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Abstract:

Epidemiological evidence has demonstrated a reduced risk of prostate cancer associated
with cruciferous vegetable intake. Follow-up studies have attributed this protective activity to
the metabolic products of glucosinolates, a class of secondary metabolites produced by crucifers.
The metabolic products of glucoraphanin and glucobrassicin, sulforaphane and indole-3-carbinol
respectively, have been the subject of intense investigation by cancer researchers. Sulforaphane
and indole-3-carbinol inhibit prostate cancer by both blocking initiation and suppressing prostate
cancer progression in vitro and in vivo. Research has largely focused on the anti-initiation and
cytoprotective effects of sulforaphane and indole-3-carbinol through induction of Phase | and
Phase Il detoxification pathways. With regards to suppressive activity, research has focused on
the ability of sulforaphane and indole-3-carbinol to antagonize cell signaling pathways known to
be dysregulated in prostate cancer. More recent investigations have characterized the ability of
sulforaphane and indole-3-carbinol derivatives to modulate the activity of enzymes controlling
the epigenetic status of prostate cancer cells. In this review we will summarize the well-
established, “classic” non-epigenetic targets of sulforaphane and indole-3-carbinol, and highlight
more recent evidence supporting these phytochemicals as epigenetic modulators for prostate

cancer chemoprevention.



Introduction:

Global cancer diagnoses are predicted to increase for the foreseeable future, with a key
contributor being an aging world population. Although age is a strong risk factor for cancer,
many other variables also influence the relative risk of disease development. Lifestyle and
dietary choices are two factors that have a prominent role in cancer risk; however, given the
combination of individual genetic variation and variability in lifestyle and dietary choices, it is
extremely difficult to identify discrete factors that have a consequential role in disease risk.
Population-wide study of individuals whose characteristics vary can provide correlative data that
can then be used to develop testable hypotheses. This strategy has proven useful in identifying
dietary components associated with decreased cancer risk. A growing number of
epidemiological studies have drawn an association between cruciferous vegetable intake and
decreased prostate cancer risk (1, 2). Further epidemiological analysis stratifying specifically on
glucosinolate intake (a class of natural compounds produced by crucifers) identified a significant
inverse trend with prostate cancer risk (3). Controlled experimentation with glucosinolate
derivatives, such as sulforaphane and indole-3-carbinol (13C), has characterized inhibitory and
cytotoxic activity in prostate cancer cells and animal model systems and has provided a
mechanistic explanation for how crucifers are causative in lowering cancer risk.

Prostate cancer is the second most commonly diagnosed cancer in men worldwide.
However, clinical prostate cancer incidence by nation shows considerable variability. In general,
Western nations tend to have a high incidence of prostate cancer, while Asian nations are
characterized by a low incidence. In the United States, prostate cancer is predicted to account for
28.5% of all male cancer diagnoses in 2012, affecting over 240,000 men (154 per 100,000) (4),

whereas the rate in Asian nations can be up to ten fold lower (5). Diet and lifestyle are thought



to be primary contributors to the difference in prostate cancer rates between Western and Asian
nations. The proposed influence of diet on prostate cancer rate is supported by studies showing
convergence with Western prostate cancer rates in Asian immigrant communities in the United
States (6, 7). With regard to cruciferous vegetable intake, Asian nations tend to consume much
higher amounts per person than Western nations (8), suggesting crucifer intake may be an
important diet and lifestyle factor contributing to differences in prostate cancer risk.

The cruciferous vegetable family (Brassicaceae) includes many vegetables that are found
in the diet — from broccoli, Brussels sprouts, and cauliflower, that are common in the Western
diet, to daikon, watercress, and bok choy that are more common in Asian cuisine. Cruciferous
vegetables contain a number of glucosinolates whose presence and relative abundance are
specific to each species and even to specific cultivars (9). Glucosinolates are the natural plant
chemicals (phytochemicals) that give rise to bioactive species. They are cleaved by the
endogenous plant enzyme myrosinase to yield active phytochemicals that possess varying
degrees of anti-cancer activity. Two phytochemicals that have drawn a significant amount of
attention are sulforaphane and 13C. In this review, we will highlight the ability of these
phytochemicals to inhibit prostate cancer, focusing on their post-initiation suppressive activity.

Finally, we will discuss more recent data characterizing activity as epigenetic modulators.

Metabolism and Bioactivity of Sulforaphane and Indole-3-Carbinol:

Following consumption, glucosinolates are cleaved by plant-derived myrosinase when
the plant wall is disrupted by chewing, and, to a lesser extent, by gut microbial myrosinases to
release sulforaphane and I13C from their precursors. Sulforaphane and I3C then undergo further
post-consumption modification, with sulforaphane undergoing enzymatic metabolism via the

mercapturic acid pathway, and 13C undergoing spontaneous self-condensation and



polymerization in the gut and possibly in the plasma (Figure 1). It is the post-consumption
products of these glucosinolates that possess anti-cancer activity. Experimentation has
demonstrated multi-targeted inhibitory effects that both block cancer formation and suppress

prostate cancer growth.

Sulforaphane:

Sulforaphane and its metabolites are the principal bioactive phytochemicals derived from
broccoli and broccoli sprouts. Sulforaphane is present as the glucosinolate glucoraphanin in
cruciferous vegetables. Glucoraphanin is cleaved by the endogenous plant enzyme myrosinase
into sulforaphane and glucose when the enzyme and glucosinolate are brought into contact
(Figure 1A). Once released, sulforaphane is available for uptake in the human gut. Sulforaphane
is then metabolized through the mercapturic acid pathway, producing several metabolic products
(Figure 1B).

Human feeding studies have determined the absorption and kinetics of sulforaphane
metabolism in vivo. Sulforaphane is rapidly taken up and metabolized by the body, reaching a
plasma concentration peak within ~ 2 hours of consumption (10). Absorption and kinetics in
animal models is consistent with the human data; both human and animal feeding studies have
shown clearance of sulforaphane and its metabolites from the plasma within 24 hours of
ingestion, and evidence in animal models suggests tissue accumulation may be possible
following repeated ingestion (10-12).

Although post-consumption sulforaphane levels in human prostate tissue have not yet
been evaluated, there are several lines of evidence that suggest sulforaphane does reach the

prostate and causes changes in cellular processes. Work in rodent models has demonstrated that



sulforaphane and its metabolites reach prostate tissue after oral administration. Clarke et al.
showed the presence of sulforaphane metabolites in the prostates of mice 2 and 6 hours after
ingesting 20 pmol sulforaphane (13). Similarly, Veeranki et al. showed an increase in
sulforaphane metabolites in rat prostate tissue 1.5 hours after ingesting 150 pmol/kg
sulforaphane (12). In both the transgenic adenocarcinoma of mouse prostate (TRAMP) mouse
model (transformed prostate tissue) and a prostate specific PTEN deletion mouse model, broccoli
sprout or sulforaphane treatment caused prostate specific changes in gene expression, suggesting
sulforaphane or its metabolites reach the prostate (14-16). In the TRAMP model,
supplementation with broccoli sprouts stimulated nuclear factor E2-related factor 2 (nrf2)
controlled gene expression and decreased Akt signaling in prostate tissue, whereas in the PTEN
deletion model sulforaphane treatment reversed gene expression changes caused by PTEN loss in
the prostate.

Importantly, oral administration of broccoli sprouts and sulforaphane inhibited prostate
tumor progression in the TRAMP and PTEN-null mouse models, demonstrating the therapeutic
potential of the natural product sulforaphane in the prostate. These mouse models are currently
the closest simulation of human prostate cancer progression and provide strong pre-clinical
evidence of sulforaphane bioactivity against prostate cancer progression.

In one human feeding study, men with high grade prostatic intraepithelial neoplasia
(PIN), a pre-cancerous condition characterized by foci of abnormal prostate epithelial cell
proliferation, supplemented their diets with broccoli or peas for twelve months and then
submitted prostate tissue samples for analysis during routine tissue biopsy (16). The analysis
found changes in gene expression related to TGFp, insulin signaling, and EGF signaling,

suggesting broccoli (i.e. sulforaphane) supplementation can affect signaling pathways related to



cell growth in prostate tissue. Further work in human subjects quantifying sulforaphane
metabolite levels in the prostate after acute versus long term exposure will help guide both
dietary recommendations and the development of sulforaphane as a natural agent for prostate

health.

Indole-3-Carbinol:

I3C is released from its glucosinolate precursor glucobrassicin when brought into contact
with myrosinase. Like glucoraphanin, glucobrassicin is found in cruciferous vegetables, with
exceptionally high concentrations in Brussels sprouts and garden cress. In an acidic environment
like the human stomach, 13C is rapidly converted into an array of acid condensation products and
modified derivatives (17).

In vivo assessment of 13C and its products suggest that diindolylmethane (DIM), an 13C
acid-condensation product, is one of the major bioactive compounds responsible for the benefits
associated with 13C. 13C undergoes condensation and modification after oral administration in
mice, with the parent compound undetectable in plasma within one hour (18). A separate human
feeding study did not detect I3C in the plasma of study participants administered the pure indole,
but instead detected only DIM (19). Because DIM was the only acid condensation product
detected in human plasma after oral administration of 13C, these data support the dimer DIM as
the key mediator of prostate protection.

It is important to note that in vitro and in vivo studies have shown an anti-cancer effect
associated with I13C. These studies utilize pure 13C as the treatment compound in vitro by dosing
cultured prostate cancer cell lines, or in vivo by direct injection (20). Relatively few of these

investigations assess the post-treatment derivatives of 13C, making it difficult to determine



whether treatment effects are in response to 13C or specific condensation products. One study
has found significant spontaneous conversion of I13C to DIM in culture media and simulated
peritoneal fluid (21), which supports a model where 13C is converted to DIM or other
condensation products after in vitro dosing or intraperitoneal (IP) administration. Our discussion
will therefore focus on the mechanisms through which DIM may block or suppress prostate
cancer. Discussion involving purified I3C as treatment will also be presented, but we will be
working under the assumption that it is converted to DIM (For further reading supporting 13C
conversion see Bradlow Review (22)).

In vivo work in mouse models supports DIM as an inhibitor of prostate cancer
progression. Dietary supplementation of DIM significantly inhibited the progression of prostate
cancer in the TRAMP model (23). DIM decreased tumor growth (as measured by genitourinary
weight), decreased proliferating cell markers, and increased cell death effectors. The authors
also note that DIM supplementation had no significant effect on cell markers in normal mice.
Though DIM supplementation did not lead to complete eradication of transformed cells and
prostate tumors in the TRAMP model, there is clear evidence that dietary intervention with the
natural product DIM is a strategy worth pursuing.

Application of in vitro and in vivo Exposure to Dietary Intake:

Pharmacokinetic studies suggest peak plasma concentrations of sulforaphane and DIM
may be below those achieved in controlled pre-clinical experiments. Plasma sulforaphane level
reached over 7 uM in subjects eating “SuperBroccoli” soup (24), and a Phase I clinical dose
escalation study found DIM to reach levels just over 1 uM in men supplemented with 300 mg of
an enhanced-bioavailability formulation of DIM (BR-DIM) (25). Neither study suggests these

are maximum achievable plasma concentrations, and no (or very limited) adverse effects were



noted, suggesting higher plasma levels are reachable and tolerable. The effects of long term,
low-level dietary exposure are not as well understood, but there is some evidence of tissue-
specific sulforaphane accumulation over time in rats (12). In humans, few studies have
characterized bioavailability and concentrations of sulforaphane, DIM, or their metabolites in
tissues. Further work characterizing tissue specific acute versus repeated exposure is needed to

fully understand the effects of these phytochemicals when attained from the diet.

Chemoprevention mechanisms:

Pre-Initiation Blocking Activity:

Sulforaphane:

Sulforaphane has been extensively investigated as a cancer blocking agent due its ability
to induce Phase Il enzymes (26, 27). The expression of these enzymes is controlled by
transcription factor nrf2. Under basal conditions, nrf2 is sequestered in the cytoplasm by redox-
sensitive protein Kelch-like ECH-associated protein 1 (KEAP1). However, under redox stress,
KEAPL1 releases nrf2 which then translocates to the nucleus and binds antioxidant response
elements (ARE) in the promoters of target genes, stimulating their expression. Up-regulation of
Phase Il enzymes, such as heme oxygenase | (HO-1) or NADPH quinone oxidoreductase 1
(NQOI), greatly increases a cell’s detoxification capacity. Phase Il enzymes conjugate moieties
to reactive molecules, thus decreasing their ability to cause cellular damage and enhancing their
solubility for excretion. Sulforaphane is a strong glutathione-S-transferase (GST) inducer, which
conjugates glutathione to electrophiles and neutralizes their reactivity. The first step in

sulforaphane metabolism also involves glutathione conjugation, followed by enzymatic reactions



in the mercapturic acid pathway (Figure 1B). For more thorough reviews of sulforaphane and

Phase Il blocking activity see Fahey and Talalay (27), and Guerrero-Beltran et al (28).

Indole-3-Carbinol:

DIM can also be considered a prostate cancer blocking agent through its ability to
stimulate cellular detoxification pathways. DIM is a reported aryl-hydrocarbon receptor (Ahr)
agonist in multiple cell lines (29). Ahr is a nuclear receptor transcription factor that stimulates
the expression of detoxification enzymes in the cytochrome P450 (CYP) family (Phase I) and
increases the capacity of cells to deal with xenobiotic stress. DIM treatment also stimulates the
nrf2 mediated Phase 11 response, which enhances reactive molecule metabolism and excretion of
genotoxic agents (29-31). Through the activation of Ahr and nrf2 signaling pathways, DIM
effectively increases the cells detoxification potential and blocks what otherwise could be tumor
initiating events.

An ancillary benefit to enhanced Phase | expression also seems to be changes in steroid
hormone profile (32). Because hormones are extensively processed and modified through
oxidation / reduction reactions, changes in Phase | enzyme levels could alter hormone profiles.
Sex hormones have a large role in prostate cancer progression and have been found to be altered
with 13C or DIM supplementation in men and women (33-36). Hormone-sensitive prostate
cancer responds to estradiol (E2) in vitro (37), and I3C can reduce E2 levels in men (34).
Though these studies have not yet looked at male hormones that drive hormone-sensitive
prostate cancer, changes in estrogen hormone levels raises the possibility that male sex hormone
levels are also altered and could therefore influence the growth of transformed cells early in the

process of prostate cancer development.



Post-Initiation Suppressive Activity:

Aside from their blocking activity, sulforaphane and DIM are also able to suppress cancer
growth post-initiation (Figure 2). This effect has been demonstrated in prostate cancer cell lines
and in the TRAMP model. The ability to inhibit growth and stimulate apoptosis of transformed
cells is suggestive that sulforaphane and DIM have activity outside of the Phase | / Phase Il
response. These findings are particularly interesting with respect to prostate cancer because a
majority of men will develop hyperplasia and localized neoplasia as a natural part of the aging
process. Any treatment that can keep these growths localized and inhibited could substantially
decrease the number of advanced prostate cancer cases. Thus, sulforaphane and 13C effects
outside the Phase | / Phase Il response have been an area of great interest to prostate cancer
researchers. Recent investigations have attributed suppressive activity to antagonism of
signaling pathways known to be important for prostate cancer progression, such as the Akt
signaling axis, as well as modulation of epigenetic enzymes, both of which contribute to growth

arrest and induction of apoptosis.

Sulforaphane:
Attenuation of Akt / NFkB Signaling and Induction of Apoptosis:

Enhanced Akt signaling is a common acquisition in transformed prostate tissue (38-40),
and inhibiting the Akt signaling axis is potentially a good therapeutic target for suppressing
prostate cancer growth and survival (41, 42). Traka et al., were able to show that Akt signaling
was attenuated in prostate tissue of human subjects in response to long term dietary consumption

of sulforaphane rich broccoli (15). Studies in animal models and cultured prostate cancer cells
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using purified sulforaphane have also shown attenuated Akt signaling. In the TRAMP mouse
model, Keum et al. showed a decrease in Akt activation in transformed prostate tissue, while
Traka et al. showed an attenuation of induced gene expression pursuant to the loss of the Akt
suppressor PTEN (14, 15). In vitro analysis of PC3 prostate cancer cells treated with purified
D,L-sulforaphane showed a decrease in Akt phosphorylation, decreased phosphorylation of
MTOR target proteins, and a decrease in cellular protein translation (43), supporting a specific
activity for sulforaphane in inhibiting the Akt signaling pathway.

Akt signaling is involved in many cellular processes (44-47) and could explain how
sulforaphane treatment leads to decreases in the expression of multiple pathways known to
support cancer growth. A decrease in NFxB transcriptional activity has been noted in prostate
cancer cell lines in response to sulforaphane treatment (46, 48, 49). Sulforaphane caused the
observed decrease by inhibiting NFkB translocation from the cytoplasm to the nucleus.
Inhibition of the Akt signaling pathway could lead to sequestration of NF«B in the cytoplasm by
decreasing mTOR complex activity and IKK activity (50), a signaling pathway delineated in
PTEN null prostate cancer cells.

The net effect of decreased Akt / NF«B signaling could be to tip the cell fate scales
toward apoptosis in prostate cancer cells. A decrease in NFkB-dependent inhibitor of apoptosis
(IAP) proteins by sulforaphane may provide the stimulus for transformed cells to undergo
intrinsic, mitochondrial mediated apoptosis (51-53). A decrease in IAP by antisense RNA is able
to increase basal apoptosis in prostate cancer cells (54). The observation that mitochondria are
necessary for at least a portion of sulforaphane induced cell death supports a model of

stimulation of intrinsic apoptosis as an important process in prostate cancer cell killing (55).
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Indeed, sulforaphane treatment in vitro and in the TRAMP model increases the Bax/Bcl-2
protein ratio and triggers a caspase cleavage cascade that results in cell death (56, 57).

Inhibition of Akt signaling and stimulation of growth arrest and apoptosis are two key
sulforaphane effects in transformed prostate tissue. This is not to say that sulforaphane does not
influence many other signaling pathways in prostate cancer cells. In fact, it is likely that other
known sulforaphane effects contribute to suppression. For information detailing sulforaphane

effects outside of those mentioned here, see Clarke et al., (58) and Juge et al., (59).

Indole-3-Carbinol:
Induction of Apoptosis:

Initial experiments investigating the potential of 13C to inhibit prostate cancer growth
focused on controlled in vitro experimentation using the advanced prostate cancer cell line PC3
(60). 13C treatment led to cell cycle arrest and induction of apoptosis. 13C treatment was able to
cause this inhibition by decreasing the expression / activity of pro-cell cycle progression kinase
CDKG6 and by upregulating the expression of cell cycle inhibitors p21 and p27 independent of
p53 (Figure 2). Intrinsic apoptosis was triggered by a shift in Bax and Bcl2 expression toward a
ratio favoring cell death, and was evidenced by PARP cleavage and DNA laddering. A decrease
in NFxB activation was also noted (60). Further investigation using a range of representative
androgen-dependent and independent prostate cancer cell lines (LNCaP, DU145, and PC3)
confirmed a decrease in cell growth and induction of apoptosis in response to 13C and DIM
treatment (61, 62); however, there are conflicting reports concerning the mechanism responsible

for induction of apoptosis (63). Further work characterizing cell death in response to 13C and
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DIM at physiologically relevant doses will be necessary to understand how these phytochemicals
inhibit prostate cancer growth in vivo.
Attenuation of Akt / NFkB Signaling:

Subsequent studies in androgen-independent DU145 cells using equimolar I13C and DIM
treatment characterized G1 cell cycle arrest and a decrease in Akt and PI3K proteins associated
only with DIM treatment (64). DIM also decreases phophorylated (activated) Akt, as well as
nuclear NFkB, NFkB DNA binding, and NF«B transcription activity (65-68). DIM may
decrease Akt signaling by activating upstream regulator AMPK: a recent report showed DIM
activated AMPK both in vitro and in vivo and was associated with mTOR and androgen receptor
(AR) inhibition (Figure 2) (69).

Inhibition of Androgen Receptor Signaling:

A comparison of prostate cancer cell I3C/DIM sensitivity between studies and within
studies utilizing different prostate cancer cell lines has shown decreased sensitivity of more
advanced, AR negative PC3 cells, and, importantly, prostate cancer cells seem to be much more
sensitive to DIM treatment than non-transformed cells (68). DIM may specifically interfere with
prostate cancer growth at the initial stages by suppressing the androgen signaling pathway (70),
which would explain increased sensitivity of AR positive cancers. DIM treatment decreased AR
controlled gene expression in prostate cancer cells in vitro by inhibiting translocation of AR to
the nucleus (70). Bhuiyan et al., also found decreased androgen signaling in response to DIM
treatment, but showed this effect was the result of not only a failure of AR to translocate to the
nucleus, but also due to a decrease in AR expression (65). This is an important inhibitory
activity since hyperactive androgen receptor is one of the most common and early events in

prostate cancer development.
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Epigenetic Activity:

Prostate cancer cells —and cancer cells in general — display epigenetic abnormalities that
are thought to enhance the cancer phenotype. Transformed cells show global DNA
hypomethylation, site specific DNA hypermethylation, altered cellular histone deacetylase
(HDAC) activity, and altered miRNA expression (71, 72). Genes that inhibit cancer cell growth,
such as cell cycle inhibitors or pro-apoptotic genes, are frequently silenced epigenetically. DNA
methyltransferases (DNMTSs) (enzymes that methylate DNA cytosine residues) and HDACs
often work together in larger protein complexes to strip chromatin of active acetylation marks
and lay down DNA methylation for stable gene repression. Targeting the enzymes that regulate
the epigenetic signature of prostate cancer cells has proven to be a viable target in cancer
prevention and cancer therapeutic research. Currently, there are several clinical trials aimed at
determining the tolerance and efficacy of HDAC and DNMT inhibitors in human subjects (73).
Importantly, sulforaphane and DIM have been characterized as diet-based modulators of

epigenetic enzymes (Figure 3).

Sulforaphane:

Sulforaphane, and specifically its metabolites sulforaphane-GSH and sulforaphane-Cys
have been characterized as HDAC inhibitors (Figure 1) (74). HDAC overexpression is
frequently observed in prostate cancer (75), and knockdown of HDAC enzymes with small
RNAs leads to decreased cancer cell growth and alterations in the expression of genes associated
with prostate cancer progression (76, 77). Treatment of prostate cancer cells with sulforaphane

leads to a decrease in cellular HDAC activity and a global increase in histone acetylation (78,
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79). Increases in histone acetylation also occur within the promoters of silenced tumor
suppressor genes and are accompanied by increased gene expression. Tumor suppressor gene
p21 is often silenced in prostate cancer cells. Treatment with sulforaphane leads to an increase
in promoter acetylation and an increase in p21 expression. This effect was even observed in the
p53 null prostate cancer cell line PC3 (80) and suggests epigenetic reactivation.

Sulforaphane also decreases DNMT protein levels in prostate cancer cells by decreasing
DNMT1, 3a, and 3b gene expression (81). Hsu et al., showed that the sulforaphane induced
decrease in DNMT levels are associated with a global decrease in DNA methylation (81). A
more targeted analysis of the cyclin D2 promoter, an epigenetically silenced gene in prostate
cancer cells (82), showed a local decrease in DNA methylation associated with increased cyclin
D2 transcript levels. Similar findings have recently been reported in breast cancer cells looking
at the human telomerase reverse transcriptase (W"TERT) gene (83). However, in this study the
authors found a decrease in DNMT expression associated with a decrease in DNA methylation
and, surprisingly, a decrease in hTERT gene expression. Demethylation, in this instance,
appears to allow transcriptional repressors to recognize and bind DNA elements previously
unavailable. Itis likely that similar phenomena occur in sulforaphane treated prostate cancer
cells and that the relationship between DNA methylation and gene expression in transformed
tissue is more complicated than a simple inverse association.

Sulforaphane induced changes in chromatin modifications and gene expression play a
large role in mediating its cytotoxic effects, but do not account for all its activity. HDAC
enzymes also localize outside the nucleus, where they target non-histone proteins and participate
in cellular processes beyond chromatin regulation. HDACES is a class 1l HDAC localized

primarily in the cytoplasm. It is a critical regulator of the cytoskeletal network and also plays a
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role in chaperoning ubiquitin tagged proteins to the perinuclear aggresome for turnover (84).
HDACSG6 appears to be an important sulforaphane target given that overexpressing HDACS6 in
PC3 prostate cancer cells can abrogate a sulforaphane induced decrease in cell viability (80).

HDACSE is directly inhibited by sulforaphane (76), leading to increased tubulin
acetylation and filament stabilization. In addition to decreasing tubulin dynamics (85),
sulforaphane treatment leads to an increase in insoluble tubulin (86). Although these findings
were investigated in breast and lung cancer cells, and in a cell free system, increased tubulin
acetylation has been noted in prostate cancer cells treated with sulforaphane (76). Similar
changes in tubulin dynamics and solubility are therefore likely to be occurring in prostate cancer
cells. One report noted that sulforaphane can directly bind tubulin, but does not lead to the
collapse of the microtubule network (87); however, a direct binding effect may be unlikely in
vivo due to extremely rapid glutathione conjugation. Microtubule stabilization caused by
HDACSG inhibition may be the mechanism behind the anti-metastatic and cell cycle stress
properties associated with sulforaphane (57, 88).

HDACSE is also involved in AR and other nuclear receptor signaling pathways through its
regulation of heat shock protein 90 (HSP90) acetylation. Deacetylation of HSP90 by HDAC6
releases AR, allowing it to translocate into the nucleus and modulate gene expression (89).
Androgen signaling is a strong driver of prostate cancer growth and is initially hormone-
dependent. But as prostate cancer progresses, androgen signaling becomes hormone
independent, and thus clinicians lose a valuable target to suppress prostate cancer growth.
HDACEG is required for hormone independent nuclear localization in advanced prostate cancer,
and HDACS6 inhibition or knock-down decreases AR signaling (89). A separate report showed

that sulforaphane-mediated inhibition of HDACS6 leads to AR degradation and decreased
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androgen signaling (76). HDACS inhibition may be a good target in advanced prostate cancer

that is no longer sensitive to anti-androgen therapy.

Indole-3-Carbinol:

DIM has recently been shown to significantly decrease cellular HDAC activity in prostate
cancer cell lines (90). DIM does not directly inhibit HDAC activity, but leads to a decrease in
HDAC?2 protein level. These findings are consistent with an earlier report in colon cancer cells
detailing class | HDAC degradation in response to DIM (91).

DIM also alters the expression of other epigenetic modulators, including the enzymes
controlling histone methylation and microRNAs. In a small group of prostate cancer patient
samples, Kong et al., found a correlation between decreasing Let family microRNA expression
and increasing expression of histone methyltransferase EZH2 (92), a marker associated with
poor prognosis (93, 94). Forced expression of Let 7 family members in prostate cancer cell lines
decreased EZH2 expression and inhibited colony growth, demonstrating a causative link between
Let 7 and EZH2 expression, and prostate cancer growth. An in vivo assessment of these findings
from a prostate cancer study population supplemented with BR-DIM confirmed in vitro findings.
Study participants supplemented with BR-DIM for two to four weeks showed increased Let 7
expression and decreased EZH2 expression. In a related study, this same group showed
decreased microRNA miR-34a associated with increased AR expression and signaling (95). BR-
DIM supplementation again led to modest re-expression of the silenced miR-34a and decreased
AR expression in vivo. These are exciting findings in that they demonstrate in vivo DIM effects

that inhibit cancer growth and reverse changes associated with prostate cancer progression and
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poor clinical outcomes. They also confirm in vitro experimental data and provide a foundation

for understanding how DIM intake is associated with prostate cancer inhibition in humans.

Future Directions:

The biologically active phytochemicals sulforaphane and DIM have well established
suppressive activity in vitro and growing evidence supports activity inhibiting prostate cancer
progression in vivo. A number of clinical trials are currently investigating SFN and DIM in
prostate cancer cases to determine tolerance and efficacy utilizing an array of sources, including
administration of purified sulforaphane, broccoli sprout extract pills, 13C-rich food, and BR-DIM

(see www.clinicaltrials.gov). Study endpoints for on-going sulforaphane and BR-DIM

investigations include quantitation and characterization of treatment metabolites in prostate
tissue, a critical piece of data that will shape study design moving forward.

Despite their very different chemical structures, sulforaphane and DIM share some
common targets and treatment endpoints. One explanation for this overlap is that both chemicals
target cancer epigenetically: histone modifications, DNA methylation, and microRNA
expression are dysregulated in cancer, and may explain why cancer cells are hypersensitive to
sulforaphane and DIM treatment relative to normal tissue. Importantly, sulforaphane and DIM
do not directly induce DNA damage or disrupt chromatin structure. The multiple, overlapping
molecular targets suggest very broad effects governing cell homeostasis and genome stability.

Both phytochemicals alter cellular HDAC activity, and while sulforaphane decreases
DNA methyltransferase activity, DIM alters microRNA and histone methyltransferase EZH2
expression in vivo. This last finding is an excellent demonstration of the connectivity and

interrelationship between the different systems that regulate the epigenetic characteristics of
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cancer cells. Furthermore, these findings are likely the tip of the iceberg — a growing body of
research consistently finds that the phytochemicals discussed here target an array of cancers
arising from disparate tissues (96, 97). This again supports sulforaphane and DIM as working
through an epigenetic mechanism, targeting cancer cells no matter the underlying mutations that
feed unregulated cell growth and survival.

Although the Phase | / Phase Il induction and blocking activity associated with
sulforaphane and 13C are not typically thought of as being under epigenetic control, a recent
report has demonstrated the importance of epigenetics in the nrf2 response in transformed
prostate cancer cells (98). Nrf2 expression is dampened in prostate cancer cells, and treatment
with trichostatin A (TSA), a pharmaceutical HDAC inhibitor, removes epigenetic marks
associated with gene silencing. The effect is particularly strong when used in combination with
the DNMT inhibitor 5-aza-2’-deoxycytidine. Although these effects were shown with
pharmacological compounds, sulforaphane and 13C may have a similar effect; a decrease in
HDAC activity in combination with decreased DNMT activity in response to sulforaphane,
accompanied by the innate ability of sulforaphane and / or I3C to induce the Phase I / Phase 11
response, could help explain why these natural products are strong inducers of the detoxification
response in transformed prostate cancer cells. Combination therapies that exploit the
coordinated activity of classic genetic targets and epigenetic regulators will be an important area
of research going forward.

Future investigations into the effects of inhibition of HDAC and histone
methyltransferase activity should focus on connecting changes in post-translational acetylation /
methylation of non-histone proteins to changes in protein activity. The recent publication of the

human “acetylome” and the identification of proteins and protein complexes sensitive to HDAC
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inhibitors identified many transcription factors and chromatin binding complexes as being
affected by acetylation (99, 100). Altered transcription factor acetylation or chromatin
associated protein complex stability could explain the vast changes in gene expression and
signaling networks induced by sulforaphane and DIM treatment. Aside from changes in gene
expression, miRNA expression in response to sulforaphane and DIM is largely unmapped in
prostate cancer. Global analyses of changes in miRNA profile, and subsequent work identifying
specific functional RNAs responsive to sulforaphane or DIM, will provide further insight into
how changes in the activity of chromatin modifiers and transcriptional profile contribute to
prostate cancer inhibition. Moving forward, it will be imperative that we characterize these
changes and their downstream effects in order to understand how sulforaphane and DIM lead to

tumor suppression and identify potential new molecular targets for prostate cancer therapy.

Conclusions:

The natural products sulforaphane and 13C inhibit prostate cancer through both blocking
of tumor initiation and suppression of transformed cell growth. They effect tumor suppression
by inhibiting signaling networks known to have a role in prostate cancer growth and by
triggering cell cycle arrest and apoptosis. More recent work has characterized activity as
epigenetic modulators in prostate cancer cells in vitro and in vivo. Further investigation into the
anti-cancer activity of sulforaphane and I3C will give us a better understanding of how these
natural products are associated with decreased prostate cancer risk and uncover new targets for

therapeutic intervention.
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