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PREFACE

The concept for this dissertation was the vision and intellectual property of Dr. Anait S. Levenson.
Our laboratory has had a long history investigating naturally derived stilbene compounds as
therapeutic agents against prostate cancer. While resveratrol, pterostilbene and other similar
analogs have been the focus of earlier studies, today, the laboratory has directed its attention

towards a compound known as Gnetin C, a resveratrol dimer.

This dissertation builds upon preceding in vitro experiments, which demonstrated that Gnetin C
has superior pharmacodynamic and pharmacokinetic properties compared to resveratrol and
pterostilbene, thus justifying further investigation. For this research, we delved deeper by
revealing the pharmacological activity of Gnetin C in diverse in vivo murine models of prostate
cancer at varying stages of the disease. The outcome of this study is expected to provide a better
understanding of the potential of Gnetin C as an anti-cancer agent for the prevention and treatment

of prostate cancer: a disease which remains highly prevalent amongst men worldwide.

With minor exceptions, all data presented in this dissertation was obtained, analyzed, and
interpreted by myself. Wherever data was collected as a collaborative effort, the respective lab

members were duly credited in figure captions.
All animal protocols were approved in advance by the Institutional Animal Care and Use
Committee (IACUC) at Long Island University in accordance with the NIH Guidelines for the

Care and Use of Laboratory Animals.

This dissertation has been supported by NCI/NIH #R15CA216970 grant awarded to Dr. AS

Levenson.
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ABSTRACT

Prostate cancer is common among aging men. Despite current management, it continues to be
associated with a high mortality rate. A need, therefore, exists for improved treatment approaches
that target every stage of the disease. In this study, we investigated the efficacy of Gnetin C, a
resveratrol dimer found abundantly in melinjo (Gretum gnemon) seeds, across three different
treatment modalities. The first involved a Gnetin C-supplemented diet as a chemopreventive
strategy in a high-risk transgenic mouse model which overexpresses MTA1 on a background of
Pten heterozygosity (R26™™!; Pten*/). The second involved the administration of Gnetin C by
intraperitoneal (i.p.) injection as a therapeutic strategy in a more aggressive transgenic mouse
model which overexpresses MTA1 on a background of Pten loss (R26™™!; Pten//). The third
involved i.p. Gnetin C administered as monotherapy and combination therapy (with enzalutamide)
in a xenograft-generated model for highly aggressive castrate-resistant prostate cancer. Our
chemopreventive studies demonstrated that mice fed Gnetin C diets exhibited significantly less
PIN foci, cellular proliferation, angiogenesis, and systemic inflammation. Gnetin C-fed mice also
exhibited reduced expression of MTA1 with an upregulation of PTEN. We found that mice
injected with Gnetin C as a therapeutic strategy exhibited favorable histopathology with fewer PIN
foci, reduced proliferation and angiogenesis, and an increase in apoptosis. Serum from these mice
showed a reduction in pro-inflammatory cytokines, and prostate tissue expressed less MTA1 . The
CRPC xenograft study demonstrated that Gnetin C treatment was associated with favorable
histopathology, reduced expression of MTAI, full-length AR, and truncated AR-V7. Results also
showed that combination with enzalutamide could offer benefits over monotherapy. Finally, from
our pharmacokinetic studies of Gnetin C, we were able to estimate parameters, such as systemic
exposure or AUC (809 mcg.h/L), half-life (1.7 h), and clearance (30.9 L/h/kg). Altogether, this
data provides evidence for the use of Gnetin C as a novel anticancer agent that can target different

stages of prostate cancer in different modes of administration.
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CHAPTERI. INTRODUCTION

The Prostate /) seminal

The prostate is a walnut-sized gland of the male urogenital system
(UGS). Its primary role is in the secretion of seminal fluid, which

nourishes sperm and aids in its transport!. The gland is positioned

immediately below the bladder, and envelopes the ejaculatory ducts . . )
Figure 1. Schematic representation

. 1
and the urethra (Figure 1). of the male urogenital system'.

Histologically, the human prostate is composed of epithelial and stromal cells. Secretory luminal
cells, basal cells, and a small population of neuroendocrine cells form the glandular epithelium?3.
These epithelial cells are surrounded by supportive stroma which consists of smooth muscle cells,

fibroblasts, vascular endothelial cells, nerve cells, and inflammatory cells*® (Figure 2).

Figure 2. H&E staining of normal human prostate tissue’.
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Prostate Cancer

The most common diseases affecting the prostate include prostatitis, benign prostatic hypertrophy,
and cancer. Of these illnesses, prostate cancer (PCa) is the most deadly. While age is considered
the biggest risk factor, other determinants include family history, race, and diet’. Despite current
therapies, it remains one of the most common causes of cancer-related death in the United States.

A need, therefore, exists for novel pharmacological therapies that have greater efficacy.

PCa begins when normal epithelial cells mutate to become proliferative and abnormal in function
and morphology. While the basement membrane prevails, these abnormal cells remain confined
to the glandular lumen. This stage is commonly referred to as prostatic intraepithelial neoplasia
(PIN), which is a well-known precursor to PCa’. It is during this time that the tumor is largely

dependent on endogenous androgens for growth and survival, among other key molecular drivers®.

Over time, the cancer cells undergo genetic alterations and begin to gain invasive properties. The
basement membrane degrades and the tumor invades the surrounding stromal tissue. With further
genetic alterations, the tumor becomes increasingly aggressive as it proliferates further, undergoes
angiogenesis, becomes resistant to apoptotic processes, and gains further migratory properties

where it invades local tissue and later metastasizes to distant sites.

When PCa continues to grow in spite of a downregulation in androgens caused by androgen-
deprivation therapy (ADT), the disease is said to have progressed to a stage known as castrate-
resistant prostate cancer (CRPC). CRPC is often associated with the emergence of an androgen

receptor (AR) mutation, known as AR-V7, which is an androgen-independent receptor variant®!°.

-12 -



AR-V7 no longer expresses a ligand-binding domain through which it would normally bind to
androgens for activation. Instead, this truncated AR-V7 remains constitutively active, allowing
tumor cells to thrive irrespective of androgens or ADT!?. CRPC is a very aggressive form of PCa,
with 90 % of patients eventually developing bone metastasis'! (Figure 3). Having now developed

resistance to ADT, CRPC poses a challenge for ongoing treatment.

Primary Tumor Metastasis
CRPC mCRPC

Relapse

Normal PIN Adenocarcinoma  Adenocarcinoma

epithelium (Localized) ~ (Locally advancey AcquiredTesistancye/v 'Yapse
00, TR OO0 . -/ ADT

(o ADT
> sy &
f &y chemy'

Horméhe Naive
Figure 3. Schematic representation of the progression of prostate cancer from normal epithelium to
metastatic castrate-resistant prostate cancer’.

SUOANL

Another equally important genetic alteration occurs to the oncogenic, metastasis-associated
protein 1 (MTAT1). An overexpression of MTAI plays a significant role in tumor progression and
metastasis, and is typically associated with more aggressive tumors!?. Together, MTA1 with AR,
promote PCa and metastasis, leading to morbidity and death!3. Therefore, an urgent need exists
to develop therapeutic strategies that effectively suppress AR-reactivation and MTA1-associated

tumor promoting signals in PCa.

- 13 -



Key Molecular Players of Prostate Cancer

(i) Metastasis-Associated Protein 1 (MTA1)

The primary objective of our laboratory over the years has been to identify key molecular drivers
of PCa. In previous studies, MTA1 was found to be strongly associated with clinically aggressive
PCa, including features, such as increased tumor grade, angiogenesis, and metastasis. Moreover,
MTAI1 protein expression is known to be higher in hormone refractory and metastatic PCa

compared to localized tumors'#!>

. Previous studies in prostate-specific phosphatase and tensin
homolog (Pten) deletion models (in which Pten deletion promotes MTA1 overexpression) have
demonstrated the tumor promoting ability of MTA1 and its associated survival pathways in PCa'3.
Furthermore, a loss of MTA1 in MTA 1-knockdown models demonstrated reduced aggressiveness

and metastatic potential of PCa!6:!",

Mechanistically, MTA1 has a dual function as master transcription co-regulator and as part of the
nucleosome remodeling and deacetylation (NuRD) co-repressor complex!?!8, As a transcription
regulator, MTA1 has the ability to promote tumor progression by directly overexpressing target
oncogenes, such as CTSB, ETS2, and IL-1fB; while downregulating target tumor suppressor

genes!> 16,

In the NuRD co-repressor complex, MTA1 is involved in histone deacetylation and
chromatin remodeling, thereby playing an important role in gene silencing of tumor suppressors,

such as p53 and PTEN!2!418 (Figure 4).

- 14 -
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Figure 4. Schematic diagram showing the role of MTAI and other markers in different stages of PCa.
MTAI overexpression in PCa is associated with inflammation, invasiveness, angiogenesis, recurrence,
bone metastases, and overall poor prognosis™.

As an important promoter of tumor progression and metastasis, MTAl makes a prime
pharmacological target in the treatment of PCa, and may also serve as a prognostic biomarker for

progression or recurrence of the disease.

(ii) Androgen Receptor (AR)

The role of AR and its treatment-resistance is a topic of much interest in our laboratory. AR-
mediated signaling is critical for the male sexual phenotype, but it also has a major role in PCa.
AR is activated by binding to androgens in the cytoplasm. It then dimerizes and translocates to

the nucleus where, like MTA1, it functions as a transcription factor that regulates the expression
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of downstream target genes'®?° (Figure 5). Some AR-regulated genes include KLK4, MMP-2,
Caspase-2, and p21, which have functions in cell proliferation, invasion, and metastasis®!?2. AR
is not an MTAT1-associated gene; nevertheless, overexpression of both genes often co-exists in

aggressive tumors and are both responsible for the progression of PCa.

adrenal

"\/

Cu—reductase
o

ARE

Tgrowth,survival,
PSA

Figure 5. Schematic presentation of AR-signaling in PCa. National Cancer Institute®.

Mutation of AR to the androgen-independent AR-V7 variant has significant consequences on
treatment efficacy in CRPC due to resistance to ADT, such as LHRH agonists and GnRH
antagonists. In such cases, AR-V7 could serve as a possible alternative pharmacological target.
Enzalutamide, a 2" generation anti-androgen, is indicated for the treatment metastatic CRPC?324,
But, despite this, metastatic CRPC continues to have a poor prognosis, suggesting that a need

exists for superior activity against AR-V7 in this aggressive stage of PCa.
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Pharmacological Inhibition of Prostate Cancer

The treatment approach for PCa depends largely on the stage of the disease. For precancerous
high-risk cases, active surveillance is all that is usually recommended. For early stage or small,
localized tumors, surgery and radiotherapy are often indicated. As the cancer progresses, it is
likely to require pharmacotherapy, such as ADT, which works to deprive the hormone-responsive
tumor of androgens. As the cancer becomes increasingly androgen-independent and aggressive,
it is likely to require antiandrogens, such as enzalutamide, whose efficacy is eventually reduced
due to drug resistance. Chemotherapy may be considered for very late stage cases, but is believed

to have limited benefit*® (Figure 6).
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Figure 6. Schematic representation of prostate cancer over time, relating hormone dependency,
aggressiveness, and treatment’®.
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Current treatment options for advanced PCa offer some benefits, but remission is temporary, and
mortality rates remain high. Therefore, a need exists not only for measures that actively treat PCa
to reduce mortality, but that also delay or prevent the onset of the disease. Ideally, such therapeutic
approaches should also be target-specific to improve efficacy and limit the incidence of adverse

events.

Since MTA1, AR and AR-V7 drive the progression of PCa and CRPC, these would make ideal

pharmacological targets for therapeutic strategies against the disease.

(i) Nutritional Polyphenols

Our laboratory has had a long relationship with natural stilbene compounds, such as resveratrol
and pterostilbene (Figure 7). These compounds are derived from the skin of grapes and
blueberries, and have been widely studied for their anticancer and anti-inflammatory properties,
both in preventive and therapeutic strategies. In vitro and in vivo studies have shown that
resveratrol and pterostilbene reduce cell viability, tumor progression and metastatic potential in

PCa by inhibiting MTA1 and MTA1-mediated pathways!826-28,
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Figure 7. Polyphenolic chemical structure of resveratrol (left) and pterostilbene (vight). Stilbenoids are
hydroxylate analogs of stilbene, whose typical structure consists of two benzene rings linked by a two-
carbon chain. In pterostilbene, methoxy groups replace hydroxyl groups in the meta-position.

In previous studies, we demonstrated that resveratrol and pterostilbene epigenetically restore
PTEN expression by targeting oncomiRs of the miR-17 family in PCa?®. Resveratrol was also
found to enhance p53 acetylation in PCa by inhibiting the MTA1/NuRD complex'®?°, We showed
that resveratrol treatment reduced mitotic activity and angiogenesis in PCa xenografts, and caused
a noticeable delay in tumor growth!®. In addition, we demonstrated that the stilbene analogs,
trimethoxy-resveratrol and piceatannol, when administered orally, suppress tumor formation and

growth of PCa xenografts®.

With encouraging results from the investigations of resveratrol and pterostilbene, we began to
explore other natural stilbenes that could have superior efficacy and bioavailability. Our focus
turned to Gnetin C, a novel resveratrol dimer, derived from the seeds of the Melinjo plant, a species

that is native to southeast Asia (Figure 8).
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Figure 8. Chemical structure of Gnetin C, a dimer of trans-resveratrol.

We demonstrated that, compared to resveratrol and pterostilbene, Gnetin C has a greater potency
in downregulating MTA1, AR, and AR-V7 in vitro'® (Figure 9). It has a lower ICso value as
determined by cell viability assays, and a superior ability to mitigate metastatic potential'®. Gnetin
C was also found to substantially downregulate erythroblastosis E26 transformation-specific 2
(ETS2), via not only an MTA1-mediated pathway, but also some other pathway independent of
MTAI, suggesting that Gnetin C has additional mechanisms of action yet to be explored!s. We
found that Gnetin C more potently inhibits MTA1 in xenograft studies, but we are yet to learn of
its in vivo effects on AR and AR-V73! We were also able to detect higher concentrations of Gnetin
C in tumor xenograft tissue compared to resveratrol and pterostilbene, indicating that Gnetin C

could have a better bioavailability?'.
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Figure 9. Representative western blot (A) showing dose-dependent reduction in full-length AR (AR fl) and
truncated AR-V7 (tAR) in 22Rvl treated with Gnetin C. Representative western blot (B) showing levels of
AR and AR-V7 in 22Rvl treated with resveratrol (Res), pterostilbene (Pter), Gnetin C, and the
antiandrogens: Flutamide (FL), and enzalutamide (ENZ), with greatest potency seen after treatment with
Gnetin C. Experiment conducted by Masters student, Ms. R Al Deabel.

22Rv1 cells

(ii) Antiandrogens

ADT is indicated in the early stages of PCa where endogenous androgens play an important role
in the growth and development of the tumor. It induces apoptosis of prostate epithelial cells and
results in the regression of the tumor!®. Although ADT has a high initial response rate, this
remission is eventually curtailed by treatment-resistance; an event that is typically associated with

the onset of aggressive CRPC and the emergence of AR-V72324,
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Previously, our laboratory investigated flutamide, an early generation anti-androgen, which is now
understood to have limited efficacy in clinical CRPC?2. More recently, however, we have been
investigating enzalutamide, a 2"! generation anti-androgen approved for use in CRPC by the
FDA?-% (Figure 10). Mechanistically, enzalutamide targets several steps in the AR-signaling
pathway. It blocks the AR binding pocket, preventing androgens from binding. It inhibits the AR-
androgen complex from translocating to the nucleus, and it prevents this complex from binding to

DNA, thus preventing it from regulating the expression of associated genes*? (Figure 11).
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Figure 10. Chemical structure of enzalutamide
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Figure 11. Mechanism of action of enzalutamide. Enzalutamide inhibits binding of testosterone to the AR,
prevents translocation to the nucleus, and impairs AR-DNA binding™.

-22 -



Unfortunately, not all patients with CRPC are responsive to enzalutamide, and even among
responders, benefits may be limited by the emergence of drug-resistance®*. Enzalutamide’s
activity at the AR-V7 receptor, if any, is not well-understood. The western blot in Figure 9
demonstrated that Gnetin C has greater potency in inhibiting AR and AR-V7 in 22Rv1 compared
to enzalutamide. A cell viability assay also revealed that Gnetin C has greater cytotoxicity
compared to enzalutamide (Figure 12). These are important findings considering that

enzalutamide is currently regarded as standard care for clinical CRPC.
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Figure 12. Cell viability assay shows that Gnetin C has a lower ICsg value compared to enzalutamide.
Experiment performed by Masters student, Mr. A Puaar.

(iii) Potential for Combination Therapy

Combination treatment is a favorable approach to cancer therapy. When a treatment blocks a
particular signaling pathway, the tumor may develop resistance by activating an alternative
pathway®. This process may be exploited by drugs that target both pathways. Using a

combination of drugs can present advantages. By targeting one or more important signaling
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pathways, combination therapy can provide greater efficacy and reduce the risk of treatment
resistance. Furthermore, additive or synergistic effects may permit the use of lower doses, thereby
reducing the potential for toxicity: a common concern of anticancer therapy. Better tolerability
leads to improved patient compliance, which in turn leads to better patient outcomes®. However,
it must be noted that not all combinations are favorable. At times, pathways and targets may be

antagonistic®.

Exploring different types of therapeutic combinations is one of our lab’s priorities. It is known
that although enzalutamide is indicated for CRPC in the clinic, it is not always an effective
treatment among patients. The addition of Gnetin C to enzalutamide treatment may offer a
beneficial action against AR, AR-V7 and MTA1. Our earlier in vitro findings demonstrated that
the combination of Gnetin C and enzalutamide more potently inhibits both full-length AR and AR-
V7 compared to either compound used as alone (Figure 13). When our cell viability data (ICso
values) was analyzed by Compusyn software, we learned that certain concentrations could produce
synergistic effects, while others could be antagonistic. The combination may also permit the use
of a lower enzalutamide dose, thus reducing side-effects. In an epidemiological study, bone pain
was reported in greater than 80 % of patients with CRPC?°. This was believed to be partly due to
bone metastasis, but also due to osteoporosis caused by ADT and antiandrogens®. Other serious
complications of enzalutamide include seizures, encephalopathy, ischemic heart disease, falls and
fractures. By using smaller doses of enzalutamide in combination therapy, we could reduce the

incidence of these adverse events.
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Figure 13. Representative western blot showing reduced levels of full-length AR (AR fl), AR-V7 (tAR), and
PSA in 22Rv] cells treated with Gnetin C monotherapy, enzalutamide (ENZ) monotherapy, and Gnetin C
+ enzalutamide combination. Experiment conducted by Masters student, Ms. R Al Deabel.

Prostate Cancer Cell Lines

In our laboratory, the pharmacodynamic effects of Gnetin C were studied in vitro in a range of
diverse PCa cell lines. When studied in PC3M, a highly aggressive PCa cell line, and in DU145
cells, a moderately aggressive cell line, we found that Gnetin C downregulated MTA1 more
potently than resveratrol and pterostilbene. Gnetin C also demonstrated significant MTA1-
mediated inhibitory effects on cell viability, colony formation, and migration!¢. Our preliminary
experiments in 22Rv1 cells, an aggressive PCa cell line which expresses both full-length AR and
truncated AR-V7, also show that Gnetin C more potently downregulates MTA1, AR, and AR-V7,
which is crucial for the treatment of CRPC and aggressive tumors. These promising results provide
justification for studying Gnetin C in preclinical animal models in order to understand whether

these benefits extend to the organism as a whole.
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Preclinical Animal Models of Prostate Cancer

To understand the efficacy of Gnetin C in vivo, an appropriate animal model of PCa needs to be
used to test the efficacy of the compound. The closer this model resembles the human condition,
the more clinically relevant the findings will be. The type of model used depends on the overall
goal of the investigation. No one animal model is best, but one may be more appropriate than

another.

(i) Transgenic Mouse Models

Transgenic mice are murine models whose genotype has been manipulated in order to achieve a
certain desired phenotype. This model is believed to closely resemble human pathology, where
cancer usually develops from genetic alterations affecting oncogenes and tumor suppressor genes
(TSG). The tumor develops within the organ of interest, which can later be excised and studied.
This model is very informative because we can learn about the histological changes that take place
as the cancer progresses and extrapolate this to the human condition. However, significant pitfalls
of transgenic models include cost and the need for strategic breeding and genotyping. In addition,
these studies are usually very time- and labor-intensive. And, although they are intended to
simulate genetic alterations that occur pathologically, they cannot fully reproduce the genetic

complexity of human tumors?®’.

A technique that may be used to generate transgenic models is known as the Cre-LoxP recombinant
system, which encompasses site-specific recombinase technology. The probasin promotor,
specific to the prostate, is used to drive the expression of the Cre gene®®. This ensures that any

genetic manipulations that take place using this technology remain localized to the prostate. The
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Cre recombinase enzyme, encoded by the Cre gene, functions by recombining a pair of LoxP gene
sequences. These LoxP sequences can be inserted at specific sites along the DNA molecule in
order to either activate or repress genes®”. By flanking a tumor suppressor gene (TSG), such as
Pten, with LoxP, the Cre recombinase enzyme can effectively delete this gene giving rise to a
knock-out model®. Alternatively, when a loxP-flanked STOP sequence is inserted between
promotor and transgene, such as MT7AI, Cre recombinase removes the STOP sequence and

activates the expression of that transgene, creating a knock-in model®.

Transgenic mice with the genotype, R26 MTAIMTAL - pren™f. Ph-Cre™ , are engineered using the
Cre-LoxP system, whereby two additional MTA1 transgenes are knocked into the Rosa26 locus,
the most genetically stable region of the mouse DNA%, while one Pten allele is deleted. Pb-Cre
positivity ensures that these genetic manipulations are specific to the prostate. This Pten
heterozygous model represents an increased risk for developing PCa. Mice with this genotype
typically exhibit precancerous PIN at 20 weeks of age*!. It is a model that can be used to study

the efficacy of Gnetin C as a chemopreventive agent against PCa.

Transgenic mice with the genotype, R26 MT4!/MTAL - Pten - Ph-Cre* , have two additional MTA1
transgenes knocked-in, while both Pten alleles are deleted. This genotype is very typical of
aggressive adenocarcinoma in humans. Mice exhibiting this genotype tend to develop high-grade
PIN with progression to invasive adenocarcinoma*?. This model can be used to study the efficacy

of Gnetin C as a therapeutic agent in PCa.
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(i) Xenograft Mouse Models

Xenograft mouse models involve implanting human PCa cells into athymic (‘nude’) mice. These
mice are immunocompromised and are, therefore, less likely to reject the human tumor cells.
Xenografts offer certain advantages over transgenic models. They are generally more affordable
and do not require complex breeding strategies. These tumors can develop relatively quickly, and
as such, these studies can be completed over a shorter time-period?’. Furthermore, we can select
a specific human PCa cell line with a known genetic profile in order to more accurately reflect a
particular stage or form of the disease as it occurs in humans. Disadvantages, however, include
the need for sterile rodent housing due to the breed’s poor immunity and lack of information

concerning the urogenital system, prostate glandular morphology, and organization of tissues.

Xenografts may be implanted orthotopically where human tumor cells are injected directly into
the corresponding organ of interest’’. Orthotopic xenografts are better models for studying organ-
specific cancer, but the surgical technique may be extremely complex requiring the expertise of a
veterinarian. It can also be very laborious and time-consuming depending on the number of mice

used in the study. Alternatively, the cells may be implanted subcutaneously (s.c.).

Generating s.c. xenograft tumors from 22Rv1 PCa cells would make for an ideal CRPC model.
22Rv1 is a human PCa epithelial cell line derived from an androgen-dependent CWR22 xenograft
propagated in mice having undergone castration-induced regression followed by relapse (AR
)

reactivation)*. This is a cell line which expresses both full-length AR and androgen-independent

AR-V7, thus closely resembling the clinical presentation of CRPC in humans’. The implantation
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of 22Rvl1 cells tagged with the luciferase gene allows us to record bioluminescent images of the

xenograft tumor in a noninvasive manner so that we may study the growth of tumor over real time.

Pharmacokinetic Profiling

Pharmacokinetics (PK) describes the fate of a compound in the body after it is administered. It is
characterized by four main physiological processes: absorption, distribution, metabolism, and
excretion (ADME). For a compound to be pharmacologically useful, it must be able to reach its
site of action in clinically relevant concentrations. As a compound moves through the body, it
faces many obstacles. After oral administration, it must first be released from its dosage-form and
dissolve to form a molecular solution. In the stomach, it must be resistant to acidic degradation**.
And, when it reaches the small intestine, only ideal physicochemical properties will allow it to
permeate the intestinal mucosa. As it migrates through the intestinal cell, it may be subjected to
pre-systemic metabolism or pumped out by efflux transporters. If the compound is successful in
overcoming these obstacles, it then reaches the hepatic portal circulation, where it is taken to the
liver for biotransformation***. The fraction that escapes first pass metabolism enters the systemic
circulation for distribution. From here, it may reach its target site to exert a pharmacological effect,
or it may distribute to other tissues producing no effect or unwanted effects. Eventually the
compound is eliminated from the body by metabolism or renal excretion, or a combination of the

two*® (Figure 14).
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Figure 14. Schematic representation of the four main physiological processes of pharmacokinetics:
absorption, distribution, metabolism, and excretion (ADME). Free drug and protein bound drug exist in

equilibrium. Only free drug may move between compartments®.

One of the limitations of natural polyphenols is their low bioavailability due to poor dissolution
and high pre-systemic metabolism**. Most natural compounds are lipophilic, which presents a
problem for dissolution. But, this problem may be overcome by crafty formulation techniques,
such as salt formation, micronization, micelle emulsions, and lipid-based delivery systems*’. Pre-
systemic metabolism, however, presents a far greater challenge, and this is where natural
compounds tend to fail. Extensive intestinal and hepatic metabolism contributes to a high
clearance rate, short half-life, and a low overall systemic exposure®®*. Recently, some
compounds have been formulated in combination with enzyme inhibitors to enhance their systemic

exposure, but this requires a thorough understanding of the specific metabolic pathways involved.

In a recent in vivo study, we found Gnetin C in tumor tissues at higher concentrations than either

resveratrol or pterostilbene?®!, suggesting that Gnetin C may have a more favorable PK profile.
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This is in keeping with a single-dose study in humans conducted by Tani et al. (2014) that
measured a mean residency time (MRT) of ~36 hours for Gnetin C after oral administration of
melinjo seed extract (MSE); while trans-resveratrol had an MRT of ~7 hours after it was
administered at an equivalent dose*®. Nakagami et al. (2019) also reported an accumulation of
Gnetin C in the serum of healthy human volunteers when orally administered each day for two

weeks.
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CHAPTERIl. RESEARCH GOALS

The Knowledge Gap

From previous studies, we know that MTA1 and AR are key molecular drivers of PCa. In addition,
we know that androgen-independent AR-V7, expressed in CRPC, also drives progression of the
disease. Our in vitro findings have demonstrated that Gnetin C has superior potency in
downregulating MTA1, AR, and AR-V7 compared to older stilbenes, such as resveratrol and

pterostilbene.

With an appreciation of Gnetin C’s pharmacodynamic superiority at the in vitro level, we are now
motivated to further explore the efficacy of this compound in preclinical in vivo murine models of
PCa. As a novel compound having undergone very limited research, particularly in PCa, it was
important to understand its efficacy across various stages of the disease in a range of different
treatment approaches and modes of administration. More specifically, we wanted to investigate
Gnetin C’s potential as chemoprevention in high-risk cases and as active treatment in advanced

PCa and CRPC.

In addition to the lack of pharmacodynamic data available, there was also scant information about
Gnetin C’s PK properties. Earlier stilbenes have demonstrated a somewhat unsatisfactory
bioavailability, which ultimately limits their clinical applicability. If Gnetin C demonstrates an

improved bioavailability and overall PK profile, it will have greater clinical relevance.
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Rationale and Justification

Advanced PCa and CRPC are difficult to manage and are associated with a high mortality rate.
Only very limited success has been achieved through pharmacological intervention. A need,
therefore, exists to identify novel molecular players that can serve as new pharmacological targets
and to optimize treatment strategies in order to reduce the mortality. It is imperative that we find
treatment approaches which are more effective, less toxic, and pharmacokinetically desirable. We
need to consider options for not only monotherapy, but for combination therapy as well, as this

could offer advantages such as synergism, reduced drug resistance, and improved tolerability.

Current National Comprehensive Cancer Network guidelines highlight that active surveillance
alone is recommended for precancerous, high-risk patients>!. We propose that, in addition to active
surveillance, nutritional interception may provide the most adequate intervention for this
population of patients. To this end, we intended to explore the potential of a Gnetin C-

supplemented diet to prevent or delay the progression of PIN in high-risk subjects.

With Gnetin C having a dual activity against MTA1 and AR rivaling that of older stilbenes, and
with its unique ability to inhibit AR-V7, Gnetin C could serve as a viable therapeutic option in
aggressive and difficult to manage advanced PCa and CRPC. Earlier in vitro studies have
demonstrated Gnetin C’s superiority in inhibiting MTA1, AR, and AR-V7, leading to a reduction
in cell viability, invasiveness, migration, and colony formation. The addition of Gnetin C to
enzalutamide could offer benefits over enzalutamide monotherapy by increasing patient

responsiveness to the treatment.
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Progressing to in vivo studies is now justified and essential. In vitro studies offer us precursory
information about the activity of a compound at the cellular and molecular levels. This gives us
an indication as to whether the compound shows promise and warrants further investigation. But,
successful in vitro results do not always extend to the organism as a whole. Ultimately, animal
studies are necessary to ascertain whether the compound is clinically viable, both

pharmacodynamically and pharmacokinetically.

Hypothesis

To answer questions we had about Gnetin C and its clinical applicability, the following study aims

were proposed:

AIM 1

To investigate the efficacy of Gnetin C as a strategy for PCa prevention in a high-risk murine
model.

e Does Gnetin C offer us an effective option for the prevention of PCa?

AIM 2

To investigate the efficacy of Gnetin C as an active treatment strategy in a high-grade PIN murine

model.

¢ Does Gnetin C offer us an effective option for the treatment of PCa by reducing its severity

and delaying progression?
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AIM 3
To investigate the efficacy of Gnetin C as an active treatment strategy in a CRPC murine model.
e Does Gnetin C offer us an effective option for the treatment of CRPC?

e Does Gnetin C provide an additive benefit when combined with enzalutamide in the

treatment of CRPC?

AIM 4
To estimate the pharmacokinetic parameters of Gnetin C.
e Does Gnetin C have a larger systemic exposure and longer half-life compared to other

stilbenes?

We anticipate that the efficacy of Gnetin C will echo our in vitro results. We expect Gnetin C to
outperform control, stilbenes, or other reference agents in Aims 1-3, showing a more potent
inhibition of MTAI, AR and AR-V7, improved histopathology, and reduced systemic
inflammation. We expect the combination of Gnetin C and enzalutamide to be more beneficial
compared to either agent alone. Our PK studies are expected to reveal a greater half-life and

systemic exposure for Gnetin C compared to resveratrol and pterostilbene.

We aspire to see these results provide justification for Gnetin C trials in human subjects with the

hope that it improves morbidity and mortality associated with PCa.
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Specific Research Aims

e To study the in vitro efficacy of Gnetin C in inhibiting cell viability.

e To compare ICso values of Gnetin C with earlier stilbenes and new, synthetically derived
stilbenes, BT-546 (D1) and BT-547 (D2).

e To investigate the efficacy of Gnetin C mediated by the inhibition of MTA1, when used as a
supplemented diet in transgenic mice with genotype: R26 MTAV/MTAL. ptop™/f. Pp-Cre* (high-
risk PCa model).

e To investigate the efficacy of Gnetin C mediated by the inhibition of MTA1, when used as a
treatment strategy in transgenic mice with genotype: R26 MTAVMTAL . piop /f: Pbh-Cre* (model
for high-grade PIN).

e To investigate the efficacy of Gnetin C as inhibitor of MTAI1, AR, and AR-V7 in a 22Rv1-
generated xenograft model for CRPC.

e To study whether Gnetin C can provide additive effects when used in combination with
enzalutamide in 22Rv1-generated xenograft model for CRPC.

e To estimate the PK parameters of Gnetin C by conducting a single-dose study.

e To compare Gnetin C’s PK parameters with resveratrol and pterostilbene.
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CHAPTERIIl. MATERIALS AND METHODS

Treatment Compounds

Gnetin C was a generous gift from Hosoda SHC Co., Ltd. (Fukui, Japan). Resveratrol,
pterostilbene, and enzalutamide were purchased from Sigma-Aldrich (St. Louis, MO, USA). BT-
546 (DI1) and BT-547 (D2) were synthesized and donated by Dr. Bhaskar Das (Long Island
University, Brooklyn). All compounds had >99% purity. They were protected from light and
stored at —20 °C . Compounds were dissolved in pure dimethyl sulfoxide (DMSO) and then further
diluted in either media or normal saline. Custom-prepared diets were formulated by Envigo Teklad
Diets (Madison, WI). Five diets were prepared: Gnetin C 70mg/kg (high-concentration), Gnetin
C 35mg/kg (low-concentration), pterostilbene 70 mg/kg, and standard diet (control). Diets were

protected from light and stored at —4°C.

In Vitro Studies

(i) Cell Culture

PC3 (ATCC, USA) is a human PCa cell line derived from bone metastasis®>. The PC3M cell line
is a modified version of PC3, making it notably more aggressive with a high potential for
metastasis. PC3M cells were a gift from Dr. R. Bergan (Northwestern University, Chicago, IL).
PC3 and PC3M cells are often used to investigate molecular changes that occur in tumor
progression of advanced prostate cancer. Unlike other less aggressive PCa cell lines, PC3 and

PC3M cells do not express AR, AR-V7, prostate-specific antigen (PSA), or PTEN tumor
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suppressor. 22Rv1 is derived from an androgen-dependent CWR22 xenograft propagated in mice
after castration-induced regression and relapse. This cell line expresses both full-length AR and
truncated, androgen-independent AR-V7 variant. It is weakly stimulated by
dihydroxytestosterone*’. Cells were authenticated using short tandem repeat profiling at the
Research Technology Support Facility, Michigan State University, and also found to be

mycoplasma-free (Universal Mycoplasma Detection Kit, ATCC, Manassas, VA, USA).

PC3, PC3M, DUI145 and 22Rv1 cell lines were maintained in RPMI-1640 (ThermoFisher
Scientific, USA) containing 10% fetal bovine serum and kept in an incubator at 37 °C with 5%
COsz. Cell lines were used within 10—15 passages from thawing. For in vitro experiments involving
treatment with resveratrol, pterostilbene, Gnetin C, and enzalutamide, cells were grown in
conventional media, and then replaced with phenol red-free RPMI 1640 media containing 5%
charcoal-stripped serum 4 hours prior to treatment. This media would provide a steroid-free

background, thereby eliminating any potential for bias.

(i) Generation of Stable 22Rv1 Cells with MTA1 Knockdown

22Rvl cells were transduced with GIPZ MTAT1 lentiviral shRNA (three clones), GIPZ GAPDH
lentiviral shRNA, and GIPZ nonsilencing lentiviral ShRNA. The GIPZ lentiviral shRNA system
(GE Healthcare Dharmacon, Lafayette, CO, USA) contains a puromycin-resistant gene for
selection of transduced cells and TurboGFP for monitoring the selection under the fluorescence
microscope. For the preparation of the viral particles, we used the pPCMV-ARS8.91 packaging

plasmid and the pMD.G envelope plasmid (Addgene, Cambridge, MA, USA). Cells were
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transduced using RPMI 1640 medium, which contained 4 pg/mL polybrene (Sigma-Aldrich, St.
Louis, MO, USA) with lentiviral particles at a multiplicity of infection =8. On day 2 post-
transduction, selection was initiated with 200 pg/mL puromycin (Sigma-Aldrich) and GFP-

positive clones were selected and propagated.

(iii) Generation of Stable 22Rv1 Cells Tagged with Luciferase

To establish 22Rv1 cells expressing the luciferase gene (22Rv1-Luc), 22Rv1 cells were transduced
with the lentiviral luciferase construct (prepared in-house using lentiviral plasmids from Addgene,
Watertown USA). Stable clones were selected using the aminoglycoside, G418 (Geneticin) at a
concentration of 1 mg/mL. Clonal populations of cells were expanded in vitro and tested for their
luciferase activity. The purpose of tagging cells with the luciferase gene was to enable noninvasive

bioluminescent imaging for in vivo studies.

To validate luciferase activity, 22Rv1-Luc cells were seeded by serial dilution in a 96-well plate
and allowed to incubate at 37 °C and 5 % CO, overnight. The following day, each well was
replenished with 100 pL of a freshly prepared solution of D-luciferin 150 pg/mL in media. The
cells were then incubated at 37 °C and 5 % CO, for 10 minutes, after which, they were imaged

using IVIS Lumina LT IIT (PerkinElmer, Waltham, MA, USA).
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(iv) Cell Viability Assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to
determine the viability of PC3, PC3M, and 22Rvl cells after treatment with resveratrol,
pterostilbene, Gnetin C, and enzalutamide. The assay allows us to draw conclusions about the

anti-cancer efficacy of each compound.

Cells were seeded in a 96-well plate and maintained in conventional media in the incubator at 37
°C and 5 % CO, overnight (Table 1). The following morning, the media was replenished with
phenol red-free RPMI-1640 with 5 % charcoal-stripped FBS. The cells were then incubated at 37

°C and 5 % CO, for a further 4 hours.

Table 1. Number of cells seeded per well for MTT assay

Cell Line Number of cells
seeded per well
PC3 2500
PC3M 1500
22RV1 5000

Stock solutions of 5 mM, 10 mM, 25 mM, 50 mM, and 100mM were prepared for each compound,
using DMSO as the diluent. Each stock solution was diluted 1000 times in media. After 4 hours
of incubation, the existing media from each well was replenished with 100 pL of respective

treatment. Each treatment was tested in triplicate. Treatment was replenished daily for a 72-hour
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period. Treatment concentrations were selected based on previously conducted optimization

studies.

At the end of the treatment, MTT (Sigma-Aldrich, Indianapolis, USA) solution was prepared at a
concentration of 5 mg/mL in 1X PBS (phosphate-buffered saline). Twenty (20) uL of MTT
solution was added to each well, and allowed to incubate at 37 °C and 5 % CO, for a further 3-5
hours. The yellow MTT dye is reduced by NAD(P)H-dependent cellular oxidoreductase enzymes
to crystalline purple-colored formazan in live (viable) cells®. To dissolve the purple formazan

crystals, an isopropanol solvent containing 4 mM HCl and 0.1 % Triton-X 100 was prepared.

After incubation with MTT, the media was aspirated and 100 pL of solvent was added to dissolve
the formazan. Absorbance of light at 590nm was read using a Biotek Synergy H1 microplate
reader. Percentage viability was calculated by normalizing the optical density (OD) of the
treatments against the vehicle-treated controls. Viability was plotted against treatment
concentration to determine the ICsy value by non-linear regression analysis using Prism v9

software (GraphPad Software, La Jolla, CA, USA).

(v) Treatments (for protein and RNA isolation)
Cells were seeded in culture-treated plates at an appropriate density that would achieve a
confluency of 50-60 % by the following day, at which time, the media was replaced with phenol

red-free RPMI-1640 containing 5 % charcoal-stripped FBS, and incubated at 37 °C and 5 % CO,

for a period of 4 hours. Treatment stock solutions of resveratrol, pterostilbene, Gnetin C, and
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enzalutamide (as described above) were diluted 1000 times in media to achieve final treatment
concentrations of 5 uM, 10 uM, 25 uM, 50 uM, 100 uM. These treatment concentrations were
selected based on previously conducted optimization studies. The controls were vehicle-treated
with DMSO diluted 1:1000 in media. The treatment concentrations selected were based on
preceding experiments conducted in our laboratory. After 24 hours in treatment, cells were
collected using a cell scraper and protein and RNA lysates were prepared for western blot analysis

and qRT-PCR, respectively.

In Vivo Studies

(i) Generation of Transgenic Prostate-Specific MTA1 knock-in Mice

We generated a conditional mouse with the human MTA1 transgene knocked into the Rosa26
(R26) locus using the CAG-LoxP-Stop-LoxP(LSL)-2HA-MTAI1-T2A-GFP-pA construct. In
short, after the generation of a genetically modified founder mouse line Rosa26-3attP (R26P3)
used for MTA1 sequence integration, resulting M7A 1 transgene embryos were injected into foster
mice to produce MTA1 founders, designated as R26-LSL-MTA1 (Applied StemCell). We crossed
R26-LSL-MTAI female mice with wild-type (WT), probasin promoter positive Pb-Cre4 (Cre")
male mice (Jackson Laboratories) to generate transgenic lines that express MTA1 upon Cre-

mediated removal of the LSL cassette, specifically in the prostate epithelium, R26" MTAI; Cre"

(R26 +/MTAL ). The male R26 +/MTAI pouse was then backcrossed with a R26-LSL-MTA female

mouse to generate mice with biallelic overexpression of MTAI: ROGMTALMTAL . cypet

(R26MTA]).
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(i) Generation of Transgenic Prostate-Specific Pten Knockdown Mice

A C57BL/6J female mouse homozygous for the “floxed” Pten allele was purchased from Jackson

Laboratories and bred with our MTA1 transgenic mice (R26M T41 ) (Figure 15). In so doing, we

were able to create two genotypes:

(a) R2GMTAI/MTAL . Pten*f: Cre*, our model for high-risk PCa.
These male mice were fed diets supplemented with Gnetin C (high concentration), Gnetin C (low

concentration), pterostilbene, and control for our chemoprevention studies.

(b) R26M™4IMTAL propllf. Cre™, our model for high-grade PIN.
These male mice received Gnetin C 7mg/kg body weight (bw) by i.p. injections for our therapeutic

studies.

( R26MTAL/MTAL; Cre +

R26M™AL/+; ptent/f; Cre - R26M™Y/+; pten*/f; Cre +

Model for
chemopreventive chemotherapeutic
strategies strategies

Figure 15. Breeding strategy to generate the required genotypes for studies involving transgenic mice.
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(iii) Genotyping

Genotyping is a technique used to determine whether a certain DNA sequence (or ‘gene’) is either
present or absent in the transgenic mouse genome. The breeding strategy described in Figure 15
can give rise to a number of possible genotypic combinations. We must ascertain which mice have
the desired genotype before including them in the studies. This is best undertaken at the age of 3

weeks; the age mice would normally wean from their mother.

A small (2-3 mm) portion of tail-end was used to provide a sample of DNA from each mouse.
This was performed under anesthesia (isoflurane) using the open-drop method. Each tail-end was
submerged in 155 pL of lysis buffer and Proteinase K (ThermoFisher Scientific), and allowed to
incubate overnight in a water bath at 55 °C in order to lyse tissue and digest proteins. The samples
were then heated to 85 °C for 45 minutes to inactivate proteinase K. After centrifugation, the

supernatant, containing our DNA template, was collected and stored at 4 °C.

Next, the gene of interest was amplified in order to reach detectable concentrations. This was
achieved by polymerase chain reaction (PCR) using an Eppendorf thermocycler. One cycle is
composed of three main steps, each being temperature- and time-specific. First, the DNA molecule
must be denatured so that it exists as single strands. Then, gene primers must anneal to the DNA
molecule at their specific locations (Table 2). Followed lastly by extension, whereby DNA
polymerase builds the new DNA strand using dNTP building blocks. The reaction was repeated

for a total of 35 cycles.
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Table 2. PCR primers used for genotyping

Gene Size of
of Forward Primer Reverse Primer amplicon
Interest (bp)
, , 156 (WT)
5'-CAA GCA CTC TGC GAA CTG |5-AAG TTT TTG AAG GCA AGA
PIEN aG-3 TGC-3' 328
(Mutated)
MTALI 5'-AGC TAC GAG CAG CAC AAC5'-CAC GCT TGG TTT CCG AGG 715
GGG GT-3' AT-3'
Cre 5-TCG CGA TTA TCT TCT ATA |5'-GCT CGA CCA GTT TAG TTA 303
TCT TCA G-3' CCC-3’

The DNA samples were then resolved by gel electrophoresis. To do this, a 1 % agarose gel was
prepared to which ethidium bromide (ThermoFisher Scientific) was added. Ethidium bromide is
an intercalating agent which binds to DNA and fluoresces under UV light, enabling detection.
When the gel solidified, it was placed in an electrophoresis chamber and submerged in 1X TAE
(Tris-acetate-EDTA) buffer. The DNA samples were then loaded onto the gel, and electricity was
run at 100 V, at room temperature for about 1 hour. Images of the gel were then taken using

Amersham Imager 600 (GE Healthcare).

(iv) Experiment Design — Chemoprevention Study

After weaning (3-weeks old), male mice with genotype, R26MTAI/MI4:  Pren™/: Cre*, were
randomized to four groups receiving the following supplemented diets: Gnetin C 70mg/kg (high-
concentration) diet, Gnetin C 35mg/kg (low-concentration) diet, pterostilbene 70 mg/kg diet, and
control diet (Figure 16). These diets were fed ad libitum until sacrifice. Diet concentrations were

selected based on previous experience. Human equivalent doses (HED) were based on formula:
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HED (mg/kg) = Animal dose (mg/kg) x 0.081 (km ratio for mice)>*. For a 70 kg male, this equated
to 26.6 mg/d (Gnetin C 35 mg/kg diet), 53.2 mg/d (Gnetin C 70 mg/kg diet), and 53.2 mg/d

(Pterostilbene 70 mg/kg diet). These doses are well-tolerated and deemed safe humans®%-3,

Mice were monitored daily for general wellbeing and signs of toxicity. Their body weight and
food intake was measured weekly. After 17 weeks, mice were sacrificed, at which time the
urogenital system (UGS) was isolated and fixed in formalin for histology and
immunohistochemistry (IHC). For protein and RNA studies, prostate tissues were dissected, snap
frozen, and stored at —80 °C. Blood was collected by cardiac puncture, and serum was isolated

after coagulation (stored at —80 °C). Serum was used for ELISA studies.

Experimental

\,@RZGMTM/MTM, Pten*-, Cre*

Control Gnetin C Gnetin C Pterostilbene
diet low-dose high-dose diet
diet diet

Figure 16. Schematic representation of experimental design where we investigated the efficacy of Gnetin
C-supplemented diet as a chemopreventive strategy in high-risk model of PCa.
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(v) Experiment Design — Chemotherapeutic Study

After weaning (3-weeks old), male mice with genotype, R26MT!/MTAl. Ptop/l: Cre*, were
randomly assigned to two study groups receiving one of the following treatments by daily i.p.
injection: Gnetin C 7mg/kg bw or control (vehicle). The dose of Gnetin C was based on previous
experience in a xenograft model (using 25 mg/kg and 50 mg/kg). Knowing that transgenic mice
do not tolerate Gnetin C as well, a conservative dose was selected for this particular study. A third
group comprised of male mice with normal prostates, having the Cre-negative genotype,

R26MTAIVMTAL - Prop/f: Cre-, served as a reference for our study (Figure 17).

Mice were monitored daily for general wellbeing and signs of toxicity. After 12 weeks, mice were
sacrificed, at which time the UGS was isolated and fixed in formalin for histology and IHC. For
protein and RNA isolation, prostate tissues were dissected, snap frozen, and stored at —80 °C.
Blood was collected via cardiac puncture and serum was isolated by centrifugation after

coagulation (stored at =80 °C). Serum was used for ELISA studies.
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Experimental Reference

§@stmmwmu, Pten--, Cre* @RZGMTAHMTM’ Pten’, Cre-

Control Gnetin C Control
Veh-treated 7 mg/kg Veh-treated

Figure 17. Schematic representation of experimental design investigating Gnetin C as active treatment in
high-grade PIN model of PCa.

(vi) Generation of Subcutaneous Xenografts

22Rv1-luciferase tagged (22Rv1-Luc) cells were used to generate subcutaneous tumors in nude
mice for the purpose of developing an in vivo CRPC model. The mice were housed in a sterile
environment. Cages, bedding, and water were autoclaved, and food was irradiated and exposed to
UV light. Mice were housed in individually ventilated cages, fed regular mouse chow, and
exposed to 12-hour day/night cycles. Male FoxnI™/™ mice (45 weeks-old) were purchased from
Envigo Rms, Inc (Indianapolis, IN, USA) and given time to acclimatize before being implanted
with 2.5 x 10° 22RvI-Luc cells suspended in 200 pL of 1:1 PBS/Matrigel (BD Biosciences,
Bedford, MA, USA) by subcutaneous (s.c.) injection to the upper right thigh. Tumor growth was
monitored by regular bioluminescent imaging and flux measurements. When flux measurements
reached ~1 x 10° photons/sec (p/s), a measurement equating a tumor volume of ~150 mm? as

determined by an earlier pilot study, treatment was commenced.
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(vii) Experiment Design — CRPC Study

Mice were randomly assigned to five treatment groups: Control (vehicle), Gnetin C 40 mg/kg bw,
Enzalutamide 7 mg/kg bw, Enzalutamide 10 mg/kg bw, and Gnetin C 40 mg/kg bw +
Enzalutamide 7 mg/kg bw Combination. The dose selected for Gnetin C was based on previous
experience with xenograft models where doses of 25 mg/kg and 50 mg/kg were used safely and
effectively. Enzalutamide 10mg/kg was selected as a reference based on other publications of in

3657 A lower enzalutamide dose (7 mg/kg) was selected for the combination strategy.

vivo studies
Compounds were formulated in 10% DMSO in normal saline and administered by intraperitoneal
(i.p.) injection daily. Although the initial goal had been to treat for 21 days, the experiment had to
be terminated after 14 days of treatment due to excessively sized tumors in the control group
(>700mm?). Mice were monitored daily for general wellbeing and signs of toxicity. Total body
weight was measured twice weekly. Tumor dimensions were measured twice weekly using
Vernier digital calipers and tumor volume was calculated according to formula, V (mm?®) = (Length

x Width?)/2. Bioluminescent images were also taken twice weekly.

For in vivo bioluminescent imaging, mice were anesthetized with inhalant, isoflurane 2%, using
O; as the carrier gas via an XGI-8 gas anesthesia system (Caliper Life Sciences, Waltham, MA).
Mice were then administered freshly prepared D-luciferin 150 mg /kg bw by i.p. injection and
placed inside the IVIS Lumina LT III manifold (PerkinElmer, Waltham, MA, USA), where they
received continuous anesthesia via a nose cone. Image analysis and flux measurement were

performed using Living Image software (PerkinElmer, Hopkinton, MA, USA).
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After sacrifice, tumors were excised, weighed, and divided into portions for further analysis.
Tissues stored in 10% formalin were shipped to Reveal Biosciences (San Diego, CA) for
sectioning, mounting to slides, and H&E staining. Unstained slides were later stained for proteins
of interest by IHC. Tissues were also used for protein isolation and western blot analysis, and
tissues stored in RNAlater (ThermoFisher Scientific) were used for RNA studies. Serum was

collected by cardiac puncture.

Western Blot Analysis

Western blot analysis was used to semi-quantitate the protein of interest isolated from cells or
tissue. Protein lysates were prepared from cells or homogenized tissue using Pierce RIPA and
Extraction Buffer (ThermoFisher Scientific). Phosphatase and Protease inhibitors (ThermoFisher

Scientific) were added to prevent degradation or enzymatic modification.

Protein quantification was performed using the Bradford Reagent Assay (ThermoFisher Scientific,
USA) on a SmartSpec 3000 spectrophotometer (Bio-Rad Laboratories, Hercules, CA). Bovine
Serum Albumen (ThermoFisher Scientific, USA) was used to prepare protein standards for the

purpose of constructing standard curves of absorbance versus concentration.

Protein lysates were used to prepare samples containing an equal amount of total protein. 2X

Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA) and B-mercaptoethanol (Bio-Rad

Laboratories, Hercules, CA) were incorporated into the sample recipe to denature the proteins,
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which is required for protein migration during polyacrylamide gel electrophoresis (PAGE).

Samples were also boiled to aid in denaturation.

Samples containing 50 pg of protein were resolved on 10 % sodium dodecyl sulphate
polyacrylamide gels. Precision Plus Protein Standard (Bio-Rad Laboratories, Hercules, CA) was
used as a reference for molecular weight. Electricity was applied at 100 V for 2 hours at room
temperature in a Mini-PROTEAN vertical electrophoresis cell (Bio-Rad Laboratories, Hercules,
CA). This would cause negatively charged proteins to migrate towards the positively charged
cathode, during which, proteins would separate according to their molecular weight, with smaller

molecules traveling faster and furthest through the gel.

The proteins were then transferred onto a methanol-activated polyvinylidene difluoride (PVDF)
membrane. A transfer ‘sandwich’ was assembled (Figure 18), and clamped tightly together to
exclude air. The sandwich was submerged in transfer buffer (containing 25 mM Tris-HCI pH 8.3,
192 mM glycine, 20 % methanol) and electricity was applied at 200mA for 2 hours at room
temperature (ice pack was included to prevent overheating). During transfer, negatively-charged
proteins migrate towards the positively-charged electrode, but become immobilized when they

encounter the PVDF membrane.
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Filter paper

Foampad Polyacrylamide gel PVDF membrane Foam pad

Figure 18. Gel-membrane transfer sandwich®’.

The membrane was blocked using 5 % non-fat dry milk in TBS-Tween 20 for an hour, and then
probed for the protein of interest using primary antibodies overnight at 4 °C. This was followed
by incubation with a secondary antibody (conjugated with horse-radish peroxidase (HRP)) for 1
hour at room temperature (Table 3). The secondary antibody binds to the primary antibody, which

in turn is bound to the protein of interest.
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Table 3. Antibodies used for western blot and their dilution ratios.

. Primary Secondary
Protein of Primarv Ab Ab Secondary Ab Ab Dilution
Interest y Dilution (lgG-HRP) ratio
ratio
C;Llciﬁﬁzhng Goat Anti-Rabbit, Sigma-
MTALI gy 1:1000 |  Aldrich St Louis, USA 1:2500
Danvers, USA (A0545)
(D40D1) Rabbit
Bisoatlgct:iri;lz)z Goat Anti-Mouse Santa Cruz
AR &y 1:500 | Biotechnology Dallas, USA 1:2500
Dallas, USA (sc-2005)
(sc-7305) Mouse
C;Llciﬁﬁzhng Goat Anti-Rabbit, Sigma-
PTEN gy 1:1000 |  Aldrich St Louis, USA 1:2500
Danvers, USA (A0545)
(D11E1) Rabbit
Santa Cruz .
. ) Goat Anti-Mouse Santa Cruz )
-actin Biotechnology Dallas, U
acti Biotechnology 1:2500 - otechnol 1 SA 1:2500
Dallas, USA (s6-2005)
(sc-47778), Mouse

The blot was then developed using an enhanced luminol-based chemiluminescent (HRP-substrate)
(ThermoScientific SupersignalWest Dura Extended Duration Substrate). The protein of interest,
detectable as a band, was visible using the Amersham Imager 600 (GE Healthcare). The optical
density of the band is directly proportional to the amount of the protein in the sample. Image J
Software (NIH, Bethesda, MD) was used to measure the densitometry of the bands. Analysis was
conducted by normalizing against a house-keeping protein: B-actin, GAPDH, or Hsp70. Such
semi-quantitative analysis allows us to draw conclusions about the relative protein expression in

cells or tissue after a treatment.
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qRT-PCR

Total RNA was isolated from cell lines or tumor tissues using the miRNeasy Kit (Qiagen, USA).
Seven hundred (700) pL of QIAzol (Qiagen, USA), a phenol/guanidine-based lysis reagent was
used to lyse cells or tissue and denature proteins. The lysate was then transferred to the
QIAshredder spin-column (Qiagen, USA) for additional lysing, followed by a 5-minute incubation

period at room temperature to promote the dissociation of nucleoprotein complexes.

One hundred and forty (140) uL. of chloroform (Qiagen, USA) was added to each lysate and mixed
thoroughly. After centrifugation, the sample separated into 3 immiscible phases: a clear upper
aqueous layer containing RNA, a white hazy interphase containing DNA, and a lower red, organic
layer containing proteins and lipids. The upper aqueous phase was isolated and mixed thoroughly

with absolute ethanol, resulting in the precipitation of RNA.

The sample was then transferred into a spin column (Qiagen, USA) and centrifuged. The follow-
through was discarded, but the RNA remained bound to the silica membrane within the spin
column. The RNA then underwent a series of washes using RWT buffer (Qiagen, USA) to remove
biomolecules (carbohydrates, proteins, fatty acids etc.), and RPE buffer (Qiagen, USA) to remove
traces of salts. The RNA on the membrane was then eluted in RNase-free H,O, and a NanoDrop
spectrophotometer (Shimadzu Scientific Instruments) was used to determine RNA concentration

and purity.

This RNA was used as a template from which cDNA would be synthesized. PCR reactions were

performed for each sample using SuperScriptlll First Strand Synthesis System (Invitrogen). Each
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reaction consisted of 1 pg of RNA template, random hexamer primers, and deoxynucleotide
triphosphate (ANTP). The mixture was heated to 65 °C for 5 minutes, during which time, the
secondary structure of RNA denatures to form straight chains and the primer anneals to the RNA
molecule. In a second reaction, reverse transcriptase (RT), RNase Out, dithiothreitol (DTT) 0.1
M, MgCI2 25 mM, and 10X RT buffer were combined. RNase Out is an RNase inhibitor and DTT
is a reducing agent, both serving to prevent the degradation of RNA by inactivating enzymes with
RNase activity. Equal volume of this mixture is added to the previous RNA mixture and subjected
to one cycle of 25 °C for 10 min, followed by 50 °C for 50 min which is required for RT to
synthesize one complementary strand of DNA hybridized to the original RNA strand. Finally, the
temperature is raised to 85 °C for 5 min, which inactivates RT, ensuring only one strand of cDNA
is produced. After cooling, RNase H (1 pL) is added to the mixture and incubated to 37 °C for 20

min. Its purpose is to digest the RNA from the hybrid strand.

The cDNA was diluted by a factor of 5 and mixed with gene-specific primer pairs which flank the
target region (gene) intended for amplification (Table 4). SYBR Green master mix (ThermoFisher
Scientific), a fluorescent dye, was added to the reaction mixture. SYBR Green selectively binds
to double-stranded DNA as it forms during PCR, emitting a fluorescence as it intercalates between
DNA bases. Each reaction was set up in a 96-well plate (25 pL per reaction), and carried out in
triplicate. P-actin served as the reference house-keeping gene. The experiment was run on a
LightCycler 4801l (Roche, CA, USA), which detects the accumulation of the SYBR Green signal
and reports the cycle threshold (Ct) value, which is the number of cycles required for signal

detectability. Data was analyzed using the double-delta Ct method.
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Table 4. Sequence of qPCR primer pairs used in this study.

CCA-3’

Target Sense strand Anti-sense strand
ra] [-AGC TAC GAG CAG CAC AAC | 5'-CAC GCT TGG TTT CCG AGG AT-
GGG GT-3’ 3
AR |5 GTGCTGGACACGACAACAAC 3’ |5° ACTTGTGCATGCGGTACTCA 3’
PSA  |5° AGTTCATGCTGTGTGCTGGA 3°  |5° TCCACTTCCGGTAATGCACC 3°
B-actin |, AT GGG CCG CCCTAG GEA /16 GCTTAGGGTTCAGGGGGG 3

Immunohistochemistry (IHC)

Tumors were dissected, fixed in 10 % formalin and shipped to Reveal Biosciences Inc. (San Diego,

CA, USA) for tissue sectioning for hematoxylin and eosin (H&E) staining and IHC. The sections,

which had been mounted onto glass slides, were then deparaffinized using heat and xylene, and

rehydrated. Antigen retrieval was performed by boiling the slides in Antigen Unmasking Solution

(Vector Labs, CA) for 30 min in a steamer. Slides were cooled and endogenous peroxidase activity

was quenched using 3 % H,0, for 5 min. Blocking was performed to prevent non-specific binding

by using serum from the Vectastain ABC Elite Kit (Vector Laboratories, Burlingame, CA, USA)

and incubating with the tissues for 30 minutes. This was followed by incubation with primary

antibody targeting the protein of interest overnight at 4 °C (Table 5).
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Table 5. Antibodies used for IHC and their dilution ratios

. . Primary Ab
Protein of Interest Primary Ab Dilution ratio
Abcam
Ki-67 Waltham, USA 1:200
(ab16667) Rabbit
Santa Cruz Biotechnology
AR Dallas, USA 1:500

(sc-816) Rabbit
Cell Signaling Technology
MTAI1 Danvers, USA 1:50
(D48D1) Rabbit

Cell Signaling Technology
PTEN Danvers, USA 1:150
(D11E1) Rabbit
Cell Signaling Technology
CD31 Danvers, USA 1:500
(D8VIE) Rabbit
Cell Signaling Technology
Cleaved caspase 3 Danvers, USA 1:100
(5A1E) Rabbit

The following day, sections were washed and incubated with the appropriate biotinylated
secondary antibodies from the Vectastain ABC kit for 30 minutes at room temperature. To
enhance the signal, the sections were incubated with ABC staining reagent (included in the
VectaStain kit) for 30 minutes. The ABC staining reagent consists of HRP bound to avidin, a
tetrameric biotin-binding protein, which binds to the secondary antibody resulting in a greater
concentration of HRP enzyme at the antigenic site. The staining was developed using chromagen
(ImmPACT DAB kit from Vector Labs, CA), which is the substrate for HRP. Slides were also
counterstained with hematoxylin. The sections were then dehydrated and cleared using xylene.

They were finally mounted with a cover slip.
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Images were taken using the EVOS XL Core microscope (Life Technologies). Five randomly
selected fields per slide were used for quantitation using ImageJ 1.50i software (NIH, Bethesda,
MD, USA). Cells positively stained for Ki-67 were counted and expressed as a percentage of total
cells, and cells stained for CD31 were expressed in terms of area. Cells stained for AR and MTAI
were given a staining intensity grade. A grade of one (1) was assigned to cells of lowest stain
intensity through to four (4) for highest intensity. The grade was multiplied by the cell frequency
to give a grade score. The grade scores were then added to give a total stain score. Glands

displaying characteristics of PIN were counted and expressed as a percentage of total glands.

ELISA (Enzyme-Linked immunosorbent Assay)

Serum IL-2 and IL-6 levels were analyzed using commercially available Mouse IL-2 and IL-6
ELISA kits (Abcam, Boston, MA, USA). Pure standards were prepared using standard powder
included in each kit. Concentrations ranging 0 - 1000 pg/mL were achieved by serial dilution. For
IL-2 analysis, undiluted samples or standards of 50 pL were added to the pre-coated 96-well strip
tubes covered with an anti-tag antibody. The antibody cocktail (50 pL) was then added and the
mixture was allowed to incubate for 1 hour at room temperature on a shaker at 300 rpm. After
three washings, 100 pL of Streptavidin-HRP solution was added to each well and incubated for 1
hour at room temperature with gentle shaking. This was followed by three washings, after which,
100 pL of 3, 3°,5,5’-tetramethylbenzidine (TMB) developing solution was added to each well and
allowed to incubate for 10 minutes with aggressive shaking. Immediately afterwards, 100 pL of

STOP solution was added and allowed to incubate for 1 minute. The OD values were then
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measured at 450 nm using a Tecan Sunrise Absorbance microplate reader (Tecan, Mannedorf,

Switzerland). The concentrations of IL-2 and IL-6 were estimated based on the standard curve.

Pharmacokinetic Studies

(i) Experiment Design — Single-Dose Study

Cre-negative, wild-type male transgenic mice were randomly selected for the PK study. The mice
were 8-12 weeks old, weighed an average of 20 g, and had not received other treatment or been
involved in any other study. They were fed regular mouse chow ad /ibitum and subjected to 12-

hour day/night cycles.

On the morning of the study (at t = 0 min), all mice were administered Gnetin C (25 mg/kg) by
1.p. injection. Then, blood was drawn from a single mouse at the following time points: t = 15
min, 30 min, 1 h, 2 h, 4 h, 6 h, and 12 h. Blood was collected by cardiac puncture after sacrifice

by CO> asphyxiation.

(iif) Sample Preparation

After collection, whole blood was allowed to coagulate by leaving it undisturbed for 30-45 minutes
at room temperature. Serum was isolated by centrifuging at 13,000 rpm for 10 minutes and
collecting the resultant supernatant. It was stored at -80 °C until analyzed. Additional serum

samples obtained from untreated mice were later used for the preparation of calibration standards.
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To each serum sample, 200 pL of diluent (0.1 % formic acid and acetonitrile at a ratio of 7:3
respectively) and 1 mL of diethyl ether (VWR Chemicals BDH; Radnor, PA, USA) were added.
The samples were then centrifuged (Eppendorf 5810R; Hamburg, Germany) at 13,000 rpm, 4 °C
for 5 min, and the supernatant was transferred to a clean microcentrifuge tube, where the
diluent/solvent was evaporated off. The dried residue was reconstituted with 200 pL of diluent

and transferred to a glass insert for UPLC analysis.

Calibration standards were prepared by spiking blank serum with 200 pL of standard solutions
having Gnetin C concentrations of 0, 10, 50, 100, 500, and 1000 ng/mL . These were then

subjected to the same extraction procedure described above for samples.

(iii) Instrumental Analysis: Determination of Gnetin C Concentrations by UPLC

Samples were analyzed by Ultra Performance Liquid Chromatography (UPLC) coupled with UV
detection (Waters Acquity UPLC system, Milford, MA, USA). Separation was performed at room
temperature using a reversed-phase column (Acquity UPLC BEH phenyl, 2.1 X 50 mm, 1.7 pm).
10 uL. samples were injected with an autosampler maintained at 10 °C. The mobile phase,
consisting of 0.1% formic acid and acetonitrile, was pumped at a flow rate of 0.4 mL/min. The
gradient system was used as follows: 20% acetonitrile (0-1 min), 20-50% acetonitrile (1-5 min),
50% acetonitrile (5-6 min), 50-20% acetonitrile (6-6.5 min), and linear gradient, 20% acetonitrile
(6.5-8 min) for re-equilibration. The retention time for Gnetin C was 5.2 mins, and it was detected

at a wavelength of 321 nm. Data acquisition was processed with Empower 3 software.
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(iv) Data Analysis

The serum concentrations were plotted vs. time and analyzed using the Noncompartment Analysis
(NCA) approach. Cmax and Tmax were estimated from the plot. The elimination rate constant
(k) was estimated from the terminal slope of the log-transformed data. Area under the curve

(AUC) was estimated using the trapezoidal rule:
1
AUCy-12n = E(C1 + ) (t — t)

C
AUCO—OO = AUCO—th + %

Half-life (t12) was estimated according to the formula:

0.693

tl/z - k

Clearance (CL) was estimated according to the following formula:

Dose

CL/F = Ve

where F = fraction absorbed (bioavailability).
Clearance must be defined as CL/F because an absorption phase is required with the intraperitoneal

route of administration. Therefore, F is not necessarily equal to 1.

Volume of distribution (Vd) was estimated according to the following formula:

Vd/F = Dose (1) _ CL (1)
/  AUCy_o \k) — F \k
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Statistical Analysis

Values are expressed as the mean + SEM of three independent experiments. Experiments with
two experimental groups were analyzed using Student’s two-tailed t-test; whereas experiments
with more than two experimental groups were analyzed using one-way ANOVA. Two-way
ANOVA was used when the dependent variable was analyzed on more than one occasion
throughout the experiment (rather than at the end only). All graphs were plotted and analyzed
using GraphPad Prism 9.0.2 (GraphPad Software, San Diego, CA, USA). The differences were

considered significant when p<0.05.
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CHAPTER IV. RESULTS

Preliminary In Vitro Investigations

(i) Gnetin C demonstrates greater cytotoxicity in PC3 and 22Rv1 cells compared

to resveratrol and pterostilbene

MTT cell viability assays were conducted to compare the cytotoxicity of resveratrol, pterostilbene
and Gnetin C in aggressive PC3 and 22Rv1 PCa cell lines. Both cell lines overexpress MTAI.
PC3 has lost the expression of PTEN, PSA, and AR; whereas 22Rv1 expresses both full-length
AR and androgen-independent AR-V7. The cells were treated with resveratrol, pterostilbene, and
Gnetin C for 72 hours in concentrations ranging 5-100 pM. Treatments were replenished every

24 hours.

The results demonstrated that Gnetin C has the lowest ICso value, suggesting that it is more potent
in inhibiting PC3 and 22Rvl cells compared to resveratrol and pterostilbene (Figure 19). This
greater potency of Gnetin C may be, at least partially, due to more efficient targeting of MTAI,

AR, and AR-V7. As expected, pterostilbene showed greater potency compared to resveratrol.
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Figure 19. Representative MTT assays in PC3 (4) and 22Rvi (B) cells after treating with resveratrol
(RES), pterostilbene (PTER) and Gnetin C (GNET C). Corresponding ICso values are tabulated (vight).
Data represent mean + SEM of three independent experiments performed in triplicate. Data determined

to be statistically non-significant by one-way ANOVA.
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(ii) Gnetin C demonstrates greater cytotoxicity compared to synthetic stilbene

analogs

MTT cell viability assays were conducted to compare BT-546 (D1), BT-547 (D2), and Gnetin C
in their ability to inhibit PC3, PC3M, and 22Rv1 cells. PC3M is a highly malignant variant of the
PC3 cell line. Like PC3, PC3M overexpresses MTA1, while also having lost PTEN, PSA and AR

expression.

D1 and D2 were gifts donated by Dr. Bhaskar Das (Long Island University, Brooklyn), and had
been freshly synthesized in-house. These new compounds, which have never been studied in PCa,
are synthetic stilbene boron-containing derivatives of resveratrol. They are assumed to share a
similar pharmacological activity to their parent compound. Their chemical structure cannot be
revealed for proprietary reasons. The presence of boron within their structure is believed to
improve their MTA1-binding capacity. For the MTT assay, the cells were treated with D1, D2,
and Gnetin C for 72 hours in concentrations ranging 5-100 uM. Treatments were replenished

every 24 hours.

The results indicated that Gnetin C had the lowest ICso value for each cell line, suggesting that it

has greater cytotoxicity compared to D1 and D2 (Figure 20).
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Figure 20. Representative MTT assays in PC3 (A) PC3M (B), and 22Rv1 (C) cells after treating with
Gnetin C, DI and D2. Corresponding ICso values are tabulated (right). Data represent mean + SEM of
three independent experiments performed in triplicate. Data determined to be statistically non-significant

by one-way ANOVA.
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Aim 1: Gnetin C as a Chemopreventive Agent in High-Risk PCa Model

Aim 1 involves the use of transgenic mice with the genotype: R26 MTA/MTAL . ptep™/f. Cre *
(MTAI overexpression and Pfen heterozygosity). This genotype typically represents a high-risk
PCa model characterized histologically by high-grade PIN by 20 weeks of age*!. It is an ideal

model in which to study Gnetin C as a dietary chemopreventive agent for PCa.

(i) Experimental design - revisited

When male mice with the desired genotype were weaned from their mother (3-4 weeks of age),
they were randomly assigned to one of four study groups (n = 6 per group) receiving the following
supplemented diets:
i.  Control diet
ii.  Gnetin C 35mg/kg — low concentration (Gnetin Css diet)
iii.  Gnetin C 70mg/kg — high concentration (Gnetin C7o diet)

iv.  Pterostilbene 70mg/kg (Pterso diet)

Mice were fed ad libitum for the duration of the study (17 weeks). Body weight and food intake

measurements were made weekly. At the study’s conclusion, the mice were sacrificed, and blood

and UGS were collected and used for histological and molecular evaluation (Figure 21).
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Figure 21. Flow chart depicts experimental design for study investigating the efficacy of Gnetin C as a
chemopreventive strategy in a high-risk transgenic model for PCa.

(ii) Effect of Gnetin C-supplemented diet on food intake and body weight

Consumption of diet was measured by weight on a weekly basis in order to establish consistency
and eliminate the potential for bias between the study groups. Body weight was also recorded

weekly, and was used as a measure for possible toxicity associated with the diets.

The results showed that diet supplementation with either pterostilbene or Gnetin C did not have
any significant effect on either body weight or food intake compared to control (Figure 22). There
does appears to be an overall weight gain over time, but this applies to the control group as well,

and is most likely attributed to other factors, such as age.
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Figure 22. Effects of diets on food intake (4) and average body weight (B) in mice. Data represent mean
+ SEM, n=6 per group. Data determined to be statistically non-significant by two-way ANOVA.
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(iii) Effect of Gnetin C-supplemented diet on prostate anatomy

At the end of the study, the UGS was removed and digitally recorded before being sent away for
sectioning (for H&E and THC). Mouse prostate is composed of four distinct lobes (anterior, dorsal,
lateral, and ventral); whereas human prostate is a single lobe having peripheral, transition, and
central zones®®. Most human PCa is found in the peripheral zone. Although some believe that the
dorsolateral lobes are similar to the human peripheral zone, the general consensus is that no direct

histological or pathological relationship exists between any mouse lobe and human prostate zone™.

Figure 23 presents ex vivo UGS images of a representative mouse from each study group. The
anterior lobes of the prostate can be seen outlined in black, positioned inferior to the seminal
vesicles. Our results demonstrated that mice fed Gnetin C-supplemented diets (high and low
concentrations) had smaller anterior prostates compared to those fed Control diet. This suggests

that Gnetin C is associated with less proliferation and hyperplasia.

Control diet Pterzo diet Gnetin Cro diet Gnetin Css diet

Figure 23. Representative images of UGS of mice from each study group. The anterior prostates (marked)
in mice fed Gnetin C-supplemented diets were smaller compared to the Control.
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(iv) Gnetin Cyo diet diminishes PIN progression in R26 "TAYMTA1 ' pten*/, Cre* mice

The H&E staining of UGS tissues expectedly showed that prostates from mice fed Control diet
exhibited the greatest number and severity of PIN foci. These prostates were characterized by
disorganized hypercellularity, cribriform, major tufting and papillary infolding. Basement
membranes were visibly intact suggesting no microinvasion had occurred, and thereby clearly
exhibiting PIN by definition. Mice fed Pteroso, Gnetin C;0, and Gnetin Css diets displayed
significantly less proliferation and infolding, restored ductal structures, and an overall favorable
histology compared to mice fed Control diet (Figure 24). Quantitative analysis showed that mice
fed Gnetin Cyo diet had the least number of PIN foci compared to Pterso (having the same dose)

and Gnetin Css (Figure. 25).

IHC staining demonstrated that prostates of mice fed Gnetin Cyo diet had the lowest expression of
Ki67 and CD31, suggesting this diet inhibited proliferation and angiogenesis with the greatest
efficacy (Figures 24 and 25). It also inhibited MTA1 more potently than other diets. Notably,
Gnetin C at half the concentration (Gnetin Css) showed either the same or greater potency in
inhibiting Ki67, MTA1, and CD31 compared to Pter;o. Although quantitative analysis was not
possible for PTEN (due to cytoplasmic staining), visually we can appreciate that the staining is
more intense in mice fed Gnetin C7o diet compared to Control and Ptero, indicating that an

upregulation of PTEN is associated with this compound (Figures 24 and 25).

Taken together, these results demonstrate that chemoprevention using Gnetin C7o diet had the
greatest efficacy in preventing or reducing the progression of PIN. We believe that these effects

are most likely mediated through MTA1 inhibition.
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Figure 24. Representative H&E and IHC staining for Ki67, MTAI, PTEN, and CD31in R26 MTAI/MTAI,
Pten+/f, Cre + mice receiving Control diet, Ptery diet, Gnetin Cy diet, and Gnetin Css diet for
chemoprevention of high-grade PIN. H&E images were taken at 10x. MTAI, PTEN, CD31 images were
taken at 20x magnification. Ki67 images were taken at 40x magnification.

-72 -



A B
150- 8_ WRWW
- b
— wRRW
LA A 2]
< , e
e 1004 )
5 . 3
& . O 4 "
Z  50- 5
o ©o
¥ 27 I \ -
0- T 0- 5 T _I l\
L8 N
& & & & & & &
& & g o & & o oc'"’b
e & ¢S
& o & &
C D
. 150000
1500 ,,,"."" *HA®
oy LA LA
~ "
® 40004 E 100000~
° £
@ = *
c . o
n
0- T i T 0- . \'_ ! X
S o & & ¥
0@\ ‘«Q o‘\Q °,§'> 0& \4\0 o,\Q o":b
Tl & o &
L) A Q o o
(\0 (\0 °° QQ’
o (<) ©

Figure 25. Quantitation for PIN foci (A) by counting the number of PIN-positive glands; expressed as a

percentage.

Quantitation for Ki67 (B) by counting number of stained cells; expressed as percentage.

Quantitation of MTAI (C) by assigning each cell a stain intensity value of 1-4 and multiplying this by cell
frequency to determine overall stain score. Quantitation of CD31 (D) by determining area of stained cells
(mm?). Data represent mean + SEM of glands/cells counted in five randomly selected fields per sample,
n=3 per group. *p <0.05; **p < 0.01; ****p < 0.0001 (one-way ANOVA).
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(v) Effect of Gnetin C-supplemented diet on MTA1 and PTEN protein expression

Western blot was used to measure MTA1 and PTEN protein expression in prostate tissue lysates.
MTAI levels from mice fed Gnetin C- and pterostilbene-supplemented diets were significantly
reduced compared to Control. Although no statistical significance was noted between the stilbene-
supplemented diets themselves, the overall trend indicated that Gnetin C had greater potency in

reducing MTA1 (Figure 26).

In blot A (Figure 26, A), MTA1 was not detected for a mouse fed Gnetin Css diet. This was most
likely due to heterogeneity among subjects. Blot B (Figure 26, B) was performed to determine the
MTAI1 and PTEN protein expression among three mice fed Gnetin Css diet and to illustrate how

heterogeneity between subjects may influence results.

In contrast to the inhibitory effects on MTA1, diets supplemented with pterostilbene and Gnetin C
restored PTEN levels in prostate tissues, thus reaffirming the inverse relationship that exists
between MTA1 and PTEN. Although the Pter;o diet was the most effective compared to Control,
Gnetin C-supplemented diets were still able to offer some benefit in restoring PTEN levels. It is

believed that Gnetin C diet restores PTEN levels through MTA 1-mediated signaling.
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Figure 26. Representative western blot of MTA1 and PTEN protein levels in prostate tissues from mice in
different study groups (A). p-actin and GAPDH were used as loading controls. Representative western blot
images of MTAI and PTEN protein levels in prostate tissues from three mice fed Gnetin Css (B). [-actin
and Hsp70 were used as loading controls. Quantitation of relative expression of MTAI and PTEN in
prostate tissues from mice in different study groups (C and D). Bands were quantified by densitometry and
normalized against either f-actin, GAPDH, or HSP70 using Image J software. Data represent mean +
SEM from three independent experiments, n=3 per group. *p < 0.05 (one-way ANOVA).

1 would like to give credit to Mr. P Parupathi and Ms. L Devarakonda for their assistance in conducting
these western blots.
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(vi) Effect of Gnetin C-supplemented diet on cytokine levels

To evaluate the effect of Gnetin C-supplemented diets on systemic inflammation, ELISA was used
to determine pro-inflammatory IL-2 and IL-6 levels in mouse serum. The results showed
significantly reduced levels of serum IL-2 levels in mice fed stilbene-supplemented diets compared
to Control (Figure 27, A). No statistically significant difference was found between the Gnetin C-
and pterostilbene-supplemented diets. Interestingly, Gnetin C supplementation at the lower
concentration of 35 mg/kg (Gnetin Css) reduced IL-2 levels more potently than Gnetin C7o and

Pter7o diets.

Although not found to be statistically significant, Gnetin C3s and Pterso diets reduced pro-
inflammatory IL-6 serum levels compared to Control. A seemingly paradoxical increase in IL-6
levels was seen in mice fed high-concentration Gnetin Cyo diet (Figure 27, B). Although the result
was unexpected, it is in keeping with similar reports suggesting that certain polyphenols may be

more potent as anti-inflammatory and anticancer agents at lower doses®®¢2,

Overall, this data suggests that low-concentration Gnetin C-supplemented diet (Gnetin Css) is

beneficial in reducing systemic inflammation.
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Figure 27. Effects of diets on the levels of circulating IL-2 (A) and IL-6 (B) inflammatory cytokines detected
in murine serum by ELISA. Data represent mean = SEM of two independent experiments performed in
duplicate, n=3 per group. **p < 0.01; ***p < 0.001 (one-way ANOVA).
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Aim 2: Gnetin C as a Therapeutic Agent in Advanced PCa Model

This study involved the use of transgenic mice with the genotype: R26 MTAV/MTAL " Pron . Ph-Cre*
(MTAI overexpression and Pten knockout). This genotype gives rise to a high-grade PIN PCa
model. This model was used to study the efficacy of Gnetin C as a therapeutic agent in advanced

PCa.

(i) Experimental design — revisited

Male mice with the desired genotype were weaned at 3-4 weeks of age, and randomly assigned to
one of three study groups receiving the following treatments administered by daily i.p. injection
(Figure 28):

i.  Control (vehicle),n=13

ii.  Gnetin C 7mg/kg bw, n=15

iii.  Reference (Cre-negative mice), n =2

Cre-negative (wild-type) mice having normal prostate were used as a reference. The mice received

their respective treatment for the duration of the study (10-12 weeks). At the end of the study, the

mice were sacrificed, and blood and UGS were collected for histological and molecular evaluation.
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Figure 28. Experimental design for investigating the efficacy of Gnetin C as a therapeutic strategy in a
transgenic model for high-grade PIN.

(ii) Gnetin C treatment improves histopathology of high-grade PIN

H&E staining of tissues from R26 MTAU/MTAL. prop/f. Cre- (wild-type) mice demonstrated the
appearance of normal prostate tissue, which is typically characterized by nicely defined glands and
luminal space, intact basal layer, normal continuous lining of epithelial cells, and minor infolding
(Figure 29). Prostates with our experimental genotype, R26 MTAVMTAL - Prop/f. Cre+, treated with
vehicle (control), developed high-grade PIN with disorganized, highly proliferative, fused

glandular structures, obvious cribriform, and major papillary infolding and tufting.

Prostates which had been treated with Gnetin C 1i.p. injection demonstrated favorable
histopathology with restored ductal structures and significantly fewer PIN foci compared to
vehicle-treated prostates (Figures 29 and 30). Gnetin C-treated prostates had more clearly defined

epithelial lining and discernable lumen with only minor infolding.
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Stained slides showed that, compared to Control, Gnetin C-treated prostates had significantly
fewer Ki67-positive cells, indicating less proliferation. It also showed significantly less staining
for oncogenic MTAL, as determined by the reduced intensity stain score (Figures 29 and 30).
Treated tissues had significantly less staining for CD31, suggesting less angiogenesis compared to
Control. Prostate tissues treated with Gnetin C also displayed significantly more cells expressing
cleaved caspase-3 compared to Control and normal prostate tissue, indicating that Gnetin C is

associated with an increase in apoptosis (Figures 29 and 30).

In all, these results demonstrated that, compared to Control, Gnetin C has greater efficacy in

restoring prostate architecture and preventing tumor progression.
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Figure 29. Representative H&E (top) and IHC staining for Ki67, MTAI, and CD31 in Cre-negative
(Reference) and R26M™ /™M™ - pten! - Cre+ mice receiving vehicle (control) and Gnetin C i.p. 7 mg/kg.
H&E images were taken at 10x; MTAI and CD31 images were taken at 20x; Ki67 and Cl.Cas-3
images were taken at 40x magnification.

-81 -



150-

100-

PIN foci (%)
3
1

2500

2000

1500+

Cleaved Caspase-3 (%)

MTA1 Stain score
o o
(=] (=]
o o o
1 1 L
%, illllll

15
- T
< 104
0
8
ha
© 5
4
0- T
A
¢ éo\“ Q-\\(‘
\\ &
D
400000- A h Ll
- 3000004 l
~E— 2000004
3
<
100000
O-j T ﬁ_
P

Figure 30. Quantitation of PIN foci (A), Ki67-positive
cells (B), MTAI stain score (C) CD31 area of stained
cells (D), and cleaved caspase-3-positive cells (E). Data
represent mean + SEM of glands/cells counted in five
randomly selected fields per sample, n=2-5 per group.
*p <0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
(one-way ANOVA).
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(iii) Gnetin C reduces MTA1 protein expression in high-grade PIN

Prostate tissue collected at the end of the study was analyzed by western blot to evaluate MTAI
protein expression. The results demonstrated that Gnetin C significantly reduced the expression
of MTA1 compared to Control (Figure 31). The variation in band density between mice within
the same group is due to interindividual heterogeneity. It is believed that Gnetin C, at least

partially, exerts it anticancer activity via the MTA1 pathway.
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Figure 31. Representative western blot (A) and quantitation (B) showing a significant decrease in MTAI
expression in prostate tissues treated with Gnetin C. Bands were quantified by densitometry and
normalized against [-actin using Image J software. Data represent mean = SEM, n = 3-5 mice per group
*p < 0.05 (Unpaired t-test).
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(iv) Effect of Gnetin C on inflammatory cytokines

To evaluate the effect of Gnetin C treatment on systemic inflammation, ELISA was used to
determine pro-inflammatory IL-2 levels in mouse serum. The results showed reduced levels of
circulating IL-2 in the serum of mice treated with Gnetin C compared to Control (Figure 32).
Although these results were not found to be statistically significant, they demonstrate a trend

towards the ability of Gnetin C to reduce inflammation associated with PCa.
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Figure 32. Effect of Gnetin C on the levels of circulating IL-2 in murine serum by ELISA. Data represent
mean = SEM of two independent experiments performed in duplicate, n=3 per group. Data determined to
be statistically non-significant by unpaired t-test.
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Aim 3: Gnetin C as a Therapeutic Agent in a CRPC Model

The goal of Aim 3 was to better understand the role of MTA1 and AR in CRPC, and to evaluate
the efficacy of Gnetin C in targeting these signaling pathways. We also wanted to learn whether
Gnetin C might be able to chemosensitize cancer cells to enzalutamide and offer added benefits

through use of combined therapy.

Subcutaneous xenograft generated by 22Rv1 cells was used as the CRPC model. 22Rvl1 cells were
selected because they express full-length AR, AR-V7, and MTA1. These are known to be

important molecular drivers of CRPC.

(i) Generation of 22Rv1 MTA1-knockdown cells

To better understand the role of MTA1 and its signaling in CRPC, a 22Rv]l MTA1-knockdown
model was generated. Should the expression or tumor-promoting effect of an oncogene diminish
in an MTA1-knockdown model (and conversely, increase in an overexpression model), we can

surmise that a positively correlated relationship exists between MTAT1 and that marker.

Using the GIPZ lentiviral shRNA system, five 22Rv1 knockdowns were established:
1. shNS (non-silencing negative control)
ii.  shGAPDH (specificity control)
iii.  shMTALI #I1 (clone 1)
iv.  shMTA1 #2 (clone 2)

v. shMTAI1 #3 (clone 3)
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N.B. These knockdown cells are intended for mechanistic studies that are beyond the scope of

this particular dissertation.

The GIPZ lentiviral shRNA system also contains a TurboGFP reporter gene. Accordingly,
fluorescence microscopy was used to confirm that cells were successfully transduced (Figure 33).
GFP transfection efficiency was not quantitated. These results are based on visual detectability

only.

Protein and RNA lysates from knockdown cells were analyzed by western blot and qRT-PCR,
respectively, in order to validate transduction and to compare the MTA1-knockdown efficiency
across the three clones (#1, #2, #3). Whichever clone demonstrates the greatest degree of MTA
knockdown will be selected for future mechanistic studies. Western blot results demonstrated that,
compared to shNS control cells, all three shMTA1 clones were capable of significantly reducing
the protein expression of MTA1, having no statistically significant difference with respect to each
other. The trend, however, points to clone #3 as being the most efficient in knocking down MTA1

(Figure 34, A).

gqRT-PCR results corresponded favorably with the western blot data (Figure 34, B). These showed
a statistically significant reduction in MTA1 mRNA levels for all three sSctMTA1 clones compared
to shNS control, with clone #3 showing the most efficient knock down at the transcription level.

22Rv1 shMTA1 #3 will most likely be selected for experiments that follow.
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Figure 33. GFP expression was detected for all knockdowns by fluorescence microscopy (10x). GFP
expression was not quantitated for this experiment.
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Figure 34. Representative western blot and densitometric analysis (A) demonstrate that shMTAI #3 clone
has the greatest efficiency in reducing MTAI protein expression. p-actin was used as a loading control.
qRT-PCR of MTAl mRNA expression (B) also confirms that shMTAI #3 clone has the greatest knockdown
of MTAI. Levels were normalized relative to shNS control. Changes in mRNA expression were calculated
by the 27*“ method. Data represent mean + SEM of three independent experiments; **p = <0.01; ***p
=<0.001; ****p=<0.0001 (One-way ANOVA).
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(ii) Generation of 22Rv1 luciferase expressing cells (22Rv1-Luc)

The luciferase gene is not mammalian in nature, and therefore, needs to be introduced into the
22Rvl cells by transduction. The purpose for tagging our cells with the luciferase gene was to
enable bioluminescent imaging of our xenografts after they are implanted. Luciferase catalyzes
the oxidation of luciferin (administered to the mouse by i.p. injection), producing light as a
byproduct (Figure 35). This light can be captured as an image and quantified. The amount of light
emitted (or ‘flux’) is directly proportional to the number of cells expressing luciferase, which in
turn, is directly related to tumor size. The advantage of this technology is that the tumor can be

studied in vivo in a noninvasive manner allowing us to monitor its growth over real time.

Luciferase

+ATP+0, + = = Jp +PPi +AMP+CO,+ JLight .
) +ATP+O, o +2Light
Luciferin Oxyluciferin

Figure 35. Schematic representation of the light produced from the oxidation of luciferin to oxyluciferin:
a reaction catalyzed by the luciferase enzyme.
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The lentiviral genome carrying the luciferase gene was also tagged with a G418-resistant gene.
Treating the media with G418 at a concentration of 1 mg/mL would enable selection of cells stably
transduced with luciferase. These cells are henceforth referred to as 22Rv1-Luc cells (Figure 36,

A).

Prior to implantation, these cells were validated for luciferase activity. This bioluminescent assay
involved seeding 22Rv1-Luc cells in a 96-well plate by serial dilution and then treating with D-
luciferin. After a brief incubation period, the plate was imaged using the IVIS Lumina LT III
instrument. The results from the assay showed that the 22Rvl-Luc cells were indeed
bioluminescent, and that the degree of radiance positively correlated with cell number (Figure 36,
B). Repeat experiments (from one row to the next) also produced a similar degree of
bioluminescence demonstrating consistency and reproducibility. This ensures that when radiance

is used as a measure for tumor size, it will be reliable and unbiased.
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Figure 36. Representative image of 22RvI-Luc cells (A) taken by light microscopy at 10x magnification.
Bioluminescent assay (B) validates in vitro luciferase activity in 22RvI-Luc cells.
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In a similar fashion, the 22Rv1 knockdown cells generated earlier were also tagged with luciferase
by transduction. Luciferase activity in these cells was also confirmed by performing
bioluminescent assays (Figure 37). Results demonstrated that bioluminescence across all five
knockdowns was roughly equal, particularly for ssMTA1 #3 and shNS, which are the two most
likely knockdowns to be used in future mechanistic studies. This is important so that the effects

seen in knockdown variants in future studies can be directly comparable.

shNS

sheapDH |
shMTA1 #1
shMTA1 #2

shMTA1 #3

Figure 37. Bioluminescent assay confirms equal in vitro luciferase activity in 22RvI1-Luc MTAI
knockdown cells.
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(iii) Experimental design - revisited

22Rvl1-Luc cells were used to generate subcutaneous xenograft tumors in nude mice, thus giving
rise to our in vivo model for CRPC. After implantation, bioluminescent images and flux
measurements were made every second day. When tumors reached a total flux value of 1x10° p/s,
mice were randomly assigned to one of the five treatment groups and treatment was initiated:
i.  Control (Vehicle)

ii.  Gnetin C 40 mg/kg (Gnetin Cao)

iii.  Enzalutamide 7 mg/kg (Enz7)

iv.  Enzalutamide 10 mg/kg (Enzio)

v.  Gnetin C 40 mg/kg + Enzalutamide 7 mg/kg (Gnetin C40 + Enz7)

Treatments were administered by i.p. injection daily for 2 weeks, after which, the mice were
sacrificed and tissues and blood collected for histological and molecular evaluation (Figure 38).
Mice were monitored daily for general wellbeing. Body weight and tumor volume were measured

twice weekly. Bioluminescent images and flux measurements were also taken twice weekly.

> ' 7) Vehicle (Control)
o/
/r>\ —> Gnetin C B
= Va W/ 1p. 40 mgkg 7\ Histology, IHC
( \ - Daily treatment < />\ Tumor /
22Rv1-Luc > for 3-4 weeks |’ “‘ \ Protein
25x 10°cells —> > Enzalutamide _— | Collect RNA
s.c. injection i.p. 7mgkg Weekly measurements: Blood —s Cytokines
Body weight
Enzalutamide i.p. I;’Ig“l" volume
10 mg/kg (reference) maging
v Gnetin C 40 mglkg +
< Enzalutamide 7 mg/kg i.p.

Figure 38. Flow chart depicts experimental design for study investigating the efficacy of Gnetin C as
monotherapy and in combination with enzalutamide in a s.c. xenograft model for CRPC; n=6-7 per group.
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(iv) Effect of treatments on body weight

Body weight measurements were made twice weekly not only as a means for establishing
consistency and eliminating bias between the treatment groups, but also as a possible determinant
of toxicity associated with the treatments. The results showed that the treatments did not have any

significant effect on body weight compared to the control (Figure 39).

(v) Effect of treatments on tumor volume

The volume of the tumor was calculated twice weekly. To do this, the length and width of the
tumor were measured using Vernier digital calipers. As a rule, the longest diameter of the tumor
was measured as its length, and the diameter perpendicular to the length was measured as the
width. Measurements were taken without compressing the tumor. The tumor volume was then

calculated using the formula: V (mm?) = (Length x Width?)/2.

The results demonstrated that tumors treated with Gnetin Ca0, Enz7, and Enzio were significantly
smaller than Control, yet not significantly different from each other. Interestingly, however,
tumors treated with Combination therapy were visibly larger. Their volumes were comparable to
the volumes of Control tumors and were significantly larger than tumors of other treatments
(Figure 40). This was an unexpected result. A possible explanation could be that this combination,
or specifically the doses used, may have produced antagonist effects. Further investigation was

required.
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Figure 39. Effects of treatment on average body weight in mice. Data represents mean + SEM; n=6-7 per
group. Data determined to be statistically non-significant by two-way ANOVA.
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Figure 40. Tumor volumes were measured twice weekly starting from day one after treatment was
commenced. Data represent mean + SEM, n=6-7 per group, **p = <0.01; ****p =<0.0001 (One-
way ANOVA).

-95 -



(vi) Effect of treatment on tumor weight

At the end of treatment, tumors were removed, photographed, and weighed. Photographic
images of tumors correlate somewhat with tumor volume. Tumors treated with Gnetin Cao, Enz,
and Enz;o were smaller in size compared to Control and Combination-treated tumors (Figure 41).
The images also confirm a certain similarity in size between Control and Combination-treated
tumors. A striking feature is the high degree of vascularization of Control and Combination-

treated tumors.

Tumor weights showed a similar trend whereby tumors treated with Gnetin Ca0, Enz7, and Enzio

monotherapies had lower weights compared to either Control or Combination therapy (Figure 42).

Overall, evaluation of gross anatomy suggests that monotherapy may be more effective than the
Combination treatment. However, it should be noted that differences in tumor density and
composition may influence tumor size, volume, and weight. Cell packing, infiltration of host
(mouse) cells, degree of vascularization, presence of inflammation or edema, or fibrosis may
increase tumor size and lead to erroneous conclusions. Bioluminescent assays may help reveal

more about the tumors.
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Figure 41. Representative images of tumors from each study group.
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Figure 42. Tumor weights measured at the end of treatment. Data represents mean + SEM; n=6-7 per
group. Data determined to be statistically non-significant by one-way ANOVA. This was most likely due
to considerable variation in tumor weights within each treatment group.
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(vi) Noninvasive bioluminescent assay of castrate-resistant tumors

Bioluminescent imaging (BLI) provides an opportunity for noninvasive, real-time monitoring of
tumor growth. Because only live 22Rv1-luciferase tagged cells are capable of generating light,
this makes BLI a highly specific technique for evaluating tumor development. The total light, or

flux, emitted is directly proportional to the size of the tumor.

Tumor growth was monitored by twice weekly BLI until Day 14 of treatment. In keeping with
tumor volume and weight data, BLI showed a reduced bioluminescent signal from tumors treated
with Gnetin Cs0, Enz;, and Enzio compared to Control. The bioluminescent signal from

Combination-treated tumors was slightly less than Control (Figure 43, A).

Quantitation of normalized total flux confirmed that tumors treated with Gnetin Cs, Enz;, and
Enzio had significantly less flux than Control (Figure 43, B). Although not statistically significant,

Combination-treated tumors also displayed a lower total flux compared to Control.

These findings correlate somewhat with gross anatomy suggesting that castrate-resistant tumors
responded more favorably to Gnetin C40, Enz;, and Enzip monotherapies, compared to
Combination therapy. It is important to consider, however, the limitations associated with BLI.
Features of the tumor microenvironment, such as necrosis, hypoxia, or edema can reduce light
signal, leading to an inaccurate interpretation of data®. By Day 14, many of the tumors (including
almost all of the Control tumors) displayed a notable reduction in flux despite having a progressive
increase in tumor volume. In order to eliminate the likelithood of bias or error from our data, we

have treated flux values for Day 14 as outliers (Figure 43).
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Figure 43. Representative bioluminescent images (dorsal view) for each study group taken at days 0, 1, 7,
10, and 14. Grayscale images were taken on day 14 (A). Quantitation of normalized total flux (B). Data
represent mean + SEM, n=6-7 per group, **p =<0.01; ****p =<0.0001 (Two-way ANOVA).
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(vii) Effect of treatment on histopathology of CRPC

The histological nature of xenograft tumor tissue is such that it lacks the typical structure of the
prostate gland or UGS. Xenograft tumor is composed of epithelial 22Rv1-Luc cells having
multiplied from the time of implantation. Host cells are also likely to have infiltrated the growing
tumor, such as endothelial cells for angiogenesis, fibroblasts and collagen forming fibrotic tissue,
cytokines and immune cells with possible inflammation, edema and swelling. Although this tissue

lacks the structure of the prostate or UGS, its microenvironment is not unlike that of human PCa.

H&E slides of Control tumors revealed a densely packed, highly proliferated histology when
compared to treated xenograft tumors (Figure 44). Treated tumors also had significantly fewer
Ki67-positive cells, indicating less proliferation compared to Control. In stark contrast from our
gross anatomy data, Combination-treated tumors were associated with significantly less
proliferation compared to Enz; or even high dose Enzio, performing similarly to Gnetin Cao

(Figures 44 and 45).

All treatments showed significantly less staining for AR compared to Control. Interestingly,
Combination-treated tumors expressed significantly less AR compared to Enz; and Gnetin Cao.
Similarly, all treated tumors showed significantly less staining for MTA1 compared to Control,

with Combination-treated tumors expressing the least .

All treatments showed significantly less staining for CD31 compared to Control, suggesting less
angiogenesis. Combination-treated tumors showed comparable expression of CD31 with Gnetin

Ca40 and Enzjo, but significantly less than Enz;. Treated tumors also displayed a significantly
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greater number of cleaved caspase-3-positive cells compared to Control, indicating that all
treatments were associated with an increase in apoptosis. However, Combination-treated tumors

had significantly greater cleaved caspase-3 staining compared to Enz; and Gnetin Cao.

These findings are quite interesting because while tumor volume, weight, and BLI data indicated
that tumors were not responding to Combination therapy, histological data suggests that
Combination therapy is more efficacious in improving histopathology compared to Gnetin Cao,

Enz7, and even Enz;o monotherapies.
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Vehicle Gnetin Cao Enz1o Enz; Gnetin Cso + Enzy

Figure 44. Representative H&E (top) and IHC staining for Ki67, AR, MTAI, CD31 and cleaved caspase-
3 in 22Rvi-Luc xenograft tumor tissue treated with Vehicle (Control) Gnetin C40, Enz10, Enz7, and Gnetin
C40 + Enz7 by i.p. injection. H&E images were taken at 20x; Ki67, AR, MTAI, and Cl.Cas-3 images were
taken at 40x; CD31 images were taken at 20x magnification.
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Figure 45. Quantitation of Ki67-positive cells (A),
AR stain score (B), MTAI stain score (C), CD31 stain
area (D), cleaved caspase-3 stained cells (E). Data
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(viii) Effect of treatment on MTA1, AR, and AR-V7 expression in model for CRPC

Western blot was performed to measure MTAI, full-length AR, and truncated AR-V7 protein

expression in the 22Rv1-Luc tumor lysates (Figure 46).

All treatments were capable of reducing MTA1 expression in xenograft tumor tissue compared to
Control, with Combination therapy showing the greatest inhibition. Tumors treated with
Combination therapy expressed less MTA1 compared to Gnetin Cs, Enzz, and even Enzio

monotherapies.

All treatments significantly reduced full-length AR compared to Control, and of all the treatments,
Combination therapy was the most potent in inhibiting AR. Although not found to be statistically
significant, Combination therapy was able to reduce AR protein expression more effectively than

either agent used alone and high dose Enz;o.

All treatments reduced AR-V7 expression in xenograft tumor tissue compared to Control. Gnetin
Ca40 monotherapy was able to reduce AR-V7 more potently than either Enz; or Enzio, which is in
keeping with our earlier in vitro data. Moreover, the Combination treatment showed the greatest

potency in inhibiting AR-V7 in the xenograft tumors.

Overall, the western blot results seemed to echo IHC and histology findings. In all cases, it would
appear that Gnetin C4 + Enz; Combination treatment displayed greater efficacy than either
compound used alone. Although gross anatomy findings were somewhat contradictory, our

molecular data suggests that the combination could be beneficial.
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Figure 46. Representative immunoblot (A) and densitometric analysis (B) demonstrate that Combination
treatment is associated with the greatest efficacy in reducing MTAI, AR, and AR-V7 protein expression.
[-actin was used as a loading control. Data represent mean + SEM, n = 4 per group, *p = <0.05; **p
= <0.01; (One-way ANOVA).
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Aim 4: Gnetin C — Pharmacokinetic Single-Dose Study

The objective of this study was to characterize the PK profile of Gnetin C, a relatively new and
unknown compound. Previously, we discussed the importance of conducting PK studies parallel
to in vitro pharmacodynamic studies. The drug must be able to reach the site of action in clinically
relevant concentrations. If a compound cannot do this, it will not be effective, no matter how
efficacious it had proven to be in in vitro pharmacodynamic studies. In other words, in order for
a compound to be of clinical relevance, it must be suitable both pharmacodynamically and

pharmacokinetically.

In our previous study, Gadkari et al. 2020, we were able to detect and quantify Gnetin C in tumor
xenograft tissue, suggesting that it had been able to reach its target site after i.p. administration®!.
On the contrary, concentrations of resveratrol and pterostilbene were not quantifiable. This might
also suggest that, comparatively, Gnetin C could have an overall higher systemic exposure (AUC),

and therefore, more likely to reach the site of action in therapeutically relevant concentrations.

This study was conducted to understand how this promising result relates specifically to the four
main physiological processes of pharmacokinetics: absorption, distribution, metabolism, and
excretion (ADME). By conducting an in vivo plasma concentration vs. time study, I was able to
estimate Gnetin C’s basic pharmacokinetic parameters: systemic exposure (or AUC), clearance
(CI/F), half-life (t12), and volume of distribution (Vd/F). So far, Gnetin C has demonstrated
pharmacodynamic superiority over other stilbenes. It is anticipated that it will demonstrate

desirable PK properties as well.
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(i) Experimental design - revisited

Wild-type transgenic mice (Cre-negative ) were randomly selected for this study. These mice were
8-12 weeks of age, weighing an average of 20 g, and had not received any prior treatment. On the
morning of the study, all mice were administered Gnetin C by i.p. injection at a dose of 25 mg/kg.
Although, ideally, for PK studies the intravenous route would have been preferred, no member of

the laboratory possessed this technical skill at the time of the study.

Blood was drawn by cardiac puncture from a single mouse at the following time points (with
respect to dosing): pre-treatment, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 12 h (Figure 47). These
blood samples were then analyzed to determine the concentration of Gnetin C, from which PK

parameters could be estimated.

Randomly selected, male,
V 4 Cre-negative WT mice
8-12 weeks old, avg weight 20g
on One mouse per time point
A
Pre-treatment
VAR A 4 y s / /
15 30 1h 2h 4h 6h 12h
min mi
Time | MM mn 1 | | / |
I I I I I I T 77 1
All mice %G o
injected % A% A ot an A an
Gnetin C
25 mg/kg by
i.p. route

Figure 47. Timeline depicting dosing and blood collection, n = 1 mouse per time-point.
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(i) Determination of Gnetin C concentrations by UPLC

After blood was collected, it was allowed to clot before serum was isolated. These serum samples
and standards were then analyzed by UPLC. Detection of Gnetin C in the serum samples was
made by comparing the sample chromatogram against the standard chromatogram, where the

standard Gnetin C peak was used as a reference (retention time = 5.2 minutes) (Figure 48).
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Figure 48. Representative chromatograms for the pre-treatment sample (A), where Gnetin C peak is
absent. Representative chromatogram for standard 100ng/mL (B) shows a resolved peak at Rt 5.2 min.
Representative chromatogram for serum sample t = 6 h (C) showing a corresponding peak at 5.2 minutes.

- 109 -



The Gnetin C concentration for each time point was determined using a standard curve based on
UV absorbance. The Gnetin C standards used to construct the calibration curve had known
concentrations of 10, 50, 100, 500, and 1000 ng/mL. The calibration curve for Gnetin C was
confirmed to be linear within the range of 10-1000 ng/mL (r?=0.9992). It was plotted as area under

the peak (reflecting UV absorption) vs. concentration (Figure 49).
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Figure 49. Calibration curve for Gnetin C quantitation by UPLC.

(iii) Data analysis

After Gnetin C concentrations for each time point were determined, a serum concentration vs. time
graph was plotted (Figure 50). The graph commences from the point of origin (0,0). This is
because at t = 0, the time at which Gnetin C was injected, a concentration of 0 ng/mL is expected
in the central compartment (blood) since the i.p. route of administration requires an absorption
phase. Following this, the serum concentration rises until it reaches a peak, known as Cmax, at
about 30 minutes (Tmax). In this case, Cmax has been found to be 441.74 ng/mL. At the peak,

the rate-in of Gnetin C equals the rate-out. Then, as most of the absorption has taken place, the
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rate-out becomes larger than the rate-in, and a decline in serum concentration is observed. The

serum concentration declines in a biphasic fashion as indicated from the semi-log plot (Figure 51).
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Figure 50. Plot for Gnetin C serum concentration vs. time. Sample concentrations of Gnetin C are
tabulated to the right.
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Figure 51. Semi-log plot of serum concentration of serum Gnetin C vs. time. Linearized data demonstrates
how serum concentration declines in a biphasic fashion. Note an equilibrium distribution plateau exists
between 1 and 2 hours. I would like to give credit to Dr. G Stagni for her assistance in analyzing this data
using WinNonlin.
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The systemic exposure, or AUC, was estimated using the trapezoidal rule. The elimination rate
constant (k) was determined from the terminal slope of the log-transformed data (Figure 52).
And, the half-life (t12), clearance (CL/F), and volume of distribution (Vd/F) were calculated
from the relevant PK equations as outlined in the Methodology. These pharmacokinetic

parameters are listed below in Table 6.
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Figure 52. Terminal phase data, where k (elimination constant) = 0.404 h-1
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Table 6. Gnetin C pharmacokinetic parameters

Parameter Value Units
k 0.404 h'!
AUC(0-12) 803.3 png.h/L
AUC0-inf) 809.3 png.h/L
CL/F 30.9 L/h/kg
Tin 1.7 h
VA/F 76.5 L/kg
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CHAPTER V. DISCUSSION AND CONCLUSIONS

Dissertation Findings

Stilbenes have been studied extensively in our laboratory at LIU. These agents are known to act
on multiple target and signaling pathways. Through their action on MTAI, resveratrol and
pterostilbene have shown to increase apoptosis and inhibit tumor cell survival, angiogenesis,
inflammation, and metastatic potential in in vitro and in vivo models of PCa. Gnetin C, a
resveratrol dimer, is a relatively new stilbene. Throughout our research, we have reported that
Gnetin C shows greater potency in inhibiting MTA1 and MTA1-associated signaling pathways
compared to resveratrol and pterostilbene'®. In in vitro studies, Gnetin C more potently reduced
cell viability, colony formation, and migration, and in an in vivo PC3M xenograft study, it was
more efficacious in slowing tumor progression than either resveratrol or pterostilbene!s3!. We
have also found greater concentrations of Gnetin C in tumor tissue, suggesting that it could have

greater bioavailability and an overall better clinical relevance.

The overarching goal for this dissertation was to investigate the efficacy of Gnetin C in in vivo
murine models reflecting different stages of human PCa. For Aim 1, we investigated Gnetin C-
supplemented diet (in high and low concentrations) in a transgenic murine model for high-risk PCa
in an effort to understand whether Gnetin C could be beneficial as chemoprevention. Results
demonstrated that compared to Control and Pter;o diets, both Gnetin C diets (Gnetin Cyo in

particular) more potently inhibited PIN foci, proliferation and angiogenesis. Impressively, Gnetin
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C even at half concentration (Gnetin Css) showed greater efficacy in inhibiting Ki67, MTA1 and,

CD31 compared to Ptero.

Gnetin C diets more potently inhibited MTAT1 as seen in [HC and protein lysates. Although Pterso
diet upregulated PTEN more potently, Gnetin C diets were still able to restore PTEN more
efficaciously than Control. Gnetin Css reduced serum pro-inflammatory cytokine, IL-2, compared
to Control and Pter;o. Gnetin C3s was also able to reduce serum IL-6 compared to Control,
although not as potently as Pter7o. Interestingly, Gnetin C7o diet caused a paradoxical increase in
IL-6 levels. This is, however, in keeping with reports claiming that polyphenols exert greater anti-
inflammatory and anticancer activity at lower doses, and may even be antagonistic at higher

doses64,6l,62

In clinical practice, patients deemed at high-risk of PCa are monitored, but are not offered any
interventive therapy. Our data suggests that in addition to active surveillance, a Gnetin C-
supplemented diet may prove to be most beneficial in reducing the onset or progression to PCa in

moderate- and high-risk patients.

For Aim 2, we investigated the efficacy of Gnetin C as a treatment in a transgenic high-grade PIN
model of PCa. Gnetin C-treated prostates displayed a favorable histopathology when compared
to Control, having restored ductal structures, reduced proliferation and angiogenesis, and increased
apoptosis. Prostate tissues also showed a downregulation in MTAT1 protein. Reduced levels of
serum IL-2 suggests that Gnetin C treatment is able to reduce systemic inflammation associated

with PCa. Altogether, the results indicated that Gnetin C treatment was effective in reducing
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overall tumorigenicity and progression of PCa. The efficacy of Gnetin C, at least in part, is most

likely due to its activity against MTA1 and MTA1-associated pathways.

Earlier in vitro studies had revealed that Gnetin C more potently inhibits MTA1, full-length AR,
and truncated AR-V7 in 22Rv1 cells compared to resveratrol and pterostilbene. Gnetin C was also
found to have greater potency against AR and AR-V7 compared to enzalutamide, suggesting that
Gnetin C may be beneficial in the treatment of CRPC, which is known for expressing AR-V7.
This was an interesting finding given that enzalutamide is currently an FDA-approved treatment
for CRPC, a stage of PCa that is notoriously difficult to treat. By targeting both MTA1 and AR,
which are unassociated signaling pathways, Gnetin C is said to exert a dual action against PCa,

and possess a unique role in the treatment of CRPC.

Aim 3 of this dissertation investigated the efficacy of Gnetin C in an in vivo xenograft model for
CRPC generated from 22Rv1 cells. From our earlier in vitro studies, we learned that the combined
use of Gnetin C and enzalutamide could be beneficial. So, from our in vivo xenograft model, we
hoped to derive information about Gnetin C when administered as monotherapy and combination

therapy with enzalutamide.

The results from Aim 3 seemed conflicting initially. Tumors treated with Gnetin C monotherapy
responded well. The efficacy of Gnetin C is believed to be, at least in part, due to more efficient
targeting of MTAI, AR, and AR-V7. Bioluminescent data along with tumor volume and tumor
weight data suggested that the Combination strategy may have been antagonistic in nature.

However, histology and molecular investigations suggest otherwise. Tumors treated with Gnetin
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Ca0 + Enz7; Combination showed less proliferation and angiogenesis, with an increase in apoptosis
compared to Gnetin C and enzalutamide monotherapy. IHC also demonstrated that the
Combination treatment was associated with a greater reduction in MTAI and AR expression
compared to Gnetin C or enzalutamide alone. Furthermore, western blot showed that the
Combination therapy more potently inhibited MTA1, AR, and AR-V7 in xenograft tissue

compared to either agent used alone.

This discrepancy between gross anatomy and molecular findings requires further investigation.
Differences in tumor density, infiltration of host cells, vascularization, inflammation, edema,
fibrosis, and other tumor-related processes may influence gross anatomy and lead to erroneous
conclusions about the efficacy of treatments. Professional examination of the histological
composition of the xenograft tissue may help shed light on this issue. Bioluminescent imaging
also has its limitations. The presence of edema and hypoxia are known to attenuate the luminescent

signal, which may have affected the Control tumors or tumors from other treatments.

Based on our molecular findings, the Gnetin C40 + Enz; Combination treatment showed greater
efficacy compared to either compound used alone, and could provide a beneficial option in the
treatment of CRPC in humans. Although the improvement in efficacy is largely additive, rather
than synergistic, it is important to consider other advantages of combination therapy that make it
a preferred treatment option. For example, smaller doses are often more effective in combination
treatments. In our studies, it was found that enzalutamide 7 mg/kg when used in combination with
Gnetin C was often more effective than enzalutamide 10 mg/kg monotherapy. In turn, the use of

smaller doses may reduce the incidence of toxicity or adverse events, which are legitimate
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concerns associated with chemotherapy?®S. Moreover, the use of multiple agents targeting different
signaling pathways may also reduce the risk of treatment resistance, which is yet another common
dilemma concerning cancer treatment™>.

The objective of Aim 4 was to define the PK parameters of Gnetin C, and make comparisons
between the PK profiles of Gnetin C, resveratrol and pterostilbene. The original intention for Aim
4 was to perform the same PK study for all three compounds, using the same species, breed,
gender, age, route of administration and dose; thus, enabling the profiles to be unbiased and
directly comparable. Due to unforeseeable circumstances, however, the PK study was only

possible for Gnetin C. This has been cited as a limitation of my dissertation (below).

In a study conducted by Mutlu et al. (2020), mice administered a single IV dose of resveratrol were
found to have a half-life comparable to that of Gnetin C as estimated by our studies (~2 hours)®.
But, the inconsistencies in experimental design are vast, and so this raises questions about the
comparability of our data. Our earlier findings where Gnetin C was discovered in higher
concentration within tumor tissue is an indication that Gnetin C has an overall greater systemic
exposure compared to resveratrol or even pterostilbene 3!. This could be due to greater absorption
at the site of delivery, reduced clearance by either metabolism or excretion, or even better tissue
partitioning and distribution. Despite a species difference, these results are in keeping with studies
conducted in human volunteers showing a higher mean residency time associated with Gnetin C
compared to resveratrol after a single oral dose*®, and a further study showing accumulation of
Gnetin C in serum over time’°. It is possible that Gnetin C’s superior pharmacodynamic properties

may be partially due to its favorable PK profile.
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Limitations

A severe limitation of this study was the lack of accessibility to the UPLC instrument, which was
required for quantitating Gnetin C, resveratrol, and pterostilbene for our pharmacokinetic studies.
We had been collaborating with organic chemist, Dr. Qing Cai, who had developed an analytical
method and operated the UPLC instrument, which was the property of the Lachman laboratory.
Gaining approval to use the equipment and scheduling times for analysis presented challenges.
Moreover, when Dr. Cai resigned from her position at LIU, no one was left with the expertise to
operate the instrument. So, the study was cut short, having only had time to analyze serum samples

for Gnetin C.

Future Direction

(i) Short-term

Currently, arrangements are in place for pathologist, Dr. Ching Yang, LIU (Post) to examine our
22Rv1 xenograft tissue slides (Aim 3). We hope to learn more about the histological nature of
these tissues and to better understand the disparity that exists between our gross anatomy and

molecular findings.

To appreciate the role of MTA1 and its signaling in 22Rv1 cells, we will conduct mechanistic
studies using in vitro MTA1 overexpression and knockdown models. 22Rv1 shMTAI clones were
prepared earlier (Aim 3). These cells may also be used to generate xenografts to study MTA1-

mediated signaling in an in vivo model for CRPC. Similarly, to learn more about the role of AR
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and its signaling in 22Rv1 cells, mechanistic studies may be conducted using AR overexpression

and knockdown models.

Pharmacokinetic studies are needed to investigate the oral bioavailability of Gnetin C. This is
essential because the oral route may ultimately be the preferred mode of administration for this
compound, coupled with the understanding that natural polyphenols are often associated with poor
bioavailability due to high pre-systemic metabolism**#°, Such studies can be undertaken using in
vitro models replicating human intestinal epithelium; followed by in vivo plasma concentration
vs. time studies. To estimate absolute oral bioavailability (F), Gnetin C studies need to be

performed for both oral and intravenous administration.

(i) Long-term

Our laboratory has an interest in learning more about the role that Gnetin C and other stilbenes can
play in PCa that has gained a neuroendocrinal (NE) phenotype. Neuroendocrine prostate cancer
(NePC) usually develops from adenocarcinoma in response to drug-induced AR signaling
inhibition and is often associated with CRPC (CRPC-NE). NePC and CRPC-NE are highly

aggressive variants of PCa and are associated with a very poor survival rate.

22Rv1 cells would make an adequate preclinical model in which to study neuroendocrinal
transformation in CRPC (CRPC-NE) and the role that Gnetin C can play in reducing its severity®.
Developing an in vitro model for NePC is somewhat more challenging. In a suitable cell line,
certain microenvironments or signaling molecules may be used to induce a NE phenotype, such as

hypoxia or androgen deprivation®®. Yuan et al. (2007) explain that androgen-sensitive LNCaP
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cells are capable of being transdifferentiated into a NE-like phenotype by being cultured in an
androgen-reduced media%’. Such transdifferentiated LNCaP cells express increased levels of
classical NE markers, such as neuron-specific enolase (NSE), chromogranin A (CgA), and
neurotensin.®’” Puca et al. (2019) explain that transfection with Snail (transcriptional repressor of
E-cadherin) can cause cells to undergo NE transdifferentiation, and subsequent knockdown of

Snail can revert the phenotype®®.

For these studies, Gnetin C may be administered as monotherapy or in combination with an agent
such as alisertib, an investigational aura kinase A (AURKA) inhibitor. The overexpression of
AURKA, a member of the serine/threonine kinase family involved in mitosis, is believed to play
an oncogenic role in CRPC-NE**. Gnetin C combined with Alisertib may offer benefits in the
treatment of CRPC-NE or NePC. Synthetic analogs of Gnetin C with higher potency may also be

considered for the treatment of CRPC or NePC.

Closing Statement

In conclusion, these results show that Gnetin C has superior pharmacodynamic and
pharmacokinetic properties compared to other stilbene compounds. By demonstrating that Gnetin
C more potently reduces the progression of PCa in a variety of preclinical applications, this
dissertation advocates for the trial of Gnetin C in human studies as chemopreventive and treatment

strategies for PCa.
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This research has answered questions and filled many gaps in our knowledge, but there is more
work yet to be done. Current management of PCa exhibiting a neuroendocrinal phenotype is
unsatisfactory. An investigation of the efficacy of Gnetin C and its synthetic analogs in CRPC-
NE and NePC, while challenging, could provide a much-needed therapeutic solution to this

otherwise refractory and life-threatening form of PCa.
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at 4°C ovemight. The membranes were then probed with e desined
mmmuimmnmmnmmwm
dura chemiliminescent substrate.
HAE and IHC: 4-um-thick sections of mouse prosiale lissue were
stained for protein exprssion and visualized using EVOS XL Core
microscape. The ImageJ 1.50 software was used o quantfy tivee
randomiy selected Selds.
+ Experiment design: Gnetin C adminislered by intraperitoneal injection
daily for

morts. e . - - —~—
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axdemialogy
* Proste cnon (PCGa)is the mod commen Gance in men
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Current Management
* Chmration 5 Sapey > ADT 5 Atiand g 5 Cemotherapy
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o+ Msed s idert iy nowl mokcd i b e

Pharmacalogical targets:

Metastasis associgted proteis 1 (MTA1)
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 Uigand-dependent tranw iptee facie

Introduction
Pharmacological inhibitionof PCa & - . ./ -

Dietary polyphenols:
* Resveratrol and Pterostilbene

* Grapes and blueberien ~
* Gnetin C

* Reweard dmer

« Walijo seats

* Mechanism of action
« MTAL wd AR irhiitien AN
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* Greatr irhiiten of MTAL and AL

Gnetin C In Vitro Investigations
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Study Aims
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tansgenc mouse mode

1. Distary supplemented chamop mvention
2 Cinical " models
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Future Direction
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-+ The five-year survival rate for metastatic prostate cancer (PCa) is about 30%.'  [11111((.1.[\\\\[\[\\'SREBP Expression in Prostate Cancer | . SReBPs are overexpressed in PCa compared to nommal p

. Deaplhwmmmmm.PCaennﬁmnuobs-mmn, overexpressed in metastatic ‘lopﬂmnry, lum

+ Sterol I binding proteins (SREBPS) are transcription factors A 5 — o A Aoy, + SREBP protein expression is higher in PC3M, the more aggressive counterpart
Mmgthhlpldhumom i e T i of PC3.

+ SREBP-1 pred: the expression of enzy in fatty = + BF-175 shows greater ic effects d to f i
nddoynm.dswlmuuSREBP-z gulates the expression of i % ® ig . 8F-175mmmcybhﬁcuyhmamueollm the more aggressive
involved in thesis. 3 5 f% counterpart of PC3

i e L s e H = H §

2 . SRODP-1 SREDP-2 FASN  MNGCR
synthesized in-house.* o o Samgn Ty ANRUETOPR R TR RN R R R nmn
+ The role of BF-175 in PCa is yet to be explored. {_,\—/'{—)"o'\‘ € g T T e e T T L PCa oo bves
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+ To evaluate the expression of SREBPs in primary prostate tumors and + SREBPs mRNA is i in PCa compared to normal p tissue. Rl ] T
metastatic samples. . SRBP:MNA.MMMWM&MMMMMMNM L4
+ To determine the anticancer efficacy of BF-175 against PCa. i
PO POM ﬁ
_ |
_ .— "'“BM i wwm'mm“mm
r )| PC3M, the more of PC3.
sEan2 aggressive counterpart
+ Cell culture: PC3 and PC3M cells were grown in RPMI 1640 containing 10% [——
:as Anc anbicics. = e e &nmforbbthonmumnmnnMZO'PmMCmeorw
g B 2 GFJ ¢ z Ettinger SL et al., 2004, ‘Dy lati element-binding
2 GEO (Gons Oribus), Oncomine,cBioportl, otc were (11 Effect of BF 478 on Cell Viability ) o s o e e
lyzed for mRNA of SREBP-1 and SREBP-2 in healthy prostate, a indi ', Cancer R search 64(6): 2212-21
primary tumor, and metastatic tissue. A % i
- Blot L od from calis INRIPA - Sampies 3 anD etal., 2014 Tng(ﬁ:;si‘:;:nmdmmmbmam
containing 50 ug of protein were loaded on 10% SDS-PAGE and transferred ) nc ",':" ! Ihenkpaio ";‘,,‘,,”,;m transcriptional activity by a boron-
onto PVDF membranes, blocked with 5% non-fat dry milk for an hour and then = = st dSREBP in diet W!

probed with the respective primary antibodies at 4°C overnight. The
mmmmmmmwmmmwamﬁoﬂyhnhw
and developed using the Supersignal west dura i

. MIMIWWPCSQMPCQMHKMMMMGWW
BF-175 in concentrations of 5 yM, 10 pM, 25 pM, 50 M, 100 pM, along with

Diab 63:2464-73.

vehicle control. Treatment was replenished daily for three days. Metabolically = . Email: gisell nelli liu.ed
viable cells were detected using Alamar Blue and analyzed quantitatively by L Sowa et pownd) Lo w,,"',,,\m',, ,,,,m,,,,m',"',, b o rkomar@ %
measuring fluorescence. e 2
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Introduction

Epidemioiogy

« Prostate cancer (PCa) is the mos common cancer in men
+ Second leadng cause of cancer celated death

« Risk factors: age. race. cbesty. det. ganetic factors

Mol cular basis of PCa

* Metastasis assooated proten 1 (MTAY)

* Trarscapaon reguiator of ONCOQENes nd B SLDEreSSar Qenes
+ Owerexpresson of MTAY leads 1o FCa progresson and metastass
+ MTA1 is a sutable phamacalogeal taget

Introduction

‘ - * Natural detary stbenes inhibe

MTAYTmedated cel prdferaton
nasion mgraton,
g Fe, and angogeness

. n FCa n vito and in vivo
.

ﬂ A

Introduction

Boron-containing stilbenes (BCSs)
* Nowly synthes2ed BCSs BT.546 and BTS4T
* These are boroncontainng stbene denatives

+ Boron s Induded In the stuctre 1 Improve binding capaaty 1o tagets

BTS546 and BTS47
* Yet to be studed in PCa

* Nowel personalzed reatment for acanced PCa

Study Aims

+ To determine the In viro antcancer eficacy of BT546 and BT.547 against

PCa

+ To compare the antcancer efcacy of BT.546 and BT.547 with other
stbenes, such as Resveraral Prercsibene. and Grean C

Effect of BT-546 and BT-547 on MTA1
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+ BTS46 and BT.547 demonstate oytotoxic efects in PC3 and 22Rv1 PCa
cels weh BT.546 baing more potent

+ BTS546 and BT.547 downregulate MTAT expresson more potently than
Resveratrol and Preromibene

* BTS46 recuces MTAT expression in a manner comparable 10 GreanC

+ BTS46 wil be chosen for Ature experiments

Future Direction

« Further invesigate the eflects of BT-546 and BT-547 in wito:

« Call wabilty assays, Westem bict, Real tme PCR. and assays for
metastatic potental of cels

« Investgate he eflacts of BT-545 and BT-547 in wio:
< Blocuminescence a552ys and hiologcal stanng
= Tomcky studes
« Pharmacckinetc studes
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Introduction_

« Froste cancer (FCa) s ane of the most commony dagrosed Garcas in man
+ Inmetxsttc FCa the o yar Srvivdl b 5 ot 30%

Tre atme e
+ Degpite aument veatvent, PCa continues 10 be a lethal dsoase
* Noad t0/danify novel madectr players as phammacol cgcal Ly gets

New pharmacologed target
* Avored lipad metabolsm 5 36500000 Wi CGANCEr PO 550N N MEtaRaes

* Sercl r clement brong protirs (SREEPs | arekey noleada playars n
lpa mnmugum ) o Play

. "t regd anzymes invohed in faty acd and

- SREEs leat wpogssan ad daPG
+ SREEFs coddsene & aphamaoologed trget

SREBPmnhbions
* Nawly syrtheszed boroncantanng SRESP nhbvoe BRTS
* s roke In FCa has notbeen explored

Study Aims

+ To demonsiate that an owerexpresson of SREBPS exss in pamary
progate Lmors

+ To demonstrate that a higher expresson of SREBPS cxsts In metastate
prosate bmons

+ To determine the In viro anticancer eficacy of BF 175 against PCa

SREBP Expression in Prostate Cancer
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Summary

+ SREBPs are owerexpressed n PCa compared 10 normal prostate B5s.a0
+ SREEPs expression i higher in PCIM compared o FC3 calls
* BRATS shows greater oytotonic efects compared 1o fatostatn

* BRATS shows greater oytotoxicity in the more aggressive PCIM cell ine

Future Direction
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Introduction

As preatate cancer pregresses and boccmes iwasive, cols metastasize to he bona and other Sssues. Through

rovious gene eprossion protling, melastass -associated protin 1 (MTA-1)was identfied & a componant of he

tone metastasis signature in agoressive proatate Gncer. MTA-1 & @ epigenatic readar protain, which mgulates ho

Tanscription of specihic Ganes as part of mulli-protain complexes (T of ai, 1994 ).

 investigata ha Linctonal relevance of MTA-1 in prometing Umar progression and matastasis, suboutanscus and

racardiac xencgrats gunerated fom PCIM mgreasive cancer ks doplated for MTA-1 demornatrated reduced
imar progrussion md RCrAsed Melastas b e bane, reEpOCIvaly, COMPArGd 1o Kenograts genarated fom

Results

MTA1 promotes colony formatien, invasien and migration in prostate cancer

Generation of PCIM Juc ShMTA1 cells

v & o h® [

o
AT

FC3Mcols hat expressed MTA-1. Tis was demonstrated by dicroased ciony-Brming abilty,
migratory proparties of PC 3M aalls doploted for MTA-1.

When he bone metastasis sgnature dila was mnyz-n mngm MTA-1 ChiP-Seq difa, It was revealod hat

Cathapsin B | spcastio br MT in CTsB &
8 protecyfs exzyma, Wik pleys an |mpmun roke in npwum o e extracalular matr leading & Umour
frogressicn, imvashenass, and metastass

Furter investigation would be required 1o understand the droct mlaticnship tatwoan MTA-1 and CTSS at ho
molcular bval. Ongeing experiments wil aim 10 iendly ™o role of CTSB in MTA-1-dwen bane metastasis o
prostate cancer. The informaticn karned from this study may eventualy inform tha devalopment of novel, targat-
spechic anicancer harapy, o eadie thasa proteins to be used as biomarkers for prostale Gncer scroening or
dsease staging

Hypothesis

T eatabiah that MTA-1 plays an acve rolo in the Metastass of Prosiate GIncer Glls 10 o bone. and hat MTA-1
fosifivaly regulatas CTSB to pramone prostats CaNcer progreasion and metastass.

Methods

Call culture: PC 3M calis were grown in RPMI 1640 coetainig 10% FBS and anibiolcs. B @iabiish PCIM wmils
ressing lucforas (PC3MLUC), ho colls ware Fansduced with the kntiviral lucifarase Luc) constuct and dadio
dones ware selocted ising G418. Wa then ctablishod dable PCIMLuC @MTA 1 calls by Yansducng PCIM wils
with tha hree GIPZ MTA1 lntivial shRNAs, GIPZ GAPDH kntiviral SRNA a5 postive contre and GIPZ Nan-
ghncig lonthiral ARNA as negative control. The GIPZ lentiiral shRNA system (GE Heathcars Dharmacon)
containg puromTycin resistant gena for sslocion o ransduced cols and TurboGFP formon e saloction under
ha fluorescence microscope. For preparation of e viral paricies, we used the PCMV-SRB.91 packaging plasmid
nd ho pMD G envicpe plasmid Cals wore transducad Lsing RPME modum (L Tochnoiogies) which
cotained 4 ugiml polyteana (Sigma-Aldrich) with lantiial panicies at mulipicty of intection (MOI) = 8. On day 2
fost-yanscuction, sioction was inisatad wih 200 giml puromyon [Sigma-Aidrich] and GFP-pealive clones ware
sslocted and propagatad
Prostate cancer xenogratts: Foxni™™ mak mice wers randomly dhided into Wo groups o & mice each for both
FC3MLuc NS and FC3MLuc SMTA fceils. 0.5 x 10¢ PCIM-Luc NS o PC3MLuc shMTA 1 calls in 100l of o%
mavigel (Coming) were inocuated sbcutancously (s.c) on he dorsal right Sank of mice. For generason
Pracardiac xencorafls, same number o colls as Howe wore hocted nto M ket Mthdmlmhnn_Ymmk.-
ware sacrifced # c¥y 39 and bmur, Ria, madla md mandidie bones o Mo Lmors were hanvested and placed in
10% foemaiin br histological analyss . Tatal RNA and protain were 350 kolated from @ part of e fumar. Biocd was
50 coliectod @ sacrtice, and serum sampks ware gored & -20¢C untl Lrthar analysis.
HAE and IHC : Tumor samphes fom micawere formain-ixed and paraflin-embedded. and &-um-Hick s0cions ware
made . Standard protocol for Saining wars used 10 evakiate the GiSred PrOlIN GXProssian .

Blot: Lysales ware prapared ¥om cals o o preatate fssuas i the RIPA buffer. Samples
cetaining 705 df proten ware baded on 10% SDS-PAGE and rarsfared oto PVDF membranss, bocked with
5% ron-tat dry mik for an hour and hen probed wih respective prmary antibodes @ 4°C cvemight. Tha

05 wera $en proboed with ha desiad secondary antbody Br 1 hour and hen developed wsing he
Supersignal west dura chamiluminascent ibstrate.

Colony formation assay: 2 x 10°calls wera seadadin 335 mmcel adfure dsh. The media was repiaced wih Fesh
moda ovry dher cay during he 2-weeks cbsarvaton ime. Afler 2 waeks df incubaton @ 37 C. whan wionies
wore froaly visibke (> 50 callsicaiony), cols were uad with um-mu,m and stained with 0.01 % crystal viciot
soluticn B 30 min & £om BMperature and than dElaNad Wi walr.
hvasion assay: kvasion msay was parformed Lsing Coming Transwel Parmaable Support Coated with Cutrex
Essamant Membrane Extract br Cell invasion Assay @ per mandtacturer’s hainuclions
Wound hasltng : Calls wore culired % about S0% @efluance in & well dishes, en starved in kow snm
moda (0.1% senmin 2 mi RPMI} overnight. Aline with & marker was dawn ce he botiom of the dsh. Using a
Sacke 200 44 poat . trea
@ c

were mmnnuamu-mmm ha low wrum madia. The wound e was
han m.gm under the Omnn @ 4xmagniicason @ove and baicw he marker Ine B NP
artant nmunm-nnmulmw e ropeatad & §, 12, 24 and 48 hours
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Conclusions

SMTA1 promotes progression of knvashe prostate cancer and bone
matastasis

@ MTA1 mguiates CTSS wprassion at e ranscripticnal kval
@ MTA1 promotes prostate um:uplogmlm pnul!y #rough mgulaton of
nd

Future Plans

» Estabish comeiation tetwean iwasvensss and mduced epression of
CTSE in MTA 1-degiatad PC 3M cells and sencgratts .

CTSh ]
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