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SUMMARY

The preventive and therapeutic effects of soy and black raspberries constituents on prostate

cancer were assessed in this dissertation using in vitro and in vivo experimental approaches.

Black raspberries (BRBs) are an abundant source of bioactive compounds and have
especially high levels of ellagic acid and anthocyanins, polyphenolic compounds with anti-
cancer activity. Numerous experimental and clinical reports indicate that BRBs can inhibit tumor
initiation and progression of several cancer types, including oral, esophageal, colon, mammary
and skin cancers (1). However, no publications have reported effects of BRB as an anti-cancer
agent for prostate cancer. Based on the described mechanisms of BRBs and their bioactive
constituents (2), we hypothesized that BRBs could prevent the development of prostate cancer

and would enhance efficacy of chemotherapeutic drugs used to treat late stage prostate cancer.

In Chapter lll, we evaluate the chemopreventive capacity of BRBs and their constituents
against prostate cancer using in vitro and in vivo methods. Following dietary administration of
BRBs to Noble rats, we were able to detect a BRB metabolite (protocatechuic acid) in rat
prostate tissue, demonstrating bioavailable levels of BRB compounds. In spite of this, dietary
BRBs did not inhibit prostate carcinogenesis in two different rat models. Ellagic acid inhibited
prostate cell growth in vitro, but only at high concentrations. No substantial in vitro effects on
prostate cancer cell proliferation, colony formation, or migration were observed for BRB extract,
cyanidin-3-rutinoside or protocatechuic acid. We found that anthocyanin uptake by prostate

cancer cells is low, which may account for the absence of inhibitory effects in vitro.

We next conducted the experiments described in Chapters IV and V, in order to investigate
the combination effects of BRBs constituents and taxane chemotherapy for CRPC. We did not
observe any enhancement or inhibition of taxane cytotoxicity by BRB extract or protocatechuic

acid in vitro. We demonstrate for the first time that ellagic acid can interfere with the dynamics of
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SUMMARY (continued)

microtubules, the target of taxane chemotherapeutic drugs, and may reduce taxane efficacy.
However, dietary administration of ellagic acid did not reduce effectiveness of docetaxel in a
xenograft mouse model. Considering the collective results from Chapters lll, IV and V, it
appears that BRB constituents are not effective for preventing to treating prostate cancer, which

is likely due to low bioavailability of active compounds to prostate tissue.

In Chapter VI we investigated the combination effects of taxane chemotherapy with soy
isoflavones genistein, daidzein and the metabolite equol. Isoflavones have pleiotropic anti-
cancer activity and several studies have shown that genistein can increase sensitivity of cancers
to radiation and chemotherapy (3). Therefore, we hypothesized that soy isoflavones would
synergistically enhance the efficacy of taxanes for castration-resistant prostate cancer.
Genistein, daidzein and equol did not have any effect on tubulin polymerizing activity or growth
inhibitory effects of taxanes on prostate cancer cell lines. However, genistein inhibited CYP3A4
and drug efflux transporter activity, suggesting that it may reduce metabolism of taxanes and
inhibit drug efflux by tumors in vivo to increase cytotoxicity of taxanes. We explored this
possibility using a xenograft mouse model with 22Rv1 human prostate cancer cells, but we did
not find any evidence of enhancement of inhibition of taxane efficacy or toxicity with dietary

administration of genistein.

The goal of this dissertation was to investigate the overall hypothesis that bioactive dietary
polyphenols can prevent the development and progression of prostate cancer, and may be used
as adjuvants to enhance conventional treatment strategies. Disappointingly, we found no
evidence to support this and our results suggest that low bioavailability of dietary compounds is

a highly restrictive factor for their use in prostate cancer.
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l. INTRODUCTION

A. Prostate Cancer

i. Epidemiology of prostate cancer

Prostate cancer is one of the most frequently diagnosed cancers and a major cause of
cancer-related death among men worldwide, with the United States ranking high in rates of both
incidence and mortality (Figure 1) (4-6). In 2016, over 180,000 new cases of prostate cancer are
anticipated to occur in the U.S., accounting for 21% of new cancers in males, making prostate
cancer the most common non-cutaneous malignancy in American men (7). Prostate cancer
incidence is higher in black men (208.7 per 100,000) compared to other races (white: 123.0 per
100,000; Asian: 67.8 per 100,000; Hispanic: 112.1 per 100,000). Mortality rates are also
significantly higher for black men (47.2 per 100,000) compared to others (white: 19.9 per

100,000; Asian: 9.4 per 100,000; Hispanic: 17.8 per 100,000) (7).
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Figure 1. Worldwide prostate cancer incidence. Estimated age-
standardized prostate cancer incidence rates per 100,000 men. Source:
GLOBOCAN 2012. Reproduced with permission from Ferlay et al (5).



Although the causes of prostate cancer are not well understood, several risk factors have
been associated with this malignancy. Risk of prostate cancer is most strongly related to age.
Based on evidence from autopsy studies, the incidence of prostate cancer in men ages 30-40 is
estimated to be less than 10%, which increases substantially to approximately 60% in men ages
70-80 (8). Geographical location and race/ethnicity also have a large impact on prostate cancer
risk (9). Incidence is much lower in Asian populations, but increases in Asian immigrants to the
U.S., possibly due to environmental or lifestyle changes (10). Dietary intake of red meat and
high-fat dairy products has been linked to increased prostate cancer risk (11, 12), and a high
body-mass index has been associated with risk of developing aggressive cancer (13, 14).
However, the exact contributions of diet and obesity to prostate carcinogenesis are not clear.
Additionally, exposure to sex hormones and inflammation of the prostate have been implicated

as risk factors for prostate cancer (15, 16).

ii. Prostate pathophysiology

The prostate is a male reproductive gland situated around the urethra directly below the
urinary bladder (Figure 2) that is responsible for production of seminal fluid containing prostate
specific antigen (PSA), which can leak into the blood as a result of prostatic disease conditions.
Circulating PSA expression levels are measured clinically in the detection of prostate cancer
and to monitor treatment response and disease progression in prostate cancer patients (17).
The prostate is divided into four zones (anterior, peripheral, central and transition zone) and
consists of epithelial, basal, and neuroendocrine cell types surrounded by stromal
myofibroblasts (18, 19). Growth and size of the prostate changes with age and are regulated by
exposure to endogenous androgens and androgen receptor (AR) signaling (20). The prostate is

vulnerable to disease, particularly prostatitis, benign prostatic hyperplasia (BPH), and cancer



(21). BPH is a non-neoplastic enlargement of the prostate, which usually develops from the
transition zone (22). BPH is not considered a risk factor for prostate cancer or a precancerous
lesion, and is frequently co-identified in men with prostate cancer (23), whereas prostatitis, an
acute or chronic inflammation of the prostate gland, may be a predisposing factor in prostate

carcinogenesis (24).
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Figure 2. Anatomy of the adult prostate
Reprinted from Robbins & Cotran Pathologic
Basis of Disease, Chapter 21, 959-990
(2015), with permission from Elsevier.

iii. Pathogenesis and progression of prostate cancer

Prostate cancer is a slowly developing malignancy that arises through successive genetic
alterations. The majority of cancers identified in the prostate are adenocarcinomas that arise
from epithelial cells (25). Progression to malignancy is generally considered to be a multistep

process, whereby inflammation leads to development of prostatic intraepithelial neoplasia (PIN),



followed by adenocarcinoma (Figure 3) (26). PIN is a premalignant lesion which is typically
found in the peripheral zone, preceding the development of cancer (27). The latency period
between appearance of the first neoplastic lesions and the emergence of aggressive or

metastatic tumors is often very long, possibly 10 years or more (28).
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Figure 3. Multistep process of prostate carcinogenesis and cancer progression.
Reproduced with permission from Nelson WG, De Marzo AM, and lIsaacs WB.
Prostate cancer. N Engl J Med 2003; 349: 366-81, Copyright Massachusetts Medical
Society.

Once prostate cancer develops it continues to progress through multiple stages, gradually
acquiring aggressive characteristics that warrant distinct treatment (Figure 4). Early, organ-
confined prostate cancer is usually treated by radical prostatectomy and/or radiotherapy in the
U.S., which is typically successful for 70-80% of patients (29, 30). However, a variable subset

of patients will relapse within 5-10 years (31). Therapeutic agents after recurrence routinely
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Figure 4. Treatment and progression timeline of prostate cancer

involve hormonal therapies referred to as androgen deprivation therapy (ADT), which includes
treatment with anti-androgens or luteinizing hormone releasing hormone (LHRH) agonists and
antagonists (32-34). Although initially effective, nearly all tumors will lose responsiveness to
ADT and will gain the ability to proliferate in an androgen-depleted environment, becoming
castration-resistant prostate cancer (CRPC)! (38, 39). Taxane-based chemotherapy is
administered at this stage with docetaxel as the first-line treatment and cabazitaxel as a second-

line option, but chemotherapy increases overall survival by only a few months (40-42). Recently

! The terms ‘androgen-independent’ and ‘hormone-refractory’ have been used interchangeably

to describe CRPC, but based on the current understanding of androgen signaling, CRPC is the

preferred term to describe ‘prostate cancer that has progressed despite castrate levels of serum
testosterone’ (36, 37).



some subsequent treatments have become available that typically prolong life for another few

months (see below).

iv. Androgen deprivation therapy

The concept of androgen deprivation therapy (ADT) was first introduced in the 1940s when
it was demonstrated that advanced prostate cancer could be dramatically inhibited by
eliminating androgens through castration (43). It is now commonly accepted that the initial
stages of prostate cancer are driven by AR activity and that blocking AR signaling reduces local
and metastatic tumor growth. Since the initial discovery, numerous hormonal therapeutic agents
have emerged allowing ADT to remain a mainstay in the treatment of advanced prostate cancer.
Clinically used hormonal therapies in the U.S. include LHRH agonist and antagonists, anti-
androgens, and inhibitors of dihydrotestosterone (DHT) biosynthesis (Figure 5) (44). LHRH
therapeutics act on the hypothalamus-pituitary axis to downregulate the expression of LHRH
receptors in the pituitary gland, leading to suppression of testosterone production in the testes
(45). A number of LHRH-targeting agents are available including leuprolide, goserelin, and
triptorelin (46). Anti-androgens, including flutamide and bicalutimide, are AR antagonists that
block actions of testosterone in the prostate by competitively binding to the AR, thereby
preventing binding and activity of DHT (47). Androgen biosynthesis inhibitors act on enzymes
involved in testosterone metabolism; agents included in this category include ketoconazole and
abiraterone, a recently developed inhibitor of CYP17, and finasteride, an inhibitor of 5a-
reductase, although this is used to treat BPH rather than prostate cancer. Androgen
biosynthesis inhibitors, as well as second generation anti-androgens (enzalutamide), are usually
administered after patients become resistant to initial hormonal therapies, but earlier treatment

with these agents is being explored (48).
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Figure 5. AR targeting treatment strategies in CRPC.
Reprinted by permission from Macmillan Publishers Ltd: Nature
Reviews Clinical Oncology. Wong Y, Ferraldeschi R, Attard G,
and de Bono J. Evolution of androgen receptor targeted therapy
for advanced prostate cancer. 11: 365-376, copyright 2014.



v. Treatment of castration-resistant prostate cancer

CRPC occurs following ADT and is indicated by rising PSA levels and/or symptoms of the
development of metastatic disease, despite castrate levels of testosterone (less than 50 ng/mL)
(49). The standard treatment for men with CRPC consists of taxane-based regimen of
chemotherapy. Docetaxel is administered as first line therapy, with cabazitaxel as a second line
option. Prior to the FDA approval of docetaxel for prostate cancer in 2004, there were no
therapeutic options available for patients who failed ADT (50). The use of docetaxel has been
successful in prolonging patient survival, however the survival benefit is on average only a few
additional months (51). Drug failure may be attributable to rapid development of resistance to
docetaxel, after which cabazitaxel can be administered (52). Cabazitaxel was shown to provide

therapeutic benefit in CRPC patients who had been previously treated with docetaxel (53).

Since the approval of docetaxel, several novel agents have been approved for CRPC
including the second generation taxane cabazitaxel, enzalutamide (second-generation anti-
androgen), abiraterone (CYP17 inhibitor), radium-233 (alpha-emitting radiopharmaceutical), and
Sipleucel-T (an immunotherapeutic approach). Despite the recent increase in treatment options,
and potential combination or sequential regimens, CRPC patients ultimately succumb to the

disease, with a median survival of 15 to 18 months post initial chemotherapy (54).

vi. Diet, supplements and prostate cancer

It is common for prostate cancer patients to make lifestyle changes and dietary modifications
following their diagnosis. Studies have reported that nearly half of men with prostate cancer will
make changes to their diets, typically increasing consumption of fruits and vegetables (55-58),

in the hope to have a substantial impact on disease progression, recurrence and mortality.



Some studies have reported evidence that increasing dietary consumption of fruits and
vegetables can provide therapeutic benefit for prostate cancer patients, but overall there is little
solid evidence for this. In a small one-arm intervention trial of 14 participants with early-stage
patients undergoing active surveillance, a plant-based diet plus stress reduction reduced serum
PSA levels and rates of disease progression (59), but in a larger randomized study (93
participants) there was no effect on PSA levels or PSA velocity after 2 years of intervention (60).
A nutritional intervention study in men with indolent prostate cancer demonstrated that dietary
modifications induced changes in expression of genes related to carcinogenesis comparing pre-
and post-intervention prostate biopsy specimens (61). Additionally, a diet high in fruits and
vegetables was associated with reduced mortality in prostate cancer patients compared to

patients on a “Western” style diet in the Physicians' Health Study (62).

B. Taxanes

i. Background

Taxanes belong to the broader class of microtubule-targeting drugs, which includes a
number of chemically diverse compounds — many of which are derived from natural sources —
that inhibit proliferation by disrupting microtubule dynamics (63). Currently, three taxanes are
approved for clinical use: docetaxel (Taxotere, Sanofi-Aventis), paclitaxel (Taxol, Bristol-Myers
Squibb), and cabazitaxel (Jevtana, Sanofi-Aventis). The first taxane to be identified was
paclitaxel in 1971, as a result of a NCI-USDA program between 1960 and 1981 that collected
and screened 115,000 plant extracts for anti-cancer activity (64). Crude bark extract of the
Pacific yew tree (Taxus brevifolia) displayed cytotoxic effects, from which paclitaxel was isolated
and identified as the active ingredient (65, 66). Paclitaxel entered clinical trials in 1984 and was

approved in the following years for treatment of ovarian and breast cancer, and ultimately
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became the most successful and profitable chemotherapeutic agent in history (64, 67). Due to
the high demand, natural sources of paclitaxel were depleted and manufacturers began
producing it semi-synthetically, which led to the eventual development of the other semi-
synthetic taxanes docetaxel and cabazitaxel (68). All three of these drugs have a similar
diterpenoid structure (Figure 6) and share a common mechanism of action, as described below

(69).

Figure 6. Chemical structures of docetaxel (A) and cabazitaxel (B).

ii. Mechanisms of action

Taxanes are microtubule stabilizing agents? that exert their antitumor activity by binding to B-
tubulin. Microtubules are major components of the cytoskeleton that play a critical role in
signaling, migration, intracellular trafficking, and most importantly they facilitate the separation of
chromosomes during mitosis (70). Microtubules are composed of heterodimers of a- and (-

tubulin subunits that polymerize to form a cellular network of hollow filaments (71). These

2 Due to their mechanism of action, taxanes are also referred to as ‘microtubule targeting
agents’, ‘mitotic spindle poisons’, ‘microtubule inhibitors’, and ‘tubulin binding agents’.
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Figure 7. Taxanes inhibit normal microtubule dynamics. The binding of
taxanes to microtubules, specifically to the B-tubulin component of the
microtubules, prevents their ability to depolymerize and therefore stop cells from
proceeding through the cell cycle and they arrest in G2/M phase (72).

filaments are highly dynamic and structures are continually undergoing assembly and
disassembly — a process known as ‘dynamic instability’ (73). This process is essential for
chromosomal alignment and segregation in metaphase and anaphase of mitosis. All members
of the taxane family stabilize microtubules by binding to the taxoid-binding site of B-tubulin,
which promotes polymerization and prevents disassembly of a-dimers (Figure 7) (74, 75). This
suppression of microtubule dynamics impairs function of the mitotic spindle and cell cycle
progression is blocked at the spindle-assembly checkpoint (Figure 8A) (76). The prevailing
hypothesis has been that apoptosis is induced in mitotically arrested cells that cannot complete
M phase (77, 78). But it has also been shown that cell death can occur following an abnormal

exit from mitosis known as ‘mitotic slippage’ (79, 80). Treatment with low concentrations of
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Figure 8. Mechanisms of action of the anti-tumor activity of taxanes.
Taxanes have been described to exert their antitumor efficacy via distinct modes
of action. (A) Taxanes bind to microtubules and thereby prevent their
disassembly, resulting in G2/M cell cycle arrest and apoptosis (51, 81). (B)
Alternatively, taxanes are able to inhibit androgen receptor (AR) transcriptional
activity by constraining AR expression (82), blocking AR nuclear
translocation (83), and facilitating FOXO1l-mediated repression of AR
transcriptional activity (84). (C) Finally, taxanes may inhibit the expression of anti-
apoptotic Bcl-2, favoring apoptotic cell death through the relief of BAX mediated
cytochrome C release (85). Figure and description reprinted from Trends in
Pharmacological Sciences, Vol. 3, No. 6, Kroon J, Kooikman S, Cho NJ, Storm
G, and van der Pluijm G, Improving Taxane-Based Chemotherapy in Castration-
Resistant Prostate Cancer (2016), with permission from Elsevier.
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taxanes induces the formation of multipolar spindles in mitotic cells, but cells proceed past the
spindle-assembly checkpoint resulting in aneuploidy of daughter cells and subsequent cell
death (Figure 9) (64, 86). The formation of multipolar spindles has been demonstrated mostly
for docetaxel and paclitaxel (87-89), but a similar phenomenon has been observed by others in
MCF-7 breast cancer cells (90) and by our group in 22Rv1 cells treated with 10 nM cabazitaxel

(Figure 10).

More recently, an alternate mechanism of action on interphase microtubules by taxanes has
been proposed to account for seemingly paradoxical effects of taxanes on non-dividing cells
(91). Taxanes have toxic effects on neuronal cells with a low mitotic index and can cause
severe neuropathy in treated patients, suggesting that cellular processes other than mitosis are
affected by taxanes (92, 93). Indeed, studies have demonstrated that taxane-stabilized
microtubules can induce apoptosis via alterations in normal cellular trafficking, signaling, and

microtubule-mediated transport (94).
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Figure 9. Paclitaxel kills tumor cells by inducing multipolar divisions. Cells entering
mitosis in the presence of paclitaxel form abnormal spindles that contain additional spindle
poles. Rather than mounting a long-term mitotic arrest, these cells enter anaphase and divide
their chromosomes in multiple directions. However, a portion of the cytokinetic furrows often fail,
and two or three daughter cells are usually produced. Chromosome segregation is randomized
due to multipolar division followed by partial cytokinesis failure. The resultant daughter cells are
aneuploid, and a portion of these die (red X), presumably due to loss of one or more essential
chromosomes. Figure and description republished with permission of American Society for Cell
Biology, from How Taxol/paclitaxel kills cancer cells, Beth A. Weaver, Vol. 25, 2014; permission
conveyed through Copyright Clearance Center, Inc.
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Figure 10. Cabazitaxel interferes with the cytoskeleton and mitotic spindle
structure. 22Rv1 control (A) and 10 nM CBZ (B) treated cells. In control cells,
microtubules appear as fine filaments throughout the cell. In mitotic control cells have
well-formed bipolar spindles and duplicated chromosomes at opposite ends. Taxane
treated induces formation of abnormal spindles; many cells will have multipolar or
monopolar spindle. Microtubules, green; androgen receptor, red; nucleus, blue.

The inhibition of intracellular trafficking appears to be a particularly relevant function for
inhibiting the growth of prostate cancer cells. Evidence from several recent studies suggests
that the effectiveness of taxanes may be partially attributed to inhibitory effects on AR signaling
pathways. It has been demonstrated that taxane-induced microtubule stabilization can interrupt
nuclear translocation of the AR, induce FOXO1-mediated repression of AR transcriptional
activity and downregulate AR expression (Figure 8B) (84, 95, 96); these effects prevent
transcription of AR-regulated genes that drive prostate cancer growth and progression. Since
CRPC tumors rely on androgen signaling, the inhibitory of effects of taxanes on the AR-axis

may play a role in their efficacy against prostate cancer.
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Finally, taxanes have been reported to alter signaling of the Bcl-2/Bax intrinsic apoptosis
pathway (97). Members of the Bcl-2/Bax pathway include anti-apoptotic proteins Bcl-2, Bcl-xL,
and Mcl-1, which interact with pro-apoptotic members such as Bax and Bak to regulate
permeability of the outer mitochondrial membrane (98, 99). Taxanes can induce Bcl-2
phosphorylation, which blocks its inhibitory effect on Bax, thereby allowing Bax to initiate
apoptosis through the release of cytochrome C from the mitochondria, triggering caspase

cleavage (Figure 8C) (85).

iii. Mechanisms of taxane resistance

As with many chemotherapeutic agents, development of resistance is a major problem for
CRPC patients receiving docetaxel or cabazitaxel treatment. Resistance to taxanes has been
attributed to several factors (Figure 11) (100). Alterations in microtubules that reduce taxane
binding affinity, including increased expression of the B-lll-tubulin isoform and increased
acetylation of tubulin, have been associated with reduced taxane efficacy and drug resistance
(101-104). Increased expression and activity of ATP-binding cassette (ABC) drug transporters,
such as P-glycoprotein (P-gp; also known as MDR-1 and ABCB1), multidrug resistance-related
protein (MRP; also known as ABCC1), and breast cancer resistance protein (BCRP; also known
as ABCG2) reduced intracellular accumulation of taxanes (105-107). Differential expression of
apoptotic factors, for instance the upregulation of anti-apoptotic proteins Bcl-2 and Bcl-xL, allow
cancer cells to circumvent apoptotic signals induced by taxanes (106, 108, 109). Finally,
overexpression of AR splice variants that are constitutively active and capable of ligand-
independent signaling may allow cells to overcome taxane-induced inhibition of AR activity

(110-113).
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Figure 11. Cellular mechanisms of resistance to taxanes. Cellular
mechanisms of resistance can be a result of decreased cellular drug
accumulation due toa) overexpression of membrane-bound efflux
proteins, such as ABC transporters including P-gp and MRP1 (107); b) a
direct alteration of drug target by mutation (114); c) altered expression of
tubulin isotypes (for example, overexpression of B-lll-tubulin) or MAPs
(115); d) changes to the microtubules induced by interactions with other
cytoskeletal proteins (for example, y-actin)  (116); and/or e) defects in
apoptotic pathways (108). Abbreviations; ABC, ATP-binding cassette; M,
mutation; MAP, microtubule-associated protein; MRP1, multiple drug
resistant protein 1; P-gp, P-glycoprotein. Reprinted with permission from
Macmillan Publishers Ltd: Nature Reviews Clinical Oncology, Seruga B,
Ocana A, and Tannock IF, Drug resistance in metastatic castration-
resistant prostate cancer, copyright (2011).
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C. Polyphenolic compounds

Polyphenols consist of a diverse group of plant compounds that may be beneficial in the
prevention of diseases including cancer (Figure 12). Polyphenols have been widely studied for
their antioxidant properties and ability to exert anti-cancer effects through several mechanisms
including decreasing carcinogen-induced DNA damage, altering enzymatic activities, inhibiting
cell cycle progression, and promoting apoptosis (117). Additionally polyphenolic compounds can
reduce inflammation, angiogenesis, and multidrug resistance. Most polyphenols exist and are
ingested in their glycosylated form (118). In the gastrointestinal tract, they are cleaved by B-
glucosidase and lactase phlorizin hydrolase (LPH) enzymes to release their lipophilic
aglycones (119, 120). It is generally believed that the aglycones are absorbed mainly by simple
diffusion, whereas transport of glycosides by a sodium-dependent glucose transporter (SGLT-1)

has been suggested (121-123).
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D. Sovy

i. Soy and prostate cancer

The incidence of prostate cancer in Asia is significantly lower than in Western countries (4,
124). Comparative geographic and molecular studies have demonstrated that these differences
could be attributed to genetic and environmental factors or a combination of both (125-128).
While there are many potential reasons for this disparity, several epidemiological studies have
shown a strong association between the consumption of soy foods and a reduction in risk of
prostate cancer (129, 130). Compared to the Western diet, which is characterized by a high
content of animal fat and protein, many Asian diets contain much larger amounts of soy-derived
foods that are abundant sources of dietary isoflavones such as genistein and daidzein.
Traditional Asian foods made from soy include tofu, tempeh, and miso, which typically have a
higher content of isoflavones than the soy products popular in western countries (ex: soy-based
meat substitutes, soy milk, soy cheese) (131). A typical Japanese diet contains approximately
25-100 mg soy isoflavones per day, while a Western diet may contain only 2—-3 mg (132), which
is consistent with observations of circulating soy isoflavones levels in Asian men that are at
least 10 times higher than those in American and European men (133-135). Furthermore, serum
levels of genistein, daidzein and equol have been dose-dependently associated with reduced

risk of prostate cancer in Japanese and Chinese men (136, 137).

Asian migrant studies have demonstrated that prostate cancer incidence rates for Asian
immigrants are directly related to the length of time spent residing in the United States and that
risk increases in subsequent generations of Asian-American men (138-140). Likewise,
westernization of dietary habits in Asian countries correlates with increased incidence and
mortality of prostate cancer (141), leading to the speculation that the protective effects of soy

foods on prostate cancer risk may be lost with the adoption a westernized diet high in meat and
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fat (140). These studies indicate that environmental or lifestyle factors, including diet, play a role
in carcinogenesis, and therefore dietary interventions may provide a chemopreventive strategy

for prostate cancer.

While numerous epidemiological studies support a role for soy in prostate cancer
prevention, soy intervention trials have yielded mixed results. In men with prostate cancer,
several studies demonstrated that soy consumption led to reduction in serum PSA levels (142-
144), but such an effect was not found by others (145, 146). In a randomized, double-blind trial
of 86 men with prostate cancer, daily intake of 80 mg soy isoflavones for up to six weeks prior to
scheduled prostatectomy did not have a significant effect on serum levels of testosterone,
estrogen, or PSA; however, changes in expression levels of genes involved in cell cycle and
apoptosis were observed in prostate tissue of soy-treated men compared to control (147). In
another randomized study, two years of supplementation with isoflavone-rich soy protein in 81
men at elevated risk of prostate cancer recurrence after a radical prostatectomy did not change
the risk of recurrence compared to 78 casein-supplemented control subjects (148). A recent
meta-analysis of eight randomized clinical trials on efficacy of soy isoflavones in men with
prostate cancer reported that soy intake did not have significant effects on levels of PSA,
testosterone, estradiol, or dihydrotestosterone (149). The contribution of soy in prostate cancer
prevention remains unclear, as the epidemiology and laboratory studies (see below) suggest

preventive benefit but randomized studies do not.

ii. Soy isoflavones

Isoflavones are naturally occurring polyphenolic compounds that are capable of exerting
estrogen-like effects. The major isoflavones found in soy are genistein and daidzein, which are

usually present in their glycoside form and converted to aglycones by intestinal bacteria during
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digestion, but preparation of soy foods through processes like fermentation can also cleave the
sugar moiety and release the aglycone (150-152). Daidzein can undergo further metabolic
processing by gut bacteria to produce the metabolite equol (153, 154). Oxidative metabolism of
isoflavones is catalyzed mainly by CYP1A2, with minor contributions by CYP2C8 and CYP3A4

(155).

The biological activity of isoflavones is attributed in part to their structural similarity to 173-
estradiol (Figure 13), which allows them to bind estrogen receptors (ER) and modulate ER
signaling pathways (156). Genistein preferentially binds to ER-B over ER-a and has a higher
affinity for ER than daidzein, likely due to the presence of an additional hydroxyl group on the A-
ring of genistein (Figure 13) (157). However, metabolic transformation of daidzein to equol

increases its affinity for estrogen receptor to levels similar to that of genistein (154).
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Figure 13. Chemical structures of soy isoflavones and estradiol
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Genistein is the most abundant and biologically active isoflavone found in soy. Genistein
was first identified as a potent inhibitor of protein tyrosine kinase activity (158), but numerous
other mechanisms of action for genistein have been proposed (Figure 14) (159). Genistein has
estrogenic effects, can modulate cell growth, alter signaling transduction, induce apoptosis and
inhibit angiogenesis (160-164). It has antioxidant properties, can reduce cell invasion and
prevent metastasis (165-171). Additionally, genistein can downregulate AR expression and

signaling (172, 173).
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Figure 14. Pleiotropic effects of genistein. Reprinted from Food Chemistry,
Russo et al, Understanding genistein in cancer: the “good” and “bad” effects: a
review (2016), with permission from Elsevier.
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Inhibitory effects of genistein on pathways associated with development and progression of
prostate cancer have been demonstrated in numerous in vitro studies. Genistein inhibits growth
of androgen-independent and -dependent prostate cancer cell lines (174-177) and induces
apoptosis by blocking the nuclear translocation of NF-kB in LNCaP and PC-3 prostate cancer
cells (178). Genistein has also been shown to promote apoptosis via activation of capsase-3 in
DU145 and LNCaP prostate cancer cell lines (179). Genistein reduced incidence and
development of prostate tumors in the TRAMP mouse model, and inhibited growth and

angiogenesis of LNCaP xenografts in nude mice (180-182).

There is some evidence to suggest that genistein could be a potential adjuvant for taxane
chemotherapy. Genistein enhanced the apoptotic effects of docetaxel (DX) on PC-3 cells in
vitro, possibly mediated by inactivation of NF-kB (183, 184). Dietary genistein (at 0.1%) in an
animal study enhanced the growth inhibitory effects of DX (L.V. injections of 5 mg/kg on three
alternate days) on PC-3 cell xenografts in SCID mice (184). In a recently published paper,
marked enhancement was reported by genistein (100 mg/kg, three times per week) on the
growth inhibitory effect of cabazitaxel (CBZ; 5 mg/kg, |.P. once weekly) on xenografted PC-3
cells (185); this effect was also found in vitro on PC-3 cells and LNCaP-C4-2 cells well as on the
apoptotic effects of CBZ on PC-3 cells. A fermented genistein product (genistein combined
polysaccharide) also enhanced the in vitro apoptotic effect of DX on LNCaP cells and increased
anti-proliferative activity of DX on 22Rvl and PC-3 cells, but not in LNCaP cells (186).
Additionally, there is some evidence to suggest that genistein interacts with tubulin and can alter
microtubule dynamics (187, 188), although other studies do report this effect (189, 190) (current
evidence is summarized in Table I). Since taxane cytotoxicity occurs as a consequence of their
stabilizing effects on microtubules, microtubule targeting by genistein may either augment or
disrupt this process. It is currently unclear what, if any, role soy isoflavones may play in

microtubule stability and function.



Table I. Effects of genistein on microtubules
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Reference

Agent

Model System

Effect on microtubules

Taxane combination effect?

Ahmed et al, 2011
(187)

Liao et al, 2004
(189)

Mukherjee et al, 2010
(188)

Ponnathpur et al, 1995
(191)

Rusin et al, 2009
(190)

ITB-301 (10 uM)

Genistein (100 uM)

Genistein
(25, 50, 75, 100, 150 pM)

Genistein (30 pM)

ITB-301 (5 & 25 pM)

Genistein (100 yM)

In vitro (cell-free)
polymerization assay,
SKOv3 & ES2 ovarian

cancer cells

MDA-MB-231 breast
cancer cells

In vitro (cell-free)
polymerization assay,
A549 non-small lung

cancer cells

697/BCL-2 cells

DU145 prostate cancer

cells

Induced microtubule depolymerization

in cells and in cell-free assay

No effect on microtubule morphology

A549 cells: no effect of 25 uyM Gen,
dose dependent depolymerization at 50
and 100 uM visible; reduction in
polymerized tubulin mass determined by

western blotting. Inhibited

polymerization in vitro ICso = 87 pM.
Genistein binds tubulin Kp = 15 pM.

Not investigated

Gen had no effect on microtubules, ITB-

301 induced microtubule
depolymerization

Not investigated

Reduced PTX-induced
cytotoxicity and apoptosis.
Inhibited PTX-induced G2/M
accumulation.

Not investigated

Reduced PTX-induced
cytotoxicity and apoptosis. Did
not alter cell cycle effects of PTX,

Not investigated

ITB-301 (also known as G21) is a lipophilic glycoside derivative of genistein. PTX = paclitaxel
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E. Black Raspberries

Berries are popularly consumed in cuisines worldwide and are an excellent source of
vitamins, minerals, and many bioactive phytochemicals including flavonoids, tannins,
carotenoids, anthocyanins, lignans and stilbenes — many of which possess antioxidant
properties (192). Berry fruits such as blueberry, cranberry, black raspberry, and strawberry vary
significantly in both their phytochemical content and composition. Several studies have
demonstrated anti-cancer activity of berry extracts, but black raspberries (Rubus occidentalis,
BRB) in particular have shown tremendous chemopreventive and therapeutic potential.
Investigations with BRBs in cell culture, animal models, and a few human clinical trials have
demonstrated that BRBs can influence cellular and molecular events associated with
proliferation, apoptosis, inflammation, and angiogenesis (1). BRBs contain numerous
polyphenolic compounds, but their anti-cancer effects have been attributed to the high
concentration of ellagic acid and anthocyanins (193-196). BRBs are one of the highest dietary
sources of anthocyanins (5 — 20 mg/g dry BRB weight) and ellagic acid (1.2 — 2 mg/g dry BRB
weight) (197-199). In addition to being a rich source of anthocyanins, BRBs have a unique
anthocyanin profile, predominately consisting of the cyanidin subtype: cyanidin-3-glucoside,
cyanidin-3-rutinoside, cyanidin-3-xylosylrutinoside, and cyanidin-3-sambubioside (Figure 15)
(200). Collectively, the concentration and profile of these polyphenolic compounds suggest

BRBs may exhibit superior anti-cancer properties compared to other berry varieties.

i. Black raspberries and cancer

Anti-cancer effects of BRBs have been demonstrated in vitro, in vivo, and in some clinical
trials for several types of cancer. BRB preparations and extracts can inhibit cancer cell

proliferation, induce apoptosis, and inhibit angiogenesis (1). BRBs inhibit proliferation of
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Figure 15. Chemical structures of black raspberry anthocyanins

esophageal (201), colon (200), endothelial (202), breast (200), lymphocytes (203), and cervical

(204) cancer cells.

In vivo, BRBs are effective for preventing carcinogenesis induced by genotoxic agents and
reducing oxidative stress. Dietary administration of BRBs inhibits tumor initiation as well as
tumor promotion-progression in N-nitrosomethylbenzylamine (NMBA) induced esophageal
cancer in rats (205-210). Likewise, BRBs inhibit tumor development in azoxymethane (AOM)-
induced colon cancer in rats (211). Topical applications of a black raspberry extract reduced

inflammation and carcinogenesis induced by UV-B radiation in SKH-1 hairless mice (212).
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Additionally, oral administration of BRBs inhibited mammary tumor development in animal
models (213-215). Dietary supplementation with 2.5% lyophilized BRBs or blueberries
significantly reduced estrogen-induced mammary tumorigenesis in the ACI rats (214). However,
blueberries were less effective than BRBs in reducing tumor volume and multiplicity, indicating
that BRB-specific bioactive compounds may be potent inhibitors of carcinogenesis. Both BRBs
and blueberries are rich in anthocyanins, but differ in their anthocyanin profiles; blueberries are
rich in the delphinidin glycoside subtype (Figure 16), whereas BRBs contain mainly the cyanidin
subtype (198). Inhibition of mammary tumorigenesis by BRBs notably demonstrates that
biologically active berry constituents have the ability to reach a distant tumor site following oral

administration, which justifies investigation of berries on other sites, including the prostate.

BRBs were well tolerated and had protective effects in several human clinical trials. Daily
administration of rectal suppositories containing 720 mg BRB powder reduced the burden of
rectal polyps in patients with familial adenomatous polyposis (216). In patients with colorectal
cancer, BRB treatment decreased tissue expression of B-catenin, Ki67 and DNMT1 and
increased levels of TUNEL and p16 (217). BRBs reduced a urinary marker of oxidative stress in
patients with Barrett's esophagus, but did not reduce lesion size (218). The most promising
effects of BRBs have been demonstrated in clinical trials examining the effects of topical BRB
application in patients with oral cancers and precancerous lesions (219-221). A summary of
clinical trials involving BRBs can be found in Table Il. These clinical trials indicate that the
bioactive constituents of BRBs may inhibit carcinogenesis in the Gl tract, where they come into

direct contact with the target tissues.



Table Il. Summary of completed clinical trials with black raspberries
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Lesion Patients Rogte of Treatment Endpoints Results References
(n) Delivery
Oral 20-40 Topical 10% wiw freeze-dried  Histopathology, gene | LOH prevalence Mallery et al, 2008
intraepithelial BRB bioadhesive gel expression, micro vascular (219); Shumway et al,
neoplasia applied 4x daily for 6- densities, loss of Improvement in histologic grade 2008 (222); Mallery et
12 weeks heterozygosity for a subset of patients al, 2007 (223); Mallery
et al, 2014 (221)
| Vascular densities
| Epithelial COX-2 expression
| Expression of genes associated
with RNA processing, growth
factor recycling and inhibition of
apoptosis
Barrett’s 20 Oral 32 or 45 g BRB Lipid peroxidation, Urinary markers: Kresty et al, 2006 (218);
esophagus powder in water, once  DNA damage, tissue | 8-1s0-PGF2a Kresty et al, 2016 (218,

daily for 26 weeks

markers of proliferation,
detoxification, and
inflammation.

No change in urinary 8-OHdG
Tissue markers:

1 GST-pi
No change in Ki67 and NF-kB

1 Patient body weight and BMI.

No change in lesion size

224)
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Table Il (continued) Summary of completed clinical trials with black raspberries

Patients Route of

Lesion : Treatment Endpoints Results References

(n) Delivery
Colorectal 20-28 Oral 20 g BRB powder 3x Genetic and epigenetic Tissue expression: Pan et al, 2015 (225);
cancer daily for 1 to 9 weeks biomarkers, tissue markers | DNMT1, Ki67 Wang et al, 2011 (217);

Mentor Marcel et al,
2012 (226)

of proliferation, apoptosis
and angiogenesis, serum
biomarkers

1 TUNEL

Plasma levels:
liL-s
1 GM-CSF

Changes in DNA methylation
observed in patients that were
treated for at least 4 weeks

Rectal polyps 14 Oral and Oral placebo or 20 g Polyp number and size | Polyp burden Wang et al, 2014 (216)
rectal BRB powder 3x per
suppository  day, plus two BRB
rectal suppositories
(720 mg)

No change in polyp number

No added benefit of oral BRBs in
addition to suppositories

| Cell proliferation, DNMT1
expression, p16 promoter
methylation in patients that
responded to treatment.
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ii. Anthocyanidins and anthocyanins

Anthocyanins are naturally occurring flavonoid compounds that provide blue, purple, and red
coloring to a variety of fruits, vegetables and flowers (227). They constitute the largest group of
water-soluble pigments and are commonly used as alternatives to synthetic dyes and as

colorants in the food and beverage industry (228, 229).
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Petunidin OMe OH OH
Malvidin OMe OH OMe

Figure 16. Anthocyanidin structure

When found as glycosides (bound to a sugar moiety) they are known as anthocyanins and
their aglycones are called anthocyanidins. Anthocyanins belong to the larger polyphenolic group
of flavonoids and share structural similarity as flavylium (2-phenylbenzopyrylium) salts (230).
The most common anthocyanidins found in nature are cyanidin, delphinidin, petunidin, peonidin,

pelargonidin, and malvidin (Figure 16) (230), which provide the base structure for over 600
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currently known types of naturally occurring plant anthocyanins (198). Members of this family
differ in the number of hydroxyl groups, the degree of methylation, and the nature and number
of the bonded sugars, as well as the position of attachment. Anthocyanidin aglycones are rarely
found in nature due to their instability; they are sensitive to a number of factors including pH,
temperature, light, oxygen, solvents, and the presence of other flavonoids, proteins or metal
ions. Stability is slightly greater for anthocyanin glycosides, but glycosylation provides only
modest protection, leaving anthocyanins susceptible to rapid degradation, especially under

physiological conditions (231).

OH
O OH 0
+ Deglycosylation HO. HO
HO ' o ‘ : . OH
= OGly HO

OH

Figure 17. Degradation of anthocyanins

Anti-cancer activity of anthocyanins has been demonstrated in numerous in vitro and in vivo
studies, along with reports of various potential mechanisms of action. Anthocyanin compounds
have been reported to exert anti-mutagenic activity (232, 233), reduce oxidative DNA damage
(234, 235), induce phase Il detoxification enzymes (236-238), promote apoptosis (239-241),
induce cell cycle arrest (242) and inhibit angiogenesis (243). The diversity of anthocyanin

effects suggests they could be an attractive option for the prevention and treatment of cancer.
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ii. Ellagic acid

Ellagitannins are naturally occurring compounds found in pomegranates, berries, walnuts
and numerous other foods. Ellagic acid (EA) is released upon hydrolysis of ellagitannins.
Ingested EA is further metabolized by colonic bacteria to yield dibenzopyran-6-one derivatives
(urolithins), mainly urolithin A (UroA). Ellagitannins, ellagic acid, and urolithins exhibit potent
antioxidant and anti-cancer activity in a variety of cell and animal models (195, 213, 244-248).
EA has very low aqueous solubility (water solubility = 9.7 ug/mL), which limits absorption and
bioavailability (249). The solubility of urolithin metabolites is greater than that of EA due to the
reduction in the number of hydroxyl groups, which improves absorption but diminishes their
antioxidant capacity (246, 250, 251). Figure 18, demonstrates how antioxidant activity and

absorption of EA and urolithins is correlated with their degree of hydroxylation.
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Figure 18. Ellagic acid and urolithin metabolites: relationship of structure to absorption
and antioxidant activity.



Il MATERIALS AND METHODS

A. Materials

i. Reagents and chemicals

Cyanidin-3-rutinoside, cyanidin chloride, 3,3’-diethyloxacarbocyanin iodide, docetaxel,
resazurin, rhodamine 123, rifampicin, sulforhodamine B, and vinblastine were purchased from
Sigma-Aldrich (St. Louis, MO). Cabazitaxel (Sanofi, Bridgewater, NJ) was a generous gift from
Dr. Robert Nagourny (Rational Therapeutics, Long Beach, CA). Ellagic acid was obtained from
Indofine Chemical (Hillsborough, NJ). Daidzein, equol, genistein, ketoconazole, and
protocatechuic acid were purchased from LKT Labs (St. Paul, MN). Urolithin A was obtained
from Santa Cruz (Dallas, TX). Crystalline testosterone and 17f3-estradiol were obtained from
Steraloids (Newport, RI). Noble agar was purchased from Affymetrix (Cleveland, OH). Purified
tubulin protein was purchased from Cytoskeleton (Denver, CO). Phenol-red free matrigel was
obtained from Corning (Bedford, MA). DMSO, EtOH, formaldehyde, formic acid and

trichloroacetic acid were obtained from Thermo Fisher Scientific (Waltham, MA).

ii. Antibodies

B-actin (catalog #3700), AR (#5153), BAX (#2772), Bcl-2 (#2870), Bcl-xL (#2764), Mcl-1
(#5453), caspase-3 (#9665), MDR1 (#13342), MRP1 (#14685), PARP (#9542), PCNA (#2586),
PSMA (#12815), PSA (#2475), a-tubulin (#3873), B-tubulin (#2128), anti-mouse Alexa Fluor 488
(#4408), and anti-rabbit Alexa Fluor 555 (#4413) antibodies were obtained from Cell Signaling

Technologies (Danvers, MA). CYP3A4 (#53850) and GAPDH (#365062) antibodies were

32
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obtained from Santa Cruz Biotechnology (Dallas, TX). IRDye 800 anti-rabbit (#926-32211) and
IRDye 680 anti-mouse (#926-68070) antibodies were obtained from Li-Cor Biotechnology

(Lincoln, NE).

iii. Preparation of black raspberry extract

An ethanol/H>O (80/20) soluble BRB extract was prepared from lyophilized black raspberry
powder (Berri Products, Corbett, OR) which was stored at -20°C. 200 g BRB powder was
combined with 80% EtOH and stirred overnight at room temperature. The resulting mixture was
vacuum-filtered. The solvents were removed to the extent possible by rotary evaporation at
reduced pressure, yielding a syrup. The remaining solvent was removed under a hitrogen
stream. Final weights of extracts were obtained and BRB extract were reconstituted in 100%

EtOH and stored at -20°C.

iv. Celllines

22Rv1, LNCaP, VCaP, and PC-3 cells were obtained from American Type Culture Collection
(Manassas, VA). C4-2 cells were a generous gift from Leland Chung (Cedars Sinai Medical
Center). LAPC-4 cells were a generous gift from Dr. Karen Knudsen who had obtained them
from Dr. Charles Sawyers (Memorial Sloan Kettering, New York, NY) and were provided within
less than 20 passages of arrival from Dr. Sawyers. HepG2 and HepG2-CYP3A4 cells were a gift

from Natalia Nieto (University of Illinois at Chicago).



34

B. In vitro methods

i. Cell culture

LAPC-4, LNCaP, C4-2, 22Rvl, and PC-3 cells were cultured in RPMI 1640 (Life
Technologies, Grand Island, NY) supplemented with 10% FBS, 100 IU/mL penicillin, 100 pg/mL
streptomycin. VCaP and HepG2 cells were cultured in DMEM (Life Technologies) supplemented
with 10% FBS, 100 IU/mL penicillin, and 100 pg/mL streptomycin. Cells were maintained at
37°C in a humidified 5% CO; incubator. Twenty four hours prior to experiments, media was
replaced with phenol-red free RPMI or DMEM containing 10% dextran charcoal stripped FBS,

100 IU/mL penicillin, and 100 pg/mL streptomycin.

ii. Confocal microscopy

Cells were plated on Lab-Tek 4-well chamber slides (Nunc, Naperville, IL) and cultured to
approximately 80% confluency. Cells were treated with compounds for 24 hours, fixed with
3.7% formaldehyde, washed with PBS, permeabilized for 10 minutes with 0.1% Triton-X 100,
and blocked with 5% BSA for 30 minutes. Cells were then incubated overnight at 4°C with
primary antibodies, followed by incubation with fluorescent secondary antibodies for 2 hours at
room temperature in a dark, humidified chamber. Cover slips were mounted on slides with
ProLong Gold Antifade Mountant containing DAPI (Life Technologies). Fluorescent images were
acquired using a Zeiss LSM 710 confocal laser scanning microscope using 40x or 63x

objectives.
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iii. DNA synthesis assay

Incorporation of EdU (5-ethynyl-2'-deoxyuridine) into DNA was measured to assess cell
proliferation using the Click-iT EdU Microplate Assay (Invitrogen). EdU is an analog of thymidine
and is incorporated into DNA during S-phase. Cells were labeled with EdU for 2 hours then
fixed. Cells were treated with buffer containing CuSO. and Oregon Green 488 azide for 25 min,
incubated with 5% BSA for 30 min, and then incubated with anti-Oregon Green antibody
conjugated to horseradish peroxidase for 30 minutes, followed by incubation with Amplex Red
for 15 minutes. Fluorescence intensity (excitation: 560, emission: 590) was measured with

SpectraMax M5 spectrophotometer (Molecular Devices, Sunnyvale, CA).

iv. Sulforhodamine B assay

Cells were seeded on 96-well plates at a density of 2,000 cells per well 24 hours prior to
addition of test compounds to culture media. Cells were incubated for 72 hours, then the
sulforhodamine B (SRB) assay was performed to evaluate growth (252). Briefly, cells were fixed
with 1% TCA and stained with 0.057% SRB following incubation with treatments. Wells were
washed with 1% acetic acid and the remaining dye was solubilized in 10 mM Tris. Optical
density at 510 nm was measured with the Synergy HTX plate reader (Biotek, Highland Park,
VT). Results were expressed as percent proliferation relative to vehicle treated control cells.
Each treatment condition was replicated 3 times in a single experiment, which was repeated at

least 3 times.
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v. Resazurin reduction assay

The resazurin reduction assay was used to as an alternative to the SRB assay to measure
cell proliferation®. Reduction of non-fluorescent resazurin dye to fluorescent compound resorufin
can be measured as an indication of cell viability. Cells were plated and treated under the same
conditions as the SRB assay. Resazurin solution (10% w/v resazurin in PBS) was added to
culture media to a final concentration of 1%, and cells were incubated for 24 hours at 37°C in a
humidified 5% CO- incubator. Resorufin fluorescence (excitation 530-560 nm, emission 580-600
nm) was measured with the SpectraMax M5 spectrophotometer (Molecular Devices, Sunnyvale,
CA). Culture media containing resazurin without cells was used as a negative control, and 100%

reduced resazurin served as a positive control.

vi. Western blot analysis

Protein expression levels were quantified by western blotting. Total protein was isolated
from cells using RIPA buffer (Sigma, St. Louis, MO). Soluble proteins were separated from
insoluble proteins by centrifugation, the pellet was collected and the insoluble fraction
reconstituted in RIPA containing 3 M urea. Protein concentration was quantified using the
bicinchoninic acid method with the Piece BCA Protein Assay Kit (ThermoFisher). Samples were
mixed with LDS NuPAGE sample buffer and separated by electrophoresis through 4-12%
NuPAGE Bis-Tris gels (Invitrogen, Thermo Fisher Scientific, Waltham, MA). Proteins were

transferred to PVDF membranes. Membranes were incubated with blocking buffer (5% BSA or

3 Cyanidin and Cy-3-Rut are brightly colored compounds, which alter the color of cells when
taken up and subsequently interfere with optical density readings in the SRB assay. The
resazurin reduction assay provides fluorescently based readings that are not affected by color of
BRB compounds.
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5% non-fat milk) for 30 minutes, and then probed with primary antibodies overnight at 4°C.
Membranes were incubated with fluorescent secondary antibodies and bands were detected

using the Odyssey CLx Infrared Imaging System (Li-Cor).

vii. Anchorage independent growth

The effect of test compounds on anchorage independent growth of PC-3 cells was assessed
by soft agar colony formation assay. The bottom of each well of 12-well culture dish was coated
with 1 mL noble agar mixture (RPMI, 10% FBS, 0.6% agar). After the bottom layer solidified, 1
mL top agar medium mixture (RPMI, 10% FBS, 0.3% agar) containing 5 x 10° cells with varying
concentrations of BRB extract, cyanidin-3-rutinoside, ellagic acid or protocatechuic acid was
added and incubated at 37°C for 3 weeks. Culture media was replaced 3 times per week. At the
end of the incubation period, colonies were stained with crystal violet and the number of
colonies was counted using GelCount equipment and software (Oxford Optronix, Abingdon,

UK).

viii. Wound healing assay

PC-3 cells were used to study cell migration due to their ability to form a monolayer when
confluent. Cells were plated in 6 well plates and grown until confluent. A wound was created in
the monolayer by scratching with a sterile 200 pL pipette tip. Cells were washed with PBS and
fresh media containing treatments compounds was added to wells. Wound distance was
measured after 0, 6, 12 and 24 hours. Distance was measured in the same field of view for each

time point.
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iXx. Surface plasmon resonance

Binding affinity of compounds to tubulin was evaluated by SPR using Biacore T-2000
instrument (GE Life Sciences, Uppsala, Sweden). Purified tubulin protein (100 pg/mL in 10 mM
sodium acetate pH 4.0) was immobilized on CM5 sensor chips (GE Life Sciences) by amine
coupling using N-hydroxysuccinimide (NHS) and N-ethyl-N-(dimethyl-aminopropyl)-carbodiimide
(EDC) using filtered (0.2 um) PBS-P+ buffer (GE Life Sciences). A minimum of 9,000 response
units (RU) were immobilized to the chip. For each experiment, 1 flow channel of the CM5 chip
was prepared in the absence of tubulin for reference subtraction. The running buffer (10 mM
HEPES pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.05% (vol/vol) Tween-20) was supplemented
with 2% DMSO. Test compounds (serially diluted, 0-200 uM) were injected at a flow rate of 30
pL/min. SPR data is representative of duplicate injections acquired for three independent
experiments. The equilibrium dissociation constants (Kp) were calculated from steady-state

affinity after DMSO solvent correction.

X. Tubulin polymerization assay

Effects of compounds on tubulin polymerization were evaluated by monitoring incorporation
of a fluorescence based reporter (Cytoskeleton, Denver, CO) into microtubules as
polymerization occurs. Purified tubulin (2 mg/mL) was suspended in 80 mM PIPES pH 6.9, 2.0
mM MgCl,, 0.5 nM EDTA, 1.0 GTP and 15% glycerol, and experiments compounds or vehicle
controls were added. Fluorescence intensity (excitation: 360 nm, emission: 420 nm) was

measured at 1 minute intervals for 60 minutes using the Synergy HTX plate reader (Biotek).
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xi. Intracellular measurement of anthocyanins

Cells were plated and cultured to approximately 80% confluence, then treated for 4 hours
with BRB extract, cyanidin, Cy-3-Rut, or vehicle control. Cells were harvested with trypsin,
suspended in PBS and centrifuged. Cells were resuspended in 95% EtOH and 5% formic acid,
lysed by 3 freeze/thaw cycles, and samples were stored at -80°C. HPLC-MS/MS was carried out
using an Agilent 6410 Triple Quad Mass Spectrometer (Agilent Technologies; Santa Clara, CA)

coupled with an Agilent HPLC 1200 series chromatographic system.

xii. Efflux assay

Effects of BRB and soy compounds on P-glycoprotein activity was determined by measuring
efflux of fluorescent substrates (calcein AM) of MDR1 and MRP1. Cells were plated and
cultured to 80% confluence, then incubated at 37°C with compounds in phenol-red free culture
media. After 24 hours, cells were treated with cold media containing either calcein AM, and
incubated for 1 hour at 4°C to facilitate uptake of substrates. Cells were collected, washed with
PBS, resuspended in phenol-red culture media and incubated at 37°C. Cell culture media was
collected at 0, 2 and 4 hours, and fluorescence intensity (excitation: 488 nm, emission 530 nm)

of samples was measured using a Synergy HTX plate reader (Biotek).

xiii. CYP3A4 activity

Effects of BRB and soy compounds on CYP3A4 activity was evaluated using insect
microsomes expressing human CYP3A4 enzyme and the Vivid CYP3A4 Green Screening Kit
(Life Technologies). Microsomes were incubated with glucose-6-phosphate, glucose-6-

phosphate dehydrogenase, NADP+, and DBOMF (non-fluorescent CYP3A4 substrate, which
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releases fluorescent compound when metabolized by CYP3A4) in presence test compounds or
vehicle control. Fluorescence (excitation: 490 nm, emission: 520 nm) was measured using a

Synergy HTX plate reader (Biotek).

C. Invivo methods

i. Institutional approval

Animal care and experiments were conducted in accordance with protocols approved by the
Animal Care Committee (ACC) at the University of lllinois at Chicago. ACC approval notices for

all animal studies can be found in Appendix A.

ii. Prostate cancer xenografts in nude mice

A subcutaneous xenograft model with 22Rv1 cells was used to study the effects of dietary
consumption of genistein and ellagic acid on the efficacy of docetaxel (Figure 19). Six-week-old
athymic nude mice (Hsd:Athymic Nude-Foxnl1™) were obtained from Envigo (Indianapolis, IN).
22Rv1 cells were selected for this experiment because they are characteristic of CRPC tumors
(see APPENDIX B)* Cells were suspended in matrigel solution (4 mg/mL phenol-red free
matrigel obtained from Corning in PBS). Cells were injected subcutaneously on both flanks, 1 x

10° cells in 200 pL per injection, while mice were anesthetized with ketamine (100 mg/kg ) and

4VCaP cells were the preferred cell line for this experiment because they have the most
features associated with CRPC tumors. However, in pilot studies assessing growth of VCaP and
22Rv1 xenografts in both nude and SCID mice, we encountered difficulty generating VCaP
tumors.
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xylazine (5 mg/kg). Mice were fed a standard chow diet (Harlan Teklad) until tumors reached
approximately 500 mm?, then were randomized to one of the following diets: AIN-93M diet
(control groups), AIN-93M containing 250 mg/kg genistein (low Gen group), 500 mg/kg genistein
(high Gen group), 2 g/kg ellagic acid (low EA group), or 4 g/kg ellagic acid (high EA group). The
agents were added to a premix of sucrose that was subsequently mixed into a basal diet
(containing less sucrose to accommodate the premix); the diets were stored at —20°C. One
week after the start of modified diets, mice received docetaxel (15 mg/kg; 0.4 mL injection
volume) or sham injections, administered at 3 day intervals. Docetaxel solution was prepared by
diluting stock solution (22.5 mg/mL in 100% EtOH) in diluent (1 volume polysorbate and 18
volumes 5% glucose in sterile water) to a final concentration of 1.125 mg/mL. Sham injection
solutions were prepared similarly, except DX was replaced with 100% EtOH. Tumor size was

measured three times per week using calipers.

Xenograft Model:

Week of Study >
| | I I
0 4 5 12
Fy ry F 3
Docetaxel injections
22Rvl (15 mg/kg) on days End of
implantation 35,39 &43 Study

Start diet interventions:
AIN-93M (control)
AIN-93M + 250 mg/kg Gen AIN-93M + 2 g/kg EA
AIN-93M + 500 mg/kg Gen AIN-93M + 4 g/kg EA

Figure 19. Human prostate cancer cell xenograft model
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iii. Testosterone plus estradiol model of rat prostate carcinogenesis

12 week old male Noble (NBL) rats were obtained from an in-house breeding colony.
Prostate cancer was induced as described by Ozten et al. (253) (Figure 20). While under
ketamine-xylazine anesthesia (100 mg/kg Ketamine [Henry Schein Animal Health, Dublin, OH]
and 5 mg/kg Xylazine [Lloyd Laboratories, Shenandoah, IA]), each rat surgically received two
Silastic tubing implants (Dow Corning, 1.D. 0.078 inch; O.D. 0.125 inch) containing crystalline
testosterone tightly packed over 2 cm length and one implant containing crystalline 17(3-
estradiol tightly packed over 1 cm length. Rats were randomly divided into three groups of 30
animals. One week after hormone implantation, rats were switched from a standard chow
obtained from Harlan Teklad (currently Envigo, Madison, WI) to AIN-93M diet (control) or
isoenergetic AIN-93M diets containing 5% or 10% lyophilized BRB powder at the expense of the
starch component of the AIN-93M diet. The AIN-93M diet was also obtained from Harlan Teklad
and was stored at 4°C; the berry powder was mixed into the diet in-house using a Patterson-
Kelly mixer and stored at -20°C until fed freshly three times per week. Rats were euthanized

when moribund or surviving for 48 weeks.

Noble Rat Model:

Week of Study >

1
01 48
A 4 A

Start BRB diets | | End of study

T+ E2 implants |

Diets:
AIN-93M (control)
AIN-93M + 5% BRB powder
AIN-93M + 10% BRB powder

Figure 20. Testosterone plus estradiol model of rat prostate carcinogenesis
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iv. MNU plus androgen model of rat prostate carcinogenesis

10-12 week old male Wistar-Unilever (WU) rats were obtained from Harlan Sprague-Dawley
(Currently Envigo, Madison, WI). Rats were given a sequential treatment (Figure 21) of
flutamide administered for 20 days, followed by a single subcutaneous injection with
testosterone propionate suspended in corn oil on day 21 and a single intraperitoneal injection of
N-methyl-N-nitrosourea (MNU; dissolved in a citrate-phosphate buffer pH 4.8 and diluted in
saline to a dose of 30 mg/kg; NCI carcinogen repository, MRIGIlobal, Kansas City, MO) 52-56
hours later. Two weeks later, each rat surgically received (ketamine-xylazine anesthesia) two
subcutaneous Silastic tubing implants (ID 0.078”; OD 0.125”) containing crystalline testosterone
tightly packed over 3 cm length. One week after MNU, rats were started on AIN-93M diet
(control) or isoenergetic AIN-93M diets containing 5% or 10% lyophilized BRB powder (see

above). Rats were euthanized when moribund or surviving for 56 weeks.

Wistar-Unilever Rat Model:

v

Week of Study

T 1
0 345 56

A A A A

>

Testosterone implantsl |End of study

Start BRB diets l

Day 21: testosterone
propionate injection
Day 23: MNU injection

Flutamide treatment for 20 days

Diets:
AIN-93M (control)
AIN-93M + 5% BRB powder
AIN-93M + 10% BRB powder

Figure 21. MNU plus androgen model of rat prostate carcinogenesis
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v. Necropsy and histology

At necropsy, the accessory sex glands were excised with the urinary bladder from WU and
NBL rats following euthanasia through exsanguination while under ketamine-xylazine
anesthesia of by cervical dislocation after CO, inhalation and asphyxiation. Accessory sex
glands, pituitaries, and all grossly observed lesions in other organs were fixed in 10% neutral
buffered formalin. After fixation, the ventral prostate, dorsolateral prostate and anterior prostate
plus seminal vesicles were dissected and processed to and embedded in paraffin wax. From the
ventral prostate and grossly observed tumor masses one section was made and from all other
accessory sex gland tissues step sections were prepared at 250 micrometer intervals, which
were stained with hematoxylin and eosin as described by McCormick et al. (254). All prostate
lobes and other accessory sex glands were evaluated histopathologically and the presence,

type, and size of all lesions were scored, using previously published criteria (254-256).

The xenograft tumors from mice euthanized through exsanguination while under ketamine-
xylazine anesthesia of by cervical dislocation after CO; inhalation and asphyxiation were also

collected in formalin at necropsy for possible future histological examination.

vi. Prostatic levels of protocatechuic acid

Male NBL rats were randomized into three groups, each with 5 animals, and fed AIN-93M
control diet, or isoenergetic diets containing 5% or 10% lyophilized BRB powder. Animals were
euthanized after three weeks. Dorsolateral prostate tissue was removed immediately following
euthanasia and flash frozen in liquid nitrogen and stored at -80°C until analysis. Protocatechuic
acid levels were measured using LC-MS/MS by Dr. Zhongfa Liu (Ohio State University,

Columbus, OH) as previously described (257) following shipping on dry ice.
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D. Data analysis

i. Statistical analysis of in vitro data

All experiments were performed at least 3 times. Results are expressed as mean * standard
deviation (SD), unless otherwise specified. Comparisons were performed using Student’s t test
or one way analysis of variance (ANOVA) followed by a post-hoc test when appropriate.

Statistical analysis was performed with GraphPad. A p value <0.05 was considered significant.

ii. Combination index analysis

Combination treatment effects were quantified by combination index (CI) analysis based on
the Chou-Talalay equation (258). Analysis was performed using CompuSyn software
(ComboSyn, Paramus, NJ). Cl values indicates an additive effect (Cl = 1), synergism (Cl < 1) or

antagonism (CI > 1) in drug combinations.

iii. Analysis of animal experimental data

Differences in lesion incidence among the accessory sex glands were analyzed using
Fisher's exact test (two group comparisons) and X? analysis (three group comparisons).
Xenograft tumor volume was calculated using formula 2.1, and tumor growth delay (TGD) was
calculated with formula 2.2 (259, 260). Outliers were identified using the extreme studentized

deviate test (Grubbs’ test) (261) and excluded from data analysis.
(2.1) Volume = length x (2 x width) x 0.523

(22) TGD = ( time for treated group to reach ) ( time for control group to reach )

tumor vol. of 3,000 mm? tumor vol. of 3,000 mm?



M. EFFECTS OF BLACK RASPBERRIES AND THEIR CONSTITUENTS ON RAT
PROSTATE CARCINOGENESIS AND HUMAN PROSTATE CANCER CELL
GROWTH IN VITRO

A. Introduction

Despite advances in early detection and treatment modalities, prostate cancer remains one
of the most frequently diagnosed cancer types and a leading cause of cancer related death
among men in United States. In 2016, over 180,000 new cases of prostate cancer are
anticipated to occur in the U.S., accounting for 21% of new cancers in American men (7).
Considering the high prevalence of this disease and the lack of prevention options, strategies to

reduce incidence and disease progression are urgently needed.

The use of dietary agents has long been considered an appealing approach to cancer
prevention. Numerous laboratory studies have reported anti-cancer activity of various dietary
constituents and phytochemicals, supporting the concept that increased consumption of
bioactive compounds through dietary modification or supplementation could reduce cancer
incidence. Additionally, the use of food products for cancer prevention is very practical because

they are readily available, cost-efficient, and generally exhibit little to no toxicity (262).

There is an increasing amount of evidence establishing chemopreventive and
chemotherapeutic potential of black raspberries (BRB; Rubus occidentalis). BRB preparations
and extracts can inhibit cancer cell proliferation, induce apoptosis, and inhibit angiogenesis (1).
The most compelling evidence supporting the use of BRBs as a chemopreventive agent has
been demonstrated in studies of gastrointestinal (Gl) cancers (2). Dietary administration of
BRBs inhibited tumor initiation as well as tumor promotion-progression in the esophagus and

colon in animal models of carcinogenesis (205, 208, 210, 211). Oral administration of BRBs also
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inhibited mammary tumorigenesis in animal models (213-215), suggesting that biologically
active berry constituents are systemically bioavailable following oral administration and have the
ability to reach a distant tumor site. Additionally, BRBs were well tolerated and had protective

effects in several human clinical trials.

BRBs contain numerous bioactive phytochemicals including anthocyanins, ferulic acid,
ellagitannins, B-sitosterol, and quercetin, and several other nonnutritive compounds, as well as
vitamins and minerals (196). The potent anticancer effects of BRBs have been attributed to their
high concentration of ellagic acid and anthocyanins (193-195). BRBs contain approximately 5 —
20 mg of anthocyanins and approximately 1.5 — 2 mg of ellagic acid per gram dry weight (1,
197-199). Ellagic acid (EA) is a polyphenolic compound found in fruits and nuts such as
pomegranates, berries and walnuts (Figure 37, Page 82). EA has potent antioxidant activity,
inhibits cell migration, and reduces cell proliferation in vivo and in vitro (244, 246, 248).
Anthocyanins are naturally occurring flavonoids that provide blue, purple, and red pigmentation
to a variety of fruits and vegetables, including berries, grapes, apples, and purple cabbage (227,
263). They have growth inhibitory, anti-inflammatory, and antioxidant activity, which makes
anthocyanin-rich foods, like BRBs, an attractive option for the prevention and treatment of
cancer (240, 264, 265). In addition to being a rich source of anthocyanins, BRBs have a unique
anthocyanin profile, predominately consisting of the cyanidin subtype (Figure 15, page 25) (198,

200).

Although BRBs and their constituents have been shown to prevent carcinogenesis at a
number of organ sites, inhibition of prostate cancer by berries has not been evaluated (2).
Based on the abundant literature demonstrating anti-cancer activity of BRBs and evidence that
BRBs can inhibit tumor development systemically, we hypothesized that BRBs would prevent
prostate carcinogenesis and inhibit proliferation of prostate cancer cells, and that these effects

are predominately mediated by BRB anthocyanins. The overall goals of this study were to 1)
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investigate the efficacy of dietary BRB consumption in prostate cancer chemoprevention, 2)
evaluate growth inhibitory activity of BRB extract on prostate cancer cells, and 3) identify BRB
constituent compounds responsible for the effects of BRBs on prostate cancer growth and

development.

B. Results

i. Identification of protocatechuic acid in rat prostate following dietary administration of

black raspberries

For dietary agents to be effective in preventing or treating cancer, they must first come into
contact with the target tissue. Ingested food products are subject to many factors including
digestion, absorption, metabolism, and excretion, which greatly impact tissue distribution of
compounds. Therefore, it is critical to determine the bioavailability of dietary agents to target
tissues before investigating efficacy in vitro or in vivo. Since tissue distribution of BRB
metabolites has not been comprehensively evaluated, we set out to determine if the major
anthocyanin metabolite, protocatechuic acid (PCA), could be identified in prostate tissue
following dietary administration. To this end, we fed NBL rats diets containing 0, 5 or 10%
lyophilized BRB powder for three weeks, then measured dorsolateral prostatic levels of PCA.
We detected 3.64 + 1.35 and 4.60 £ 1.92 ng/g PCA in rats fed 5% and 10% BRB diet,
respectively, whereas PCA was virtually undetectable in rats fed a control diet (Table IlI). This
observation demonstrates that at least one BRB metabolite is bioavailable to the rat prostate
following oral exposure to BRBs, and therefore we proceeded to investigate effects of BRBs in

animal and cell culture models.
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Table Ill. Prostatic levels of protocatechuic acid

Treatment (% BRBs in diet) 0% 5% 10%

Number of rats 5 5 5

PCA level in dorsolateral

prostate (ng/g wet tissue)? 05+0.0%°% | 3.64+135% | 460+1.92°3

1 Mean + standard deviation. 2 PCA levels in the control group were below the limit
of detection (1 ng/g); control values were arbitrarily set at 0.5 ng/g. 3 p = 0.012
(linear trend)

ii. Effects of black raspberries on the proliferation of prostate cancer cells

Numerous studies have demonstrated growth inhibitory properties of BRB extract and
constituents in cell culture models, but only a few investigations involved prostate cancer cells
lines. To study the effects of BRB extract, bioactive constituents, and metabolites on growth of
prostate cancer cells, we used a panel of six prostate cancer cell lines to measure cell viability:
C4-2, LAPC-4, LNCaP, 22Rv1, PC-3 and VCaP. These cell lines were selected to evaluate
possible differential effects of BRB compounds on cells with varying growth rates and molecular
characteristics (see Table VIII, APPENDIX B). Cells were treated with BRB extract (1 — 1,000
pg/mL), PCA (1 ng/mL — 10 pg/mL), Cy-3-Rut (1 — 100 pM), EA (0 — 30 pM) or appropriate
vehicle controls for 72 hours and proliferation was measured by SRB assay. We chose to use
Cy-3-Rut because it is the most abundant BRB anthocyanin. Results are expressed as percent
relative to control. BRB extract (Figure 22A), Cy-3-Rut (Figure 22B) and PCA (Figure 22C) had
no significant effect on proliferation of any of the prostate cancer cell lines. 10 uM EA inhibited
proliferation of VCaP cells by 17.5 + 5.7% and PC-3 cells by 44.2 £ 10.0%. 30 uM EA inhibited
proliferation of LAPC-4 (21.7 £ 6.4%), VCaP (25.2 £ 7.4%), C4-2 (31.7 + 7.0%), 22Rv1 (66.7

11.1%), and PC-3 cells (82.7 + 8.5%) (Figure 22D).
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Figure 22. Effects of black raspberry extract and constituents on proliferation of prostate cancer cells.

Proliferation was measured in six prostate cancer cell lines using the SRB assay after 72 hours treatment with 1 — 1,000 mg/mL BRB
extract (A), 1 — 100 pM cyanidin-3-rutinoside (B), 1 — 10,000 ng/mL protocatechuic acid (C), and 1 - 30 pM ellagic acid (D) and
normalized to vehicle control treated cells. Data represent mean + SD; * significantly different from vehicle control p < 0.05.



51

C 1507 LAPC-4 LNCaP VCaP C4-2 22Rv1 PC-3
58 o trl rI71,  1hAedl 1110 crEas
55
E; 501
0- | e s s s | I B s S L s | s | I e e s |

T T T T
ONLPL® O NOER O NP O"NCERP O N OLHS N OP P
NS NS NS MO MO MO

Protocatechuic Acid (ng/mL)

D 1507 LAPC-4 LNCaP VCaP C4-2 22Rv1 PC-3

1, . tezz, 1.7, ITIT IIII

Proliferation
(% of Control)

OP N DO OP N 20D OB N DR O D N 204D OB N 2, Q

Ellagic Acid (uM)

Figure 22 (continued). Effects of black raspberry extract and constituents on proliferation of prostate cancer cells.
Proliferation was measured in six prostate cancer cell lines using the SRB assay after 72 hours treatment with 1 — 1,000 mg/mL BRB
extract (A), 1 — 100 pM cyanidin-3-rutinoside (B), 1 — 10,000 ng/mL protocatechuic acid (C), and 1 - 30 pM ellagic acid (D) and
normalized to vehicle control treated cells. Data represent mean £ SD; * significantly different from vehicle control p < 0.05.
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iii. Black raspberry extract and constituents reduce anchorage-independent growth

Anchorage-independent growth is associated with progression and metastasis of solid
tumors, and often involves the downregulation of E-cadherin (266, 267). Studies have shown
that dietary BRBs can upregulate E-cadherin expression in colon of both humans and mice
(217, 268). Therefore, we investigated the effects of BRBs on anchorage independent growth of
prostate cancer cells using a soft-agar colony formation assay with PC-3 cells, which are the
only cells in our panel that grew efficiently in soft-agar. Treatment with BRB extract significantly
reduced the number of colonies compared to control (413.8 + 31.2 colonies) at concentrations
of 10 pg/mL (321.6 + 26.6 colonies), 100 pg/mL (348.0 = 32.3 colonies), and 1 mg/mL (209.3 £
20.1 colonies), by 22.2%, 15.9%, and 49.4% respectively (Figure 23). EA inhibited colony
formation by 21.2% and 39.8% at 1 uyM (326.1 £18.9 colonies) and 3 pM (249.3 + 18.9
colonies). PCA inhibited colony formation by 32% at 10 ug/mL (281.3 + 42.3 colonies). Cy-3-Rut

did not inhibit colony formation at any concentration tested (1 — 30 uM).
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Figure 23. Effects of black raspberry extract and constituents on
anchorage independent growth of PC-3 cells.
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iv. BRB extract, EA and PCA do not inhibit migration of prostate cancer cells

Cell migration is a critical step in the metastatic process that enables cancer cells to invade
surrounding tissue and disseminate from the primary tumor site (269, 270). In vitro studies have
shown that BRBs extract and EA can inhibit cell migration of vascular endothelial cells (245,
271). Thus, we examined the effect of BRB extract, EA and PCA on migration of PC-3 cells
using a wound healing assay (Figure 24). Confluent cells were treated with 100 pg/mL BRB
extract, 10 pg/mL PCA or 3 uM EA for 24 hours prior to making a scratch in monolayer. As
shown in Figure 24C no significant differences in rate of wound closure were observed for BRB

extract, EA or PCA compared to vehicle control.

v. Anthocyanin uptake

Given the lack of growth inhibition by Cy-3-Rut (predominant BRB anthocyanin) on our
prostate cancer cells, we speculated that anthocyanin uptake could be limited in these cells.
Anthocyanins are large, bulky compounds, which require active transport to cross the cell
membrane or metabolism to smaller anthocyanidin aglycones that can enter the cell by diffusion
(119). To evaluate anthocyanin uptake in prostate cells, we treated 22Rv1 cells with Cy-3-Rut
(30 uM), cyanidin (aglycone of Cy-3-Rut; 30 uM), BRB extract (1 mg/mL), or vehicle control,
then measured intracellular levels of cyanidin and Cy-3-Rut by HPLC-MS/MS. Since we
expected uptake of anthocyanins to be low based on literature reports, we treated cells with

high concentrations to increase sensitivity of intracellular detection.

As expected, we observed high intracellular levels of cyanidin (44.82 + 5.96 ng per 1 x 10°
cells) in cells treated with cyanidin, compared with vehicle (0.43 + 0.20 ng per 1 x 10° cells), Cy-

3-Rut (0.43 £ 0.17 ng per 1 x 108 cells), and BRB treated cells (0.66 + 0.32 ng per 1 x 10° cells)
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Figure 24. Black raspberry extract and constituents do not inhibit migration of
prostate cancer cells. Migration of PC-3 cells was measured by wound healing assay
following 24 hour incubation with 100 pg/mL BRB extract (A), 3 uM EA (B), and 10 pg/mL
PCA (C) or vehicle control. Percent wound closure was calculated by normalizing to
distance at 6, 12 and 24 hours to distance of wound opening at O hours. Data represent
average of three experiments + SD.
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Figure 25. Differential uptake of cyanidin-3-rutinoside and its aglycone by prostate
cancer cells. Intracellular levels of cyanidin (A) and cyanidin-3-rutinoside (B) were
measured in 22Rv1 following incubation with vehicle control, cyanidin (30 uM), cy-3-rut
(30 pM), or BRB extract (1 mg/mL). Measurement of cyanidin (C) and cyanidin-3-
rutinoside (D) in cell culture media.
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(Figure 25A), but significant intracellular levels of Cy-3-Rut were not detected in cells treated
with Cy-3-Rut (0.67 + 0.21 ng per 1 x 106 cells) or BRB extract (0.72 + 0.23 ng per 1 x 108 cells),
compared to control (Figure 25B). Levels of cyanidin and Cy-3-Rut in the cell culture media
were quantified to verify that compounds were present in media. Cyanidin was detected in
cyanidin-supplemented media (5.87 * 1.05 pg/mL) and Cy-3-Rut was detected in media
supplemented with both Cy-3-Rut (6.37 = 1.02 pg/mL) and BRB extract (5.13 = 0.45 pg/mL)
(Figure 25 C & D); this confirms that cells were exposed to similar levels of cyanidin and Cy-3-
Rut across treatment groups and differential intracellular levels are not attributable to

differences in exposure levels.

vi. Prostate cancer cell growth is inhibited by cyanidin

Because we observed cellular uptake of cyanidin, but not Cy-3-Rut, we investigated effects
of cyanidin on proliferation of our prostate cancer cells. Due to the intense color of cyanidin, we
could not perform an SRB assay to assess proliferation as previously done with Cy-3-Rut. When
present in cell culture media, uptake of cyanidin results in a blueish-purple “staining” of cells,
which is visibly apparent with the naked eye and interferes with colorimetric readings in the SRB
assay. Therefore, we performed a fluorescent-based resazurin reduction assay as an alternative
method of measuring cell viability. 22Rv1, C4-2 and PC-3 cells were treated with Cy-3-Rut (1 —
100 pM) and cyanidin (1 — 100 pM). Similar to results of the SRB assay, Cy-3-Rut did not inhibit
viability at any concentration in any of the cell lines (Figure 26A). In contrast, cyanidin
significantly inhibited viability of all cell lines at 30 and 100 uM (Figure 26B). Additionally, we
examined the effects of cyanidin and Cy-3-Rut on S-phase activity my measuring incorporation
of a thymidine analog (EdU) into DNA of C4-2 cells. Consistent with results of the resazurin

assay, we observed a reduction in EdU incorporation in cells treated with 30 and 100 pM
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Figure 26. Cyanidin but not cyanidin-3-rutinoside inhibits growth of prostate cancer cells
Viability of 22Rv1, C4-2 and PC-3 cells is inhibited by cyanidin (B) but not by Cy-3-Rut in a
resazurin reduction assay (A). Likewise, cyanidin rather than Cy-3-Rut reduces S-phase activity

in C4-2 cells (C).
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cyanidin, indicating an inhibition of S-phase activity by cyanidin, whereas Cy-3-Rut had no effect

at any concentration (Figure 26C).

vii. Dietary black raspberries are not protective against rat prostate carcinogenesis

Two rat models of prostate carcinogenesis were used to evaluate the chemopreventive

efficacy of dietary BRBs as described in Chapter Il, Section C.

Wistar-Unilever (WU) Rat Model: We studied the effect of feeding BRBs on prostate cancer
induced by MNU and chronic testosterone (MNU + T) via subcutaneous Silastic implants in WU
rats. Rats received either AIN-93M diet or AIN-93M supplemented with 5 or 10% lyophilized
BRB powder. Overall incidence of grossly observed large prostate tumors, histologically
confirmed as adenocarcinomas, was reduced from 52% (16 of 31) in the control group to 46%
(14 of 30) and 25% (8 of 32) in the low and high dose BRB groups, respectively, which was
significant (p = 0.031 X2 test), as was the difference between the control and high dose groups
(0.039, 2-sided Fisher test). However, detailed examination of step sections revealed no
statistically significant difference in incidences of neoplastic lesions in any of the accessory sex

glands, although there was an apparent, but non-significant, shift from large (>5 mm) to small

(<5 mm) tumors (p = 0.065; Table IV).

Noble (NBL) Rat Model: We also studied the effect of feeding AIN-93M diet containing 5 or
10% lyophilized BRB powder on induction of prostate cancer in NBL rats by chronic
testosterone plus 17B-estradiol (T + E2). As was the case in the MNU + T model, we did not
observe any differences among the three groups in total cancer incidence in this model and

prostate cancer multiplicity was also not affected by the BRB treatment (Table V).
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Table IV. Results of prostate cancer induction study in WU rats fed BRBs

Group 1 2 3
Treatment (% BRB in diet) 0% 5% 10%
Effective number of animals 31 30 32

Number (%) of rats:

All Accessory Sex Glands Combined
(dorsolateral and anterior prostate plus seminal vesicle):

Grossly observed tumors at necropsy 16 (52)@P 14 (47)2 8 (25) 2P
Adenocarcino(sarco)ma, All (with or without C.1.S.) 23 (74) ND 23 (77)
Microscopic (< 5 mm) 6 (19)° ND 12 (38) ¢
Macroscopic (> 5 mm) 17 (55) ¢ ND 11 (34) ¢
Adenocarcinoma + C.I.S. 26 (84) ND 24 (75)
Carcinoma in situ (C.I.S.) only 3(10) ND 1(3)

Dorsolateral Prostate Region
(originating from dorsolateral or anterior prostate or seminal vesicle):

Adenocarcino(sarco)ma, Macroscopic size 5 (16) ND 6 (19)

Anterior Prostate/Seminal Vesicle Region
(originating from anterior prostate or seminal vesicle):

Adenocarcino(sarco)ma, All 6 (19) ND 309
Microscopic (< 5 mm) 0 ND 1(3)
Macroscopic (> 5 mm) 6 (19) ND 2 (6)

Dorsolateral plus Anterior Prostate
(clearly confined to these glands; w or w/o seminal vesicle lesions):

Adenocarcinoma, Microscopic (with or without C.I.S.) 7 (23) ND 8 (25)
Adenocarcinoma + C.1.S. 10 (32) ND 11 (34)
Carcinoma in situ (C.1.S.) only 3 (10) ND 3(9)

Seminal Vesicle Only
(clearly confined to this gland; w or w/o C.I.S. in dorsolateral/ anterior prostate):

Adenocarcinoma, All (with or without C.I.S.) 4 (13) ND 6 (19)
Microscopic (< 5 mm) 2 (6) ND 5 (16)
Macroscopic (> 5 mm) 2 (6) ND 1(3)

4 Trend: p = 0.031 (X2 Test)

b Difference: p = 0.039 (2-sided Fisher Exact Test)

¢ Shift from large to small tumors: p = 0.065 (1-sided Fisher Test), p = 1.30 (2-sided Fisher Test)
Abbreviations: C.I.S. = Carcinoma in situ; ND = Not Determined
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Table V. Results of prostate cancer induction study in NBL rats fed BRBs

Group 1 2 3
Treatment (% BRB in diet) 0% 5% 10%
Number of animals 30 30 30
When only one slide was examined:
Number of rats with prostate carcinomas (%) 18 (60) ab 24 (77) 26 (87) ab
Mean number of carcinomas per cancer-bearing 1.72+£0.75 1.75+£0.85 1.88+0.77
rat = SD
When six slides per prostate were examined:
Number of rats with prostate carcinomas (%) 28 (93) ND 30 (100)
Mean number of carcinomas per cancer-bearing 2.28+1.01 ND 277+1.17¢

rat £ SD

4 p = 0.044 (X2 test); p = 0.016 for linear trend

. p = 0.044 for difference with the control group (2-sided Fisher exact test)

¢ p =0.10 (2-sided t-test); p = 0.099 (2-sided t-test with Welch’s correction for unequal SDs; p = 0.08 (2-

sided Mann Whitney test) for difference with the control group
Abbreviations: SD = Standard Deviation; ND = Not Determined
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C. Discussion

Numerous publications have demonstrated anti-cancer effects of black raspberries in Gl
cancers, including many examples of efficacy in vitro and in animal models, as well as several
reports describing chemopreventive and therapeutic effects of BRBs observed in clinical trials.
By contrast, there is relatively little known about the effects of BRBs on organs outside of the Gl
system. In the present study, we provide the first information of BRB effects on rat prostate

carcinogenesis and several prostate cancer cell lines.

The effectiveness of BRBs is often attributed to their high anthocyanin content (193-195).
We evaluated the effects of Cy-3-Rut, the most abundant BRB anthocyanin, on growth of
prostate cancer cell lines using multiple proliferation assays. Contrary to our hypothesis, we
found no effect on proliferation of prostate cancer cells by Cy-3-Rut (up to 100 uM). This result
was observed consistently across cell lines and in three different proliferation assays, reducing
the likelihood that these findings are an artifact of experimental design or is due to cell line- or
assay-specific characteristics. Further investigation into the anti-cancer properties of Cy-3-Rut
revealed no effect on anchorage-independent growth or in vitro migration of PC-3 cells. These

results suggest that anthocyanins are not effective inhibitors of prostate cancer.

The lack of growth inhibitory effects of Cy-3-Rut prompted us to evaluate anthocyanin
uptake by prostate cancer cells, with the new hypothesis that low Cy-3-Rut uptake by prostate
cells was precluding inhibitory effects on cell growth. Our analysis of intracellular anthocyanin
levels supported this theory by revealing that culturing 22Rv1 cells in media supplemented with
BRB extract or Cy-3-Rut does not lead to intracellular accumulation of Cy-3-Rut or its aglycone
(cyanidin). But when cells were treated with cyanidin directly, we observed robust intracellular
levels of this compound, as well as reduced proliferation of 22Rv1, PC-3 and C4-2 cells at high

concentrations. These findings suggest that prostate cancer cells are sensitive to effects of the
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anthocyanidin aglycones, but insensitive to the parent anthocyanins (such as Cy-3-Rut) due to
an inability to take up these compounds. Impaired uptake and activity of anthocyanins, relative
to their aglycones, has been previously reported and is thought to be caused by hindrance due
to the presence of bulky glycosidic moieties. In one study comparing the incorporation of several
anthocyanins into endothelial cells, an inverse association between anthocyanin uptake and the
number of glycoside groups was reported (272). Another study investigating protective effects of
anthocyanins against DNA damage, cyanidin and delphinidin, but not their glycosides, were
effective against lipid peroxidation, leading the authors to conclude that protective effects of

anthocyanins are diminished by the presence of bulky sugar moieties (273).

In contrast to the ineffectiveness of Cy-3-Rut, we did observe growth inhibitory activity of EA
on prostate cancer cells. EA significantly reduced viability in five of the six cell lines tested,
having the greatest impact on the two most aggressive cell lines (22Rv1 and PC-3), suggesting
that EA may preferentially target rapidly proliferating cells types. However, inhibitory
concentrations of EA (>10 uM) in this study are unlikely achievable through dietary consumption
of BRBs or other EA containing foods. On the other hand, in the colony formation assay EA
inhibited anchorage-independent growth of PC-3 cells at concentrations as low as 1 uM.
Inhibition of colony formation by the lower levels of EA used in this assay could be due to
activity on mechanisms associated with metastatic and invasive growth. It has been indicated
that EA can reverse epithelial-to-mesenchymal transition by modulating expression of factors
involved in cell adhesion, metastasis, and chemotaxis (274-276). Alternatively, the effects at low
EA doses may be a result of prolonged exposure to EA on proliferation (3 weeks in colony
formation assay vs. 3 days in the SRB assay). Inhibitory effects on proliferation due to chronic
exposure may also provide an explanation for reduction in colony number in BRB and PCA

treated cells at concentrations that did not decrease proliferation after 72 hours.
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Figure 27. Deglycosylation and degradation of cyanidin-3-rutinoside

Considering the results of our anthocyanin uptake experiments, it is not surprising that we
did not observe inhibitory effects in vitro, but this may not provide an explanation for absence of
efficacy in our animal experiments. Based on the current understanding of anthocyanin
metabolism, the inability of BRBs to prevent prostate cancer in our study is conceivably due to
low tissue bioavailability. Both anthocyanins and their aglycones are very unstable under
physiological conditions, rendering them subject to rapid metabolic modification and/or
degradation (Figure 27) (230, 277). The instability of these compounds is immediately apparent
when they are added to cell culture media by observing the characteristic loss in color
associated with degradation (Figure 28). In the digestive tract, anthocyanins are deglycosylated
either by gut microflora or by epithelial enzymes (such as B-glucosidase and LPH) or they can
be taken up intact by glucose transporters and metabolized by intracellular B-glucosidases (119,
278-282). Following absorption, anthocyanins can undergo further hepatic modification to

glucuronidated, methylated, or sulphated forms before entering circulation (283-285). Overall,
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Figure 28. Anthocyanin degradation is associated with loss of color
Cyanidin (right) is less stable than Cy-3-Rut (left) in phenol red-free RPMI
media at 37°C and is rapidly degraded, resulting in a color change.
Although Cy-3-Rut is more stable than the aglycone under physiological
conditions, it also subject to degradation within 24 hours.

the extensive metabolism and rapidly degradation of anthocyanins suggest poor systemic
bioavailability (Figure 29). Concordantly, studies have demonstrated that anthocyanins are
detectable at only very low plasma levels after ingestion, with phenolic degradation products
appearing soon after ingestion (280, 282, 286). Intact anthocyanins (cyanidin-3-glucoside) have
been identified in prostate tissue of animals fed an anthocyanin-enriched diet, but at only very
low levels (1-3% of amount administered in the diet) that are likely insufficient to be biologically
active (287, 288). Moreover, we observed very low intracellular levels of Cy-3-Rut and cyanidin
in prostate cancer cells following exposure to Cy-3-Rut, suggesting that prostate cells may lack
ability to transport or metabolize anthocyanins. Thus, even if anthocyanins can reach the

prostate tissue through the circulation, they would likely lack chemopreventive efficacy.



65

Cyanidin-3-Rutinoside
Black

Raspberries \ Sen

cytosolic
B-glucosidase

OH OH

°“ i B-glucosidase
e ¢ i
e Cyanidin  on &%

PH | "oy
Glucoronidation O Z o
OH

Methylation .
3
PCA
(o]
Hojg)\OH
HO
/" Sulphation 1
| Glucoronidation " G
'\ Methylation Irculation Prostate
\ /

=

Figure 29. Digestion and metabolism of BRB anthocyanins

We were able to quantify PCA (up to 10 ng/g), the primary anthocyanin metabolite, in
prostate tissue of rats following dietary administration, demonstrating that PCA is bioavailable to
the prostate. However, levels of PCA obtained through dietary administration of BRBs were not
sufficient to inhibit induction of prostate cancer in our study. Although it has been shown that
PCA may play a role in cancer prevention via induction of apoptosis, inhibition of inflammation,

and reduction of oxidative damage (289), concentrations of PCA necessary to elicit these
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effects do not reflect levels that can be achieved through dietary consumption. In our in vitro
studies, we tested a wide range of PCA concentrations and did not see effects on proliferation,
migration or colony formation at concentrations comparable to those detected in prostates of

NBL rats (1-10 ng/mL) or at higher concentrations (up to 10 pg/mL).

Bioavailability and metabolism of EA, although different from anthocyanins, may also
contribute to the inability of BRBs to prevent prostate cancer. EA has greater stability compared
to anthocyanins, but very low aqueous solubility (water solubility =~ 9.7 ug/mL), which limits
absorption (249). Ingested EA is metabolized by colonic bacteria to dibenzopyran-6-one
derivatives (urolithins), mainly urolithin A (UroA). The solubility of these metabolites is greater
than that of EA due to the reduction in the number of hydroxyl groups, which improves
absorption but diminishes their antioxidant capacity (246, 250, 251). Effects of UroA on prostate
cancer cells were not evaluated in this part of the project, but were later investigated as a

consequence of the outcome of this study and are reported in a Chapter V of this dissertation.

We were unable to determine prostatic levels of EA and UroA in this study due to limitations
in quality and quantity of our rat prostate tissue available, however some information regarding
prostate bioavailability of EA and its metabolites has been reported by others. Following oral
administration of UroA (0.3 mg/mouse/dose), urolithin metabolites were detected in mouse
prostate tissue, but neither EA nor urolithin metabolites were detected in mouse prostate tissue
after feeding a diet supplemented with an ellagitannin-enriched pomegranate extract (0.8
mg/mouse/dose, containing approximately 0.03 mg EA) (290). In a clinical trial with 63 men
consuming either walnuts (35 g/day, containing 210 mg EA) or pomegranate juice (200 mL/day,
containing 279 mg EA) for three days, investigators were able to detect EA metabolites in the
prostate tissue of only 8 of the 33 (24%) patients who consumed either walnuts or pomegranate

juice and at very low levels (up to 2 ng/g UroA glucuronide conjugate) (291).
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The absence of preventive effects in our animal experiments is in contrast to prior studies
showing efficacy of dietary BRBs in prevention of estrogen-induced mammary carcinogenesis in
ACI rats (213-215). Diets supplemented with 2.5% BRB powder resulted in a 69% reduction of
tumor volume and a 37% reduction in tumor multiplicity, but did not affect tumor incidence (214).
Increasing BRB dose to 5% did not further reduce tumor volume, but did significantly delay the
appearance of tumors (215). Additionally, BRBs reduced expression of CYP1Al and CYP1B1,
enzymes which are involved in converting estradiol to DNA-damaging catechol metabolites,
suggesting that the protective effects of BRBs in this model may be attributed to a reduction in
genotoxic metabolites via altered estrogen metabolism (213). To date, all mammary tumor
prevention studies with BRBs have been carried out in female ACI rats with hormone-induced
mammary cancer. However, in a study investigating the effects of ellagic acid, the incidence of
carcinogen-induced (7,12-dimethyl benzanthracene; DMBA) mammary tumors was not

significantly reduced (292).

In our study, 5% and 10% dietary BRBs did not protect against either hormone-induced or
carcinogen-induced rat prostate tumorigenesis. It is unclear why BRBs lacked efficacy in our
study, but were protective against hormone-induced mammary cancer in rats. It is possible that
the chemopreventive activity of BRBs or BRB constituents is mediated by effects on estrogen
metabolism. It has been reported that anthocyanins, EA and urolithins have estrogen receptor
modulating activity, and dietary BRBs were shown to modulate several enzymes involved in
estrogen metabolism (213, 293, 294). Given that carcinogenesis in the ACI rat model is driven
exclusively by chronic exposure to estradiol, the involvement of BRBs in estrogen metabolism
provides a plausible explanation for their protective effect against mammary tumorigenesis
(295). While it was been shown that estradiol exposure plays a role in prostate carcinogenesis
in the NBL rat model, additional mechanisms, including inflammation and testosterone-induced

proliferation, contribute to the development of prostate tumors in this model (255, 296). The
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effect of BRBs on these factors remains unresolved. Another possible explanation for why BRBs
did not inhibit prostate carcinogenesis in our study is that the carcinogenic stimulus of chronic
exposure to high estradiol levels in NBL rats may have been substantial enough to obscure
protective effects of BRBs. Previous studies have shown that the magnitude of BRBs
effectiveness is dependent on the level of estradiol exposure; 2.5% BRBs reduced mammary
tumor incidence induced by chronic low-dose estradiol implants (9 mg 17B-estradiol per
implant), but did not reduce incidence when a higher dose of estradiol (27 mg 173-estradiol per
implant) was used to induce carcinogenesis (213, 214). BRB intervention reduced tumor volume
and burden in both models, but effects were greater in animals exposed to low-dose estradiol,
demonstrating that effects of a dietary BRB intervention were enhanced when estradiol doses
were reduced. Also, our PCA results (see above) suggest that active BRB compounds may not

have reached the prostate in concentrations that are sufficient for prevention of carcinogenesis.

In conclusion, BRBs did not inhibit the development of rat prostate carcinogenesis and did
not inhibit prostate cancer growth at physiological concentrations in vitro. It seems likely that the
chemopreventive effects of BRBs observed in studies of Gl cancers are attributed to localized
absorption and direct contact of BRB compounds with target tissue. BRB constituents that come
in contact with these tissues can exert anti-cancer effects at the site of absorption. However,
instability and low bioavailability of bioactive BRB compounds and their metabolites dramatically
limits circulating levels, so that distant tissues, like the prostate, are not exposed to quantities
sufficient for preventing cancer. While the potential of BRBs as preventive and therapeutic
agents for Gl cancers remains encouraging, our evidence indicates that BRBs are unlikely to be

effective for preventing prostate cancer.



V. IN VITRO EFFECTS OF BLACK RASPBERRIES AND THEIR CONSTITUENTS ON
EFFICACY OF TAXANE CHEMOTHERAPY IN PROSTATE CANCER CELLS

A. Introduction

Despite the increasing number of therapeutic options available, managing prostate cancer
continues to be challenge. Androgen deprivation therapy (ADT) has remained an effective
mainstay for first-line therapy; however, although highly successful initially, nearly all tumors
become resistant to ADT and progress to castrate-resistant prostate cancer (CRPC) (297, 298).
The standard of care for CRPC includes a regimen of taxane-based chemotherapy, with
docetaxel as first-line systemic treatment and cabazitaxel as potential second-line option (299-
302). These secondary chemotherapeutic measures to control and cure advanced-stage
prostate cancer lack substantial efficacy, increasing overall survival time by only a few months,
and can severely impair the quality-of-life of the patient (41, 301, 303). As a consequence, many
men with prostate cancer, particularly those with more advanced stage disease, chose to make
dietary modifications or use some form of dietary supplements in addition to their standard of

care therapy regimens (304-306).

The use of complementary and alternative medicine (CAM) is widespread among adults in
the U.S. and is becoming increasingly common (307, 308). In particular, the use of dietary
supplements as CAM is very prevalent in the general population and is especially high among
cancer patients (309, 310). In a recent study, 61.2% of cancer patients reported using at least
one dietary supplement (excluding multivitamins), while men with recurrent cancers were almost
twice as likely to use supplements compared to other patients (311). This is comparable with
another study in which 48% of men with prostate cancer reported use of at least one dietary

supplement, which was about 10% higher than the prevalence in cancer-free men (312). The

69
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use of dietary supplements often occurs concurrently with other medications. In a cohort of
adults ages 62-85, 53.9% of participants reported the concomitant use of dietary supplements
with prescription medication in 2005, which increased to 65.7% in 2011 (313). Despite the
frequent use of supplements by cancer patients in combination with prescription medications,
little information exists on potential beneficial or harmful interactions between most supplements

and chemotherapy drugs.

The development of black raspberries (BRBs) as potential cancer prevention agents has
gained much attention and BRB preparations are currently being investigated in several clinical
trials (314). Anthocyanins, ellagic acid, ferulic acid and quercetin are some of the biologically
active components of BRBs, and there is evidence that each alone exhibits anti-cancer and
antioxidant properties (315-319). In addition to preventive and therapeutic effects, BRBs could
potentially be used as adjuvants to chemotherapy. However, no studies have investigated the
use of BRBs for this purpose. It remains unknown whether BRBs can be used to enhance the
effectiveness of chemotherapy, but considering that many of the biological activities of BRBs
target similar pathways as chemotherapeutic drugs, it is a plausible that BRB combination

therapy could result in enhanced drug efficacy and reduced resistance.

In the present study, we investigated the ability of BRBs to modulate effects of taxane
chemotherapeutic agents used in the treatment of CRPC. We hypothesized that treatment of
prostate cancer cells with BRB extract would improve effectiveness of standard chemotherapy
agents, docetaxel (DX) and cabazitaxel (CBZ), resulting in decreased proliferation and
increased apoptosis, and increase sensitivity of prostate cells to chemotherapeutic agents by
inhibiting mechanisms of taxane resistance. A secondary objective of this study was to rule out
possible adverse effects, i.e., reduction of the anti-cancer activities of DX and CBZ by BRB
compounds. ldentification of any harmful effects or absence thereof is critically important from a

clinical standpoint for patients who are consuming such supplements while on chemotherapy.
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Thus, we evaluated co-treatment of BRB extract, protocatechuic acid (PCA), and ellagic acid
(EA) with DX and CBZ in CRPC prostate cancer cells. The effects of BRB extract and PCA with
taxanes are presented in this chapter, whereas results of EA in combination with taxanes are
presented separately in Chapter V. Additionally, results from control experiments confirming the

effectiveness of taxanes alone can be found in Appendix C.

B. Results

i. Black raspberry extract inhibits microtubule assembly in vitro

It is well established that microtubule polymerization by taxanes prevents disassembly of
mitotic spindle structure, leading to G2/M arrest and apoptosis (64, 320). Effects of BRB
constituents on microtubule dynamics have not been investigated, but it has been reported that
an anthocyanin-containing bilberry extract can cause depolymerization of microtubules in MCF-
7 breast cancer cells (321). We investigated the effects of DX, CBZ, BRB extract and PCA on
tubulin polymerization using an in vitro (cell-free) assay. As expected, both DX and CBZ had a
robust, dose-dependent effect on polymerization (Figure 60, Appendix C). Tubulin
polymerization was prevented by BRB extract at 10, 100 and 1,000 pug/mL (Figure 30A). PCA
(20 pg/mL) insignificantly increased the amount of polymerized tubulin from 25.6% (control) to
46.7% (Figure 30B). We next investigated the effects of BRBs and PCA in combination with
CBZ. The combination of BRB extract (1 mg/mL) and CBZ (100nM) decreased polymerization
by 24.1% compared to CBZ alone (Figure 31A). PCA (10 pg/mL) in combination CBZ resulted in

a non-significantly increase in tubulin polymerization (Figure 31B).
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Figure 30. Effects of BRB extract (A) and PCA (B) on tubulin
polymerization in vitro.
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ii. Black raspberry extract does not alter microtubule assembly in 22Rv1 cells

Because BRB extract reduced efficacy of CBZ in vitro, we proceeded to study the effects of
BRBs in combination with CBZ on microtubule assembly in 22Rv1 cells. First, the extent of
microtubule polymerization was determined by the amount of soluble and polymerized tubulin
via western blotting. 22Rv1 cells were treated with vehicle (EtOH), BRB (1 mg/mL), CBZ (10
nM) or BRB + CBZ for 24 hours, cells were lysed and the amount of tubulin present in
supernatant (soluble) and pellets (polymerized) was analyzed. Unlike the results from the cell-
free assay, BRB treatment did not reduce the amount of polymerized tubulin (Figure 32 A & B);
polymerized tubulin in BRB treated cells was similar to control cells. Additionally, tubulin
polymerization in cells that received BRB and CBZ combination treatment was not significantly
different than that of cells treated with CBZ alone. We further evaluated effects of BRB and CBZ
combination treatment on tubulin polymerization in 22Rv1 cells by confocal microscopy. Results
were similar those of western blot analysis; there were no apparent differences in microtubule
morphology were observed for control compared to BRB treated cells, or for CBZ treated

compared to combination treated cells (Figure 32C).

iii. Neither black raspberry extract nor protocatechuic acid enhance cytotoxicity of taxanes

To determine if BRB extract and PCA alter cytotoxicity of taxanes, we measured cell
proliferation in 22Rv1 and C4-2 cell lines, which are capable of androgen independent growth
and resemble the aggressive clinical phenotypes of CRPC. In the SRB proliferation assay, BRB
extract (1 mg/mL) or PCA (10 pg/mL) in combination with CBZ (0.01 nM — 1 uM) did not further
reduce the growth of prostate cells compared to CBZ alone (Figure 33 A-D). Additionally, we
investigated combination effects of BRBs and PCA with CBZ on DNA synthesis activity by

measuring incorporation of a thymidine analog (EdU) into DNA of C4-2 cells. Cells were treated
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Figure 33. Combination effects of BRB extract, PCA and CBZ on proliferation of
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Figure 34. Effects of BRB extract and PCA in combination with CBZ on S phase
activity in C4-2 cells. S phase activity was assessed by measuring incorporation of a
thymidine analog into DNA of C4-2 cells after treatment with BRB extract (1 mg/mL), PCA
(10 pg/mL) and CBZ (0.001 — 1,000 nM).

with BRB extract or PCA in combination with CBZ at the same concentrations that were used in
the SRB assay. There were no differences in EdU incorporation for either BRB or PCA

combination treated cells compared to CBZ (Figure 33 E & F).

iv. Black raspberry extract and protocatechuic acid do not inhibit efflux activity

Increased activity and expression of ATP binding cassette (ABC) transporters, including P-
glycoprotein (P-gp; also known as MDR1 and ABCB1), has long been associated with multidrug
resistance (MDR) to numerous drugs (55, 322-324). The efflux activity of these proteins, which

reduces intracellular drug accumulation, has been implicated in taxane resistance in CRPC
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patients (325, 326). Effects on BRBs on activity of efflux transporters has not be investigated,
but MDR inhibition by numerous dietary agents has been reported (327). We evaluated efflux
activity in C4-2 cells treated with BRB (1-1,000 mg/mL) and PCA (0.01-10 pg/mL) by
measuring intracellular accumulation of fluorescent dye calcein AM. We observed no
differences in intracellular calcein AM levels in cells treated with BRB or PCA compared to

control (Figure 35), indicating neither BRB extract nor PCA affected efflux activity.
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Figure 35. BRB extract and PCA do not alter efflux activity of 22Rv1 cells.

v. Black raspberry extract and protocatechuic acid do not alter CYP3A4 activity

CYP3A4 is the enzyme responsible for metabolizing taxanes (328). CYP3A4 activity can be
modulated by pharmaceutical agents, certain foods and dietary supplements, and can have
consequences on drug toxicity (329-331). We investigated the effects of BRB extract (0.1-1,000
mg/mL) and PCA (0.01-10 ug/mL) on CYP3A4 activity using CYP3A4 expression microsomes.

We did not observe an effect of either BRBs or PCA on CYP3A4 activity (Figure 36).
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Figure 36. BRB extract and PCA do not alter CYP3A4 activity.

C. Discussion

Although we observed inhibition of microtubule assembly by BRBs in vitro, this result is likely
an experimental artifact and not biologically relevant, since the same BRB extract did not elicit
any effects on microtubules in cells. Microtubule formation relies on the hydrolysis of GTP to
GDP to induce polymerization of tubulin subunits (332). Tubulin polymerization will occur
spontaneously at 37°C when tubulin is combined with GTP, but can be modulated by the
presence of certain substances including GTPases, sucrose, and calcium ions (333, 334). In our
experiment, the effects of BRB extract and PCA on tubulin polymerization were evaluated by

combining them with a solution containing purified tubulin protein, GTP, and DAPI®, then

> DAPI is used as a fluorescent reporter for microtubule formation due to its ability to bind tubulin
polymers; when bound to microtubules, the fluorescence intensity of DAPI is enhanced (335).
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measuring the increase in fluorescence intensity as an indicator of polymerization. The
simplicity of this assay allows for straightforward identification of compounds that directly
interact with tubulin, but lacks the complexity of the intracellular environment. Given that our
BRB extract is a mixture of numerous constituents, it is possible that one or more of the
components interferes with tubulin protein assembly or GTP hydrolysis in this assay, but do not
normally affect microtubule dynamics under physiological conditions. The absence of effects by
BRBs on the relative amount of polymerized tubulin or on morphology of microtubules observed

in 22Rv1 cells supports this theory.

Circulating and intracellular levels of taxanes are regulated by several factors including
metabolism by CYP3A4 and efflux activity of ABC transporters. The effects of berry
anthocyanins on CYP3A4 and drug transporter activity have been reported by others. Cyanidin
aglycones and glycosides had no effect on efflux activity of MDR1, whereas the cyanidin had a
slight inhibitory effect on BCRP1 activity, but inhibition of BCRP1 by cyanidin glycosides was not
as substantial (336). Similar results were reported in another study, in which cyanidin aglycones
but not glycosides had an modest inhibitory effect on efflux activity (337). Additionally,
anthocyanins inhibited CYP3A4 activity and expression hepatic cells, but only at high
concentrations (50-100 uM). In the present study, we found no effects of BRB extract and PCA
on efflux activity of 22Rv1 cells or CYP3A4 activity in microsomes. Although we did not study
the effects of isolated anthocyanins in these assays, our findings appear to be consistent with
findings of others demonstrating that efflux transporters and CYP3A4 activity are not

substantially altered by anthocyanin glycosides.

We found no significant effects of PCA on mechanisms related to taxane toxicity,
metabolism, or resistance. In the polymerization assay, we observed a slight enhancement in
tubulin polymerization by PCA compared to control and by the combination of PCA and CBZ

compared to CBZ alone, but these effects were not statistically significant. It is possible that
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inability of PCA to elicit a response in these assays is due to the concentrations used in this
study. We did not investigate concentrations of PCA higher than 10 ug/mL, thus it remains

possible that higher pharmacological doses of PCA may have activity.

Dietary modifications and use of supplements, especially those with antioxidant activity, in
combination with chemotherapy is an unresolved issue, as the beneficial or harmful effects of
many agents on drug effectiveness are not known. Our findings suggest that intake of BRBs
during taxane chemotherapy is safe and not likely to reduce or enhance drug efficacy. Although
the results presented in this chapter were obtained through in vitro methodologies, we expect
similar results would be observed in vivo. Considering the low bioavailability of BRB
compounds, they will probably not reach sufficient circulating levels to have an effect on taxane
mechanisms of action, uptake, or metabolism at target tissues. However, it is possible that BRB
constituents could alter the efficacy of other chemotherapeutic drugs. The mechanism of action
for taxanes is microtubule stabilization, which is not associated with oxidative stress, but many
other agents — such as platinum-based chemotherapeutic drugs and alkylating agents — induce
apoptosis primarily by generating reactive oxygen species and producing high levels of
oxidative stress (338). BRB anthocyanins are known to exert potent antioxidant activity, and

may is possible that even low levels could antagonize pro-oxidant activities of some drugs.

In conclusion, we found no evidence to suggest that BRBs or the anthocyanin metabolite
PCA enhance effects of taxane chemotherapy. Likewise, we did not find any effect of BRB
extract or PCA on taxane metabolism or mechanisms of resistance. These findings suggest that
while consumption of BRBs during taxane chemotherapy will not provide a therapeutic benefit, it

is safe and not likely to reduce drug effectiveness or increase toxicity.



V. MICROTUBULE POLYMERIZING EFFECTS OF ELLAGIC ACID AND IMPACT ON
THE EFFECTIVENESS OF TAXANE CHEMOTHERAPY

A. Introduction

Ellagitannins are naturally occurring compounds found in pomegranates, berries, walnuts
and numerous other foods that release ellagic acid (EA) upon hydrolysis, which is further
metabolized by intestinal microflora to yield urolithins, such as urolithin A (UroA). Ellagitannins,
EA, and urolithins exhibit potent antioxidant and anti-cancer activity in a variety of cell and
animal models (195, 213, 244-247). In Chapter Ill, we reported that EA inhibited proliferation
and anchorage independent growth in prostate cancer cell lines. Similar anti-proliferative effects
of EA on prostate cancer cell lines have been reported by others (290, 339-341). Additionally,
EA suppressed AR and PSA expression in LNCaP cells (342) and induced G2/M arrest in PC-3
and DU-145 cells (343). Moreover, LAPC-4 tumor xenograft growth was inhibited in mice fed an
ellagitannin-enriched diet and EA metabolites could be detected in prostate tissue of these mice

(290).
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Figure 37. Chemical structures of ellagic acid and urolithin A
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Little is known about the potential use of EA as an adjuvant to taxane chemotherapy for
CRPC. Polyphenolic compounds with antioxidant activity have been suggested to antagonize
drugs that exert cytotoxicity via induction of oxidative stress (344), but not much is known about
their effects on other kinds of chemotherapeutic agents. There is some evidence to suggest that
EA could interfere with the mechanisms of taxanes. It has been previously reported that EA
sensitizes cancer cells to the effects of ionizing radiation (345) and inhibits ABCG2 transport,
which is involved in drug resistance to chemotherapeutic agents (346). Only one clinical trial has
reported the use of EA in CRPC patients receiving chemotherapy (347). In this study, men
undergoing a regimen of vinorelbine and estramustine were co-treated with daily dose of EA
administered orally for the duration of chemotherapy. EA combination treatment was associated
with a reduction in serum PSA and overall survival, but these observations did not reach
statistical significance. While, no studies have investigated EA in combinations with taxanes, a
study evaluating the combination effects of pomegranate extract, a rich source of ellagitannins,
and docetaxel reported an enhancement of drug efficacy on prostate cancer cell growth and

inhibition of metastasis in vivo (348).

We investigated the effects of EA and its metabolite UroA in combination with taxane
chemotherapeutic drugs, docetaxel (DX) and cabazitaxel (CBZ) in CRPC cell lines and in an
animal model. We hypothesized that co-treatment of taxanes with EA could enhance drug
effectiveness by increasing cytotoxic and apoptotic effects of taxanes, and inhibit mechanisms

of taxane resistance.
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B. Results

i. Ellagic acid and urolithin A inhibit growth of prostate cancer cells

We evaluated the growth inhibitory effects in androgen receptor expressing 22Rv1 and C4-2
cells, and in androgen receptor negative PC-3 cells. We previously reported anti-proliferative
activity of EA on prostate cancer cells (Chapter lll). In this study, we determined the effects of
UroA (1 — 100 uM), the primary metabolite of EA, on cell proliferation using the SRB assay.
UroA reduced proliferation (Figure 38B) at 10 uM in 22Rv1 (by 26.3 + 8.2%) and PC-3 cells (by
26.1 £ 7.9%), and at 30 uM in C4-2 (by 38.7 £ 9.6%), 22Rv1 (by 83.7 + 5.9%) and PC-3 cells

(by 63.6 + 3.0%).

ii. Ellagic acid induces microtubule assembly

As mentioned in previous chapters, taxanes act on microtubules by binding to B-tubulin,
preventing disassembly of mitotic spindle structures, which leads to G2/M arrest and apoptosis
(64, 320). Likewise, it has been previously shown that EA and UroA can induce apoptosis and
cell cycle arrest in the G2/M phase of colon cancer cells (349, 350). Studies have demonstrated
that polyphenolic compounds with structural similarity to EA can interact with tubulin and alter
microtubule dynamics in endothelial cells (351). Therefore we investigated the effects of EA and
UroA on tubulin polymerization using an in vitro (cell-free) assay. 10 yM EA enhanced tubulin
polymerization by 61.0 £ 12.9% compared to control (Figure 39A). UroA also induced tubulin

polymerization, but this effect was minimal and not significantly different from control.
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Figure 38. Effects of ellagic acid and urolithin A on proliferation of
prostate cancer cells. Proliferation was measured in C4-2, 22Rv1 and
PC-3 prostate cancer cell lines using the SRB assay after 72 hours
treatment with 1-30 pM ellagic acid (A; figure previously shown in Chapter
lll) and 1-100 pM urolithin A (B) and normalized to vehicle control treated
cells. Data represent mean = SD; *significantly different from vehicle

control p < 0.05.
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We next examined the effect of EA on microtubule assembly in 22Rv1 cells. The extent of
microtubule polymerization was determined by the amount of soluble and polymerized -tubulin.
After treating 22Rv1 with EA (1 — 30 uM) for 24 hours, cells were lysed and tubulin present in
supernatant (soluble) and pellets (polymerized) was analyzed by western blotting. Treatment of

cells with EA resulted in a dose-dependent increase in polymerized B-tubulin (Figure 39B).

iii. Ellagic acid interferes with microtubule polymerizing effects of taxanes

Because EA induced tubulin microtubule assembly, we predicted that combination treatment
with EA and CBZ would further enhance tubulin polymerizing activity of CBZ. We assessed
tubulin polymerization effects of EA (10 yM) in combination with CBZ (100 nM) using the same
cell-free assay as in the previous section. Contrary to our expectation, the combination of EA
and CBZ inhibited the extent of tubulin polymerization compared to CBZ alone. As shown in
Figure 40, CBZ induced tubulin polymerization as expected, but the maximal response was

reduced with combination treatment of EA and CBZ.

We further investigated the effects of EA in combination with CBZ on microtubule assembly
in 22Rv1 cells by western blotting and confocal microscopy following 24 hour incubation with
vehicle, 10 uM EA, 10 nM CBZ, or 10 uM EA + 10 nM CBZ (Figure 41). Treatment with CBZ
caused a profound change in microtubule appearance as visualized by an increase in
microtubule density. Treatment with 10 uM EA alone increased tubulin polymerization slightly
compared to control treated cells, but the combination of EA + CBZ decreased tubulin

polymerization compared to CBZ alone.
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Figure 40. Combination effects of EA and CBZ on tubulin polymerization in vitro.
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Figure 41. Combination effects of EA and CBZ on tubulin polymerization in 22Rv1 cells.
Microtubules (green) were visualized by confocal microscopy (A), and levels of soluble and

polymerized were determined by western blot (B).
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iv. Ellagic acid does not alter the cytotoxicity of taxanes in CRPC cell lines

Based on previously reported growth inhibitory effects of EA and UroA on cancers cells, we
hypothesized that the cytotoxicity of taxanes would be enhanced by co-treatment with EA and
UroA. However, results from our tubulin polymerization assays suggest that EA may reduce
taxane efficacy by interfering with ability to induce microtubule polymerization. To study
combination effects on cell proliferation, we treated 22Rv1 cells with DX (0.1 — 10 nM) or CBZ
(0.01 nM — 1 uM) alone and in combination with EA (3, 10 and 30 yM) or UroA (10 uM). Cells
were treated for 72 hours and cell proliferation was measured using the SRB assay. As
expected, both CBZ and DX exhibited potent cytotoxicity on 22Rv1 cells (Figure 58 & Figure 59,
Appendix C). As shown in Figure 42, proliferation of cells treated with DX or CBZ in combination
with EA did not differ significantly from cells treated with DX or CBZ alone (Figure 42 A & B).
Likewise, combination treatment with UroA was not different than CBZ alone (Figure 42C).
Additionally, we examined the effects of EA and CBZ on S-phase activity by performing an EdU
(thymidine analog) incorporation assay as an indicator of DNA synthesis. We analyzed EdU
incorporation in C4-2 cells treated with 10 yM EA in combination with CBZ (0.01 nM — 1 uM).
Consistent with results from the SRB assay, no enhancement or inhibition of CBZ by EA was
observed (Figure 42D). Together these results suggest that neither EA nor UroA treatment

alters growth inhibitory effects of taxanes.

v. Ellagic acid binds to tubulin

The inhibition of microtubule polymerizing activity of taxanes by EA in a cell-free assay led
us to speculate that EA may be acting directly on microtubules by binding to tubulin. We

investigated the potential binding interactions of EA and tubulin using label-free, surface
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Figure 42. Ellagic acid and urolithin A do not alter cytotoxicity of taxanes. Proliferation
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plasmon resonance (SPR) assay to test for direct interactions between EA and tubulin. EA
displayed binding affinity for tubulin with an equilibrium dissociation constant (Kp) of 36.7 pM
(Figure 43B). Docetaxel bound tubulin with a high affinity (Ko = 28.6 uM), as expected (Figure

43A).

vi. Ellagic acid inhibits efflux activity in 22Rv1 cells

Increased expression in P-gp and other efflux pumps can mediate resistance to taxanes
(352). Ellagic acid has been shown to inhibit ABCG2 transport in ABCG2-overexpressing
HEK?293 cells, which is involved in drug resistance to chemotherapeutic agents (346). Therefore
we examined the ability of EA to modulate efflux activity. We treated 22Rv1 cells with EA and
measured intracellular accumulation of fluorescent dye calcein AM. We observed a dose
dependent increase in intracellular calcein AM (Figure 44), indicating a reduction in efflux

activity.
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Figure 44. Ellagic acid inhibits efflux activity of 22Rv1 cells



93

vii. Ellagic acid alters AR and MAP2 expression in 22Rv1 cells

Others have demonstrated that EA can inhibit expression of AR and PSA in LNCaP cells
(342), but it is not known if EA can alter AR expression in 22Rv1 cells, which express full length
AR and two splice variants which lack the ligand binding domain of the AR and are constitutively
active. We determined expression of AR by western blotting following treatment with EA (1 — 30
UM) for 24 hours. We observed a dose dependent decrease in expression of full length AR and

smaller variants (Figure 45).
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Figure 45. Ellagic acid reduces androgen receptor expression
and increases MAP2 expression

viii. Ellagic acid does not modulate CYP3A4 activity

CYP3A4 activity can be modulated by pharmaceutical agents and dietary factors, including
several polyphenolic compounds (328), which may lead to attenuation of drug efficacy or
increased toxicity. To investigate effects of EA on the catalytic activity of CYP3A4, we treated

CYP3A4 expressing microsomes with EA (1, 3, 10 and 30 pM) and quantified activity by
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measuring the intensity of a fluorescence reporter metabolite of a CYP3A4 substrate. We did

not observe an effect of EA at any concentration on CYP3A4 activity (Figure 46).
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Figure 46. EA does not affect CYP3A4 activity

ix. Dietary ellagic acid does not alter efficacy of docetaxel on 22Rv1 tumor growth in mice

To examine the interaction of high and low dose EA with docetaxel on tumor growth in vivo,
22Rv1 cells were subcutaneously injected into mice. When tumors reached an approximate
volume of 500 mm3, animals were placed on either control diets or modified diets containing 2 or
4 g/kg EA for the duration of the study. After 1 week of dietary intervention, mice received 3
injections of DX (15 mg/kg) administered at 3 day intervals. Tumors were measured three times

per week until tumor volume exceeded 3,000 mm?,

We observed a high amount of variability in tumor volumes prior to chemotherapy and
dietary interventions (growth curves for individual tumors can be found in Appendix C). Tumors
that were not palpable or had not reached the exponential growth phase (volume of at least 350

mm?3) at the start of DX treatment were excluded from data analysis. Additionally, we observed 3
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tumors (1 each in the DX + Ctrl, DX + Low EA and DX + High EA groups) with tumor volumes
that exceeded 2,500 mm? at day 35 that were identified as outliers using Grubbs’ test and

removed from analysis.

There were no differences in average body weight at the start of the dietary interventions or
at the start of chemotherapy. DX treatment resulted in a rapid decrease in body weight by an
average of 13.8%, but weight loss did not differ across diet groups (Table VI). Body weight in all
DX-treated groups had recovered by approximately day 60 (Figure 47A). As expected, tumor
growth was delayed by DX treatment (Figure 47C). All tumors experienced a lag in growth rate
following DX treatment that lasted approximately 10 days. None of the tumors exhibited a
complete regression in volume in response to treatment. There was no growth delay in sham
treated tumors, which reached an average volume of 3,000 mm? at 54.4 days, whereas DX
treated tumors took 63.4 (control diet), 63.9 (low EA diet) and 61.9 (high EA diet) days to reach
the same volume. Dietary EA had no impact on the effectiveness of DX as we did not observe
significant differences in tumor growth rates, TGD or overall survival in DX + Low EA or DX +

High EA groups compared to the DX + control diet group.
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Table VI. Effects of dietary ellagic acid on efficacy of docetaxel in 22Rv1 xenografts

Vehicle + DX + DX + DX +
Ctrl Diet Ctrl Diet Low EA High EA
Dietary EA (g/kQ) 0 0 2 4
Treatment 2 Vehicle DX DX DX
Number of animals 6 10 6 6
No. of measureable tumors at day 35
(total 22Rv1 injections) 9(12) 16 (20) 7(12) 8(12)
No. of tumors included in data analysis 6 10 5 6
No. of tumors excluded from data analysis
Tumors < 350 mm?3 at day 35 3 5 1 1
Tumors > 2500 mm? at day 35 0 1 1 1
Average body weight (g = SD)
At start of dietary intervention (day 28) 31.0+1.7 31.2+35 28.3+45 29.8+0.8
At start of therapy (day 35) 31.2+1.2 309+24 29.3+39 30.0+0.9
One week after therapy (day 49) 32212 26.8+36P 245+33° 265+21°
Average tumor volume (mm?3+ SD)
. . . 454.2 477.2 405.0 408.8
At start of dietary intervention (day 28) +92313 + 956.6 +136.0 +200.7
748.3 1166.9 762.0 1301.8
At start of therapy (day 35) +262.9 +489.2 +155.9 +918.4
1972.0 1730.8 1584.2 1591.8
One week after therapy (day 49) +640.1 +921.2 + 484.0 +808.4
Time to reach 3,000 mm? b b b
(average number of days + SD) 54.4+£5.7 63.4+54 63.9+55 61.9+3.0
Tumor growth delay (days) - 9.0 9.5 7.5

a Vehicle (saline) and DX (15 mg/kg body weight) treatments were administered by IP injection on days
35, 39, and 43; P p < 0.05 for difference with the vehicle + control diet group (ANOVA); SD = Standard

Deviation
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Figure 47. Ellagic acid does not enhance efficacy of docetaxel on 22Rv1 tumor growth in
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C. Discussion

Consistent with previous in vitro reports that EA and urolithins can inhibit proliferation of
prostate cancer cells (343), we observed anti-proliferative effects of EA (presented in Chapter
) on CRPC cell lines and similar growth inhibitory effects by UroA, the primary metabolite of
EA (presented in the current chapter). We also found that EA reduced the expression of full-
length AR and AR splice variants in 22Rv1 cells, which is in-line with a study conducted by
Naiki-Ito et al demonstrating that EA suppressed expression of PSA and AR in LNCaP cells
(342), and downregulation of AR and PSA in LNCaP cells by urolithins has also been reported
(353). Moreover, in vitro and in vivo studies have demonstrated that EA-rich pomegranate
extracts inhibit proliferation, AR signaling, and metastasis of prostate cancer cells (248, 339-

341, 348, 354-356).

EA can affect numerous cellular pathways and mechanisms associated with cancer
development and progression, some of which include promoting apoptosis, reducing oxidative
stress, inhibiting inflammation, preventing invasion and metastasis, and inhibiting angiogenesis
(357). In this study, we report the first evidence that EA may target microtubules in prostate
cancer cells. Microtubules are components of the cytoskeleton that play a major role in many
cellular functions, facilitate mitosis, and are the target of several chemotherapeutic agents
including taxanes. Microtubule targeting agents are a diverse class of agents with lots of
structural variations, most of which are naturally occurring and produced by plants as broad-
spectrum toxins against predators (358). Although there are no current reports of EA
interactions with microtubules, several other natural polyphenolic compounds have been shown

to interact with and disrupt microtubule dynamics (359-364).

We found that EA (10 and 30 uM) increased levels of polymerized B-tubulin in 22Rv1 cells.

The effect of EA appears to be due to a direct interaction with tubulin subunits. We observed
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that EA is able to bind tubulin and can increase the rate of tubulin polymerization in a cell-free
tubulin assay. Although we also found that EA can increased expression of microtubule-
associated protein 2 (MAP2), which is involved is involved in assembly and stability of
microtubules (365), suggesting that cellular effects may be mediated by upregulation of proteins

involved in microtubule dynamics.

Contrary to our hypothesis, results from our in vitro studies suggest possibility of
antagonistic effects when used EA and taxanes are used in combination. Co-incubation of EA
and CBZ caused a reduction in microtubule polymerization compared to CBZ alone in 22Rv1
cells and in the cell-free tubulin polymerization assay. Considering that EA is able to bind tubulin
and reduce microtubule formation by taxanes in a cell-free assay, it is possible that EA and
taxanes may competitively bind tubulin. The presence of EA may limit available taxane binding
sites, leading to a reduction in taxane-tubulin interactions. The extent of EA and tubulin

interactions warrants further investigation.

While these results suggest antagonism by EA on taxane activity, the effect is modest and
does not appear to have a substantial impact on taxane efficacy. Although there was a visual
reduction in microtubule density and bundling in 22Rv1 cells treated with EA + CBZ compared
to CBZ treatment alone (Figure 41), there was not an apparent reduction in the number of
apoptotic cells or number of cells with abnormal mitotic spindles. Also, differences in the levels
of soluble and polymerized tubulin, as determined by western blotting, in 22Rv1 cells treated
with EA in combination with CBZ compared to treatment with CBZ alone did not reach statistical
significance. Additionally, the cytotoxicity of either CBZ or DX on CRPC cell lines was not
affected by EA (3, 10 and 30 yM). Together these results suggest that effects of EA on tubulin
polymerization in prostate cancer cells are not sufficient to abrogate mitotic arrest induced by

CBZ.
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Our xenograft mouse study provides further support for this conclusion. Dietary
administration of EA (2 or 4 g/kg) did not have any effect on DX induced growth arrest of 22Rv1
tumors in nude mice. There was no significant difference in tumor growth rates, either during DX
treatment (days 35-44) or following DX-induced (days 55-70). Likewise, dietary EA did not
significantly reduce the duration (tumor growth delay) or magnitude (reduction in tumor volume)
of DX response. Growth rates for all DX treated tumors (DX + control diet, DX + low EA, and DX
+ high EA) were significantly different compared to vehicle treatment; therefore it is not likely the

antagonism of taxanes by EA was not observed due to lack of DX efficacy.

It is possible that we did not observe combination effects in vivo to due limited bioavailability
of EA and metabolites in nude mice. Upon digestion EA is metabolized by the gut microflora to
produce urolithin derivatives, which are more soluble and bioavailable than EA (246) and exert
growth inhibitory effects on CRPC cells. Our xenograft study is limited in that we did not include
an additional control group of animals that received dietary EA but not DX, and thus we do not
know the effects of EA alone on the tumor growth and do not have an indication that EA and/or
urolithin metabolites are bioavailable or bioactive in our model. Seeram et al reported that EA
metabolites could not be detected in plasma or tissue following dietary administration of
pomegranate extract, suggesting that nude mice may lack colonic microflora required to
produce urolithins (290). The metabolism and bioavailability of EA in the present study was not
evaluated, thus it remains unclear whether lack of combination effects of EA and CBZ is due to
poor bioavailability or lack of efficacy. Future assessment of EA and urolithin levels in tumor
tissue collected from nude mice may aid in the clarification of this issue. Nevertheless, our in
vitro results suggest that lack of combination effects with EA and CBZ is attributed to the lack of

significant biological effects rather than bioavailability issues.

In conclusion, although results of this study are consistent with previously reported anti-

cancer effects of EA, we did not find evidence to support our hypothesis that EA can enhance
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the efficacy of taxane chemotherapy. We found that EA is able to inhibit CRPC proliferation,
reduce AR expression, and observed a novel microtubule polymerizing effect of EA in vitro,
which may antagonize the activity of taxanes. However, the extent of this effect was small and
does not appear to be hazardous when used in combination with taxanes, as we did not
observe an inhibition of docetaxel efficacy by dietary EA on growth of 22Rv1 tumors in nude

mice.



VI. COMBINATION EFFECTS OF SOY ISOFLAVONES AND TAXANE CHEMOTHERAPY

A. Introduction

The standard of care for castrate-resistant prostate cancer (CRPC) includes a regimen of
taxane-based chemotherapy, with docetaxel (DX) as first line systemic treatment and cabazitaxel
(CBZ) as a potential secondary option (299-302). These chemotherapeutic measures to control
advanced-stage CRPC lack substantial efficacy and can severely impair the quality-of-life of the
patient (41, 301, 303). The median survival for CRPC patients at this stage is approximately 10—
12 months, with taxane chemotherapy only adding a survival benefit of 2—3 additional months (50,
366). Side effects of taxanes can be severe and include neutropenia, hypersensitivity reactions,
neuropathy, nausea/vomiting, hair loss, and fluid retention (51, 367). Additionally, the clinically
utility of DX and CBZ is often limited by the development of drug resistance (352). Thus, there is

an urgent need to identify novel agents and strategies that can improve taxane-based therapy.

Numerous experimental studies have demonstrated chemopreventive activity of soy
isoflavones in multiple cancer types. Soy isoflavones include genistein (Gen) and daidzein (Daid),
which can be metabolized to produce equol. All three of these compounds have in vitro and in
vivo anticancer activity against multiple types of cancers, particularly mammary cancer (368).
Isoflavones have been shown to modulate expression of cell proliferation and apoptotic genes,
inhibit cell migration and metastasis, and have antioxidant activity (369-371). Of the isoflavones
found in soy, Gen is the most abundant and biologically active (3, 372), and therefore
considerable effort has been spent elucidating mechanisms of Gen for chemoprevention
strategies, but much less attention has been paid to potential interactions between Gen and
chemotherapeutic drugs. Information regarding benefits or harm of Gen in combination with

chemotherapy for CRPC is limited to only a few experimental studies (184, 189, 373-375), one of
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which indicated the potential to enhance taxane efficacy (375). There are no human studies

addressing this issue.

Consumption of soy foods, and thereby isoflavones, is typically low in a western diet, but
concentrated soy supplements, such as Novasoy (Archer Daniels Midland Company), can provide
high dietary levels of isoflavones. Plasma concentrations of isoflavones following intake of dietary
soy supplements have been reported to range between 2—-27 uM (376-378). Thus, it is possible
that consumption of soy supplements can result in sufficient circulating quantities to exert
biological effects. Considering the pleiotropic anticancer activities of soy isoflavones and lack of
toxicity, dietary supplementation may provide a strategy for enhancing chemotherapeutic efficacy,

reducing associated side effects, or preventing development of drug resistance.

The aims of this study were to 1) investigate whether physiologically attainable concentrations
of soy isoflavones could act synergistically with taxanes to induce growth inhibition of prostate
cancer cells in vitro and in vivo, and 2) explore effects of soy isoflavones on mechanisms of
taxanes resistance and metabolism. Based on current literature (375), we expected that Gen
would synergistically enhance the efficacy of taxanes, and we speculated that Daid and equol
may also exhibit synergistic effects with taxanes due to similarities with Gen in their activity and

structures.

B. Results

i. Soy isoflavones do not increase cytotoxicity of taxanes in CRPC cells

To determine if Gen, Daid, or equol alter cytotoxicity of taxanes, we measured combination
effects on prostate cancer cell proliferation using the SRB assay. We first tested Gen, Daid and

equol at a concentration of 10 uM (physiological relevant concentration) in combination with
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Figure 48. Soy isoflavones do not enhance cytotoxicity of cabazitaxel. Proliferation was
measured in 22Rv1 cells using the SRB assay after 72 hours treatment with 10 uM Gen (A),
10 puM Daid (B), or 10 pM EQ (C) in combination with cabazitaxel (0.001 — 1,000 nM). Results
were normalized to vehicle control treated cells and are presented as mean + SD.
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CBZ (0.01 nM — 1 uM) on 22Rv1 cells. We observed no enhancing or inhibiting effects by any of

the isoflavones on cytotoxicity of CBZ (Figure 48).

Since we had expected to observe synergistic or additive effects of Gen in combination with
taxanes based on previous reports (184, 374, 375), we further investigated combination effects
of Gen + CBZ and Gen + DX using additional cell lines and dosing combinations. We used
22Rv1, C4-2, VCaP and PC-3 cell lines, which are all capable of androgen independent growth
and resemble clinical phenotypes of CRPC, to examine effects of Gen (1, 10 and 100 yM) in
combination with DX (0.1 — 10 nM). Co-treatment of 1 and 10 pM Gen with DX did not further
reduce the growth of any of the prostate cancer cell lines compared to DX alone (Figure 49).
There was slight antagonism at 100 uM Gen in combination with 10 nM DX in VCaP (Cl = 2.75),
PC-3 (Cl = 1.85), and 22Rv1 cells (CI = 1.21) as determined by combination index analysis, but
no synergistic effects were observed. Similarly, no combination effects were observed with Gen
in combination with 0.1 and 1.0 nM CBZ, but antagonist activity was observed with the high

dose of CBZ (10 nM) (Figure 50).

Additionally, we investigated combination effects of Gen (1, 10 and 100 uM) with CBZ on
DNA synthesis activity by measuring incorporation of a thymidine analog (EdU) into DNA of C4-
2 cells. There were no significant differences in EdU incorporation for Gen + CBZ combination
treated cells compared to CBZ alone (Figure 52). Because these results were not consistent
with previously reported synergistic activity of Gen with CBZ (375), we tested combination
effects of CBZ and Gen using doses of similar to those used in that study (18 and 37 uyM Gen)
in 22Rv1 and C4-2 cells. Again, we did not find synergistic effects of Gen in combination with

CBZ (Figure 51).
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Figure 49. Combination effects of genistein and docetaxel on proliferation of prostate
cancer cells. Proliferation was measured in CRPC cell lines using the SRB assay after 72
hours treatment with genistein (1-100 pM) and docetaxel (0.01-10 nM). Results were
normalized to vehicle control treated cells and are presented as mean + SD.
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Figure 50. Combination effects of genistein and cabazitaxel on proliferation of
prostate cancer cells. Proliferation was measured in CRPC cell lines using the SRB assay
after 72 hours treatment with genistein (1-100 pM) and cabazitaxel (0.01-10 nM). Results
were normalized to vehicle control treated cells and are presented as mean = SD.
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Figure 51. Combination effects of genistein and cabazitaxel on proliferation of 22Rv1
and C4-2 cells. Proliferation was measured in 22Rv1 and C4-2 cell lines using the SRB
assay after 72 hours treatment with cabazitaxel (0.001 — 1,000 nM) and concentrations of
genistein (18 & 37 uM) reported to have synergistic activity with taxanes (185).
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Figure 52. Combination effects of genistein and cabazitaxel on S phase
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incorporation of a thymidine analog into DNA of C4-2 cells after treatment with
Gen (1-100 puM) and CBZ (0.001 — 1,000 nM).

ii. Soy isoflavones do not inhibit microtubule assembly in vitro

Taxanes exert cytotoxic effects by binding to and stabilizing microtubules preventing their
disassembly, which leads to G2/M arrest and subsequent apoptosis (64, 320). It has been
previously demonstrated that Gen can bind tubulin and act to inhibit microtubule polymerization
(188), suggesting that genistein may interfere with the mechanism of action of taxanes. We
investigated the effects of DX, CBZ, and Gen on tubulin polymerization using an in vitro (cell-
free) assay. Because of the structural similarity of Gen with other soy isoflavones, we also
tested effects of daidzein and equol in this assay. DX and CBZ increased the rate of tubulin
polymerization in a dose-dependent manner, as expected (Figure 60, Appendix C). 10 and 100

MM Gen enhanced tubulin polymerization by 18.4% and 37.9% respectively, but this was not
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Figure 53. Effects of soy isoflavones on microtubule assembly in vitro. Tubulin
polymerization in the presence of genistein (A) and daidzein (C) and equol (E) was
measured by fluorescence intensity every minute for 1 hour. Combination effects were
measured at 60 minutes of exposure to 100nM CBZ + 10 and 100 uM Gen (B), 100 nM
CBZ + 10 uM Daid (D), and 100 nM CBZ + 10 pM equol (F).
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statistically significant (Figure 53A). Similarly, neither Daid (1 — 100 yM) nor equol (1 — 100 uM)
had an effect on microtubule assembly at any concentration (Figure 53C and Figure 53E). We
also evaluated the combination effects of Gen (10 & 100 uM), Daid (10 uM) and equol (10 uM)
with CBZ (100 nM). None of the CBZ + isoflavone combinations were significantly different
compared to effects of CBZ alone (Figure 53B, Figure 53D and Figure 53F), suggesting that

microtubule effects of CBZ are not affected by presence of soy isoflavones.

iii. Effect of soy isoflavones on efflux activity of 22Rv1 cells

Resistance of cancer cells to taxanes has been associated with increased drug efflux
activity by ABC transporters (352). Previous studies have suggested that isoflavones may be
able to reverse resistance through inhibition of P-gp, MRP and BCRP mediated efflux (379-
382). Therefore we examined the ability of Gen, Daid and equol to modulate efflux activity. We
treated 22Rv1 cells with Gen (1 nM — 100 uM), Daid (0.1 — 100 uM) and equol (0.1 — 100 pM)
for 24 hours, then measured intracellular levels of the fluorescent dye calcein AM. Low doses of
Gen (1 and 10 nM) had no statistically significant effect on intracellular accumulation of calcein
AM, but 0.1 uM and 1 uM Gen increased intracellular calcein retention by 2.1-fold and 1.5-fold
compared to controls, followed by a dose-dependent decrease at 10 and 100 uM (Figure 54).
While a smaller dose range of Daid and equol were used, similar biphasic trends were observed

for Daid (Figure 54B) and equol (Figure 54C).

iv. Genistein inhibits CYP3A4 activity

Metabolism of taxanes is catalyzed by CYP3A4, which also plays a role in the metabolism of

Gen (328, 383). It has been demonstrated that Gen can inhibit several cytochrome P450
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Figure 55. Genistein inhibits CYP3A4 activity.

enzymes, including CYP3A4 (384). To investigate effects of Gen on the catalytic activity of
CYP3A4, we treated CYP3A4 expressing microsomes with Gen (0.1 — 1,000 uM), and
guantified activity by measuring the intensity of a fluorescence reporter metabolite of a CYP3A4
substrate. Gen decreased CYP3A4 activity in a cell-free assay in a dose dependent manner:

1.7% reduction at 1 uM, 35.3% at 10 uM and 84.4% at 100 uM (Figure 55).

v. Genistein binding to tubulin

Others have reported that Gen is able to bind tubulin and depolymerize microtubules (188).

We investigated the potential binding interactions of Gen and tubulin using label-free, surface
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resonance. Response-
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plasmon resonance (SPR) to test for direct interactions between Gen and tubulin. Gen
displayed low binding affinity for tubulin with an equilibrium dissociation constant (Kp) of 138.5
UM (Figure 56B). Docetaxel bound tubulin with a high affinity (Kp = 28.6 uM), as expected

(Figure 56A).

vi. Dietary genistein does not alter the efficacy of docetaxel on 22Rv1 tumor growth in mice

To examine the effects of dietary genistein with docetaxel on tumor growth in vivo, 22Rv1l
cells were subcutaneously injected into mice. Tumors reached an approximate volume of 500
mm? and animals were placed on either control diets or modified diets containing 250 or 500
mg/kg Gen for the duration of the study. After 1 week of dietary intervention, mice received 3
injections of DX (15 mg/kg) administered at 3 day intervals. Tumors were measured three times

per week until tumor volume exceeded 3,000 mm?,

We observed a high degree of variability in tumor volumes prior to chemotherapy and
dietary interventions (tumor measurements for individual tumors can be found in Appendix C).
Tumors that were not palpable or had not reached the exponential growth phase (volume of at
least 350 mm?®) at the start of DX treatment were excluded from the data analysis. Additionally,
we observed 1 tumor (DX + Ctrl group) with a volume that exceeded of 2,500 mm? at day 35,

which was identified as an outlier using Grubbs’ test and therefore removed from analysis.

There were no differences in average body weight at the start of the dietary interventions or
at the start of chemotherapy. DX treatment resulted in a rapid decrease in body weight by an
average of 16.7%, but weight loss did not differ across diet groups (Table VII). Body weight in all

DX-treated groups had recovered by approximately day 60 (Figure 57).
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As expected, tumor growth was delayed by DX treatment. All tumors experienced a lag in
growth rate following DX treatment that lasted approximately 10 days, but we did not observe an
overall decreased in tumor volume by DX, which is in contract to our pilot study with CBZ (data
not shown), wherein 10 mg/kg CBZ treatment caused a reduction in tumor size. None of the DX
treated tumors exhibited a substantial regression in volume in response to treatment. As
expected, there was no growth delay of tumors in vehicle-treated animals, which reached an
average volume of 3,000 mm? at 54.4 days, whereas DX treated tumors took 63.4 (control diet),
65.5 (low Gen diet) and 67.2 (high Gen diet) days to reach the same average volume. Dietary
supplementation with either concentration of Gen failed to enhance effects of DX. No
differences in tumor growth rates, tumor growth delay, or overall survival were observed in DX +

Low Gen or DX + High Gen groups compared to the DX + control diet group.
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Table VII. Effects of dietary genistein on efficacy of docetaxel in 22Rv1 xenografts

Vehicle + DX + DX + DX +
Ctrl Diet Ctrl Diet Low Gen High Gen
Dietary genistein (mg/kg) 0 0 250 500
Treatment 2 Vehicle DX DX DX
Number of animals 6 10 6 6
No. of measureable tumors at day 35
(total 22Rv1 injections) 9(12) 16 (20) 9(12) 9(12)
No. of tumors included in data analysis 6 10 6 7
No. of tumors excluded from data analysis
Tumors < 350 mmS3 at day 35 3 5 3 2
Tumors > 2500 mm? at day 35 0 1 0 0
Average body weight (g = SD)
At start of dietary intervention (day 28) 31.0+1.7 31.2+35 305+ 3.6 27.7+238
At start of therapy (day 35) 31.2+1.2 309+24 30.2+3.0 29.2+2.0
One week after therapy (day 49) 322+12 268+36P 248+25P 237+19°
Average tumor volume (mm3+ SD)
. . . 454.2 477.2 381.7 473.4
At start of dietary intervention (day 28) +92313 + 956.6 + 286.4 + 2475
748.3 1166.9 850.7 952.9
At start of therapy (day 35) +262.9 +489.2 +383.4 +496.3
1972.0 1730.8 + 1537.3 1789.6 =
One week after therapy (day 49) 640.1 921.2 648.8 1263.6
Time to reach 3,000 mm? b b b
(average number of days + SD) 544 +57 63.4+54 65.5+6.7 67.2+5.7
Tumor growth delay (days) - 9.0 11.1 12.8

a Vehicle (saline) and DX (15 mg/kg body weight) treatments were administered by IP injection on days
35, 39, and 43; P p < 0.05 for difference with the vehicle + control diet group (ANOVA); SD = Standard

Deviation
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Figure 57. Genistein does not enhance efficacy of docetaxel on 22Rv1 tumor growth in
nude mice. Mice were implanted with 22Rv1 cells in matrigel on day 0. Mice were switched to
modified diets on day 28 (gray dashed line) and received DX injections on days 35, 39 and 43
(red dashed lines). Survival curves (A); body weight (B); average tumor volume (C).
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C. Discussion

Soy isoflavones have a broad range of mechanisms that affect many cellular pathways and
functions, several of which overlap with the mechanisms of chemotherapeutic drugs. In the
present study, we evaluated the in vitro effects of Gen, Daid and equol on taxane cytotoxicity,
metabolism and resistance, and also investigated in vivo effects of dietary Gen on efficacy of
docetaxel in a xenograft model. We did not observe synergistic, additive or antagonistic effects
of isoflavones on taxane cytotoxicity in our cell culture models, nor did Gen alter the growth
inhibitory effects of DX in our prostate cancer xenograft animal model. Therefore, our findings
do not support the hypothesis that soy isoflavones can enhance the efficacy of taxane

chemotherapy for CRPC.

Previous in vitro studies have demonstrated synergistic effects with combination treatment
of Gen with taxane chemotherapy in prostate cancer cells (184, 374, 375). We treated PC-3,
22Rv1, VCaP and C4-2 with combinations of Gen, CBZ, and DX similar to those reported by
others, but could not confirm these results. We found no significant enhancement or inhibition of
taxane cytotoxicity by Gen on prostate cancer cells. This finding was similar across all cell lines
in our proliferation assay and in the EdU incorporation assay. In all of our in vitro studies,
standard cell culture media was replaced with phenol red-free media containing 10% dextran-
coated charcoal stripped FBS 24 hours prior to conducting assays. Others have reported
performing in vitro experiments with serum-free media (184, 374, 375) or standard culture
media supplemented with 5 or 10% FBS (184, 374, 375), which may account for differences

between our studies.

Our results are consistent with findings from Mahoney et al, who reported results from an in
vitro study on the combination effects of DX and phenoxodiol, a synthetic analogue of Gen, in

prostate cancer cells (385). They found no combination effects of phenoxodiol (5, 10, 30 uM) on



120

DX (0.1, 1, 5, 10 nM) in DU145, LNCaP and PC-3 cell lines, but observed that the growth
inhibitory actions of 100 nM DX were diminished by co-treatment with 5 or 10 pM phenoxodiol.
We observed a similar trend in cells that were treated with Gen in combination with high doses
of DX and CBZ, which suggests that Gen may confer protection to prostate cancer cells against
exposure to high doses of taxanes. However, these observations are unlikely to be clinically
meaningful, since effects were only observed at concentrations of taxanes much higher than

relevant therapeutic doses, which are in the low nM range (386).

Dietary Gen failed to enhance efficacy of DX chemotherapy in our xenograft model. Neither
the high nor low dose of Gen had a significant effect on tumor growth rates, either during DX
treatment (days 35-44) or following DX-induced growth arrest (days 55-70). Likewise, dietary
Gen did not significantly increase the duration (tumor growth delay) or magnitude (reduction in
tumor volume) of DX response. Additionally, Gen did not alter weight loss during DX treatment,

suggesting that Gen does not alleviate drug-induced systemic toxicities.

Taxanes are potent cytotoxic drugs and therefore it is possible that the robust effects of DX
could mask any synergistic or additive effects by Gen. However, this is not likely to be the case
in our experiment. The dosing schedule and concentration of DX used in our study induced a
state of tumor growth arrest, rather than a regression in tumor volume. Therefore, if Gen
enhanced effects of DX we would have been able to observe a decrease in tumor volume or a

longer tumor growth delay.

Since we observed a substantial degree of variability in tumor volumes within groups, we
investigated the possibly that Gen may differentially affect DX treatment based on tumor size.
Following our initial data analysis, we stratified tumors into groups based on volume at the start

of therapy. Results from this subgroup analysis were consistent with our previous analysis; we



121

found no significant differences in effect of Gen on DX related to tumor volume (data not

shown).

Thus, the findings from our in vivo studies suggest that Gen does not improve taxane
efficacy in CRPC, which is in contrast to a prior studies that showed co-treatment with Gen
improved effects of taxanes in prostate cancer xenograft models (184, 374, 375). Gen mixed in
the diet (at 0.1%) enhanced the inhibition by DX (1.V. injections of 5 mg/kg on three alternate
days) on growth of PC-3 cells xenografted in bone of SCID mice (184). In a recently published
paper, marked enhancement by Gen (100 mg/kg, I.P. injections three times per week) was
reported of the inhibitory effect of CBZ (5 mg/kg, I.P. once weekly) on the growth of
subcutaneously xenografted PC-3 cells (375); these investigators also found synergistic growth
inhibition in vitro on PC-3 cells and LNCaP-C4-2 cells well as on the apoptotic effects of CBZ on
PC-3 cells. Additionally, a fermented genistein product (genistein combined polysaccharide)
also enhanced the in vitro apoptotic effect of DX on LNCaP cells and the inhibition of
proliferation of 22Rvl and PC-3 cells, but not inhibition of LNCaP cell proliferation (186).
However, in vitro studies with leukemia and breast cancer cells have found that Gen can
antagonize effects of taxanes. High concentrations of Gen (30 — 100 uM) reduced cytotoxicity
and apoptosis induced by paclitaxel in 697 leukemia cells (191) and diminished paclitaxel-

induced microtubule polymerization in MDA-MB-231 breast cancer cells (189).

Because of several limitations, previous studies on the combination of genistein and
chemotherapy may not provide relevant information. In xenograft models and many of the in
vitro experiments (184, 374, 387), results were obtained in PC-3 cells, a commonly used cell
line for studying aggressive prostate cancer (388). PC-3 cells do not express androgen receptor
or PSA, unlike most CRPC tumors in men following failure of ADT who are candidates for DX
treatment. Additionally, route of administration and dosage are critical factors when investigating

dietary agents in preclinical experiments. In the animal study by Zhang et al, Gen was
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administered by I.P. injections and therefore was designed to assess the use of Gen as a
pharmacological agent, rather than as a dietary intervention strategy. Finally, many of the in
vitro studies used concentrations of Gen that are higher than what is achievable through

consumption of a high soy diet or supplementation (>30 uM).

Although no clinical trials have evaluated effects of dietary Gen in CRPC patients while
receiving taxane chemotherapy, there are some reports on combination effects of soy/genistein
products in combination with chemotherapeutic agents. Results have been reported from clinical
trials using the synthetic genistein analogue phenoxodiol in combination with chemotherapy in
ovarian cancer patients (389, 390). Kelly et al reported safety and tolerability of phenoxodiol co-
administered with paclitaxel, carboplatin, or cisplatin in a phase Il clinical trial of 32 patients, and
preliminary findings suggested efficacy (390). However, in the subsequent phase Il trial of 142
ovarian cancer patients, the combination of carboplatin and oral phenoxodiol (400 mg daily,
every 8 hours) failed to enhance effectiveness of carboplatin alone; no differences in overall
survival or progression-free survival were observed (389). Consumption of Novasoy, a dietary
isoflavone supplement, did not improve outcome of gemcitabine and erlotinib therapy in patients
with advanced pancreatic cancer, and adversely affected tolerability of erlotinib (391). Another
investigation on the combination effects of Novasoy and gemcitabine in breast cancer patients
was terminated early due to lack of efficacy (392). Additionally, results from a recent phase | trial
with pancreatic patients administered gemcitabine in combination with AXP107-11, sodium salt
dehydrate form of genistein, demonstrated safety and tolerability (393). Although this study was
not designed to address efficacy, the authors reported similar survival outcome to those
reported in the previously mentioned study by El-Rayes et al (391), who concluded dietary

isoflavones failed to provide any additional therapeutic benefit.

Taxanes induce apoptosis through a binding interaction with B-tubulin subunits of

microtubules, which stabilizes the dynamics mitotic spindle structures, thereby preventing
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proliferation cells from competing mitosis (64, 320). Several studies have report that Gen can
bind to tubulin and also microtubule dynamics (187, 188), although other have not observed this
(189, 190). We examined the effects of Gen, Daid, and equol, alone and in combination with
CBZ, on tubulin polymerization and found no significant effect by any of these compounds on
microtubule dynamics, in the presence or absence of CBZ. Additionally, Gen did not exhibit a
high binding affinity to tubulin in our SPR experiments. These results suggest that soy

isoflavones do not have microtubule inhibitory activity.

Cytochrome P450 enzymes (CYP) and ABC transport proteins regulate the
pharmacokinetics and bioavailability xenobiotics, including taxanes which are metabolized by
CYP3A4, and can be induced or induced by many compounds including drugs and dietary
agents (394). Inhibition of metabolic enzymes and efflux transporters can increase systemic and
intracellular levels of taxanes, which has implications for increasing bioavailability, but also drug
toxicity and side effects. Inhibition of CYP3A4 activity by Gen has been demonstrated in vitro
and in clinical trials (395, 396), and we observed similar effects in our in vitro experiments, as
well as inhibition of efflux activity with Gen. Therefore, we reasoned that inhibition of CYP3A4
and drug transporters by co-treatment of taxanes with Gen could result in prolonged exposure
to circulating drugs levels in vivo, possibly leading to increased cytotoxicity. In our animal study,
we did not find any combination effects on tumor volume, nor did we observe any differences in
body weight or signs of increased toxicity with combination treatment, suggesting there was not
enhancement of drug toxicity mediated through inhibition of CYP3A4 or efflux activity by Gen.
However, effects of Gen on hepatic CYP3A4 activity and expression levels of efflux transporters

in mouse tissue from our study have not been evaluated yet.

In conclusion, our results with relevant cell models and clinically achievable concentrations
of soy isoflavones and observations from the few clinical trials with soy products do not indicate

that genistein or soy can enhance the effects of taxane chemotherapy.



VIl.  CONCLUSIONS AND DISCUSSION

The overall goal of this dissertation was to investigate whether constituents from dietary soy
and black raspberries may be beneficial for the prevention and treatment of prostate cancer.
Disappointingly, our results suggest that these dietary compounds have limited benefit for

prostate cancer.

The use of bioactive dietary agents has long been considered an appealing approach to
cancer prevention. Many bioactive compounds have pleiotropic cellular effects that target
numerous pathways related to carcinogenesis and exhibit little to no toxicity (262, 397). The
diverse biological effects of dietary compounds and phytochemicals can have an impact on
cancer throughout the course of disease progression and therefore does not limit their role
simply to prevention. Numerous dietary compounds and phytochemicals are being investigated
as therapeutic agents, and there is a growing amount of evidence to suggest that dietary
phytochemicals can be used as adjuvants to radiation, chemotherapy, and other conventional

cancer treatments (398).

Despite advances in early detection and treatment modalities, prostate cancer — one of the
most frequently diagnosed cancer types — remains a leading cause of cancer related death
among men in United States (7). Considering the high prevalence of this disease, lack of
preventive options and short-lived effectiveness of therapeutic agents, new strategies are
needed to reduce incidence and disease progression, as well as improve existing treatment
modalities and outcomes. Dietary constituents may provide such an approach for the
management of prostate cancer, as compounds with anti-cancer activity could aid in prostate
cancer prevention and delay disease progression, alleviate undesirable side effects of

conventional therapies, prevent development of multidrug resistance, and/or enhance drug
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effectiveness. Conversely, dietary compounds and phytochemicals with potent bioactivity also

pose risk of adverse interactions with conventional cancer treatments.

Although much is not known concerning the biological effects of most dietary constituents,
the use of dietary supplements, herbal remedies, and phytochemicals is very common in the
general population and is especially high among cancer patients (307-310). A recent evaluation
of supplement use by patients at a U.S. cancer center revealed that 61.2% of cancer patients
reported using at least one dietary supplement (311), while other investigators have reported
even higher proportions of supplement use among cancer patients (399, 400). Motivations for
using dietary supplements or alternative therapies vary among patients, but common reasons
include alleviating side effects of conventional treatment, desire to improve therapeutic
response, and use as a last-resort option when other treatments have failed to provide benefit
(304, 401). Moreover, the use of dietary supplements often occurs concurrently with other
medications; 65.7% of adults ages 62-85 reported the concomitant use of dietary supplements
with prescription medication (313). Despite the frequent use of supplements by cancer patients
in combination with prescription medications, little information exists on potential beneficial or

harmful interactions between most supplements and chemotherapy drugs.

The use of dietary antioxidants as potential adjuvants to chemotherapy has been of recent
interest, but remains a controversial issue due to mixed reports of both beneficial and harmful
effects (402-404). Antioxidants have been reported to enhance mechanisms of conventional
therapy, alleviate toxic side effects, and reduce dosage of chemotherapeutic agents necessary
to elicit a response (405, 406). However, antioxidants may interfere with drug activity, cause
additional toxicity, or decrease efficacy, particularly if used in combination with
chemotherapeutic agents that induce cytotoxicity via oxidative stress (344). Indeed, examples of

adverse interactions between dietary antioxidants and conventional therapies have been
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reported (407), highlighting the potential hazards of unregulated supplement use, extreme

dietary modifications and increased antioxidant intake by patients receiving chemotherapy.

Given the complex nature of the digestive process and plethora of factors that influence
absorption, metabolism, and excretion of ingested compounds, investigating dietary constituents
as chemopreventive agents or as adjuvants to chemotherapy is challenging. In vitro and
animals studies can provide valuable preclinical information on effects of dietary agents, but
these experimental studies must be carefully designed with clinically relevant parameters.
Often, selection of appropriate concentrations in cell culture experiments is overlooked and
investigators report biological effects at levels that are not attainable through dietary
consumption. For most dietary polyphenols and their metabolites, circulating and tissue levels
are commonly observed in the nM range (408), but are commonly tested in vitro at uM and mM

concentrations.

Additionally, the mode of administration when conducting in vivo preclinical studies is a
fundamental factor. Many reports have demonstrated efficacy or bioavailability of dietary agents
when administered intravenously or intraperitoneally. This can be a justified, perhaps preferred
mode of delivery, for studies investigating pharmacological rather than dietary interventions, but
oftentimes results may be misleading if investigators do not explicitly describe the intended
future clinical purpose which typically is oral administration. The conflicting observations by our
group (Chapter VI) compared to those of Zhang et al on the effects of Gen in combination with
taxanes may attributed to differences in delivery of Gen to animals. Although there were
numerous differences between our studies, their group administered Gen by I.P. injection,
whereas animals in our study were exposed to Gen through the diet. Therefore, effects of
dietary soy intake or isoflavone supplementation on taxane therapy cannot be predicated from
their study, as it was not designed to investigate the use of Gen as a dietary intervention

strategy.
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A number of experimental studies have shown the abilty of BRBs to prevent the
development of cancer (1), including a rat model of mammary carcinogenesis (213-215). The
effectiveness of dietary BRBs in prevention of mammary tumors demonstrates that BRB
bioactive compounds can have systemic effects. Therefore, based on previous reports, the
failure of BRBs to prevent rat prostate carcinogenesis in our study was surprising, but consistent
with our in vitro observations. We were able to identify presence of a BRB metabolite,
protocatechuic acid (PCA), in the rat prostate at levels between 1 and 10 ng/g following
administration of a 5 or 10% BRB diet. When comparable concentrations of PCA were tested in
vitro, we did not observe inhibition of growth, migration or anchorage independent growth of
prostate cancer cells. Even much higher doses of PCA (up to 10 pg/mL) elicited very little
response in our assays. As discussed in Chapter Ill, our results suggest that bioavailability of
BRB compounds is low and concentrations of bioactive berry metabolites do not reach

sufficiently high levels in the prostate to have an effect.

The two animal models of prostate carcinogenesis used in Chapter Il both vyield
adenocarcinomas, but differ in several respects from each other. The MNU plus testosterone
Wistar rat model consists of a single administration of the chemical -carcinogen
methylnitrosourea (MNU) followed by chronic low dose testosterone administration via slow
release implants, which acts as a strong tumor promoter (409). In this model, adenocarcinomas
develop mostly in the dorsolateral and anterior prostate lobes, but also appear in the seminal
vesicles. These tumors develop in about 80% of animals after about one year, progressively
grow and ultimately metastasize (410). The other model uses NBL rats treated with a
combination with estradiol and testosterone via slow release implants. 90-100% of the animals
in this model develop adenocarcinomas in the periurethral ducts of the dorsolateral and anterior
prostate after 40-50 weeks (253, 254). Because these animals also develop large pituitary

tumors, they often do not live long enough for the prostatic duct tumors to grow to a large size
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and most are only detectable microscopically (254). The MNU plus testosterone model can
detect cancer inhibitory compounds (411) and is predictive of the negative outcome of clinical
trials with antioxidants (412). The NBL rat model has not been widely used to test cancer
prevention, but appears to have a response to inhibitory compounds that is similar to that of the
other rat model (413) and also predicted the negative outcome of clinical trials with antioxidants

(253).

Concerning bioavailability of BRB compounds to the prostate, there are several questions
left unanswered that should be addressed in future studies. First, although we were able to
identify dose-dependent concentrations of PCA in the prostates of rats following BRB
consumption, we were not able to measure the prostatic levels of other BRB compounds or
metabolites of interest. Seeram et al reported levels of EA and UroA in the rat prostate that were
higher than observed in other tissues (290). However, this was only observed following either a)
I.P. injections of pomegranate extract or b) oral administration of isolated UroA, and therefore
may not be representative of levels that can be achieved following dietary administration of

whole-food products like BRBs.

Uptake of dietary anthocyanins in the gastrointestinal system is thought to occur by active
transport of anthocyanin glycosides via sodium-glucose transporters or by passive diffusion of
anthocyanidin aglycones following deglycosylation by B-glucosidase or LPH (Figure 29, page
65) (119, 123, 414). The process of anthocyanin absorption and uptake by intestinal cells has
been well-characterized, but anthocyanin uptake by cells and tissues that are not typically
involved in digestion is mostly unknown. We observed differential uptake of cyanidin-3-
rutinoside in comparison to its aglycone by prostate cancer cells, which may explain the
absence of inhibitory effects in our studies. While these studies were informative, they did not
address the mechanisms of anthocyanin uptake. We speculate that prostate cells may lack

appropriate transport proteins or enzymes necessary to facilitate uptake of anthocyanins across
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the cell membrane. However, others have shown that prostate tumors express the sodium-
glucose transporters that have been implicated in anthocyanin transport in Gl tissue (122).
Thus, other explanations are probable and further investigation is warranted. Knowledge of
tissue levels and uptake of BRB compounds by prostate cells can improve our general
understanding of flavonoid bioavailability. This information would not only be valuable for
studies future studies involving the prostate gland, but may also be beneficial in evaluating
potential dietary chemoprevention agents for other organ sites and would help to guide selection

of appropriate concentrations for future in vitro studies.

Since beginning the work presented in this dissertation, a phase | clinical trial investigating
BRBs for prostate cancer has begun (415). The primary purpose of this study is to assess
safety and compliance of BRB confection in prostate cancer patients prior to undergoing
prostatectomy, with secondary outcome measures of urinary identification of BRB metabolites,
changes in PSA or PSA doubling time, and detection of BRB metabolites in prostate tissue. No
reports of secondary outcomes have been published, but the investigators have reported the
characterization of their compound and favorable sensory responses by patients (416).
Although our in vivo results suggest limited bioavailable of BRB compounds and metabolites to
the prostate, there is currently no clinical evidence demonstrating this. Therefore forthcoming
results from this trial will be invaluable for directing future studies and may provide insight into

the bioavailability of dietary polyphenols to the prostate.

Many bioactive dietary compounds display a broad range of cellular effects and therefore
their interactions with chemotherapeutic agents is likely very complex and may include
alterations in drug pharmacokinetics. Various dietary agents and phytochemicals have been
shown to alter xenobiotic metabolism, either through inducing or inhibiting metabolic enzymes,
which can have severe clinical consequences (417). Grapefruit juice and St. John’s Wort are

well-known examples of dietary factors that alter drug metabolism and systemic levels of some
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drugs (418, 419). We found that genistein inhibited drug efflux transporters and CYP3A4 activity
in vitro (Chapters VI). We did not evaluate effects of dietary Gen on metabolic enzymes in vivo
as part of this study, but liver tissue collected from our xenograft animal studies could be

evaluated for CYP3A4 activity and expression in future studies.

Both of our xenograft studies (Chapters V and VI) utilized 22Rv1 cells to generate tumors
due their similarities to clinical characteristics of CRPC tumors. Notably, this cell line expresses
androgen receptor, but is capable of androgen independent growth (420). 22Rv1 cells also
express AR splice variants, which have been clinically implicated as drivers of disease
progression and resistance to chemotherapy (112). Previous studies have demonstrated
synergistic growth inhibition by combination of Gen with CBZ in xenograft models using PC-3
cells (185). Similarly, it has been reported that an EA-rich pomegranate extract enhanced the
cytotoxicity of DX on C4-2 xenograft tumors (421). It is possible that the aggressiveness of
22Rv1 cells render them more resistant than other prostate cancer cell lines to polyphenolic
intervention agents. Confirming the results of the current study in future xenograft studies using
an alternate CRPC cell line, such as VCaP, would help elucidate any cell-type specific
responses to BRB and soy constituents. Additionally, cell line specific outcomes could provide a
more broad mechanistic insight on prostate cancer phenotypes and characteristics in relation to

treatment response and effectiveness of prevention agents.

In conclusion, throughout this dissertation we attempted to use clinically and physiologically
relevant in vivo and in vitro methods to characterize the effects of BRB and soy constituents for
prostate cancer treatment and prevention. We demonstrated that dietary BRBs do not prevent
prostate cancer development in rats or enhance taxane chemotherapy, likely because sufficient
concentrations of bioactive BRB constituents in the prostate cannot be achieved through dietary
consumption (Chapters Il and 1IV). We have shown that EA can induce polymerization of

tubulin, a novel mechanism for EA that appears to have minor, but likely inconsequential,
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antagonist effect on taxane chemotherapy (Chapter V). And finally, relevant dietary levels of soy
isoflavones do not enhance the efficacy of taxane chemotherapy (Chapter VI). In all aspects of
this work, bioavailability was highlighted as a critical factor in the translational significance of our
observations and these findings have general implications for the limited utility of dietary agents

in disease treatment.
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UIC Animal Care Committee approval notice #14-079

U I UNIVERSITY OF ILLINOIS
AT CHICAGO

Office of Animal Care and Institutional
Biosafety Committee (OACIB) (M/C 672)
Office of the Vice Chancellor for Research
206 Administrative Office Building

1737 West Polk Street

5/20/2015 Chicago, Illinois 60612

Maarten C. Bosland
Pathology

M/C 847

Dear Dr. Bosland:

The protocol indicated below was reviewed in accordance with the Animal Care Policies and Procedures of the
University of Illinois at Chicago and renewed on 5/20/2015.

Title of Application: Effects of Dietary Supplements on Chemotherapy for Castrate-resistant
Prostate Cancer
ACCNO: 14-079

Original Protocol Approval:  5/30/2014 (3 year approval with annual continuation required).
Current Approval Period: 5/20/2015 to 5/20/2016

Currently protocol NOT matched to specific funding source. Modification will need to be submitted prior to
Just in time or acceptance of award to match protocol to external funding source. All animal work proposed
in the funding application must be covered by an approved protocol.

UIC is the only performance site approved for this protocol.

This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of Laboratory Animal
Welfare, NIH. This letter may only be provided as proof of IACUC approval for those specific funding
sources listed above in which all portions of the grant are matched to this ACC protocol.

Thank you for complying with the Animal Care Policies and Procedures of the UIC.

Sincerely,

e ‘ N\

> A iJ \"\;\
Bradley Merrill, PhD
Chair, Animal Care Committee

BM/kg
cc: BRL, ACC File

Phone (312) 996-1972 + Fax (312) 996-9088
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Grant Number Current Status | UIC PAF NO. | Performance Site | Grant PI
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Welfare, NIH. This letter may only be provided as proof of IACUC approval for those specific funding
sources listed above in which all portions of the grant are matched to this ACC protocol.

Thank you for complying with the Animal Care Policies and Procedures of the UIC.

Sincerely,
| .
™~ ¢} A ~__

|
Bradley Merrill, PhD
Chair, Animal Care Committee

BM/kg
cc: BRL, ACC File

Phone (312) 996-1972 « Fax (312) 996-9088
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APPENDIX B

Table VIII. Characteristics of prostate cancer cell lines used in this dissertation

Androgen Keratin
Cell Line Doubling Time Site of origin AR AR. . .g. 1 PSA Vimentin P53 Mutation
Mutation  Sensitivity
5 14 8 18
Cca-2 48 hours LNCaP cell + T877A AlS ¥ - S e WT
xenograft
Lymph node
LAPC-4 72 hours metastases + WT AD + - + - + + Al175H
xenograft
LNCaP 60 hours Lymph node + T877A AD + - S WT
metastases
22Rv1 35-40 hours CWR22 cell + H874Y AlS e ; -+ s 0331R
xenograft
PC-3 33 hours Bone metastases - - Al - + + - + + 138 frameshift,
stop codon 169
Spinal cord
VCaP 53 hours metastases + WT Al/S + - - - + + A248W
xenograft

1 AD: androgen dependent, androgen are required for growth. Al/S: androgen independent/androgen responsive, androgens are not required for growth but show
a growth response in their presence; Al: androgen-independent, do not need androgen to grow nor have their growth affected by androgens. Table references:
(388, 422-428)
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Figure 58. Growth inhibitory effects of cabazitaxel
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Figure 59. Growth inhibitory effects of docetaxel
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Figure 60. Taxanes dose-dependently induce microtubule
assembly in vitro. Tubulin polymerization was measured every
minute for 1 hour in the presence of cabazitaxel (A) and docetaxel (B).
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Figure 61. Tumor volume growth of individual 22Rv1 xenograft tumors
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Table IX. ICsp values from proliferation assays with prostate cancer cells
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Docetaxel

Cabazitaxel

Genistein

BRB extract

Ellagic acid

Urolithin A

Cyanidin-3-rutinoside

Cyanidin

Protocatechuic acid

LAPC-4 LNCaP VCaP C4-2 22Rv1 PC-3
0.48 nM 14.6 nM 0.24 nM 0.90 nM 1.2 nM 5.54 nM
UND UND 0.08 nM 0.37 nM 0.44 nM 1.34 nM
93.19 pM NA 128.80 UM 17.66 pM 62.61 M NA
NA NA NA NA NA NA
NA NA NA NA 10.87 uM 9.73 uM
UND UND UND NA 10.54 uM 24.88 uM
NA NA NA NA NA NA
UND UND UND 20.02 uM 20.09 pM 149.00 pM
NA NA NA NA NA NA

NA = Not applicable (cannot determine ICso value; cell proliferation was not inhibited greater than 50%), UND = Undetermined (anti-proliferative
effect of compound was not investigated with this cell line)
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RESEARCH EXPERIENCE

2011 - 2016 Graduate Research Assistant
UIC, Department of Pathology
909 S. Wolcott Ave, COMRB 6140, Chicago, IL 60612
Advisor: Maarten C. Bosland

2010 - 2011 Visiting Research Specialist
UIC/NIH Center for Botanical Dietary Supplements
833 S. Wood Street, Chicago, IL 60612
Principal Investigator: Birgit M. Dietz

2008 — 2010 Research Assistant in Health Sciences
UIC, College of Medicine, Digestive Diseases and Nutrition
909 S. Wolcott Ave, Chicago, IL 60612
Principal Investigator: Richard V. Benya

PUBLICATIONS

Peer reviewed journal articles:
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Review articles:

Maarten C. Bosland, Nur Ozten, Jillian N. Eskra and Abeer M. Mahmoud. (2015) A
perspective on prostate carcinogenesis and chemoprevention. Current Pharmacology
Reports1,1-8.

Abstracts:
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J Eskra, A Dodge, M Bosland. (2015) Black raspberry constituents and genistein do not
alter the effectiveness of taxane chemotherapy in human prostate cancer cells. The
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JN Eskra, M Schlicht, MC Bosland. (2014) Effects of black raspberries and their
constituents on rat prostate carcinogenesis and human prostate cancer cell growth,
Cancer Research 74, 2131.
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PRESENTATIONS

Invited talks:

Anticancer effects of black raspberry constituents and interactions with taxane
chemotherapy. Johns Hopkins University, Department of Urology. March 2016.

Combination effects of soy and black raspberry polyphenols with taxane chemotherapy.
International Summer School: Plant Derived Polyphenols as Drug Leads.
Technische Universitéat Dresden, Germany. October 2015.

Conference presentations:

Microtubule polymerizing effects of ellagic acid reduce efficacy of taxane chemotherapy.
Poster Presentation. American Association for Cancer Research Annual Meeting.
New Orleans, Louisiana, 2016.

Genistein does not alter the effectiveness of taxane chemotherapeutics on human
prostate cancer cells. Poster Presentation. American Association for Cancer
Research Annual Meeting. Philadelphia, Pennsylvania, 2015.

Black raspberry constituents and genistein do not alter the effectiveness of taxane
chemotherapy in human prostate cancer cells. Poster Presentation. Experimental
Biology Meeting. Boston, Massachusetts, 2015.

Effects of Black Raspberries and Their Constituents on Rat Prostate Carcinogenesis and
Human Prostate Cancer Cell Growth. Poster Presentation. UIC Cancer Center
Research Forum. Chicago, IL, 2014.

Effects of Black Raspberries and Their Constituents on Rat Prostate Carcinogenesis and
Human Prostate Cancer Cell Growth. Poster Presentation. American Association for
Cancer Research Annual Meeting, San Diego, California, 2014.

Growth inhibitory effects of 9-cis-Retinoic Acid on Prostate Cancer Cells. Poster
Presentation. UIC Research Forum, Chicago, IL, 2013.

Effects of 9-cis-Retinoic Acid on Proliferation, Differentiation, and Apoptosis of LNCaP
Prostate Cancer Cells. Poster Presentation. American Association for Cancer
Research Annual Meeting, Washington DC, 2013.

Departmental presentations:

Microtubule polymerizing effects of ellagic acid reduce efficacy of taxane chemotherapy.
Pathology Department Works in Progress Seminar, UIC. March 31, 2016.
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Effects of soy and black raspberries on the efficacy of docetaxel in prostate cancer cells.
Pathology Department Works in Progress Seminar, UIC. September 18, 2014.

Thesis Proposal: Effects of soy and black raspberries on the efficacy of chemotherapy for
castrate-resistant prostate cancer. June 12, 2014.

Black raspberry compounds for the prevention and treatment of prostate cancer.
Pathology Department Works in Progress Seminar, UIC. June 20, 2013.

TRAINING & RESEARCH SUPPORT
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2015

2013 - 2015

2015, 2014 & 2013

2015, 2014 & 2013

AWARDS & HONORS
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Scientists Fellowship ($30,000)

Combination effects of genistein and taxane chemotherapy

for castrate-resistant prostate cancer

UIC Center for Clinical and Translational Science

International Summer School Travel Award (€950)
Technische Universitat Dresden

Chancellor’s Research Fellowship ($8,000)

Bioactive constituents of soy and black raspberries as therapeutic
agents for prostate cancer

Graduate College, University of lllinois at Chicago

Graduate Student Presenter Award ($250)
Graduate College, University of lllinois at Chicago

Pre-Doctoral Student Travel Grant ($275)
Graduate Student Council, University of lllinois at Chicago

2015 Graduate Research Award, Honorable Mention
Women in Science and Engineering (WISE), UIC

2015 Chancellor’s Student Service & Leadership Award
University of Illinois at Chicago

2008 Departmental Distinction in Biological Sciences
College of Liberal Arts and Sciences, University of lllinois at Chicago
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2014 - 2016 Regional Science Fair Judge, Chicago Public Schools, Chicago, IL
2014 - 2015 Senator, University of Illinois at Chicago Senate

2014 — 2016 Peer Reviewer, UIC Interdisciplinary Undergraduate Research Journal
2013 - 2014 Treasurer, Graduate Education in Medical Sciences Student Association

(GEMSSA), College of Medicine, University of lllinois at Chicago

2013 - 2016 Founder & Member, Graduate Education in Medical Sciences Student
Association (GEMSSA), College of Medicine, University of Illinois at
Chicago

2013 - 2015 Departmental Representative, Graduate Student Council, Graduate

College, University of lllinois at Chicago

TEACHING & MENTORSHIP
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Student mentorship:
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PROFESSIONAL AFFILIATIONS

American Association for Cancer Research (AACR)
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American Society for Nutrition (ASN)
2014 - 2016 Student Member



