or
Src (Y529F/K298M) and subjected to the soft agar assay. SYF1-Src(Y529F) cells were treated
with B13 and the number of resulting colonies was counted. Representative phase and RFP images

of colonies in the soft agar assay are displayed. **: P<0.01.
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Figure 3.7. The myristoyl-CoA analog B13 inhibits cell cycle progression and growth of
xenograft tumors. (A) Prostate cancer cell lines were cultured with B13 for 5 d and cell
proliferation was measured. The value is expressed as the mean + SEM (n=6 wells). The statistical
analysis is indicated by the color representing the labeled concentration of B13 treatment. (B) Cell
cycle analysis of LNCaP, 22Rv1, PC-3, and DU145 cells cultured with B13 for 3 d. The percentage
of cells in GO/G1, S, and G2/M phases was compared between the control and B13 treatment. (C)

PC-3 and DU-145 cells treated with/without different concentrations of B13 were analyzed for the
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expression levels of CDK2, CDK®6, cyclin D1, p27, and tubulin by immunoblotting. (D) 22Rv1
and PC-3 cancer cells grown with/without 15 pM B13 were examined in the Transwell invasion
assay and the wound-healing assay, respectively. (E) PC-3 prostate cancer cells were
subcutaneously injected into both flank sides of SCID mice (3 months-old, n=6 per group). Vehicle
or B13 (75mg/kg/mouse) were administered intravenously twice a week for 6 weeks.
Representative images of the xenograft tumors are shown (upper panel; scale bar, 10 mm). The
size and weight of xenograft tumors were measured as mean + SEM (bottom panel). *: P<0.05,
**: P<0.01. (F) Histology analysis of B13 on major organs. H&E staining of liver, kidney, and

lung tissues derived from (E) were evaluated. Scale bar, 400 um.
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Supplemental Materials and Methods

Expression and Purification of NMT1

A modified NMT]1 gene containing a Hise-tag at the N-terminus and the catalytic domain of NMT1
(excluding 108 amino acids of the N-terminus of the full length NMT1) was synthesized by
GenScript (Fig. S6A-B). The gene was cloned in the pET-11a vector and transformed into Rosetta
2 competent cells by heat shock. Cells were grown at 37 °C in LB broth, supplemented with 100
pg/ml ampicillin and 35 pg/ml chloramphenicol, to ODggo 0.6-0.8. Cultures were induced with 1
mM IPTG and grown overnight at 18 °C. The cells were harvested by centrifugation at 5000 xg
for 10 min. The cells were suspended in a buffer containing 20 mM Tris (pH 7.5), 500 mM NaCl,
10 mM imidazole, | mM MgCl,, and 0.1% (v/v) Triton X-100 and lysed by four 1 min rounds of
sonication, 5 s on 5 s off, at 50% amplitude, on ice. The lysate was cleared by centrifugation at
48,000 xg for 20 min at 4 °C. Cleared lysate was applied to high-density nickel agarose beads
(Gold Biotechnology, Olivette, MO) equilibrated with 20 mM Tris (pH 7.5), 500 mM NaCl and
10 mM imidazole. Protein was eluted with the equilibration buffer containing 250 mM imidazole.
This elution was diluted 20 fold in Buffer A (20 mM Tris pH 8.9 and 1 mM DTT) and loaded onto
a Mono Q anion-exchange column (GE Healthcare, Pittsburgh, PA). NMT1 was eluted in a 0-50%
NaCl gradient over 20 column volumes of Buffer A and Buffer B (20 mM Tris pH 8.9, I mM
DTT, and 1 M NaCl) (1). The Hiss-tag was cleaved using HRV 3C protease. The remaining free
His-tag, His-tagged NMT1, and HRV 3C protease were separated from cleaved NMT1 by nickel
affinity chromatography.

Characterization of NMT1 Kinetics

Purified NMT1 catalyzes the incorporation of the myristoyl group of myristoyl-CoA into the N-

terminus of glycine in the peptide of Gly-Ser-Asn-Lys-Ser-Lys-Pro-Lys (derived from the N-
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terminus of human pp60Src tyrosine kinase) releasing CoA. The amount of released CoA could
be measured by 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (CMP). The assay
was performed in 96-well black microplates (Greiner Bio-One, Germany) and the reaction mixture
contained 33.6 pL of 2X reaction buffer (100 mM HEPES and 1 mM EDTA), 4 uL of 5.6 uM of
the purified hNMT1 stock, 30.4 uL of ddH»O, and 4 pL of 70, 100, 200, and 400 uM stock
concentration of the above synthetic peptide, respectively. At each peptide concentration of the
above mixture, 8 uL of the myristoyl-CoA stock solution was added to reach a final concentration
of 0, 10, 20, 40, 80, 160 uM, respectively, and react time was 1, 2.5, 5, 10 minutes, respectively.
Reactions were stopped by adding 80 puL of 30 uM of CMP, and incubated in the dark for 12
minutes. The fluorescence intensity was measured by a Flex Station 3, microplate reader
(excitation at 390 nm; emission at 479 nm). The reciprocal values of the velocity and the myristoyl-
CoA concentration were plotted on Lineweaver-Burk plots.

LCL and GRU compounds and molecular docking

LCL compounds were synthesized by the Synthetic Unit of Lipidomics Shared Resource at the
Medical University of South Carolina as previously described (2-4). GRU compounds were
synthesized by Dr. Iryna Lebedyeva’s lab. Molecular docking was performed using Autodock
Vina against compound structures outlined in Figure 6 and S9 by using the binding pocket of the
X-ray structure of NMT1 (4C2Y) (1).

Chemical synthesis of B13 and LCL204

For the chemical synthesis of B13, (2R,3R)-2-amino-1-(4-nitrophenyl)-1,3-propanediol (0.1
mmol, 212 mg) was dissolved in dry THF (50 mL) and cooled to 4 °C, EDCI (156 mg, 1 mol) and
HOBt (135 mg, 1 mmol) were added to the solution followed by the addition of tetradecanoic acid

(228 mg, 1 mmol). The mixture was kept under N> at room temperature overnight. After the
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reaction mixture was taken to dryness, the product was extracted with ethyl acetate and using
sodium carbonate and 3M hydrochloric acid solutions for the extraction to give B13. Product B13
(5) was then purified by column chromatography using ethyl acetate:hexane 1:10 as eluent.

For the chemical synthesis of LCL204, (2R,3R)-2-amino-1-(4-nitrophenyl)-1,3-propanediol (1
mmol, 212 mg) was reacted with tetradecanal (255 mg, 1.2 mmol) in methanol/0.05 N acetic acid,
9:1 for 15 min and sodium cyanoborohydride (NaCNBH3, 130 mg, 2 mmol) was added in portions
during 1 h. The mixture was stirred overnight at room temperature, evaporated to dryness and the
residue dissolved in DCM/MeOH, 2:1. The product was purified by recrystallization using
DCM/Pentane 1:3 to give LCL204 (6) as white solid in 72 % yield.

Quantitative RT-PCR analysis

Total RNA was isolated from human prostate cell lines using an RNeasy kit (Qiagen). cDNA was
prepared from 2 pug of total RNA using the High-Capacity cDNA Kit (Applied Biosystem). Each
cDNA sample was diluted 10-fold, and a 5 pL aliquot was used in a 20 uL PCR reaction (PerfeCTa
SYBR Green FastMix, Quantabio) containing primers at concentrations of 10 pM each. The
primers are listed in Table S1. PCR reactions were run in triplicate and quantitated using StepOne
Software v2.1 (Applied Biosystem). The results were expressed as a fold change of mRNA
compared with control group. Expression data were normalized to GAPDH.
Immunoprecipitation for the analysis of Src-AR interaction

For the protein interactions between AR and Src(WT) or Src(WT/G2A), LNCaP and 22Rv1 cells
were transduced with Src(WT) or Src(WT/G2A) genes by lentiviral infection. The transduced cells
were grown in 100 mm dishes, and the protein lysates were extracted with the immunoprecipitation
(IP) lysis buffer (25 mM Hepes pH 7.5, 50 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-

100) supplemented with protease inhibitor cocktail (Calbiochem) and phosphatase inhibitor
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cocktail 1 and 2 (P5726 and P2850, Sigma). 500 pg protein was incubated with specific antibodies
for 16 h at 4 °C. Protein A agarose beads were added, and the mixtures were incubated for 1 h at
4 °C. After washing five times with IP lysis buffer, an equal volume of 2X SDS sample buffer was
added to the immuoprecipitated proteins and boiled for 10 min. AR and Src proteins were analyzed
by immunoblotting with specific antibodies.

Immunohistochemistry

Formalin-fixed/paraffin-embedded grafts and tissues were sectioned at 4 pm thickness and
mounted on positively charged microscope slides. Sections were analyzed by hematoxylin and
eosin (H&E), and immunohistochemistry (IHC) staining. The primary antibodies and dilutions
used for detection of Src, Fyn, CK5, CKS8, and AR expression were described previously (7). Phase
or fluorescent images were taken under a fluorescence microscope.

Antibodies

Antibodies against Src, phospho-Src family (Tyr416), phospho-Erk1/2 (Thr202/Tyr204), Fak,
phospho-Fak (Tyr925), Akt, phospho-Akt (Ser473), Fyn, GAPDH and Caveolin-1 were purchased
from Cell Signaling Technology (Beverly, MA). Antibodies against Androgen receptor (AR) and
Erk2 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-NMT1 and y-
tubulin antibody and all other reagents were purchased from Sigma Chemical Co. (St. Louis, MO)

and Calbiochem (San Diego, CA). These antibodies were used for immunoblotting.
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Supplemental figures

Figure S3.1. Knockdown of NMT1 by shRNA-NMT1 inhibits Src myristoylation and
proliferation of prostate cancer cells.

(A) Diagram of the lentiviral vector expressing the shRNA targeting NMT1. (B) shRNA-NMT1
inhibited the expression of NMTT1 in PC-3 cells. PC-3 cells were transfected with control vector
or three different ShRNAs (#1-3) by lentiviral infection. sSaINMT1#1 showed the highest efficacy
and was used for further studies. (C) SYF1 (Src”"Yes”Fyn™) cells expressing Src(WT) were
transduced with shRNA-NMT1 (MOI of 0, 1, 5, 10, and 20) by lentiviral infection. The infected
cells were grown with 60 pM myristic acid azide for 24 h. The total myristoylated proteins or
myristoyl-Src were detected by streptavidin-HRP via Click chemistry. The protein expression
levels of NMT1, Src, and the tubulin loading control were detected by Western blot analysis. D)

NMT1 was knocked down by two independent shRNA-NMT1 (#1 and #3) in PNT2, LNCaP,
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22Rvl1, PC-3, and DU145 cells by lentiviral infection. The growth curve was measured by the

MTT assay from day 0 to day 5. Also see Figure 1.
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Figure S3.2. Knockdown of Src and Fyn kinase inhibits the growth of prostate cancer cells.
(A-B) PC-3 cancer cells were transduced with shRNA-control or two independent shRNA-Srec.
(C-D) PC-3 or LNCaP were transduced with shRNA-control or siRNA-Fyn by lentiviral infection.
The proliferation of the transduced cells was measured by the MTT assay. The efficiency of

knockdown was confirmed by Western blot analysis (inserted panel). *P<0.05;**P<0.01.
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Figure S3.3. The contribution of myristoylation and palmitoylation to the activity of SFKs.
(A) SYF1 (Src”"Fyn”"Yes™) cells were transfected with Src(Y529F) (constitutively active mutant),
Src(Y529F/S3C/S6C) (gain of palmitoylation sites mutant), Src(Y529F/G2A) (loss of
myristoylation site mutant), or Src(Y529F/K298M) (kinase dead mutant) by lentiviral infection.
The levels of total Src, pSrc(Y416), total Erk, pErk, total Fak, pFak(Y925), and tubulin were
determined by immunoblotting. (B) SYF1 cells were transfected with Fyn(Y528F) (constitutively

active mutant), Fyn(Y528F/C3S/C6S) (loss of palmitoylation sites mutant), Fyn(Y528F/G2A)
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(loss of myristoylation site mutant), or Fyn(Y528F/K298M) (kinase dead mutant) by lentiviral
infection. The levels of total Fyn, pSrc(Y416) (which detects the activation of Fyn), total Erk,
pErk1/2, total Fak, and pFak(Y925) were determined by immunoblotting. (C) The Src kinase
mutants mediated transformation potential. The SYF1 cells and SYF1 cells stably expressing
Src(WT), Src(Y529F), Src(Y529F/S3C/S6C), Src(Y529F/G2A), or Src(Y529F/K298M) were
subjected to the soft agar assay. The number of colonies is reported as the mean = SEM. The
expression levels of Src kinase were confirmed before the assay (not shown). (D) The SYF1 cells
and SYF1 cells stably expressing Fyn(WT), Fyn(Y528F), Fyn(Y528F/C3S/C6S),
Fyn(Y528F/G2A), or Fyn(Y528F/K298M) were subjected to the soft agar assay. The number of
colonies is reported as the mean + SEM. Representative phase and RFP images of colonies

generated from the soft agar assay of the above were displayed. *P<0.05, **P<0.01.
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Figure S3.4. Fyn kinase has no synergistic effect with androgen receptor (AR). (A) Schematic
for examining the synergy of Fyn and AR in prostate tumorigenesis. Primary prostate epithelial
cells (from B16 mice) were transduced with AR (GFP marker), Fyn(WT) (RFP marker), or co-
transduced with Fyn(WT) and AR by lentiviral infection. The infected cells were combined with
UGSM, and implanted under the renal capsule of SCID mice. Regenerated prostate tissue was

isolated after 8 weeks. (B) H&E, RFP/GFP, and IHC staining of AR in regenerated tissue. Scale
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bar, 100 um. No pathological phenotype was observed in Fyn(WT)+AR regenerated tissues,

suggesting no synergistic effect of Fyn(WT) and AR in tumor progression.
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Figure S3.5. Loss of myristoylation in Src kinase inhibits its interaction with androgen
receptor (AR) and activation of AR down-stream signaling. (A and D) 22Rv1 and LNCaP
prostate cancer cells were transduced with Src(WT), Src(G2A), or control by lentiviral infection.
The expression of total Src, pSrc(Y416), and AR in 22Rv1 (A) and LNCaP (D) cells were
confirmed by Western blot analysis. (B-C and E-F) Protein-protein interactions between
endogenous AR and overexpressed Src(WT) or Src(G2A). Src and AR were detected by

immunoprecipitation (IP) from 22Rv1 cells (B and C) and LNCaP (E and F) in the presence or
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absence of the AR agonist R1881 (5 nM). (G) The mRNA levels of PSA, KLK2, and TMPRSS2
genes by synergy of exogenously expressed Src(WT)/Src(G2A) in LNCaP cells. The addition of

R1881 on the regulation of PSA in LNCaP cells was a positive control. *P<0.05, **P<0.01.
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Figure S3.6. Expression and purification of NMT1. (A) The human NMT1 DNA sequence (with
an exclusion of the 108 amino acids DNA sequence in the N-terminus) was optimized for bacterial
expression and synthesized by GenScript. (B) Comparison of protein sequences between the full-
length NMT1 protein (upper panel) and the purified NMT1 (lower panel). The N-terminus of
NMT1 possesses an inhibitory function of the NMT1 enzymatic activity (8). To increase the
enzymatic activity of NMT1 for inhibitor screening, the un-highlighted N-terminal region in
NMT]1 protein was excluded and an N-terminal Hiss-tag was added for the protein purification
(Lower panel). (C) The NMT1 gene was expressed in Escherichia coli. The protein was purified
by Ni-NTA affinity chromatography (Lane 1). The purified protein was further purified by anion

exchange chromatography (Lane 2). The Hise-tag was removed by HRV 3C protease by enzymatic
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digestion (Lane 3). The processed protein was used for enzymatic assays and crystallization.
Protein was detected by Coomassie blue staining (i), Western blot analysis using anti-Hiss-tag (ii),

and human NMT1 antibody (iii).
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Figure S3.7. Kinetic analysis of purified NMT1. (A) NMT]1 catalyzes the attachment of the
myristoyl- group from myristoyl-CoA to the N-terminal Gly of a peptide or protein, and releases
HSCoA. The reaction of HSCoA with 7-diethylamino-3-(4’-maleimidylphenyl)-4-
methylcoumarin (CMP), is detected by fluorescence (excitation 390 nm and emission at 479 nm).
Inhibitors were examined for their ability to reduce fluorescence. (B) Kinetic characterization of
the purified NMT1. Lineweaver—Burk plots of hNMT 1 with different concentrations of myristoyl-
CoA (1, 2, 4, or 8 uM) in the presence of 1.25, 2.5, 5, or 10 uM of the peptide. Km and Vmax are

reported and the Km/Vmax remained the same.
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Figure S3.8. Identifying compounds inhibiting Src myristoylation by Click chemistry. (A)
Schematic of the experimental design to examine the inhibitory effect of a compound on the
myristoylation of Src kinase at the cellular level. SYF1 cells expressing Src(WT) or Src(G2A), a
positive control of un-myristoylated-Src were cultured in a DMEM medium with 2% BSA and 30
uM of a compound for 24 h,followed by addition of myristic acid-azide to the medium. Cells were
harvested for the detection of myristoylated-Src by Click chemistry. (B) Schematic of the Click
reaction to detect the myristoylation of Src kinase. The incorporation of myristic acid-azide to Src
kinase is catalyzed by NMT enzymes, which will be reduced by an inhibitor. The myristoylated-
Src in protein lysate is labeled by biotin-alkyne via the Click chemistry reaction. The labeled
myristoylated-Src is detected by streptavidin-HRP in Western analysis. (C) The expression of
myristoylated Src was detected by streptavidin-HRP, and the expression of total Src and GAPDH

under treatment of LCL and GRU compounds was also measured by Western blot analysis.
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Figure S3.9. Structures and/or ICso values of LCL and GRU compounds. The LCL
compounds were previously synthesized by Dr. Bielawska Alicja’s lab. The compounds GRU1-
20 were synthesized by Dr. Iryna Lebedyeva’s lab. The ICso of LCL compounds were measured
by the fluorescence-based assay as described in the Figure S7TA. GRU compounds were not

further studied due to no activity in inhibition of Src myristoylation shown in Figure S8C.
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Figure S3.10. Loss of myristoylation inhibits the localization of Src kinase at the cytoplasmic
membrane. (A-D) Expression levels of Src kinase in the cytosol (Cyt) and total membrane (TM)
fractions were determined by immunoblotting. SYF1 (Src”-Yes”Fyn™) cells stably expressed (A)
Src(WT)/Src(G2A), (B) Src(Y529F)/Src(Y529F/G2A), control vector (-/-), (C) Fyn(WT)/Fyn
(G2A), or (D) Fyn(Y528F)/Fyn(Y528F/G2A). Cell lysates were fractionated into cytosolic and
membrane fractions. Caveolin-1 and GAPDH were used as markers for TM and Cyt fractions,
respectively. The ratio of Src or Fyn in the membrane versus the cytosol fraction was much higher
in Src(WT)/Src(Y529F) compared with Src(G2A)/Src(Y529F/G2A), or in Fyn(WT)/Fyn(Y528F)
compared with Fyn(G2A)/Fyn(Y528F/G2A). (E) Localization of Src(Y529F) and
Src(Y529F/G2A) in lipid rafts by sucrose gradient centrifugation and immunoblotting. Following

centrifugation, twelve fractions were collected starting from the top (#4) to bottom (#12). Src
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kinase, Fak, and Caveolin-1 (lipid raft marker) were detected in equal aliquots of each fraction by

immunoblotting. Src kinase could not be detected in fractions 1-3 (not shown).
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Figure S3.11. The myristoyl-CoA analog, B13 has limited effect in PNT2 normal prostate
cells and 293T cells. (A) PNT2 cells were cultured in the medium with 0, 1, 5, 10, or 15 uM B13.
The media with compound were replaced daily and cell viability was determined by the MTT
assay. (B) PNT2 cells were cultured in the medium with 0 or 15 uM B13 for 3 days. The cells were
collected and stained with propidium iodide for cell cycle analysis. The percentage of cells in
G0/G1, S, and G2/M phases were recorded by flow cytometry. (C) PNT2 cells treated with 0, 1,
5, 10, or 15 uM B13 were analyzed for the expression of CDK2, CDKS6, cyclin D1, p27, and
tubulin. (D) 293T cells were cultured with 0, 1, 5, 10, 15 uM B13 for 5 days. Cell viability was
determined by the MTT assay. B13 showed limited inhibition on 293T cells. N.S. no significant;

*: p<0.05; **:p<0.01.
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Figure S3.12. The additive effect of B13 with knockdown of Src kinase in regulating
proliferation of 22Rv1 and PC-3 cells. 22Rv1 and PC-3 cancer cells were transduced with control
or shRNA-Src, and treated with or without B13. Proliferation was measured by the MTT assay.
(A) The inhibition of the proliferation of PC-3 cells in B13+shRNA-Src group were lower than
shRNA-Src or B13 group, suggesting B13 had additive effect with shRNA-Src, but was largely
over-lapped. (B) The inhibition on the proliferation of 22Rv1 cells in B13+shRNA-Src group had
no significant difference in comparison with shRNA-Src group, suggesting B13 had no additive
effect with shRNA-Src in 22Rv1 cells. Collectively, consistent with genetic knockout presented
in Figure 2E, inhibition by B13 on NMT activity largely overlapped with shRNA-Src. **: p<0.01
(each treatment group was compared with the control group). #: p<0.05; ##:p<0.01 (the compared

groups were indicated in the figure).
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Figure S3.13. Effects of B13 in host mice. (A-B) PC-3 prostate cancer cells were subcutaneously
injected into both flank sides of SCID mice (3 months-old, n=6 per group). Vehicle or B13
(75mg/kg/mouse) was administered intravenously twice a week for 6 weeks. The body weight
before and after B13 treatment (A) and the weight of major organs (the liver, heart, lung, and
kidney) with/without B13 treatment (B) were measured as mean + SEM. N.S.: no significant

difference.
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CHAPTER 4

N-MYRISTOYLTRANSFERASE 1 REGULATES DEGRADATION OF ANDROGEN
RECEPTOR PROTEIN IN PROSTATE CANCER CELLS
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Graphical abstract

In Brief:

NMT]1 regulates functions of a set of proteins by facilitating its myristoylation. NMT1-mediated
protein myristoylation inhibits AR ubiquitination and degradation and enhances its transcriptional
activity in prostate cancer cells. Inhibition of NMTI1 levels genetically or NMTI1 activity
pharmacologically by LCL204 suppress myristoylation of unknown protein(s), thereby enhancing

AR-ubiquitination and degradation through the proteasome pathway.

Highlights:
e Inhibitory efficacy on N-myristoyltransferase activity by D-NMAPPD is stereospecific.
¢ (1R,2R)-LCL204 reduced global N-myristoylation and androgen receptor protein levels at
low micromolar concentrations.

e (1R,2R)-LCL204 reduced AR full-length or variant protein levels and their transcriptional

activity in prostate cancer cells.
e Genetic and pharmacological inhibition of NMTI1 enhances ubiquitin-mediated

proteasome degradation of AR.
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Summary:

Even though prostate cancer patients initially respond to androgen deprivation therapy,
some will eventually develop castration resistant prostate cancer (CRPC). However, androgen
receptor (AR) signaling still remains a major driver in the progression of CRPC. In this study, we
demonstrate that AR protein levels were regulated by N-myristoyltransferase 1 expression levels
and activity in prostate cancer cells. A small molecule compound (1R,2R)-D-NMAPPD, but not
its enantiomer(1S5,25)-D-NMAPPD, inhibited NMT1 activity and reduced AR protein levels.
(1R,2R)-LCL204, a derivative of (1R,2R)-D-NMAPPD, inhibited global protein myristoylation.
Additionally, genetic regulation of NMT1 levels and pharmacological inhibition of NMT activity
suppressed protein levels, nuclear translocation, and transcriptional activity of AR full-length or
variants in prostate cancer cells. This was due in-part to enhanced ubiquitin and proteasome-
mediated degradation of AR. Overexpression of NMT1 promoted prostate cancer progression by
synergizing with AR, and knockdown of NMTT1 inhibited growth of castration resistant prostate
xenograft tumors. This study illustrates a novel function of protein myristoylation and provides a

strategy for treatment of CRPC.
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Introduction

Prostate cancer is the second leading cause of cancer-related deaths in men in developed

countries (1). Androgen receptor (AR) signaling is crucial in prostate development and cancer
progression (2, 3). Medical or surgical androgen deprivation therapy (ADT) is usually a standard
treatment for prostate cancer patients (4). Tremendous effort has been made in developing
effective treatments by targeting androgen synthesis and/or AR signaling, however patients usually
develop ADT resistance and progress to castration resistance prostate cancer (CRPC) (5-7).
Multiple molecular mechanisms have merged in CRPC cells including an increase of AR
expression, AR mutations, intratumoral androgen synthesis, and AR splice variants, and others (8,
9). As aresult, AR signaling remains active (3, 10), and targeting AR signaling still remains as an
effective treatment approach for CRPC (11, 12).
While current treatment approaches mainly rely on inhibition of circulated androgen and blockade
of androgen/AR interaction, direct degradation of AR levels has been considered as another
effective strategy to inhibit AR-pathway mediated cancer progression (13). Post-translational
modifications (PTMs) including phosphorylation, methylation, acylation, SUMOylation, and
ubiquitination, regulate AR stability and activity (14). Particularly, AR ubiquitination regulates
AR protein turnover and transcriptional activity (14-16). Although numerous E3 ligases have been
reported to associate with the AR ubiquitination process (15)(17)(18)(19)(20)(21),
pharmacological inhibition leading to increased ubiquitination-mediated AR degradation has not
been well established.

N-Myristoylation is a co/post-translational lipid modification process where myristic acid,
a 14 carbon saturated fatty acid, is attached to an N-terminal glycine (22). In humans, two enzymes

facilitate modification by N-myristoylation; NMT1 and NMT2, which share 77% sequence
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similarity (23). A panel of proteins possess the modification in mammalian cells (24). For example,
oncogenic proteins including Src, PKA, and AMPK require myristoylation for their functions (31-
34). N-myristoylation promotes stability and association with the cytoplasmic membrane, and
facilitates protein-protein interaction (32, 35, 36). As a result, NMT1 regulates molecular functions
of these downstream proteins (25-28), subsequently controlling cancer cell proliferation (29, 30).
An inhibitory role for NMT in cancer progression makes it an attractive therapeutic target
for anticancer drug development (37). Several small molecule compounds have been discovered
that inhibit NMT activity. We have previously reported that genetic ablation of NMTT1 or the small
molecule compound D-NMAPPD (B13) inhibited prostate cancer proliferation through
suppression of Src kinase activity (38). However, controversy regarding this compound targeting
NMT activity has arisen (42). In this study, we discovered that the absolute stereochemical
configuration of D-NMAPPD is important in inhibition of NMT1 activity. More importantly, we
demonstrated that NMTI1 regulated AR protein levels, nuclear translocation, and AR
transcriptional activity in prostate cancer cells. Genetic and pharmacological inhibition of NMT]1
promoted AR degradation through the ubiquitin proteasome pathway. Given the important role of
NMT1 in mediating prostate cancer progression, our study demonstrates a novel function of NMT1

and provides a potential strategy for treatment of CRPC through AR degradation.
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Materials and Methods:

Cell culture and reagents

The human prostate cancer cell lines LNCaP, 22RV1, C4-2B, and VCaP were purchased from the
American Type Culture Collection (ATCC). All the cell lines were cultured using the ATCC
recommended medium of RPMI-1640 with 10% fatal bovine serum (FBS) (Corning) and 1%
streptomycin/penicillin (Thermo Fischer Scientific). Cells were maintained in a 37 °C incubator
with 5% carbon dioxide (CO.). All the cell lines purchased from the ATCC had a certificate

indicating they are mycoplasma-free.

Plasmid construction and lentiviral production

The open reading frame of human NMT1 (#25274, Addgene) and human AR (43) were cloned
into FUCRW or FUCGW lentiviral vectors as described (44, 45). The expression was under the
control of the human ubiquitin promoter. To knockdown human NMT 1, shRNA target sequences
were inserted into psiRNA-W [H1.4] vector at the Bbsl site. The H1 promoter together with
shRNA was further sub-cloned into FUCRW or FUCGW at the Pacl site. The primers used for
cloning are listed in Table S1. Lentivirus was generated in HEK293T cells by co-transfecting the
lentiviral packaging vectors including MDL, REV, and VSV and a lentiviral vector expressing the
gene of interest such as NMT 1, AR, or shRNA-NMT1. Virus infection was performed as described
previously (46). All lentivirus procedures followed the guidelines and regulations of the University

of Georgia.

Western blot and antibodies
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Cells were lysed in by incubation in RIPA buffer [20 mM Tris-HCI (pH 7.4), 137 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 10% glycerol, 0.1% SDS, and EDTA-free protease
inhibitor cocktail set V (Millipore, 539137)] on ice for 20 minutes. After short sonication, cell
lysates were centrifuged at 12,000 rpm for 20 minutes, and supernatants were collected for
downstream analysis. Twenty micrograms of proteins were subjected to SDS-polyacrylamide gels
before being transferred onto nitrocellulose membranes (Bio-Rad). Membranes were blocked with
5% milk powder (Labl Scientific) in 1X TBS containing 1% Tween-20 (TBST) for 1 h, washed
with TBST, and incubated with the specific antibodies overnight at 4 °C. After washing
membranes 3 times with TBST, they were incubated with the appropriate secondary antibody for
1 h at room temperature.

AR antibody (1:1000) was purchased from Santa Cruz Biotechnology (Dallas, TX) (#441) or
Millipore Sigma (Burlington, MA) (#06-680). Antibodies against ubiquitin (#3933), HDAC-1
(#5356) (1:1000), and GAPDH (#2118) (1:2500) were purchased from Cell Signaling Technology
(Beverly, MA). The anti-NMT1 (#HPA022949) and y-tubulin (#T6557) antibody were purchased

from Sigma Chemical Co. (St. Louis, MO) and Calbiochem (San Diego, CA).

Quantitative RT-PCR analysis

Total RNA was extracted from cultured cells using TRIzol reagent according to the manufacturer’s
instructions. One pg of total RNA was reverse transcribed using the High-Capacity cDNA Kit
(Applied Biosystem). The cDNA samples were used for quantitative RT-PCR reactions. Each PCR
reaction contained the synthesized cDNA, SYBR Green (PerfeCTa SYBR Green FastMix,
Quantabio), and primers at concentrations of 10 pM each. The primers are listed in Table S1.

StepOne Software v2.1 (Applied Biosystem) was used to quantify PCR reactions and expression
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levels of a target gene was normalized to GAPDH levels in the corresponding samples. Each PCR

reaction was done in triplicate.

Isolation of the cytoplasmic and nuclear protein fractions

Isolation of nuclear and cytoplasmic fractions were prepared using NE-PER Nuclear and
Cytoplasmic extraction kit (Cat# 78833, ThermoFischer Scientific) according to manufacturer’s
protocol. Briefly, cell pellets were washed with cold PBS and centrifuged at 600 g for 5 min. The
cell pellet was resuspended with 200 puL cytoplasmic extraction reagent containing protease
inhibitor. The cell lysates were vortexed for 15 sec followed by incubation on ice for 10 min. The
cytoplasmic extraction reagent II (11 pL) was added to the sample and vortexed for 5 sec. After
incubation on ice for 5 min, the lysates were centrifuged at 15,000 g for 5 min. The cytoplasmic
fraction (supernatant) was transferred to a new tube. Nuclear extraction reagent (100 pl) was added
to the insoluble pellet and incubated on ice for 40 min with vortexing for 15 sec at 10 min intervals.
After samples were centrifuged at 15,000 g for 10 min, the supernatant (nuclear fraction) was

collected and transferred to a new tube.

Quantitative analysis of AR fluorescence

Subcellular localization of androgen receptor protein and its fluorescence intensity were
determined by fluorescence microscopy using a Zeiss Axio observer Al microscopy with a 40x
objective lens (Carl Zeiss Microimaging Inc., Germany). LNCaP cells were treated with 5 pM
LCL204 for 48 h. Cells were fixed for 10 min with 4% paraformaldehyde/PBS (Affymetrix, USA),
washed with PBS and permeabilized with 0.5% Triton-X100 in PBS for 5 min. Cells were blocked

with 5% goat serum and incubated with AR antibody overnight. Cells were washed with PBS and
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incubated with Alexa Fluor 488 Goat Anti-Rabbit IgG (Invitrogen, USA) secondary antibody
(1:700). Cells were mounted with PBS/DAPI. To evaluate AR intensity, samples were imaged and
analyzed using ZEN software. In brief, channels of images were split using ZEN image channels
split tool and the threshold values of fluorescence signals by the ZEN threshold tool were used to

determine the fluorescence signal intensity values.

Protein stability and degradation

To assess the effect of ShARNA-NMT1 on AR protein stability, LNCaP and 22Rv1 cells were
treated with LCL204 for 24 h. One day after the treatment, 10 pM cycloheximide (Cayman
Chemicals; 14126) was added to the media of LNCaP and 22Rv1 cells for 2, 4, 6 h. Cell lysates
were prepared and protein levels of AR, NMTI1, and GAPDH were determined by Western
blotting. AR protein degradation was also examined in LNCaP and 22Rv1 cells treated with 10
uM Bortezomib for 9 hrs (Cayman Chemical; 10008822) after one day of treatment with LCL204.

Similarly, protein levels of AR, NMT1, and GAPDH were determined by Western blotting.

Immunoprecipitation for the analysis of AR ubiquitination

For the detection of AR ubiquitination, LNCaP cells were transduced with shRNA-NMT1 by
lentiviral infection, or LNCaP and 22Rv1 cells were treated with 5 pM LCL204 for 48 hrs. The
transduced or LCL204-treated cells were grown in 10 cm dishes, and cell lysates were extracted
with the immunoprecipitation (IP) lysis buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM
EGTA, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl) containing protease inhibitor and

phosphatase inhibitor. One mg of protein was incubated with androgen receptor (AR) (#441)
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antibody for 16 h at4 °C. Protein A agarose beads (30 pl) were added to the lysate, and the mixtures
were incubated for 2 h at 4 °C. After the incubation, the beads were washed three times with IP
lysis buffer followed by addition of 2X SDS sample buffer and heated at 98 °C for 10 min.
Ubiquitinated AR was detected by the ubiquitin antibody and AR antibody (Santa Cruz

Biotechnology, Inc., SC-7305).

Xenograft tumors

To examine the effect of NMT1 knockdown on AR protein expression and tumor growth in vivo,
22Rv1 (5 x 10°) and C4-2B (2 x 10) cells transduced with ssRNA-NMT1 or control by lentiviral
infection were subcutaneously inoculated in the flank side of SCID male mice. Body weight and
tumor size were measured (length x width x width/2) weekly. 22Rv1 and C4-2B xenograft tumors
were harvested after 8 weeks or when the humane endpoint was reached. Grafts were subjected
for hematoxylin and eosin (H&E) and immunohistochemistry (IHC) analysis. All animals were
maintained according to the surgical and experimental procedures of the protocol A2013 03-008

approved by the institutional animal use and care committee at the University of Georgia.

Immunohistochemistry

Formalin-fixed/paraffin-embedded grafts were sectioned at 5 um thickness and mounted to
positively charged microscopic slides. H&E and immunohistochemistry (IHC) staining analysis
were performed as described previously (45). The following primary antibodies and dilutions were
used for immunohistochemistry analysis: AR (Santa Cruz Biotechnology, Inc., SC-7305; 1:400),
NMTI (Sigma Aldrich, HPA022963; 1:200), Ki67 (Novus Biologicals, NB500-170; 1:400), and

cleaved Caspase-3 (Cell Signaling Technology, 9661; 1:200).
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Synthesis of (1R, 2R)-D-NMAPPD (LCL4) and (1R,2R)-LCL204

For (1R,2R)-D-NMAPPD (LCL4) synthesis, (2R,3R)-2-amino-1-(4-nitrophenyl)-1,3-propanediol
(0,1 mmol, 212 mg) was dissolved in dry THF (50 mL) and cooled to 4 °C followed by addition
of EDCI (156 mg, 1 mol), HOBt (135 mg, 1 mmol), and tetradecanoic acid (228 mg, 1 mmol). The
mixture was kept under N> at room temperature overnight. After the reaction mixture was taken to
dryness, the product was extracted with ethyl acetate. The extracts were washed with aqueous
sodium carbonate and then 3 M hydrochloric acid, dried and evaporated to give crude (1R,2R)-
D-NMAPPD. Product (1R,2R)-D-NMAPPD (47) was then purified by column chromatography

over silica gel using ethyl acetate:hexane 1:10 as eluent.

For (1R,2R)-LCL204 synthesis, (2R,3R)-2-amino-1-(4-nitrophenyl)-1,3-propanediol (1 mmol, 212
mg) was reacted with tetradecanal (255 mg, 1.2 mmol) in methanol/0.05 N acetic acid, 9:1 for 15
min and sodium cyanoborohydride (NaCNBH3, 130 mg, 2 mmol) was added in portions over 1 h.
The mixture was stirred overnight at room temperature, evaporated to dryness and the residue
dissolved in DCM/MeOH, 2:1. The product was purified by recrystallization from DCM/pentane

1:3 to give (1R,2R)-LCL204 (48) as white solid in 72 % yield.

Characterization of synthetic and commercial D-NMAPPD by NMR spectroscopy and
polarimetry

(1R, 2R)-D-NMAPPD was synthesized in-house as described above, and D-NMAPPD [also called
(1R, 2R)-B13] was purchased from Cayman Chemical (Item No. 10006305; CAS No. 35922-06-
6). Due to different biological efficacies in inhibition of global protein myristoylation reported by
two different labs (38, 42), we examined the chemical differences of these two compounds. After

various measurements, it was established that the D-NMAPPD from Cayman Chemical is the
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enantiomer of the in-house synthesized (1R,2R)-D-NMAPPD. Identical NMR spectra were
obtained for the two samples, indicating them to have the same relative configuration (additional
measurements also in the Supplemental Materials and Methods):

NMR spectra were recorded in methanol-ds using a 500 MHz instrument. The (1S,25)-D-
NMAPPD was characterized as follows: 'H NMR (500 MHz, CD;0D) § 8.15 (d, J = 8.8 Hz, 2H,
2Ar), 7.61 (d, J=8.7 Hz, 2H, 2Ar), 5.11 (d, /= 2.8 Hz, 1H, benzylic), 4.16 (ddd, J=7.5, 5.8, 2.8
Hz, 1H), 3.74 (dd, J=10.8, 7.5 Hz, 1H, CH2), 3.54 (dd, J=10.7, 5.9 Hz, 1H, CH>"), 2.06 (t, J =
7.3 Hz, 2H, 2CH»), 1.43 — 0.98 (m, 22H, 11CH>), 0.88 (t, J= 6.9 Hz, 3H, CHs). The (1R, 2R)-D-
NMAPPD was characterized as follows: 'H NMR (500 MHz, CD;0D) § 8.15 (d, J = 8.8 Hz, 2H,
2Ar), 7.61 (d, J=8.7 Hz, 2H, 2Ar), 5.11 (d, /= 2.8 Hz, 1H, benzylic), 4.16 (ddd, J=7.5, 5.8, 2.8
Hz, 1H), 3.74 (dd, J=10.8, 7.5 Hz, 1H, CH2), 3.54 (dd, J=10.7, 5.9 Hz, 1H, CH>"), 2.06 (t, J =
7.3 Hz, 2H, 2CH»), 1.43 — 0.98 (m, 22H, 11CH>), 0.88 (t, J = 6.9 Hz, 3H, CH3).

Specific rotations for the two samples were measured in methanol on an automatic polarimeter
with a path length of 10 cm, and were found to be equal within experimental error but opposite in
sign pointing to their enantiomeric nature: (1S,2S5)-D-NMAPPD had [a]*p + 4.2 (¢ = 0.19,

CH;CH>OH), while (1R, 2R)-D-NMAPPD had [¢]*°p -3.6 (¢ = 0.21, CH;CH,OH).

Molecular docking of two D-NMAPPD stereoisomers

The crystal structure of NMT1 used in this study was retrieved from the RCSB PDB database
(PDB file ID: 5UUT) (38). Models of the enantiomers of (1R,2R)-D-NMAPPD and (1S,25)-D-
NMAPPD were prepared by Ligprep module of Schrodinger Maestro, and the process includes
converting 2D structures of ligands to 3D ones, adding hydrogens, calculating partial charges, and

optimizing the structures. The protein structure preparation process which includes adding all
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hydrogens and missing side chains/loops, deleting useless water molecules, and correcting bond
information, were applied to NMT]1 structure by Protein Preparation Wizard. Water beyond 5.00
A from het groups (i.e. ligand atoms) were deleted and generated het status’s pH = 7.0 +/- 2.0. An
optimization of H-bonds assignment was performed. The PROPKA was kept at 7.0. The system
was minimized to cover heavy atoms to RMSD 0.30 A using force field OPLS3e. For ligands
preparation, the same features mentioned above were applied to keep pH = 7.0 +/- 2.0. Enantiomers
of the stereoisomers of D-NMAPPD were generated. Finally, XP (extra-precision) docking was
applied for identifying the binding interactions. As for Van der Waals radii scaling, the scaling
factor was set to 0.80 and partial charge cutoff was set to 0.15 to soften the potential for non-polar
parts of the ligands.

Statistical analysis

Statistical analysis was performed using GraphPad prism (GraphPad Inc., La Jolla, CA). The data
are presented as mean + S.E. and analyzed using Student's t-test for experiments containing two
groups and one-way analysis of variance (ANOVA) followed by Tukey post-hoc test for
experiments containing more than two groups. All t tests were performed at the two-sided 0.05

level for significance. *, p < 0.05; **, p <0.01.
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RESULTS:
(15,25)-D-NMAPPD, the enantiomer of (1R,2R)-D-NMAPPD (LCL4) lost its inhibitory

efficacy on global protein myristoylation.

N-myristoyltransferases are involved in numerous essential cellular functions (22). Loss of NMT1
results is embryonic lethal (49) and inhibits proliferation of cancer calls (29, 38, 50). We have
previously reported that an NMT1 inhibitor, (1R,2R)-D-NMAPPD (LCL4), which was synthesized
in-house, inhibits protein myristoylation with ICso = 77.6 uM (38). However, a recent study
showed that commercial D-NMAPPD (from Cayman Chemical, Cat#10006305) has a limited
inhibitory effect on protein myristoylation (42). Seeking to ro resolve this discrepancy, we have
determined that the two compounds from different sources are enantiomers. Both compounds have
identical 'H and '*C NMR spectra (Fig. 4.1A and Fig. S4.1), molecular weight, elution times in
UHPLC (Fig. S4.2), and melting point ranges [(1S,2S)-D-NMAPPD: 79 — 80 °C; (1R,2R)-D-
NMAPPD (LCL4): 78 — 80 °C]. However, the circular dichroism spectra of both compounds
showed an enantiomeric relationship, with approximately equal but opposite traces (Fig. 4.1B).
The enantiomeric relationship was further confirmed by polarimetry: (15,25)-D-NMAPPD, [a]*’p
+4.2; (1R,2R)-D-NMAPPD, [a]*°b -3.6) (Fig. 4.1C). The absolute configuration of (1R,2R)-D-
NMAPPD was confimred by hydrolysis of the parent amide to the corresponding amine. Thus,
treatment of (1R,2R)-D-NMAPPD with 10% HCI in methanol generated a (-)-base with identical
properties to those previously reported by Rebstock et al. (51) (Fig. S4.3). The (-)-base is a
precursor of the antibiotic chloramphenicol, a known inhibitor of Shigella paradysenteriae (51,
52), whose configuration has been confirmed by optical rotation data (51), optical rotatory
dispersion and circular dichroism measurements (53-55).

To examine if the two enantiomers function differently in inhibition of NMT]1 activity, both

compounds were docked with the crystal structure of NMT1 (38). (1R,2R)-D-NMAPPD exhibited
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lower binding free energy in comparison to (15,25)-D-NMAPPD (Fig. 4.1C). Several favorable
interactions between (1R,2R)-D-NMAPPD and the myristoyl-CoA binding pocket of NMT1 were
revealed. These interactions include 1) the hydroxy group of (1R,2R)- D-NMAPPD with Tyr180
or Leu248 of NMT]1; 2) the hydroxymethyl of (1R,2R)- D-NMAPPD with Thr282 or Ile245; and
3) the amide group with Thr282 (Fig. S4.4A-B). In contrast, only two favorable interactions were
observed between (15,25)-D-NMAPPD and the NMT1 binding pocket (Fig. S4.4C-D).
(1R,2R)-LCL204 is a derivative of (1R,2R)-D-NMAPPD (Fig. S4.5), which we previously
reported inhibits NMT1 activity with ICso = 8.7 uM using purified recombinant NMT1 without
the N-terminal inhibitory motif (38, 56). (1R,2R)-LCL204 inhibited full-length NMT1 activity
(Fig. S4.6) with ICso of 2.3 uM (Fig. 4.1D), indicating that loss of the N-terminal motif indeed
enhances NMT1 activity (56). The inhibition of three different compounds on global protein
myristoylation was further investigated using click chemistry. (1R,2R)-D-NMAPPD and (1R,2R)-
LCL204, but not (15,25)-D-NMAPPD inhibited global protein myristoylation at 20-30 uM and 5
uM, respectively. More importantly, (1R,2R)-D-NMAPPD and (1R,2R)-LCL204 also significantly
inhibited AR protein levels (Fig. 4.1E). For simplicity, (1R,2R)-LCL204 will be called LCL204

from this point of the manuscript.

LCL204 inhibited AR protein levels in the nucleus and its transcriptional activity.

AR activity requires its translocation to the nucleus to activate its downstream genes (3).
Therefore, we further investigated if LCL204 inhibits AR levels in the nucleus and its
transcriptional activity in prostate cancer cells. LCL204 inhibited both total and nuclear AR protein
levels in C4-2B (Fig. 4.2A) and 22Rv1 cells (Fig. 4.2B). Of note, LCL204 inhibited levels of both

AR full length (FL) (110 kDa) and AR variant (V7) in 22Rv1 (Fig. 4.2B). Additionally, LCL204
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inhibited nuclear translocation of AR-FL protein (110 kDa) in the presence or absence of AR
agonist (R1881) and AR-V7 variant in 22Rv1 cells in the absence of R1881 (Fig. 4.2B). This result
was further confirmed with immuno-fluorescence analysis. As expected, AR nuclear levels (green
fluorescence) were significantly elevated under the induction of R1881 but were inhibited by
LCL204 in the presence or absence of R1881 stimulation (Fig. 4.2C). In addition, as expected,
R1881 increased mRNA levels of PSA and KLK2 in C4-2B cells (Fig. 4.2D). LCL204 did not
change AR mRNA levels in C4-2B and 22Rv1 cells (Fig. 4.2D), but inhibited PSA and KLK2
gene expression with or without R1881 (Fig. 4.2D). Taken together, the data suggest that LCL204
reduces AR protein levels and transcription of its regulated downstream genes, but reduced protein

levels is not due to reduced AR transcription.

Knockdown of NMT1 inhibited AR protein levels and its transcriptional activity in prostate
cancer cells.

We further investigated if similar to LCL204, knockdown of NMT1 suppressed AR levels and its
transcriptional activity. AR" prostate cancer cell lines including VCaP, 22Rv1, C4-2B, and LNCaP
cells were transduced with shRNA-NMT1 by lentiviral infection. SARNA-NMT1 efficiently
suppressed expression levels of NMT1 protein and mRNA in VCaP (Fig.S4.7A-B) and 22Rv1
cells (Fig. S4.7C-D), and significantly inhibited AR proteins levels (Fig. S4.7A and S7C) with no
change of AR mRNA in LNCaP and C4-2B cells or a mild change in VCaP and 22Rv1 cells (Fig.
S4.8). Corresponding to a decrease of AR protein levels, sShRNA-NMT]1 inhibited expression
levels of AR-regulated down-stream genes such as PSA gene and TMPRSS2 (Fig. S4.7B and
S4.7D). Additionally, ablation of NMT1 protein (Fig. S4.7E and S4.7G) and mRNA (Fig. S4.7F

and S7H) also inhibited both total AR protein levels (Fig. S4.7E and S4.7G) and nuclear AR levels
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(Fig. S4.7E and S4.7G) as well as PSA gene and TMPRSS2 mRNA levels (Fig. S4.7F and S4.7H)
in C4-2B and LNCaP cells. Finally, as expected, PSA and TMPRSS2 expression levels were
significantly elevated under the induction of R1881. Knockdown of NMT1 inhibited expression
levels of PSA gene and TMPRSS2 in the absence or presence of R1881 (Fig. S4.71). Taken
together, the data suggest that similar to the inhibition of NMT1 activity by LCL204, down-
regulation of NMT1 expression levels inhibits AR protein levels and its transcriptional activity

and suppresses agonist-induced AR transcriptional activity in prostate cancer cells.

Overexpression of NMT1 upregulates AR levels, nuclear localization, and its transcriptional
activity in prostate cancer cells.

We further examined if overexpression of NMT1 up-regulated endogenous AR levels in LNCaP
and C4-2B cells. Ectopic expression of NMTT1 led to an increase of AR protein levels in LNCaP
(Fig. S4.9A) and C4-2B cells (Fig. S4.9C). In addition, ectopic expression of NMT1 increased AR
in the nuclear fraction (Fig. S4.9A and S4.9C). Correspondingly, increased NMT1 levels
significantly increased gene expression of AR-regulated down-stream genes such as PSA and
TMPRSS2 (Fig. S4.9B and S4.9D), however AR mRNA levels remained unchanged (Fig. S4.9B
and S9D), suggesting that NMT1-regulated AR levels do not occur at the transcriptional level.
Next, we further examined if the increase of AR nuclear localization by overexpression of NMT1
required the binding of a ligand to AR. As expected, nuclear AR protein levels were significantly
increased in the presence of R1881 in LNCaP cells. Similar to the R1881 induction, over-
expression of NMT1 significantly increased nuclear AR levels in the absence or presence of R1881
(Fig. S4.9E). Similar to R1881 induction, overexpression of NMT1 up-regulated AR down-stream

genes such as PSA and TMPRSS2 mRNA levels in the absence or presence of R1881 (Fig. S4.9F).
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The data further suggest that similar to androgen induction, overexpression of NMT1 enhances

AR nuclear localization in prostate cancer cells.

Targeting NMT1 activity promotes AR ubiquitination and degradation.

AR can be poly-ubiquitinated and subsequently degraded (20). We examined if NMT1 regulation
of AR protein levels was associated with the ubiquitination-proteasome degradation pathway.
Down-regulation of AR protein levels by LCL204 was rescued by treatment with bortezomib, a
proteasome inhibitor, in LNCaP and 22Rv1 cells (Fig. 4.3A-B). Additionally, de novo protein
synthesis was blocked by cycloheximide (CHX) and AR degradation was observed over time with
and without LCL204 (Fig. 4.3C-D). Next, treatment with LCL204 or shRNA-NMT1 increased the
levels of ubiquitinated AR in both LNCaP and 22Rv1 cells (Fig. 4.3E). The data indicate that a
decrease of AR protein levels by down-regulation of NMT1 levels or activity is mediated through

ubiquitination-proteasome degradation pathway.

NMT1 synergized with AR in prostate tumorigenesis

Overexpression of NMT1 has been reported in colon, brain, and gallbladder cancers (57-59).
NMT1 is expressed in all prostate cancer cells and inhibition of NMT1 suppressed prostate tumor
progression (36, 38). To further investigate how NMTI1 regulates AR in prostate cancer
progression, we examined simultaneous overexpression of NMT1 and AR using the prostate tissue
regeneration assay in vivo. Ectopic expression of NMT1 and AR was confirmed in vitro (Fig.
S4,10A-B). In the prostate regeneration assay, prostate primary cells isolated from C57BL/6J mice
prostate tissue were transduced with NMT1 and/or AR by lentiviral infection (Fig. S4.10C). RFP

and/or GFP fluorescence indicated successful transduction of NMT1 and/or AR in regenerated
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prostate tissues (Fig. S4,10D). Regenerated prostate tissue overexpressing NMT1 alone were
comprised of prostate tubules with one single layer of luminal and basal cells (Fig. S4.10E).
Regenerated tissues overexpressing AR alone showed atrophic tubules with limited prostatic
secretion. The majority of prostate tubules contained epithelial cells with luminal and basal cells,
while some tubules had limited luminal cells. However, simultaneous overexpression of NMT]1
and AR led to solid tumors, which showed a lack of glandular structure and proliferation of luminal
cells (Fig. S4.10E). Collectively, the data suggest that overexpression of NMT1 synergizes with

AR in prostate tumor progression.

Knockdown of NMT1 inhibits AR levels and growth of prostate xenograft tumors.

We further investigated if knockdown of NMT1 led to inhibition of AR levels and suppressed
growth of prostate xenograft tumors. C4-2B and 22Rv1 cells were transduced with siRNA-NMT1
by lentiviral infection (Fig. 4.4A and Fig. S4.11A). The size and weight of xenograft tumors were
significantly inhibited in cells expressing shRNA-NMT1 in comparison with the control (Fig.
4.4B-D and Fig. S4.11B-D). As expected, expression levels of NMT1 were suppressed in the
xenograft tumors expressing SiRNA-NMT1 (Fig. 4.4F and Fig. S4.11E). Expression levels of AR
and Ki67 were significantly inhibited as well (Fig. 4.4F and Fig. S4,11E). The data suggest that
down-regulation of NMT1 inhibits growth of prostate xenograft tumors and is associated with a

decrease of AR levels.
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Discussion:

Stereochemistry plays an important role in determining selectivity, affinity, and efficacy
of inhibitors (60). Our study demonstrates that inhibitor absolute configuration dictates the efficacy
of inhibiting NMT1 enzymatic activity. Recently, numerous small molecule compounds targeting
NMT activity have been developed for tumor treatment including COPP24, IMP-366, and (1R,2R)-
D-NMAPPD (LCL4) (30, 38, 39). By comparing our previously reported compound (1R,2R)-D-
NMAPPD (LCL4) (35) with the commercial similar compound (15,25)-D-NMAPPD (42), we
clearly showed that this enantiomer of (1R,2R)-D-NMAPPD (LCL4) was less effective at
inhibiting global protein myristoylation in prostate cancer cells. In contrast to (1R,2R)-D-
NMAPPD (LCL4), (15,25)-D-NMAPPD was also predicted to bind poorly within the myristoyl-
CoA binding site of NMT1 by docking analysis. We further demonstrated that LCL204, a
derivative of (1R,2R)-D-NMAPPD, improved inhibition of global protein myristoylation and
induced AR degradation in prostate cancer cells. Other compounds, such as IMP-366, bind to the
peptide substrate binding pocket which also effectively inhibits NMT1 function (38), which could
inhibit tumor growth through induction of ER-stress and cell cycle arrest in cancer cells, leading
to cell apoptosis (30, 50). Our study provides an example that stereochemistry regulates the
efficacy of an inhibitor in drug design.

More importantly, this study has revealed a novel molecular function of NMTI1 in
regulating AR protein levels in prostate cancer cells. Overexpression of NMT1 increased total or
nuclear AR protein levels. Conversely, knockdown of NMT1 or pharmacological inhibition of
NMTT1 activity led to a decrease of AR protein levels and its transcriptional activity. Interestingly,

inhibition of NMT levels and activity decreased both AR full-length and variants by an increase
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of AR ubiquitination-proteasome degradation. AR ubiquitination plays a role in the regulation of
AR stability and its activity (14). There are three major AR ubiquitination sites: K311, K845, and
K847 (15, 16). Since the AR-variant, which lacks the AR ligand binding domain at the C-terminus,
is also regulated by NMT1, we reasoned that NMT]1 regulation of AR-ubiquitination likely take
place at the AR N-terminus. Since K845 and K847 are located within the AR ligand binding sites,
NMT]1 regulation of AR ubiquitination might potentially take place at K311, which is in the AR
transcriptional activation function domain (AF-1) (16, 61), or at other unknown sites. Identification
of AR ubiquitination site(s) regulated by NMT1 will further provide mechanistic understanding of
this degradation pathway.

It is not clear which E3 ligase is involved in NMT]1 regulation of AR ubiquitination and
degradation. Different E3 ligases have been reported to be involved in AR ubiquitination, which
could either promote AR transcriptional activity or lead to degradation of AR (16). For instance,
RNF6 is reported to be an E3 ligase for AR ubiquitination leading to an increase of AR
transcriptional activity (15). On the other hand, Mdm?2 is reported to bind with AR in a
phosphorylation-dependent manner to promote its ubiquitination and degradation (17). Other E3
ligases including CHIP (c-terminus of Hsp-70-interacting protein), SKP2, and Siah2 could also
potentially be involved in ubiquitination and degradation of AR (18, 20, 21). Future studies should
focus on identification of which E3 ligase that mediates AR ubiquitination is regulated by protein
myristoylation. This knowledge will be very valuable for development of a novel AR degradation
strategy.

Directly targeting AR for degradation remains an effective therapeutic strategy for
treatment of castration resistant prostate cancer (CRPC). Numerous selective androgen receptor

degraders (SARDs) such as UT-69 and SARDO033 or Proteolysis Targeting Chimeric molecules
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(PROTAC:S) such as ARCC-4 and ARV-330 have been developed for targeting full length of AR
(62-68). However, the efficacy of these compounds relies on interaction with the ligand binding
domain of AR. AR splice variants such as AR-V1 and AR-V7 which lack the ligand binding
domain could frequently occur in tumors after androgen deprivation therapy (69). As a result,
ARV-330 and ARCC-4 usually lose their efficacy in targeting AR-V7 for degradation. Currently
other AR degraders such as ASC-J9 (a curcumin derivative) and 17-allylamino-17-
demethoxygeldanamycin (17-AAG) are reported to enhance AR degradation and inhibit growth
of CRPC cells (70, 71). However, the biological mechanisms of ASC-J9 are still unknown, and
17-AAG induced AR degradation via inhibition of Hsp90 function might be non-specific for AR
degradation since it could also down-regulate a subset of cellular proteins such as HER2, HER3,
and Akt (72). In this study, LCL204 pharmacologically inhibits NMT]1 activity which leads to the
degradation of full-length AR as well as its variant at low micromolar concentrations. In
comparison with other AR degraders, our study provides an alternative approach for treatment of
androgen sensitive and CRPC by inhibiting both AR-FL and AR-V7 levels in prostate cancer cells.

Our study shows the functional role of NMT1 in prostate tumor progression. While
knockdown of NMTI1 inhibited growth of prostate xenograft tumors, overexpression of NMT
synergized with AR in prostate tumorigenesis. This is consistent with other studies regarding
NMTT in cancer progression of various cancer types (29, 35, 37, 38, 50). Overexpression of NMT1
stabilizes AR protein levels and might promote AR nuclear translocation and its transcriptional
activity. In addition, NMT1 also promotes myristoylation of a set of its downstream proteins such
as AMPKA, Src kinase, and PKA (32, 38, 73, 74). These proteins require myristoylation
modification to carry out their molecular functions, and further synergize with AR in tumor

progression. For example, Src kinase requires myristoylation for its kinase activity and oncogenic
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potential to synergize with AR in prostate tumorigenesis (38). The catalytic subunit of cAMP-
dependent protein kinase (PKA) is another protein that requires myristoylation for its molecular
function (74-76). PKA regulates AR protein levels, nuclear translocation, and its transcriptional
activity (33, 77). Elevation of PKA expression is associated with the progression of CRPC (78,
79). Further studies will be required to illustrate the cross-talk between NMT1 and AR in prostate

cancer progression.
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Figure legends

Fig. 4.1 Characterization and biological inhibitory activities of (1R,2R)-D-NMAPPD,
(1S,25)-D-NMAPPD, and 1R,2R-L.CL204. A-B) Characterization of (15,25)-D-NMAPPD (top
panel) and (1R,2R)-D-NMAPPD (lower panel) by 'H NMR and circular dichroism. NMR spectra
of both stereoisomers were recorded in methanol-ds using a 500 MHz instrument. The 'H NMR
spectrum of (15,25)-D-NMAPPD (top panel) and (1R,2R)-D-NMAPPD (bottom panel) were
identical (A). Both (15,25)-D-NMAPPD and (1R,2R)-D-NMAPPD were dissolved in CH;0OH and
circular dichroism spectra recorded from 180 nm to 320 nm for 200 scans (0.2 sec integration time)

(B). C) Specific rotation ([a]*’D) of (1S,25)-D-NMAPPD and (1R,2R)-D-NMAPPD and their
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docking energy with NMT1. The docking scores and MM-GBSA values for two stereoisomers
were generated by using the XP (extra-precision) docking. D) Determination of ICso of (1R,2R)-
LCL204 on the full length NMT1 enzyme. The full length of NMT1 gene was expressed in E. coli,
and NMT1 protein was purified by affinity chromatography. NMT1 catalyzes the incorporation of
myristoyl group to the N-terminus of glycine of the Gly-Ser-Asn-Lys-Ser-Lys-Pro-Lys peptide
and releases CoA. The amount of the released CoA could be measured by its reaction with 7-
diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (80). The ICso of (1R,2R)-LCL204 on
NMT1 enzymatic activity was 2.3 pM. Each data point represents three repeats. E) 22Rv1 cells
were grown with DMSO or various concentrations of (15,25)-D-NMAPPD, (1R,2R)-D-NMAPPD,
or (1R,2R)-LCL204 for 3 h, and cells were furthered treated with/without 20 uM myristic acid-
azide for 24 h. Expression levels of AR, GAPDH, and myristoylated proteins were measured by

Western blot or in combination with Click chemistry.
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Fig. 4.2 (1R,2R)-L.CL204 reduces total AR protein levels, and its nuclear translocation and
transcriptional activity. A-B) C4-2B cells were grown in the medium with DMSO or 5 uM
LCL204 for 48 h (A). 22Rvl cells were grown with charcoal stripped FBS for 2 days and then
treated with/without 10 nM R1881 and 5 uM LCL204 for 48 h (B). AR expression levels were
measured in total cell lysate, the cytoplasmic and nuclear protein fractions. GAPDH and HDACI
were used as the cytoplasmic and nuclear protein loading controls, respectively. C) LNCaP cells
were grown with charcoal stripped FBS for 1 day, then treated with/without 10 nM R1881 and 5
uM LCL204 for 24 h. Immunofluorescence staining for AR (green) was followed by
counterstaining with DAPI (blue). The merged images are also shown. D) C4-2B and 22Rv1 cells

were grown with DMSO, 1, or 5 uM LCL 204 in the presence or absence of 10 nM R1881 for 48
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h. Expression levels of AR and its downstream genes, PSA and KLK2 in C4-2B and 22Rv1 cells
were measured by qRT-PCR. Expression levels of AR, PSA, or KLK2 in cells grown without LCL
204 and R1881 were normalized to 1. Data are shown as mean = SEM. N.S.: not significance; *p <

0.05; **p < 0.01.
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Fig. 4.3 NMT1 suppresses AR degradation through protein ubiquitination. A-D) LNCaP and
22Rv1 cells were grown with/without 5 pM LCL204 and 10 pM Bortezomib, a small molecule
proteasome inhibitor, for 24 h (A-B). Additionally, LNCaP and 22Rvl cells were grown in

charcoal-stripped medium with/without 5 uM LCL 204 for 18 h and further treated with 50 uM
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cycloheximide for 0, 2, 4, 6 h (C-D). Expression levels of AR and GAPDH protein was measured
by Western blot. E) LNCaP and 22Rv1 cells were treated with DMSO or 5 uM LCL204 for 24 h.
LNCaP cells were also transduced with sShRNA-NMTT1 or control by lentiviral infection. Protein
levels of AR, NMT1, and GAPDH were measured in total cell lysates. Additionally, cell lysates
were immunoprecipitated with AR antibody and AR and AR-ubiquitin levels were determined by

Western blotting with anti-AR or anti-ubiquitin antibodies.
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Fig. 4.4 Knockdown of NMT1 inhibits prostate cancer xenograft tumors. C4-2B cells were
transduced with shRNA-NMT1 or control by lentiviral infection and inoculated subcutaneously in
SCID mice. A) To confirm the knockdown of NMTI, total lysate was harvested from the

transduced cells before the cells were inoculated and subjected to Western blotting. B-D) The size
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of xenograft tumors were examined weekly, and the weights were measured after tumors were
harvested (mean = SEM). *, p < 0.05. E) Expression levels of NMT1, AR, Ki-67 and cleaved

caspase-3 in the xenograft tumors were analyzed by IHC staining. Scale bar, 100 pm.

165



Supplemental Materials and Methods

Characterization of two different sources of D-NMAPPD by high resolution mass
spectrometry (HRMS) and UHPLC

All reactions were carried out under argon. Solvents used for column chromatography were
analytical grade. Thin-layer chromatography was carried out with 250 pm glass backed silica
(XHL) plates. Plates were visualized under UV light (254 nm) and stained with ninhydrin in n-
butanol/AcOH. Purification of crude residues was performed over silica gel chromatography using
230400 mesh grade 60 silica unless otherwise stated.

High-resolution mass spectrometry (HRMS) was performed in the electrospray mode using an
orbitrap mass analyzer (ESI-Orbtrap). The m/z for D-NMAPPD (from Cayman Chemical) was
calculated for C23H39N205 [M + H] to be 423.2859 and found to be 423.2845. Similarly, the m/z
of (1R,2R)-D-NMAPPD (LCL4) was calculated for C23H39N2Os[M + H] to be 423.2859 and found
to be 423.2847.

UHPLC analysis was performed with an Acclaim™ 120 C18 Sum (4.6 x 50) equipped with mass
and a UV detector. D-NMAPPD (from Cayman Chemical) and (1R,2R)-D-NMAPPD (LCL4) were
characterized with a UHPLC retention time of 5.55 min (flow rate: 0.4 mL/min; initial: H.O

30/CH3CN 70: 2 min; H,O 5/CH3CN 95: 4 min).

Characterization of two different sources of D-NMAPPD by NMR spectroscopy

NMR spectra were recorded in methanol-ds using a 500 MHz instrument. The D-NMAPPD (from
Cayman Chemical) was characterized with the following parameters including 3*C NMR (500
MHz, CD30D) 6 174.9, 150.9, 147.1, 127.0, 122.7, 70.2, 61.3, 56.2, 35.6, 31.7, 29.4, 29.4, 29.3,

29.2,29.1,28.7,25.6,22.4,13.1. Similarly, (1R,2R)-D-NMAPPD (LCL4) was characterized with
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the following parameters including *C NMR (500 MHz, CD;0D) & 174.9, 150.9, 147.1, 127.0,
122.7,70.2, 61.3, 56.2, 35.6,31.7,29.4,29.4,29.3,29.2, 29.1, 28.7, 25.6, 22.4, 13.1.

The melting point range for (15,25)-D-NMAPPD and (1R,2R)-D-NMAPPD was 79 — 80 °C.

Formation of (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-propanediol (Chloramphenicol D
base)

(1R,2R)-D-NMAPPD (LCLA4) (12 mg) was heated with 10 % HCI in CH30H (0. 95 ml) at 80 °C
for 18 h. The reaction mixture was concentrated in vacuo. The residue was dissolved in saturated
NaHCO; (1 ml) and extracted 5 times with ethyl acetate (2 ml). The combined organic layer was
dried over NaySOs, filtered and concentrated. The crude product was purified by column
chromatography (CH2>Cly/ CH3OH/ NH30H 90 : 9 : 1 to 60 : 30 : 10) to yield chloramphenicol D

base (3.67 mg, 61%) as white solid.

Characterization of (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-propanediol (Chloramphenicol
D base) by NMR, high resolution mass spectrometry (HRMS), and UHPLC

The melting point range for (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-propanediol was 160-161 °C
(literature m.p. 162-163 °C) (52). Specific rotations were measured in methanol on an automatic
polarimeter with a path length of 10 cm. (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-propanediol
rotation was [a]*!p-22.9 (¢ = 0.07 , CH30H) (literature [a]*'p-23.1 (¢ = 1.58 , CH30H)) (52).
NMR spectra were recorded in methanol-ds using a 500 MHz instrument. The (1R,2R)-2-Amino-
1-(4-nitrophenyl)-1,3-propanediol was characterized as follows: 'H NMR (500 MHz, CD3;OD)

8.20 (d, J = 8.8 Hz, 2H, 2Ar), 7.61 (d, J = 8.6 Hz, 2H, 2Ar), 4.77 (d, J = 5.7 Hz, 1H), 3.52 (dd, J
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=10.9, 5.1 Hz, 1H, CH>), 3.37 (dd, J = 10.9, 5.9 Hz, 1H, CH>"), 2.91 (q, J = 5.6 Hz, 1H); '3C

NMR (500 MHz, CDs;0OD) 6 150.8, 127.3, 123.0, 72.5, 62.4, 58 4.

High-resolution mass spectra (HRMS) were recorded in the electrospray mode using an orbitrap
mass analyzer (ESI-Orbtrap). The (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-propanediol was
characterized as follows: ESI-HRMS m/z calculated for CoH1304N> [M + H] 213.0870 found
213.0867.

NMT1 gene expression and protein purification

A modified full length NMT1 genetic sequence containing a Hise-tag at the N-terminus was
synthesized by GenScript. The gene was cloned in the pET-11a vector and transformed into
Rosetta 2 competent cells by heat shock. Cells were grown at 37 °C in LB broth, supplemented
with 100 pg/ml ampicillin and 35 pg/ml chloramphenicol, to ODsoo 0.6-0.8. Cultures were induced
with 1 mM IPTG and grown overnight at 18 °C. The cells were harvested by centrifugation at 5000
x g for 10 min. The cells were suspended in a buffer containing 20 mM Tris (pH 7.5), 500 mM
NaCl, 10 mM imidazole, 1 mM MgCl, and 0.1% (v/v) Triton X-100 and lysed by four 1 min
rounds of sonication, 5 sec on 5 sec off, at 50% amplitude, on ice. The lysate was cleared by
centrifugation at 48,000 x g for 20 min at 4 °C. Cleared lysate was applied to high-density nickel
agarose beads (Gold Biotechnology, Olivette, MO) equilibrated with 20 mM Tris (pH 7.5), 500
mM NaCl and 10 mM imidazole. Protein was eluted with the equilibration buffer containing 250
mM imidazole. This elution was diluted 20-fold in Buffer A (20 mM Tris pH 8.9 and 1 mM DTT)
and loaded onto a Mono Q anion-exchange column (GE Healthcare, Pittsburgh, PA). NMT1 was
eluted in a 0-50% NaCl gradient over 20 column volumes of Buffer A and Buffer B (20 mM Tris

pH 8.9, 1 mM DTT, and 1 M NaCl). The His¢-tag was cleaved using HRV 3C protease. The
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remaining free His-tag, His-tagged NMT1, and HRV 3C protease were separated from cleaved

NMTT1 by nickel affinity chromatography.

Prostate regeneration assay

Primary prostate cells were isolated from 8-12-week-old male C57BL/6J mice and were
transduced with NMT1, AR, or co-transduced with NMT1 and AR by lentiviral infection (2-3 x
105 cells/graft). The infected cells were mixed with urogenital sinus mesenchymal (UGSM) cells
at a ratio 1:1. The cell mixture was resuspended in 20 pl of collagen type I (pH 7.0) (BD
Biosciences). After overnight incubation at 37 °C, grafts were implanted under the kidney capsule
of SCID male mice. Grafts were harvested after 8-week incubation. Phase or fluorescent images
of grafts were taken under a fluorescence microscope. C57BL/6] and CB.175¢P/S¢IP (SCID) mice

were purchased from Taconic (Hudson, NY) and maintained in the lab.
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Table S4.1. Primer sequences used for cloning NMT1, shRNAs, and RT-PCR

Gene

Direction

Sequence (5'-3")

NMTI

Forward

ATATACTAGTGCCGCCACCATGGCGGACGAGAGTGA
GACAG

NMTI

Reverse

GGCTACTAGTCTACTTGTCGTCATCGTCTTTGTAGTCT
TGTAGCACCAGTCCAACCTTC

NMTI1 shRNA 1

Forward

TCCCGGAGGCTTCAACTCCTCGGACACCGTCACTTCA
AGAGAGTGACGGTGTCCGAGGAGTTGAAGCCTCC

Reverse

AAAAATGCAGCGCACCATGAAGCTCTACCGACTTCT
CTTGAAAGTCGGTAGAGCTTCATGGTGCGCTGCAT

NMT1 shRNA 2

Forward

TCCCTTACCAAACCGCCAGCGAACTTGACAATTTTCA
AGAGAAATTGTCAAGTTCGCTGGCGGTTTGGTAA

Reverse

AAAATTACCAAACCGCCAGCGAACTTGACAATTTCT
CTTGAAAATTGTCAAGTTCGCTGGCGGTTTGGTAA

NMTI1 shRNA 3

Forward

TCCCGATCCAGGAAATACAGAAGGCCATTGAGCTTC
AAGAGAGCTCAATGGCCTTCTGTATTTCCTGGATC

Reverse

AAAAGATCCAGGAAATACAGAAGGCCATTGAGCTCT
CTTGAAGCTCAATGGCCTTCTGTATTTCCTGGATC

NMTI

Forward

TTTTATACGCTGCCCTCCAC

Reverse

TCCCCTATGCCAAACTTGAG

PSA

Forward

ACGCTGGACAGGGGGCAAAAG

Reverse

GGGCAGGGCACATGGTTCACT

KLK2

Forward

CAGCATCGAACCAGAGGAGT

Reverse

ACTAGAGGTAGGGGTGGGAC

NOV

Forward

ACCGTCAATGTGAGATGCTG

Reverse

TCTTGAACTGCAGGTGGATG

TMPRSS2

Forward

CAGGAGTGTACGGGAATGTGATGGT

Reverse

GATTAGCCGTCTGCCCTCATTTGT
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Supplemental Figure legends

Figure S4.1. Two different sources of D-NMAPPD have identical 1*C NMR spectra.

Two different sources of the D-NMAPPD compounds, D-NMAPPD from the Cayman Chemical
(Cat #10006305) A) and D-NMAPPD (synthesized in-house) B) were characterized by '3C NMR.
NMR spectra were recorded in methanol-d4 using a 500 MHz instrument. Signals were observed
at & 174.9, 150.9, 147.1, 127.0, 122.7, 70.2, 61.3, 56.2, 35.6, 31.7, 29.4, 29.4, 29.3, 29.2, 29.1,

28.7,25.6,22.4,13.1.
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Figure S4.2. Two different sources of D-NMAPPD have identical UHPLC chromatograms
and high-resolution mass spectra (HRMS). Two different sources of the D-NMAPPD
compounds, D-NMAPPD from the Cayman Chemical (Cat #10006305) A) and D-NMAPPD
(synthesized in-house) B) were subjected to UHPLC analysis (top panel) and mass spectrometry
(lower panel). UHPLC analysis was performed with an Acclaim™ 120 C18 5 um (4.6 x 50)
equipped with mass and UV detectors. High-resolution mass spectra (HRMS) were recorded in

the electrospray mode using an orbitrap mass analyzer (ESI-Orbtrap).
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Figure S4.3. Synthesis and characterization of (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-
propanediol (Chloramphenicol D base) by NMR. A) Hydrolysis of the parent amide of (1R,2R)-
D-NMAPPD (in-house synthesized) with 10% HCI in methanol to generate (1R,2R)-2-Amino-1-
(4-nitrophenyl)-1,3-propanediol. The reaction was carried out at 80 °C for 18 h. B-C) The 'H NMR
and 3C NMR spectra of (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-propanediol. NMR spectra of
(1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-propanediol were recorded in methanol-ds using a 500

MHz instrument.
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Figure S4.4. Docking analysis of two stereoisomers, (1R,2R)-D-NMAPPD and (1S,25)-D-
NMAPPD, to the myristoyl-CoA binding site of NMT1 protein. The crystal structure of NMT]1
protein (truncated form) has been resolved in previous studies (38) . The structure was retrieved
from the RCSB PDB database (PDB ID: 5UUT). The structures of (1R,2R)-D-NMAPPD and
(15,25)-D-NMAPPD were prepared by Ligprep. The interaction of the compounds with the
surrounding functional groups of amino acids in NMT1 was revealed for (1R,2R)-D-NMAPPD
(A) or (15,25)-D-NMAPPD (C). The binding site of myristoyl-CoA in the NMT1 structure was

replaced with (1R,2R)-D-NMAPPD (B) or (15,25)-D-NMAPPD (D) in the docking analysis.
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Figure S4.5. Synthesis of 1R,2R-L.CL204. The reaction of (2R,3R)-2-amino-1-(4-nitrophenyl)-
1,3-propanediol with tetradecanal in methanol/0.05 N acetic acid and sodium cyanoborohydride.

The final product was purified by recrystallization using DCM/pentane.
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Figure S4.6. NMT1 sequence, expression and purification. A) The human NMT1 DNA
sequence was optimized for bacterial expression and synthesized by GenScript. B) The NMT1
protein was Hise-tagged and expressed in E. coli. The protein was purified by Ni-NTA affinity
chromatography, anion exchange chromatography, and the Hiss-tag was removed by digestion
with HRV 3C protease. The purified NMT]1 protein was detected by Coomassie blue staining (i)

and Western blot analysis using anti-human NMT]1 antibody (ii).

176



Figure S4.7. NMT1 knockdown decreases AR protein levels, its nuclear translocation and
transcriptional activity. A-D) VCaP or 22Rvl cells were transduced with shRNA-NMT]I
(shNMT1-1# or shRNA-NMT1-2#) or control by lentiviral infection. Expression levels of AR,

NMT1, and GAPDH in total cell lysates of VCaP (A) and 22Rv1 (C) were measured by Western
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blotting. Additionally, mRNA expression levels of NMT1, PSA, and TMPRSS2 in VCaP (B) or
22Rv1 (D) cells were measured by gqRT-PCR, and expression levels were normalized to GAPDH.
Expression levels of NMT1, PSA, TMPRSS2 in cells expressing control vector were normalized
to 1. E-H) C4-2B (E) or LNCaP (G) cells were transduced with sARNA-NMT1 or control by
lentiviral infection. Expression levels of AR, NMT1, and GAPDH in total cell lysate of C4-2B (E)
or LNCaP (G) were measured by Western blotting. Additionally, protein lysate was further
fractionated into the nuclear and cytoplasmic fractions. Expression levels of AR in these two
fractions were analyzed. GAPDH and HDACI levels were used as the cytoplasmic and nuclear
loading controls, respectively. Next, expression levels of NMT1 and AR downstream genes (PSA
and TMPRSS2) in C4-2B (F) or LNCaP (H) cells expressing ShARNA-NMT1 or control were
analyzed by qRT-PCR. I) LNCaP cells expressing shRNA-NMT1 or control were grown with
charcoal stripped FBS for 24 h, then treated with DMSO or 10 nM R1881 for 24 h. Expression
levels of PSA and TMPRSS2 were analyzed by qRT-PCR. Expression levels in the cells
expressing control vector treated with DMSO were normalized to 1. Data are shown as mean =+

SEM. **p < 0.01.
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Figure S4.8. Knockdown of NMT1 has no effect or a mild effect on AR mRNA levels in
prostate cancer cells. A-D) VCaP (A), 22Rvl (B), C4-2B (C), or LNCaP (D) cells were
transduced with ssRNA-NMT1 or control by lentiviral infection. Expression levels of AR mRNA
were measured by qRT-PCR, and expression levels were normalized to GAPDH. Expression

levels in the cells expressing control vector were normalized to 1. Data are shown as mean = SEM.

*4p < 0.01.
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Figure S4.9. Ectopic expression of NMT1 enhances expression levels, nuclear translocation,
and transcriptional activity of AR in prostate cancer cells. LNCaP and C4-2B cells were
transduced with control vector or NMT1 by lentiviral infection. A-D) Expression levels of AR,
NMT1, and GAPDH of total cell lysate were analyzed in the transduced LNCaP (A) or C4-2B
cells (C). Levels of AR, HDACI1, and GAPDH were determined in cytoplasmic and nuclear
fractions. GAPDH and HDACI1 were used as the loading controls of the cytoplasmic and nuclear
fractions, respectively. Additionally, mRNA expression levels of AR, PSA, and TMPRSS2 in
LNCaP (B) or C4-2B cells (D) expressing control vector or NMT1 were measured by qRT-PCR.

Expression levels were normalized to GAPDH, and expression levels in cells expressing control
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vector was normalized to 1. E-F) LNCaP cells expressing control vector or NMT1 were grown
with charcoal-stripped FBS for 24 h, then treated with DMSO or 10 nM R1881 for 24 h. The cells
were lysed and fractionated into cytoplasmic and nuclear fractions and levels of AR, HDAC1, and
GAPDH were measured. GAPDH and HDAC]1 were used as the cytoplasmic and nuclear protein
loading controls, respectively (E). Expression levels of AR downstream genes, PSA and
TMPRSS2 were analyzed by qRT-PCR. PSA and TMPRSS?2 levels were normalized to GAPDH,
and expression levels in LNCaP cells expressing vector control and DMSO treatment was

normalized as 1. Data are shown as mean +£ SEM. *p < 0.05; **p < 0.01; ***p <0.001.
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Figure S4.10. Synergy of NMT1 with AR promotes prostate cancer progression. A) NMTI
and AR were cloned into a bi-cistronic lentiviral vector. NMT1 or AR was regulated by the
ubiquitin promoter, and RFP or GFP was regulated by the CMV promoter. B) 293T and PC-3 cells
were transduced with NMT1 and AR by lentiviral infection, respectively. The overexpression of
NMTI1 or AR was confirmed. C) Schematic outline of the in vivo prostate tissue regeneration.
Prostate epithelial cells (PrECs) were isolated from C57BL/6J and transduced with NMT1, AR, or
NMTI1/AR by lentiviral infection. The transduced PrECs were mixed with UGSM cells. The cell
mixture was implanted under the renal capsule of SCID mice, and incubated for 8§ weeks before
the regenerated tissues were harvested. D) The regenerated prostate tissues were harvested after 8

weeks incubation from panel A. Phase, RFP, and GFP fluorescence images of the regenerated
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tissues were taken. Scale bar: 2 mm. E) H&E and IHC staining of NMT1, AR, and
CK5(red)/CK8(green) were examined in regenerated tissues derived from NMT1, AR, or NMT1

+ AR groups. Scale bar: 100 pm.
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Figure S4.11. Knockdown of NMT1 inhibits growth of prostate cancer xenograft tumors.
22Rv1 cells were transduced with siRNA-NMTT1 or control by lentiviral infection. The transduced
cells were inoculated subcutaneously in SCID mice. A-C) The size and weight of xenograft tumors
were recorded and measured (mean + SEM). *, p <0.05. D) Expression levels of NMT1, AR, Ki-
67 and cleaved caspase-3 in xenograft tumors expressing ShRNA-NMTT1 or control were analyzed

by IHC staining. Scale bar, 100 pm.
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CHAPTER 5

SUMMARY AND FUTURE WORK

This chapter discusses and concludes the major findings of our work on understanding the
role of protein myristoylation and N-myristoyltransferase 1 (NMTI1) in prostate cancer
tumorigenesis. In addition, in this chapter, we proposed potential future studies for this work.

Advanced prostate cancer comes as a second leading cause of deaths in men in the US. The
high mortality rate of castration-resistant prostate cancer (CRPC) arises from the poor
understanding of the underlying molecular mechanisms and lacks the proper therapeutic target.
The emerging role of fatty acid metabolism in prostate cancer directs the current focus to
understand the role of fatty acylated protein modifications on the activity of oncoproteins in
prostate cancer tumorigenesis. In particular, protein myristoylation, which is a post-translational
covalent attachment of myristic acid to a set of proteins, including some well-known oncoproteins.

The chief purpose of this dissertation is to identify any potential role of NMT]1 in prostate
cancer tumorigenesis. To achieve this purpose, we first determined the mRNA and protein
expression levels of NMT1 in different prostate cancer cells (LNCaP, 22Rv1, DU145, and PC3)
compared to normal prostate cells (PNT2). Second, we decided to see if the expression levels and
activity of NMT1 promote prostate cancer progression using in vitro and in vivo systems. Third,
we performed a drug screening to identifies candidate inhibitors for NMTT1. Finally, we discovered
a novel regulatory role of NMT1 on androgen receptor (AR) protein levels and its mediated

transcriptional activity in prostate cancer.
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The first aim of this study was to identify the role of N-myristoyltransferase 1 in the
progression of prostate cancer. Previous reports have demonstrated that myristoylation of Src
kinase is essential for its activity and Src kinase-mediated high-fat diet-accelerated prostate
tumorigenesis (1). In this study, we demonstrated that mRNA and protein expression levels of
NMT]1 are elevated in prostate cancer cells compared to normal prostate cells. Additionally, the
expression levels were correlated with the activity of NMTT1 in prostate cancer cells. We showed
that NMT1 knockdown inhibited growth of prostate cancer cells in vitro and in vivo through
inducing cell cycle arrest at the S-phase with no effect on the apoptosis signaling pathway. The
inhibition of prostate cancer cell proliferation is due to the inhibition of the NMT1-Src kinase axis.
We further identified small molecule compounds that inhibit NMTT1 activity at enzymatic and
cellular levels. LCL4 (1R,2R-DMNAPPD) was identified as a novel NMT inhibitor that targets
myristoyl-CoA binding site with IC50= 77.6 uM. Additionally, LCL204, a derivative of LCLA4,
was more potent than LCL4 with IC50= 8.7 uM. We illustrated that LCL4 inhibited the growth of
prostate cancer cells by inducing cell cycle arrest. The compound inhibited growth of prostate
cancer cells in vivo with no observed pathological toxicity.

Given the fact that NMT1 was aberrantly expressed in prostate cancer cells, future studies
should focus on identifying the NMT1 downstream substrates, which their myristoylation might
highly up-regulated in highly expressed NMT1 cancer cells, and study oncogenic properties of
these downstream proteins. Further, the role of myristoylation modification and how this
modification influences their oncogenic properties should be assessed. Next, by conducting
chemical modification on LCL4 (1R,2R-DMNAPPD), we developed a more potent compound
(LCL204) on targeting NMT]1 activity. Future studies should investigate other chemical

modifications to increase its potency and bioavailability in vivo. Since protein myristoylation is
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essential for the activity of several proteins in normal tissues, developing an efficient and selective
drug delivery method would be considered in future studies.

The second aim of this study was to investigate regulatory role of protein myristoylation
on AR protein expression levels and its mediated activity in prostate cancer. It has been reported
that AR expression and activity are regulated by some of the myristoylated proteins such as cAMP-
dependent protein kinase (PKA) and Src kinase (2) (3) (4). Here, we demonstrated that NMT1
regulated AR protein levels in prostate cancer cells. Genetic knockdown of NMT1 expression
levels and pharmacological inhibition of NMT1 activity inhibited AR protein levels post-
transitionally. The reduction of AR protein levels was coupled with a decrease of AR nuclear levels
and its transcriptional activity. Next, we investigated ectopic expression of NMT1 in regulating
endogenous levels of AR in prostate cancer cells. The data showed that over-expression of NMT1
increased AR protein levels, nuclear translocation, and its transcriptional activity. Additionally,
over-expression of NMT1 synergized with AR in prostate tumor progression. The molecular
mechanism of NMTI1 regulating AR protein levels is mediated through the ubiquitination-
proteasome degradation pathway. It is known that NMT1 is highly expressed in several cancers,
such as the brain and colon (5) (6). We showed that NMT1 genetic knockdown inhibited growth
of prostate tumors in vivo. This inhibition might partially depend on AR-signaling. As shown
previously, knockdown of NMTT1 could lead to inhibit growth of PC3 (AR-) xenografts.

Finally, future studies should understand how NMT]1 cross talks with AR in prostate cancer
progression. NMT1 controls activity and localization of different downstream proteins by
myristoylation, including proteins involved in ubiquitination and proteasome pathways. Therefore,
investigate and identify protein/proteins interaction that are involved in this NMT1-AR crosstalk

would help to identify new therapeutic targets for prostate cancer. Alternatively, a future study can
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investigate the role of myristoylation on proteins which have previously reported to control AR
activity, such as PKA. Although androgen is very important for the activity of AR, androgen
independent AR activation is considered as one of molecular mechanisms in CRPC. My studies
support a hypothesis that NMTT1 contributes to the activation AR in the absence of androgen in
vivo. Approval of this hypothesis in future studies will provide a novel approach for treatment of
CRPC.

In conclusion, this work has provided fundamental knowledge about the functional role of
NMTT in prostate cancer and discovered a novel function of NMT1 in regulation of AR protein
levels and its transcriptional activity in prostate cancer cells. Our studies are clinically relevant
with pharmacological inhibition of NMT1. We have revealed a new regulation pathway of AR in

prostate cancer for targeting CRPC.
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Abstract

Protein N-myristoylation enables localization to membranes
and helps maintain protein conformation and function.
N-myristoyltransferases (NMT) catalyze co- or posttranslation-
al myristoylation of Src family kinases and other oncogenic
proteins, thereby regulating their function. In this study, we
provide genetic and pharmacologic evidence that inhibiting the
N-myristoyltransferase NMT1 suppresses cell-cycle progression,
proliferation, and malignant growth of prostate cancer cells.
Loss of myristoylation abolished the tumorigenic potential of
Src and its synergy with androgen receptor in mediating tumor
invasion. We identified the myristoyl-CoA analogue B13 as a

Introduction

N-myristoylation is a co- and posttranslational modification
that results in the covalent attachment of the 14-carbon saturated
myristic acid to the N-terminus of a target protein (1). N-myr-
istoyltransferase (NMT) catalyzes this transfer of the myristoyl-
group of myristoyl-CoA to a glycine in the N-terminus. N-myr-
istoylation is ubiquitously found in eukaryotes, and two mam-
malian NMT isoforms, NMT1 and NMT?2, have been identified
that share 77% identity (2). NMTs have been considered as
promising targets for the development of antifungal, antiparasitic,
and antitumor progression therapeutics (3).

One set of proteins where myristoylation has been observed
to play an important role is Src family kinases (SFK). Myris-
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small-molecule inhibitor of NMT1 enzymatic activity. B13
exposure blocked Src myristoylation and Src localization to
the cytoplasmic membrane, attenuating Src-mediated oncogen-
ic signaling. B13 exerted its anti-invasive and antitumor effects
against prostate cancer cells, with minimal toxic side-effects
in vivo. Structural optimization based on structure-activity
relationships enabled the chemical synthesis of LCL204, with
enhanced inhibitory potency against NMT1. Collectively, our
results offer a preclinical proof of concept for the use of protein
myristoylation inhibitors as a strategy to block prostate cancer
progression. Cancer Res; 77(24); 6950-62. ©2017 AACR.

toylation together with other modifications allow SFKs to attach
to the cytoplasmic membrane and mediate their kinase activity
and cellular functions (4, 5). SFKs are pleiotropic activators in
signal transduction pathways and numerous studies have docu-
mented their role as oncogenic driver genes in a variety of
cancers (6). SFKs interact with a variety of cellular receptors,
and are downstream effectors of G protein-coupled receptors,
integrins, and many receptor tyrosine kinases (RTK; refs. 7, 8).
Activation of SFKs also activates a variety of downstream sig-
naling to facilitate tumor growth, angiogenesis, and metastatic
invasion (6, 9, 10). Particularly, aberrant expression of Src
kinase facilitates the phosphorylation of androgen receptor
(AR) and bypasses ligand dependent AR activation in castra-
tion-resistant prostate cancer (9, 11). Our previous study
showed that co-overexpression of Src and AR promotes invasive
prostate adenocarcinoma (11, 12).

In vitro studies have indicated that NMT1 regulates Src kinase
myristoylation and phosphorylation or kinase activity in COS-1
cells (5) or HT-29 cells (13). Here we further study if genetic and
pharmacologic inhibitions of NMT1 regulate proliferation of
prostate cancer cells and growth of prostate tumor in vivo. We
demonstrate that knockdown of NMT1 suppressed proliferation
of prostate cancer cells by blocking cell-cycle progression, and
inhibited the myristoylation and tyrosine phosphorylation of Src
kinase. The inhibitory effect increased with increasing expression
levels of NMT1. Myristoylation was shown to facilitate SFKs-
mediated prostate tumorigenesis, and mediate the interaction of
Src kinase with AR, with the synergistic effect of promoting
prostate tumor progression. Screening a panel of small-molecule
compounds based on the myristoyl-CoA scaffold identified a
compound that blocked the enzymatic activity of NMT1 and
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Interactions between cells in the stroma and epithelium facil-
itate prostate stem cell activity and tissue regeneration capacity.
Numerous molecular signal transduction pathways, including
the induction of sonic hedgehog (Shh) to activate the Gli tran-
scription factors, are known to mediate the cross-talk of these
two cellular compartments. However, the details of how these
signaling pathways regulate prostate stem and progenitor cell
activity remain elusive. Here we demonstrate that, although
cell-autonomous epithelial Shh-Gli signaling is essential to
determine the expression levels of basal cell markers and the
renewal potential of epithelial stem and progenitor cells, stro-
mal Gli signaling regulates prostate stem and progenitor cell
activity by increasing the number and size of prostate spheroids
invitro. Blockade of stromal Gli signaling also inhibited prostate
tissue regeneration iz vivo. The inhibition of stromal Gli signal-
ing suppressed the differentiation of basal and progenitor cells
to luminal cells and limited prostate tubule secretory capability.
Additionally, stromal cells were able to compensate for the defi-
ciency of epithelial Shh signaling in prostate tissue regenera-
tion. Mechanistically, suppression of Gli signaling increased the
signaling factor transforming growth factor 8 (TGFp) in stro-
mal cells. Elevation of exogenous TGFf31 levels inhibited pros-
tate spheroid formation, suggesting that a stromal Gli-TGFf
signaling axis regulates the activity of epithelial progenitor cells.
Our study illustrates that Gli signaling regulates epithelial stem
cell activity and renewal potential in both epithelial and stromal
compartments.

Stromal- epithelial cell interactions are essential for prostate
development and adult prostate tissue regeneration (1). The
prostate gland is composed of numerous connected tubules and
the surrounding stromal microenvironment. Each tubule con-

sists of three types of prostate epithelial cells (PrECs),? includ-
ing secretory luminal cells, basal cells, and neuroendocrine cells
(2, 3). Luminal cells typically expressing cytokeratin (CK) 8 or
18 locate at the apical region of the epithelium, are sensitive to
androgen stimulation, and produce secretory proteins. Basal
cells expressing CK5 or p63 reside underneath the luminal cells
and attach to the basement lamina (4). Both luminal and basal
cells in the epithelial compartment contain stem/progenitor
cells, which are capable of self-sustentation in tissue regenera-
tion (5).

PrECs are surrounded by the stromal microenvironment,
providing an important niche to nurse epithelial progenitor
cells (6). The stromal compartment comprises a variety of cell
types, including smooth muscle cells, subepithelial cells, wrap-
ping cells, interstitial fibroblasts, and others (3, 7). Stromal cells
secrete important signaling factors to stimulate prostate devel-
opment and adult prostate tissue regeneration (1, 8). These
paracrine signaling factors include stromal androgen, fibroblast
growth factor (FGF), TGFfB, bone morphogenetic protein
(BMP), Sonic hedgehog (Shh), and others; they induce prostatic
secretion in luminal cells and maintain the self-renewal capac-
ity of prostate stem/progenitor cells (9—12). Shh—Gli signaling
exists in both prostate basal cells and stromal cells (7). How-
ever, how this signaling pathway controls the renewal capacity
of stem/progenitor cells through the stromal- epithelial inter-
action remains elusive.

Shh-Gli signaling is an important signal transduction path-
way in regulating the normal development of multiple organs,
including growth of prostatic tissues and differentiation of
prostate epithelia (13, 14). It has been reported that Shh—Gli
signaling facilitates prostate branching morphogenesis through
regulation of hepatocyte growth factor (15). In mammalian
cells, the Gli family consists of three members (Glil, Gli2, and
Gli3). Although both Gli2 and Gli3 have C-terminal transcrip-
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Fibroblast growth factor (FGF)/FGF receptor (FGFR) signal-
ing facilitates tumor initiation and progression. Although cur-
rently approved inhibitors of FGFR kinase have shown thera-
peutic benefit in clinical trials, overexpression or mutations of
FGFRs eventually confer drug resistance and thereby abrogate
the desired activity of kinase inhibitors in many cancer types. In
this study, we report that loss of myristoylation of fibroblast
growth factor receptor substrate 2 (FRS2a), a scaffold protein
essential for FGFR signaling, inhibits FGF/FGFR-mediated
oncogenic signaling and FGF10-induced tumorigenesis. More-
over, a previously synthesized myristoyl-CoA analog, B13,
which targets the activity of N-myristoyltransferases, sup-
pressed FRS2a myristoylation and decreased the phosphoryla-
tion with mild alteration of FRS2« localization at the cell mem-
brane. B13 inhibited oncogenic signaling induced by WT FGFRs
or their drug-resistant mutants (FGFRs"*™). B13 alone or in
combination with an FGFR inhibitor suppressed FGF-induced
WT FGFR- or FGFRP®.jnitiated phosphoinositide 3-kinase
(PI3K) activity or MAPK signaling, inducing cell cycle arrestand
thereby inhibiting cell proliferation and migration in several
cancer cell types. Finally, B13 significantly inhibited the growth
of xenograft tumors without pathological toxicity to the liver,
kidney, or lung in vivo. In summary, our study suggests a possi-
ble therapeutic approach for inhibiting FGF/FGFR-mediated
cancer progression and drug-resistant FGF/FGFR mutants.

Fibroblast growth factor (FGF)*/FGF receptor (FGFR) sig-
naling regulates the fundamental development of multiple
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organs (1). However, a large body of research has demonstrated
that this signaling axis is highly deregulated in numerous can-
cers, including amplification of FGFs in epithelial or stromal
cells and/or aberrant expression or activation of FGFRs result-
ing from genetic translocation, mutation, or amplification in
tumorigenic cells (2). Pathological FGF/FGFR signaling pro-
motes cross-talk of tumorigenic cells with their microenviron-
ment, which drives tumor proliferation, angiogenesis, and
metastasis in cancer progression (3-8).

FGF/FGER signaling requires recruiting a scaffold protein
called the fibroblast growth factor receptor substrate 2 (FRS2)
to initiate downstream signaling. The FRS2 family is composed
of two members, FRS2a and FRS2. Both proteins contain the
phosphotyrosine-binding domain and multiple tyrosine phos-
phorylation sites (9, 10). FRS2a mainly associates with FGF/
FGFR signaling. It binds to the juxtamembrane region of FGFRs
through its phosphotyrosine-binding domain (10, 11), and the
activation of FGFRs phosphorylates several tyrosine sites of
FRS2a. Whereas four sites mediate the binding with Grb2,
which activates phosphatidylinositol 3-kinase/AKT signaling
and to a lesser extent Ras/ERK signaling, the other two sites
facilitate binding with SHP2, which activates mainly the Ras/
ERK pathway (10). Therefore, FRS2«a is essential for FGF/
FGFR-induced signaling and facilitates cancer cell proliferation
and migration (12). The aberrant expression of FRS2a« is also
observed in some cancers (13). Therefore, targeting FRS2« is
considered an important therapeutic approach in the inhibition
of FGF/FGFR-mediated tumorigenesis (14).

Myristoylation of FRS2« is essential for its anchoring to the
plasmatic membrane. FRS2«a contains the MGXXX(S/T) con-
sensus sequence at the N terminus for N-myristoylation mod-
ification (10). N-Myristoyltransferase (NMT) catalyzes the
myristoylation modification process by transferring the myris-
toyl group from myristoyl-CoA to the glycine at the N terminus
of a protein (15). In this study, we investigated a therapeutic
approach to inhibit FGF/FGFR-mediated oncogenic signaling
and proliferation of cancer cells by blocking myristoylation of

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; UGSM, uro-
genital sinus mesenchyme; H&E, hematoxylin and eosin.
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