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Abstract
Increased consumption of cruciferous vegetables is associated with a reduced risk of developing
prostate cancer. Indole-3-carbinol (I3C) and 3,3′-diindolylmethane (DIM) are phytochemicals
derived from cruciferous vegetables that have shown promise in inhibiting prostate cancer in
experimental models. Histone deacetylase (HDAC) inhibition is an emerging target for cancer
prevention and therapy. We sought to examine the effects of I3C and DIM on HDACs in human
prostate cancer cell lines: androgen insensitive PC-3cells and androgen sensitive LNCaP cells. I3C
modestly inhibited HDAC activity in LNCaP cells by 25% but no inhibition of HDAC activity
was detected in PC-3 cells. In contrast, DIM significantly inhibited HDAC activity in both cell
lines by as much as 66%. Decreases in HDAC activity correlated with increased expression of
p21, a known target of HDAC inhibitors. DIM treatment caused a significant decrease in the
expression of HDAC2 protein in both cancer cell lines but no significant change in the protein
levels of HDAC1, HDAC3, HDAC4, HDAC6 or HDAC8 were detected. Taken together, these
results show that inhibition of HDAC activity by DIM may contribute to the phytochemicals anti-
proliferative effects in the prostate. The ability of DIM to target aberrant epigenetic patterns, in
addition to its effects on detoxification of carcinogens, may make it an effective chemopreventive
agent by targeting multiple stages of prostate carcinogenesis.
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Introduction
Prostate cancer is the second most frequently diagnosed cancer in men (International
Agency for Research on Cancer, 2010; Jemal et al., 2011). Nutrition and diet are important
modifiable risk factors for prostate cancer development. Epidemiological studies have
shown an inverse association between cruciferous vegetable intake and cancer risk in many
tissues including the prostate (Liu et al., 2012). In particular, increased consumption of
glucosinolates, sulfur-containing compounds found in cruciferous vegetables like Brussels
sprouts, have been shown to significantly reduce the risk of prostate cancer (Steinbrecher et
al., 2009). When raw vegetables are chopped or chewed the glucosinolate glucobrassicin is
broken down into indole-3-carbinol (I3C) (Fig. 1A) by an enzyme that is found in the food,
myrosinase (Aggarwal and Ichikawa, 2005). During digestion, I3C undergoes extensive and
rapid self condensation in the acidic environment, producing many oligomeric products
including a major product 3,3′-diindolylmethane (DIM) (Fig. 1A) (Sarkar and Li, 2004;
Aggarwal and Ichikawa, 2005). DIM is formed from 2 molecules of I3C (Sarkar and Li,
2004).

Studies in prostate cancer models and cells have concluded that both I3C and DIM inhibit
prostate carcinogenesis, decrease cell proliferation, increase apoptosis and induce G1 cell
cycle arrest (Chinni et al., 2001; Nachshon-Kedmi et al., 2004b; Garikapaty et al., 2006; Hsu
et al., 2006; Souli et al., 2008; Vivar et al., 2009; Fares et al., 2010). While both I3C and
DIM have been established as chemopreventive agents, there is growing evidence that the
acid condensation products, such as DIM, have distinct targets and greater bioactivity. For
example, DIM was more effective at lower concentrations than I3C in inducing apoptosis in
prostate cancer cells (Garikapaty et al., 2006). Furthermore, DIM has been shown to be
more effective than I3C at down regulating the Akt survival pathway in prostate cancer cells
(Garikapaty et al., 2006). While I3C and DIM have the potential to be therapeutic and
chemopreventative phytochemicals, the complete mechanisms by which they induce the
anti-carcinogenic properties is not well understood.

The role of epigenetics in controlling gene expression and prostate cancer development is an
emerging area of research. In particular, the identification of agents that can target
epigenetic dysregulation during cancer development is of keen interest. We have previously
identified phytochemicals, derived from cruciferous vegetables such as sulforaphane, to act
as dietary histone deacetylases (HDACs) inhibitors and limit prostate cancer cell growth
(Myzak et al., 2006a; Myzak et al., 2006b; Clarke et al., 2011). HDACs regulate gene
expression by removing acetyl groups from histones (reviewed in (Perry et al., 2010)).
HDACs can be divided into classes based on their structure and sequence homology: class I
consists of HDAC 1,2,3,8, class II includes HDAC 4,5,6,7,9 and 10. Increased HDAC
activity and expression can result in repression of genes, such as p21, that regulate cell cycle
and apoptotic mechanisms (Abbas and Gupta, 2008). In cancer patients, global decreases in
histone acetylation corresponded with an increased grade of cancer and risk of prostate
cancer recurrence (Seligson et al., 2005). Increased expression of HDAC1, HDAC2 and
HDAC3 has been reported in prostate cancers and is associated with tumor cell proliferation
(Halkidou et al., 2004; Weichert et al., 2008). Taken together these findings support the
hypothesis that upregulation of HDACs and hypoacetylation of histones may contribute to
prostate cancer progression. We hypothesized that I3C and DIM may have anti-carcinogenic
activity in prostate cancer cells through the inhibition of HDACs. Our goals were to examine
the effects of I3C and DIM on HDAC activity, protein expression, acetylation of HDAC
target proteins, and expression of subsequent markers of cell cycle arrest in prostate cancer
cells.
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Material and methods
Culturing and Treatment of Cells

Androgen-dependent prostate cancer epithelial cells (LNCaP) and androgen-independent
prostate cancer epithelial cells (PC-3) were obtained from American Type Tissue Collection
(Manassas, VA). Cells were cultured at 5% CO2 and 37°C in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with glutamine plus 10% fetal bovine serum
(Cellgro, Manassas, VA). Cells were treated with dimethylsulfoxide (DMSO) (vehicle
control), I3C or DIM (Sigma-Aldrich, St. Louis, MO) at μM concentrations dissolved in
DMSO. Based on pharmacokinetic studies in animals and previous studies in prostate cancer
cell lines, we treated cells with increasing concentrations of I3C or DIM, up to 150 μM or
100 μM respectively (Chinni et al., 2001; Anderton et al., 2004a; Anderton et al., 2004b;
Nachshon-Kedmi et al., 2004b; Garikapaty et al., 2006; Hsu et al., 2006; Souli et al., 2008;
Vivar et al., 2009; Fares et al., 2010). A different range of DIM doses was used in each cell
line because DIM is more potent at inducing anti-proliferative effects in LNCaP cells as
compared to PC-3 cells (Wang et al., 2012). Cells were harvested using an
immunoprecipitation lysis buffer containing protease inhibitors (Thermo Scientific,
Waltham, MA) 24 and 48 hrs post treatment. In the cell proliferation assay, LNCaP and
PC-3 cells were treated with 60 μM I3C, DIM or DMSO in quadruplicate. The number of
viable cells was quantified 48 hours later using a standard trypan blue exclusion assay
(Sigma-Aldrich) and a hemacytometer. All cells and chemicals were handled using
appropriate personal protective equipment.

HDAC activity
We used HDAC substrate and deacetylated standard from Enzo Life Sciences,
(Farmingdale, NY) to perform HDAC activity assays. Cells were treated with I3C or DIM
before cell lysates were collected. The lysates were diluted 10 times with HDAC buffer and
protein levels of diluted lysates were determined using Pierce BCA protein assay kit
(Thermo Scientific). Fifteen μl of a diluted lysate was mixed with 10 μl of assay buffer in a
well of a 96-well white plate for fluorescent assays. To initiate the HDAC reaction, 25 μl of
100 μM HDAC substrate was add to each well. After 30 minute incubation at 37°C, 50 μl of
assay developer was added to each well to terminate the enzymatic reaction and release the
fluorophore from the reaction product. After 15 min of developing fluorescence at room
temperature, fluorescence was measured at 460 nm with a Spectra MAX Gemini XS Plate
Reader (Molecular Devices, Sunnyvale, CA) using an excitation wavelength of 360 nm.
HDAC activity was expressed relative to total protein concentration and expressed relative
to the DMSO control. Negative controls, positive controls and standards were assayed in
parallel with the samples. The direct inhibitory effects of DIM and I3C on HDAC proteins
were studied using HeLa cell nuclear extracts from Enzo HDAC assay kits. We also
included trichostatin A (TSA) and DMSO as positive and negative controls, respectively.

HDAC, acetylated histone and p21 protein expression
Protein expression was determined by standard western blotting techniques. Proteins were
separated by SDS-PAGE on 4-12 % Bis-Tris gels (Life Technologies, Grand Island, NY)
and transferred to nitrocellulose (Bio-Rad, Hercules, CA). Blots were blocked in a solution
of phosphate-buffered saline with 2% Tween containing 2% BSA for 1 h and then incubated
overnight with primary antibodies specific against HDAC1, AcH3, AcH4 (Millipore,
Billerica, MA) HDAC2-4, HDAC6, HDAC8, (Santa Cruz Biotechnology) H3, H4, (Bethyl
Laboratories, Montgomery, TX), [g533]-actin, (Sigma-Aldrich), or p21 (Cell Signaling,
Danvers, MA). Membranes were then washed and incubated with goat anti-rabbit or goat
anti-mouse secondary antibodies using standard conditions (Santa Cruz Biotechnology,
Santa Cruz, CA). To visualize proteins, membranes were incubated with Super Signal Femto
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Substrate (Thermo Scientific) and the chemiluminescent signal was detected on an Alpha
Innotech system (Protein Simple, Santa Clara, CA). Densitometry of each band was
determined using Image J (Bethesda, MD), normalized to [g533]-actin and expressed as a
percentage of the DMSO control.

Evaluation of HDAC2 mRNA expression
Total RNA was isolated from cells using a standard Trizol extraction (Life Technologies).
One μg of total RNA was reverse transcribed into cDNA using SuperScript III First-Strand
Synthesis SuperMix for qRT-PCR and diluted (Life Technologies). Real time PCR was
performed using the following PCR primers: HDAC2 (forward: 5′-
ATGACAAACCAGAACACTCC-3′, reverse: 5′-TCCTTCTCCTTCATCCTCAG-3′),
GAPDH (forward: 5′-CGAGATCCCTCCAAAATCAA-3′, reverse: 5′-
TTCACACCCATGACGAACAT-3′). Real time PCR reactions were performed using Fast
SYBR Green Mastermix (Life Technologies) on 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA). Gene copies were determined using the standard
curve method. A standard curve was generated from serial dilutions of purified plasmid
DNA that encoded for each gene of interest. Data represent the copy number of the gene of
interest normalized to the copy number of the GAPDH housekeeping gene.

HDAC2 gene silencing
LNCaP cells were trypsinized and transfected with 30 nM HDAC2-specific siRNA (Ambion
Silencer siRNA s6493) using siPORT NeoFX transfection agent (Life Technologies).
Control cells were transfected with an equal concentration of scrambled siRNA (Ambion
Silencer Select Negative Control No. 1) or an equal volume of buffer alone. Transfected
cells were seeded in a 6-well tissue culture plates at 2.3×105 cells per well. RNA and protein
was collected at 48 and 72h post transfection respectively.

Statistics
Graphs were created and statistical significance was determined with GraphPad Prism
software (La Jolla, CA). Each bar represents an average result calculated from at least 3
independent experiments ± the standard error of the mean. Significant differences between
control and treatment groups was calculated using a one way ANOVA and Dunnett’s post-
hoc test where p < 0.05.

Results
The effects of both I3C and DIM were tested in both androgen-dependent (LNCaP) and
androgen-independent (PC-3) prostate cancer cells respectively. I3C did not significantly
inhibit HDAC activity at doses < 100 μM in LNCaP cells. At concentrations >120 μM, I3C
treatment produced a modest 25% reduction in HDAC activity (Fig. 1B). I3C exposure had
no effect on HDAC activity in PC-3 cells at any concentration tested (Fig. 1B). In striking
contrast to I3C, DIM was a much more potent inhibitor of HDAC activity (Fig. 1C).
Specifically, a significant and dose dependent decrease was observed in HDAC activity in
both types of prostate cancer cells. A 55-65% reduction in HDAC activity was detected with
60 μM DIM at 48 hours. The increased potency of DIM to inhibit HDAC activity was
correlated with greater inhibition of cell growth. A significant 50% decrease in viable cells
was detected in both LNCaP and PC-3 cells treated with 60 μM DIM for 48 hours. In
contrast, 60 μM I3C did not significantly inhibit cell growth in either cell line (data not
shown). Taken together, these results show that DIM is an effective inhibitor of HDAC
activity and this may contribute to the enhanced anti-proliferative effect observed with DIM
in prostate cancer cells.
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There was a marked difference in the concentration of DIM that was necessary to induce
significant inhibition of HDAC activity in LNCaP cells as compared to PC-3 cells. Only a
15 μM concentration of DIM was necessary to significantly inhibit HDAC activity in
LNCaP cells while a 45 μM concentration was needed in PC-3 cells. This increased
sensitivity of androgen sensitive cells was associated with down regulation of the AR
protein (data not shown). Since this cell line was more sensitive we also evaluated if DIM
could inhibit HDAC activity at an earlier time point. A significant 35% reduction in HDAC
activity was found at the 30 and 60 μM concentrations in LNCaP cells 24 hours after
treatment (Fig. 2A).

We next determined if inhibition of HDAC activity in DIM treated samples resulted in an
increase in the acetylation of histones. No significant change in the global acetylation of
histones H3 or H4 was seen with DIM treatment (Fig. 2B and C). We also verified that I3C
treatment of PC-3 cells did not cause a significant change in the acetylation of H3 nor H4
(data not shown). To further explore if HDAC inhibition had any downstream effect we
assessed if DIM treatment was associated with an increase in p21 expression. A marked
increase in p21 protein expression was found in LNCaP cells treated with DIM (Fig. 2D).
These data show that DIM inhibits HDAC activity and this may be a cause for the DIM-
induced increase in p21 expression.

Pharmacological HDAC inhibitors and sulforaphane have been shown to inhibit HDAC
activity through competitive inhibition of HDAC enzymes. For this reason we sought to
determine if DIM also acts as a direct HDAC inhibitor. Using a cell-free system with known
elevated HDAC activities, we found that neither DIM nor I3C decreased HDAC activity as
compared to the vehicle (DMSO) control (Fig. 3). As a positive control the competitive
HDAC inhibitor TSA (20 nM) was shown to decrease HDAC activity in this system by over
95%. These results suggests that DIM is not likely to act as a direct competitive inhibitor of
HDAC activity.

Another possible mechanism by which HDAC activity can be decreased in the cell is
through down regulation of specific HDAC proteins (Bhatnagar et al., 2009; Li et al., 2010).
Among the class I HDACs, a dose dependent decrease in HDAC2 expression was detected
in both PC-3 and LNCaP cells with DIM treatment (Fig. 4A-B). A statistically significant
decrease in HDAC2 protein expression was only detected at doses at, or above 60 μM DIM
at 48h (Fig. 4A-B). At this same concentration and time point HDAC2 mRNA levels were
not significantly decreased by DIM treatment in either cell line (data not shown). At 24
hours after DIM treatment HDAC2 mRNA levels were examined in LNCaP cells and a
trend for a decrease in HDAC2 mRNA of 30% was found at 45 and 60 μM concentrations
but this was not statistically significant (Fig. 4C, p-value of 0.1133).

Examination of other class I HDACs revealed a decrease in HDAC8 protein in PC-3 cells
which approached statistical significance at the 100 μM concentration (Fig. 5C, p=0.0582).
In contrast, HDAC 8 expression did not decrease in LNCaP cells treated with DIM (Fig.
5C). No difference in the expression of HDAC1 or HDAC3 proteins was detected with DIM
treatment in either cell type (Fig. 5A and 5B). Among the class II HDACs, we show that
DIM treatment of prostate cancer cells did not result in a significant reduction of HDAC4 (p
= 0.0857) nor HDAC6 (p = 0.4169) protein (Fig. 6). While no significant change was
observed, it is worth noting that a trend in decreasing HDAC4 and 6 was observed in PC-3
cells, however, only at the high 100 μM concentration (Fig. 6). We also examined if I3C
inhibited any of the HDAC proteins in prostate cancer cells. Treatment of PC-3 cells with up
to 150 μM concentrations of I3C did not significantly change the levels of HDAC1-4,
HDAC6 nor HDAC8 (data not shown). These results illustrate that inhibition of HDAC
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activity by DIM, but not I3C, is primarily achieved through down regulation of HDAC2
protein levels in prostate cancer cells.

In order to determine if decreases in HDAC2 protein alone was sufficient to produce
changes in epigenetic endpoints, LNCaP cells were transfected with siRNA specific to
HDAC2. HDAC2 siRNA caused a significant decrease in HDAC2 mRNA and protein levels
following transfection (Fig. 7A-B). We observed that HDAC2 knockdown also resulted in
increases in HDAC1 expression (Fig7B). Despite the increases in HDAC1 protein, the
decreased HDAC2 expression was associated with an increase in acetylated H4 levels (Fig.
7C). Thus, decreasing HDAC2 proteins has relevant epigenetic consequences even under
compensatory actions of HDAC1.

Discussion
The chemopreventive effects of DIM are well–established and have been linked to
proliferation/survival events and the induction of apoptosis (reviewed in (Banerjee et al.,
2012). Despite this intense study, the precise molecular mechanisms by which DIM inhibits
proliferation and induces apoptosis remains unclear. Here we show for the first time that
DIM, but not I3C, inhibits HDAC activity in cancer cells. This inhibition of HDACs by
DIM is associated with an up-regulation of the cell cycle regulator p21 in prostate cancer
cells. We further show that DIM induces the down regulation of HDAC2 which is a protein
that is upregulated in prostate cancers and associated with decreased patient survival
(Seligson et al., 2005). Taken together, these results identify DIM as a potential dietary
epigenetic modulator in prostate cancer cells. The use of DIM alone, or in combination with
established treatment regimens, may increase efficacy of anti-cancer therapies and
prevention strategies, without serious side effects ((Nachshon-Kedmi et al., 2004a; Li et al.,
2005; Fares et al., 2010) and reviewed in (Banerjee et al., 2012)).

Many HDAC inhibitors act by inhibiting catalytic activity of HDAC enzymes. We have
previously shown that treatment of cancer cells with sulforaphane decreased HDAC activity
by both competitive inhibition and a decrease in the expression of HDAC 3, 4 and 6 proteins
(Myzak et al., 2004; Clarke et al., 2011). In the current study, we show that unlike
sulforaphane, DIM does not appear to act as a direct inhibitor, but caused a selective
decrease in HDAC expression, primarily at the protein level. It is possible that DIM may
specifically alter protein turnover pathways that specifically control HDAC2 protein levels
post-translationally. In colon cancer cells, the phytochemical sulforaphane has been shown
to specifically decrease HDAC3 protein levels, with no change in mRNA levels by inducing
HDAC3 degradation through post-translational phosphorylation of the protein (Rajendran et
al., 2011). DIM-induced down regulation of HDAC2 in prostate cancer cells is consistent
with a previous report in colon cancer cells that also observed a DIM-induced down
regulation of HDAC2 (Bhatnagar et al., 2009; Li et al., 2010). The mechanism leading to
cell specific degradation of HDAC2, a trend for decreasing HDAC4, 6 and 8, and the
involvement of the proteasome, is an important area for future research. DIM has also been
shown to inhibit proteasome activity (Chinnakannu et al., 2009) and in colon cancer cells
decreases in HDAC protein expression were linked to proteasomal degradation (Li et al.,
2010). In contrast to colon cancer cells, we did not detect down regulation of the other class
I HDACs, HDAC1 and HDAC3, in prostate cancer cells. This difference highlights that
DIM may inhibit specific HDACs in a cell specific manner. Further investigation in the
mechanisms by which DIM alter HDACs, and their contribution to the anti-proliferative
effects of DIM is warranted.

DIM was effective at inhibiting HDAC activity at lower concentrations in androgen-
dependent LNCaP cells compared to androgen-independent PC-3 prostate cancer cells. This
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is consistent with the literature showing that DIM induces anti-proliferative and pro-
apoptotic effects at lower concentrations in androgen sensitive prostate cancer cells (Wang
et al., 2012). Importantly, the dose of DIM that was necessary to achieve HDAC inhibition
in androgen-dependent cells is approaching concentrations that have been estimated to be
achievable through consumption of cruciferous vegetables, such as 200 grams of broccoli
(Chang et al., 2006). There are several reasons why androgen-dependent cells are likely
more sensitive than androgen-independent cells, one of which relates to the ability of DIM
to regulate the androgen receptor (AR) pathway (Li et al., 2007; Chinnakannu et al., 2009).
We confirmed the down regulation of the AR protein by DIM. It is possible that this
decrease in AR can occur through HDAC inhibition as the HDAC inhibitor TSA, has been
shown to down regulate AR gene expression in prostate cancer cells (Rokhlin et al., 2006).
Additionally, DIM has been shown to influence the metabolism of testosterone (Wortelboer
et al., 1992), alter binding of testosterone to the AR receptor (Bovee et al., 2008; Abdelbaqi
et al., 2011), and thus alters the AR signaling pathway (Le et al., 2003). More research is
needed to clarify the role of HDAC inhibition in the down regulation of AR signaling in
androgen sensitive prostate cancer cells.

Inhibition of HDAC activity is generally associated with an increase in the acetylation of
histones (Abbas and Gupta, 2008). We did not observe a significant change in the global
acetylation of histones H3 or H4 under conditions of DIM treatment. Despite this, we
observed an increase in p21 expression which is often transcriptionally repressed in cancer
cells through up-regulation of class I HDACs (Abbas and Gupta, 2008). Identification of
specific histone targets following DIM induced alterations in HDAC activity are an
important area for future study. Our p21 results are consistent with a report in colon cancer
cells where DIM treatment inhibited HDAC protein expression and was associated with an
increase in p21 expression but no significant change in the global acetylation of H3 was
detected (Li et al., 2010). More specific examination in colon cells revealed increased
acetylation of H3 in the p21 promoter. A discrepancy between HDAC inhibition and
acetylation of histones was also noted in breast cancer cells treated with sulforaphane
(Pledgie-Tracy et al., 2007). HDACs act in complexes with many other proteins including
histone acetyltransferases and DNA methyltransferases (Bantscheff et al., 2011). Further
investigation will be needed to understand the complex interplay between DIM-induced
HDAC inhibition, alterations of other epigenetic marks, and changes in expression of targets
affecting cancer cell growth.

HDAC inhibition is emerging as a promising field in cancer chemoprevention and therapy.
Several clinical trials aimed at establishing the chemotherapeutic efficacy of HDAC
inhibitors are currently ongoing. They are based on evidence that cancer cells undergo cell
cycle arrest, differentiation and apoptosis in vitro, and that tumor volume and/or tumor
number may be reduced in animal models treated with HDAC inhibitors. DIM has been
shown to be well tolerated in humans and inhibits growth of prostate cancer both in vitro
and in mouse models (Cho et al., 2011). Despite the fact that I3C did not strongly affect
HDAC activity, I3C has been shown to be effective in limiting cancer growth in several
other models in vitro and in vivo, and still may be an important chemopreventive agent
through alternate mechanisms (Wang et al., 2006; Yu et al., 2006; Lubet et al., 2011; Wang
et al., 2012). The chemopreventive properties of DIM are likely attributed to targeting
multiple mechanisms. Herein, we establish that HDAC inhibition by DIM, possibly by
decreasing specific class I HDACs, may be an additional novel target for chemoprevention.
Regardless, the potential for DIM, and other chemicals derived from cruciferous vegetables,
to target aberrant epigenetic patterns, in addition to their effects on detoxification and
carcinogen metabolism, may make them effective chemoprevention agents at multiple stages
of the prostate carcinogenesis pathway.
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DIM 3,3′-diindolylmethane

LNCaP androgen-dependent prostate cancer cells

PC-3 androgen-independent prostate cancer cells

AR androgen receptor

DMSO dimethylsulfoxide

H3 histone 3

H4 histone 4

HDAC histone deacetylase

I3 Cindole-3-carbinol

TSA trichostatin A
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Highlights

• DIM inhibits HDAC activity and decreases HDAC2 expression in prostate
cancer cells.

• DIM is significantly more effective than I3C in inhibiting HDAC activity.

• I3C has no effect on HDAC protein expression.

• Inhibition of HDAC activity by DIM is associated with increased p21
expression.

• HDAC inhibition may be a novel epigenetic mechanism for cancer prevention
with DIM.
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Fig. 1.
Effect of I3C and DIM on HDAC activity. A) Chemical structures of indole-3-carbinol
(I3C) and 3, 3′ diindolylmethane (DIM). LNCaP and PC-3 prostate cancer cells were treated
with increasing concentrations of I3C (B) or DIM (C) or vehicle control, DMSO, for 48
hours. Data are expressed as a percentage of the DMSO control treatment and represent an
average of 3-8 independent experiments ± SEM. Statistical significance: *p<0.05, **p<0.01,
***p<0.001 compared to DMSO control samples.
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Fig. 2.
Inhibition of HDAC activity is associated with the upregulation of p21 protein. LNCaP cells
were treated with increasing concentrations of DIM, or vehicle control, for 24 hours and
evaluated for A) HDAC activity B) acetylation of H3 C) acetylation of H4 and D) p21
protein expression. A-C) Data are expressed as a percentage of the DMSO control treatment
and represent an average of 4 independent experiments ± SEM. Statistical significance:
*p<0.05 compared to DMSO control samples. D) Representative blot of p21 expression 24
hours post DIM treatment. Numbers indicate densitometry results of p21 expression
normalized to [g533]-actin, n=4.
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Fig. 3.
I3C and DIM do not directly inhibit HDAC activity. Nuclear extracts containing HDAC
enzymes were incubated with increasing concentrations of I3C or DIM. The vehicle
(DMSO), 20 nM TSA, and no treatment controls were also included. Data represent an
average of 3 independent measurements ± SEM. *** indicates statistical significance of
p<0.001 compared to DMSO control samples.
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Fig. 4.
DIM-induced decrease in HDAC2 protein. LNCaP and PC-3 cells were treated with
increasing concentrations of DIM or DMSO. A) Data are densitometry results of Western
blots for HDAC2 protein levels normalized to [g533]-actin and the DMSO control following
48h treatment. Data are expressed as a percentage of the DMSO control treatment and
represent an average of 3-7 independent experiments ± SEM. Statistical significance:
*p<0.05, **p<0.01. B) Representative blot of HDAC2 and [g533]-actin expression 48 hours
post DIM treatment. C) HDAC2 transcript levels in LNCaP cells at 24h post DIM, or
DMSO control treatment.
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Fig. 5.
Effect of DIM on class I HDACs. LNCaP and PC-3 cells were treated with increasing
concentrations of DIM or DMSO for 48 hours. Data are densitometry results of Western
blots for A) HDAC1 B) HDAC3 and C) HDAC8 protein levels normalized to [g533]-actin
and the DMSO control. Data are expressed as a percentage of the DMSO control treatment
and represent an average of 3-7 independent experiments ± SEM. Statistical significance: +
p=0.0582, compared to DMSO control samples.

Beaver et al. Page 17

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Effect of DIM on class II HDACs. LNCaP and PC-3 cells were treated with increasing
concentrations of DIM or DMSO for 48 hours. Data are densitometry results of Western
blots for A) HDAC4 and B) HDAC6 protein levels normalized to [g533]-actin and the
DMSO control. Data are expressed as a percentage of the DMSO control treatment and
represent an average of 3-7 independent experiments ± SEM. No significance difference was
detected with DIM treatment.
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Fig. 7.
HDAC2 knockdown in LNCaP cells results in increases in acetylated histone levels. LNCaP
cells were transfected with HDAC2 siRNA, control scrambled siRNA, or vehicle control. A)
HDAC2 mRNA expression was evaluated 48h following transfection. B) HDAC1 and
HDAC2 protein expression was determined 72h following transfection. C) Acetylated
histone H4 protein levels normalized to [g533]-actin and H4 protein levels 72 hours
following HDAC2 siRNA knockdown. Statistical significance as compared to scrambled
control siRNA: *p<0.05, ***p<0.001.
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