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Abstract

Histone deacetylase (HDAC) inhibitors reactivate epigenetically-silenced genes in cancer cells,
triggering cell cycle arrest and apoptosis. Recent evidence suggests that dietary constituents can
act as HDAC inhibitors, such as the isothiocyanates found in cruciferous vegetables and the allyl
compounds present in garlic. Broccoli sprouts are a rich source of sulforaphane (SFN), an
isothiocyanate that is metabolized via the mercapturic acid pathway and inhibits HDAC activity in
human colon, prostate, and breast cancer cells. In mouse preclinical models, SFN inhibited HDAC
activity and induced histone hyperacetylation coincident with tumor suppression. Inhibition of
HDAC activity also was observed in circulating peripheral blood mononuclear cells obtained from
people who consumed a single serving of broccoli sprouts. Garlic organosulfur compounds can be
metabolized to allyl mercaptan (AM), a competitive HDAC inhibitor that induced rapid and
sustained histone hyperacetylation in human colon cancer cells. Inhibition of HDAC activity by
AM was associated with increased histone acetylation and Sp3 transcription factor binding to the
promoter region of the P21WAF1 gene, resulting in elevated p21 protein expression and cell cycle
arrest. Collectively, the results from these studies, and others reviewed herein, provide new
insights into the relationships between reversible histone modifications, diet, and cancer
chemoprevention.
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INTRODUCTION

There is much interest in the study of isothiocyanates and allyl sulfides, and the foods from
which they are derived [Clarke et al., 2008; EI-Bayoumy et al., 2006; Higdon et al., 2007;
Myzak and Dashwood; Pinto et al., 2006; Powolny and Singh 2008]. For instance, entering
the terms “isothiocyanates” and “allyl sulfides” into PubMed resulted in 10282 and 600
citations, respectively. This journal lists several papers on the topic, describing the
antimutagenic effects of garlic extract in the Salmonella assay and in Chinese hamster ovary
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cells [Knasmuller et al., 1989]; the anti-clastogenic properties of garlic extract in mice given
mitomycin C, cyclophosphamide, or sodium arsenite [Das et al., 1993]; the protection by
Brassica campestris mustard leaf towards chromosomal damage and oxidative stress
induced by y-radiation, cyclophosphamide, and urethane in mice [Tiku et al., 2008]; the
inhibitory effects of diallyl sulfide in Chinese hamster V79 cells treated with
dimethylnitrosamine [Fiorio and Bronzetti 1995]; and the anti-genotoxic activity of
sulforaphane (SFN) in cultured human lymphocytes treated with ethyl methanesulfonate,
vincristrine, HyO5, and mitomycin C [Fimognari et al., 2005].

SFN is an isothiocyanate, derived from glucoraphanin in broccoli and broccoli sprouts, that
was first identified as a potent inducer of phase 2 detoxification enzymes [Zhang et al.,
1992; Fahey et al., 1997]. Enzyme induction occurs via the Kelch-like ECH-associated
protein 1-nuclear factor E2-related factor-2 (Keap1-Nrf2) pathway, although other
mechanisms have been implicated in the chemoprotective effects of SFN (see [Clarke et al.,
2008; Fimognari and Hrelia 2007; Juge Myzak and Dashwood 2006) for recent reviews). A
phase | clinical study of broccoli sprout extracts examined the safety, tolerance, and
metabolism of constituent glucosinolates and isothiocyanates in human volunteers [Shapiro
etal., 2006].

Similarly, organosulfur compounds from Allium vegetables have garnered significant
interest due to their reported health benefits, including anti-cancer properties [EI-Bayoumy
et al., 2006; Liu et al., 2007; Milner 2006; Myzak and Dashwood 2006; Nagini 2008; Pittler
and Ernst 2007; Sener et al., 2007]. A recent study, for example, found odds ratios among
persons with high versus low intakes of garlic and onions that were associated with a
significantly reduced risk of colorectal adenoma [Millen et al., 2007].

Our interest in dietary isothiocyanates and allyl sulfides evolved out of the growing body of
evidence connecting their cancer chemopreventive effects with epigenetic mechanisms, and
in particular the modulation of histone acetylation status and histone deacetylase (HDAC)
activity. These findings are reviewed in the following sections.

HDAC INHIBITORS AND CANCER THERAPY

The term “epigenetics” refers to heritable changes in gene function that occur without a
change in DNA sequence [Delage and Dashwood 2008a; Delage and Dashwood 2008b].
Epigenetic changes have been implicated in the deregulation of gene expression during
cancer development [Gal-Yam et al., 2008; Gronbaek et al., 2007; Kondo and Issa 2004].
There is much excitement in this area because, in contrast to genetic alterations, epigenetic
changes are potentially modifiable. Epigenetic abnormalities can affect both the DNA
methylation status and the pattern of histone “marks” in cancer cells, resulting in
inappropriate gene silencing [Clarke et al., 2008; Gal-Yam et al., 2008]. For example, loss
of monoacetylation and trimethylation of histone H4 lysine 20 is a common hallmark of
human tumor cells [Fraga et al., 2005], and the risk of prostate cancer recurrence is
predicted by altered patterns of histone acetylation and methylation [Seligson et al., 2005].
Human gastric adenomas and carcinomas have reduced levels of acetylated histone H4 [Ono
et al., 2002], and in human colon cancer cells expression of the cell cycle regulator p21WAFL
(p21) is influenced by the acetylation status of histone H3 [Chen et al., 2007].

Histone acetylation typically results in an ‘open’ chromatin configuration that facilitates
transcription factor access to DNA and gene transcription, but the reverse scenario can
silence tumor suppressor genes in cancer cells [Wade 2001]. The acetylation and
deacetylation of histones is catalyzed, respectively, by histone acetyltransferases (HATS)
and histone deacetylases (HDACS). Over-expression and/or increased activity of HDACs
occurs in many malignancies, and the repression of transcription can result in dysregulated
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cell cycle kinetics, apoptosis, and differentiation [Dokmanovic and Marks 2005; Mariadason
2008; McLaughlin and La Thangue 2004]. HDAC inhibitors are a current ‘hot topic’, and in
the past year alone over 300 publications mentioning HDAC inhibitors were cited in
PubMed.

In cancer cells, HDAC inhibitors have the ability to de-repress epigenetically-silenced
genes, resulting in the re-expression of cell cycle regulators that trigger growth arrest,
apoptosis, or differentiation [Marks et al., 2001]. This is not a genome-wide “shotgun”
approach to gene activation, since only a select cadre of genes appears to be affected. For
example, about 2-5% of silenced genes were reactivated within the initial hours of HDAC
inhibitor treatment [Butler et al., 2002; Glaser et al., 2003], and p21 was an early target for
upregulation [Kumagai et al., 2007; Okamoto et al., 2006; Rocchi et al., 2005].

Much of the work in this area has focused on competitive HDAC inhibitors with a
hydroxamic acid functional group, such as trichostatin A (TSA) and suberoylanilide
hydroxamic acid (SAHA) [Donadelli et al., 2003; Komatsu et al., 2006; Kumagai et al.,
2007; Sowa et al., 1997]. SAHA is marketed as Vorinostat (Zolinza®), and has shown
promise in the treatment of patients with advanced cutaneous T-cell lymphoma [Marks
2007]. However, resistance to HDAC inhibitor drugs is of clinical concern in many patients,
as well as toxicity, due to factors such as pharmacokinetics and the tumor micro-
environment [Fantin and Richon 2007]. As a consequence, there are ongoing efforts to
develop newer class- and isoform-selective HDAC inhibitors [Itoh et al., 2008; Jones and
Steinkuhler 2008].

DIETARY HDAC INHIBITORS — A CHEMOPREVENTION PARADIGM

Based on some of the issues and concerns about HDAC inhibitor drugs currently used in the
clinical setting, we turned our attention to dietary agents with structural features that might
be compatible with HDAC inhibition. A simple working hypothesis was that the clinical
response to HDAC inhibitor drugs, including pharmacokinetic variations, might be
influenced by other HDAC inhibitors in the patient's diet.

As a starting point, we focused on food constituents with chemical structures that contained
a spacer ‘arm’ that might fit the HDAC active site, and a functional group that could interact
with the buried catalytic zinc atom [Dokmanovic and Marks 2005; McLaughlin and La
Thangue 2004; Xu et al., 2007]. We were guided by prior work indicating that a carboxylate
group can substitute for the hydroxamic acid moiety in binding to zinc within the HDAC
pocket. Over three decades ago, the short-chain fatty acid butyrate was observed to cause
histone modifications in HeLa and Friend erythroleukemia cells [Riggs et al., 1977].
Butyrate is generated during the fermentation of dietary fiber in the large intestine, and
serves as the primary metabolic fuel for the colonocytes [Cummings and Englyst 1987;
Cummings et al., 1987]. Recent studies identified butyrate as a competitive HDAC inhibitor,
with an apparent inhibition constant (K;) on the order of 46 uM [Sekhavat et al., 2007].

Interestingly, carboxylate-based HDAC inhibitors are gaining interest in the treatment of a
wide range of maladies besides cancer. The antiepileptic agent valproic acid (Depakene®,
Convulex®) and the hyperammonemia drug phenylbutyrate (Buphenyl®) are clinically-used
compounds with HDAC inhibitory activity [Gottlicher 2004; Jung 2001]. Other applications
may be found in treating bipolar disorder, Parkinson’s disease, rheumatoid arthritis,
amyotrophic lateral sclerosis, and Huntington’s disease [Gottlicher 2004; Gardian et al.,
2004; Chung et al., 2003; Ryu et al., 2005; Hogarth et al., 2007; Gardian et al., 2005], and
this list is likely to grow in the future.
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ISOTHIOCYANATES AS HDAC INHIBITORS

In addition to butyrate, what other dietary constituents might contain a ‘spacer-carboxylate’
arrangement in their chemical structure? We hypothesized that SFN might act as an HDAC
inhibitor, based on the published literature describing p21 induction and cell cycle arrest/
apoptosis in various human cancer cell lines [Fimognari et al., 2002; Gamet-Payrastre et al.,
2000; Parnaud et al., 2004; Shen et al., 2006; Singh et al., 2004]. Like other isothiocyanates,
SFN is metabolized via the mercapturic acid pathway, and computer modeling predicted that
SFN-cysteine (SFN-Cys) was a good fit for the HDAC active site (Fig. 1). HDAC inhibition
was not observed in a cell-free assay with parent SFN, or when HeLa cells were treated prior
to SFN exposure with a chemical that blocked the mercapturic acid pathway. However,
when Hela cells were incubated with 3-15 uM SFN, the surrounding media contained
metabolite(s) that inhibited HDAC activity in the cell-free assay [Myzak et al., 2004].
Subsequent studies confirmed the HDAC inhibitory effects of SFN in human colon and
prostate cancer cells [Myzak et al., 2006b; Myzak et al., 2004], as well as in human breast
cancer cell lines [Pledgie-Tracy et al., 2007]. HDAC inhibition in prostate BPH-1, LnCaP,
and PC3 cells was associated with increased global histone acetylation, along with localized
histone hyperacetylation on the promoter regions of P21WAF1 and BAX.

In vivo, dietary SFN retarded the growth of PC3 prostate cancer xenografts and spontaneous
intestinal polyps in mouse preclinical models [Myzak et al., 2006a; Myzak et al., 2007], with
evidence for HDAC inhibition and increased histone acetylation in tissues such as the
gastrointestinal tract, prostate, and peripheral blood mononuclear cells (PBMCs). PBMCs
have been used in human clinical trials with HDAC inhibitor drugs, serving as a surrogate
for the changes that might be anticipated in other tissues with respect to HDAC activity and
histone status [Marks et al., 2001; Marks 2007; Warrell et al., 1998]. Thus, we performed a
pilot study with SFN-rich broccoli sprouts in human volunteers [Myzak et al., 2007]. In
brief, healthy volunteers in the age range 18-55 yrs, with no history of non-nutritional
supplement use, refrained from cruciferous vegetable intake for 48 hours, and each person
then consumed 68 g of broccoli sprouts with a bagel and cream cheese. Blood was drawn at
0, 3, 6, 24, and 48 hours, and PBMCs were assayed using a commercial HDAC activity kit.
HDAC activity was inhibited as early as 3 hour after broccoli sprout intake, it returned to
normal by 24 hours, and there was a concomitant induction of histone acetylation
[Dashwood and Ho 2007; Myzak et al., 2007]. This was the first study to show that a
naturally consumed food, broccoli sprouts, had such a marked effect on HDAC activity and
histone acetylation in humans.

Importantly, the pilot study in human volunteers addressed, in part, the question of whether
concentrations that inhibit HDAC activity in vitro might ever be achievable in vivo; by
operational definition, the consumption of broccoli sprouts in human volunteers provided
sufficiently high concentrations in PBMCs to affect HDAC activity and histone acetylation
status. Because this might be due to SFN and/or other phytochemicals in broccoli sprouts,
we are repeating the studies to determine the specific concentrations of SFN and its
metabolites achieved in human plasma and urine, following single and multiple ingestions of
broccoli sprouts. Once the range of SFN concentrations in human PBMC:s is established
after broccoli sprout consumption, these data will be used to advance in vitro mechanistic
studies. The latter will include “loss of function” experiments to define the relative
importance of HDAC inhibition versus other potential mechanisms of chemoprevention. It is
noteworthy that under conditions in the Apc™" mouse in which the development of
spontaneous intestinal polyps was inhibited, tissue concentrations of SFN were in the range
3-30 uM (Hu et al., 2006), which is comparable to doses that inhibited HDAC activity in
human colon cancer cells [Myzak et al., 2004].
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ALLYL COMPOUNDS AS HDAC INHIBITORS

We also became interested in the inhibition of HDAC activity by dietary organosulfur
compounds, such as those found in garlic (Fig. 2). Induction of histone acetylation was
reported previously in cancer cells treated with the garlic compounds diallyl disulfide
(DADS) and S-allyl mercaptocysteine (SAMC) [Lea et al., 2001;Lea et al., 2002],
suggesting that these compounds may alter HDAC enzymes. In primary rat hepatocytes,
DADS is metabolized to allyl mercaptan (AM) within 30 min [Sheen et al., 1999], which is
noteworthy given that AM was more effective than its precursors (DADS, SAMC) at
inhibiting HDAC activity in cell-free conditions [Druesne et al., 2004].

We screened several garlic organosulfur compounds and identified AM as the most potent
HDAC inhibitor in assays with HeLa nuclear extracts, lysates from human colon cancer
cells, or purified human HDACS [Nian et al., 2008]. Using MacroModel® software v8.5
(Schrédinger Inc.) to execute iterative docking simulations with human HDACS (Protein
Databank entry 1T67), AM was found to be a good fit for the enzyme active site (Fig. 3). In
an optimized truncated model, a strong interaction was predicted (—120 kcal/mol) between
the buried zinc atom in the enzyme pocket and the sulfur atom of AM. Structure-activity
studies confirmed the loss of HDAC inhibition after replacement of the —SH group in AM
with an —OH moiety. Enzyme kinetics assays with a purified human HDAC provided
evidence for a competitive mechanism (K;j = 24 pM AM).

Inhibition of HDAC activity by AM in human colon cancer cells was accompanied by a
rapid, sustained accumulation of acetylated histones. Chromatin immunoprecipitation assays
revealed an increase in acetylated histone H3 on the P21WAF1 gene promoter within 4
hours of AM exposure, along with increased binding of the transcription factor Sp3.
Twenty-four hours after AM treatment there was enhanced binding of p53 in the distal
enhancer region of the P21WAF1 gene promoter. The expression of p21(Waf1) protein was
increased at time-points between 3 and 72 hours after AM treatment, and coincided with G1
growth arrest.

The working hypothesis is that metabolic conversion of organosulfur compounds to HDAC
inhibitors in situ may contribute to the overall cancer chemoprotective properties of garlic
and other Allium foods [Milner 2006; Wargovich 2006]. Support for this concept in vivo
comes from studies demonstrating increased histone acetylation in colonocytes from rats
treated with DADS [Druesne-Pecollo et al., 2007], and in the liver of mice 6 h after oral
exposure to AM, DADS, or garlic oil (H. Nian and R.H. Dashwood, unpublished data). It
remains to be determined whether garlic organosulfur compounds can affect HDAC (or
HAT) activities and histone acetylation in human volunteers, and without any associated
toxicity [Bianchini and Vainio 2001]. This is an important consideration, because dietary
“chemopreventive” HDAC inhibitors typically are effective in the micromolar to millimolar
range [Dashwood et al., 2006; Dashwood and Ho 2007; Delage and Dashwood 2008a;
Delage and Dashwood 2008b], whereas HDAC inhibitors used therapeutically are thought to
be effective at nM concentrations, but not without some toxicity and drug resistance [Fantin
and Richon 2007].

FUTURE PERSPECTIVES

The specific focus here has been on the HDAC inhibitory properties of dietary
isothiocyanates and allyl compounds, but other compounds with the *spacer-carboxylate’
arrangement exist in the human diet and are worthy of further study [Dashwood and Ho
2007; Dashwood et al., 2006; Delage and Dashwood 2008]. An evolving theme from this
work is that metabolism plays a pivotal role in generating intermediates with HDAC
inhibitory activity. We speculate that metabolic conversion of SFN to SFN-Cys might
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generate the ‘ultimate’ HDAC inhibitor, but this could hold true for several other dietary
anticarcinogenic isothiocyanates, including those found in glucosinolate-containing plants
such as mustard, radish, horseradish, wasabi, and daikon [Higdon et al., 2007]. Interestingly,
the cysteine moiety in SFN-Cys occupied most of the HDAC active site in modeling
simulations (Fig. 1), but cysteine itself lacked appreciable HDAC inhibitory activity in vitro
[Dashwood et al., 2006]. This suggests that the Cys-conjugated intermediate is preferred,
and that the isothiocyanate ‘cap’ group influences docking to the HDAC enzyme, perhaps
helping to orient the inhibitor to the pocket region. Similar findings have been reported for
hydroxamate-based HDAC inhibitors, where the ‘cap’ group influences enzyme specificity
among various class I and class Il HDACs [Furumai et al., 2001; McLaughlin and La
Thangue 2004; Mork et al., 2005; Rosato and Grant 2003].

In the case of garlic and other Allium vegetables, water- and oil-soluble organosulfur
compounds might be ‘funneled’ via metabolism to generate small molecule HDAC
inhibitors, such as AM (Fig. 2). AM exhibited competitive kinetics with purified human
HDACS, but this metabolite almost certainly reacts with other thiol-containing proteins,
such as those in the microtubule network [Hosono et al., 2008]. An important avenue for
future work will be to examine the relative importance of HDACs compared with other
cellular targets of allyl compounds, under normal physiological conditions and food intake
levels, bearing in mind that garlic supplements are popular in the US
(http://Ipi.oregonstate.edu/infocenter/phytochemicals/garlic/).

Finally, there is evidence that with oxidative stress, HDAC inhibition might result in genes
becoming activated that further exacerbate the underlying pathological condition, such as in
chronic obstructive pulmonary disease [Yang et al., 2006]. Additional caveats were
discussed elsewhere, such as the potential double-edge sword of targeting multiple HDAC
enzymes [Dashwood et al., 2006]. These considerations add to the growing fascination
surrounding the study of diet, epigenetics, and cancer chemoprevention, and the possibility
that HDAC inhibitors in food might help reverse aberrant patterns of histone changes in
cancer cells. Broccoli with garlic sauce, anyone?
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Fig. 1.

Inhibitors in the HDAC pocket. Binding of TSA (top) and SAHA (bottom) were from
structural studies [Finnin et al., 1999]. Accelrys Insight Il software was used to model
interactions of putative inhibitors, with the following parameters: bidentate binding of the
ligand to the zinc atom; H-bond partners for buried polar atoms; avoiding steric conflicts
between ligand and enzyme based on a fixed protein; maintaining favorable torsion angles;
following the favored positions of TSA and SAHA. SFN-Cys fit the HDAC pocket (center)
and had comparable geometry to SAHA in the active site (right), with the a-carboxyl group
of the cysteine moiety forming a bidentate ligand with the buried zinc atom (gray sphere).
For full details, see [Myzak et al., 2004].
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Fig. 2.

Organosulfur compounds in garlic. Garlic compounds such as Alliin, Allicin, S-allylcysteine
(SAC), S-allyl mercaptocysteine (SAMC), diallyl sulfide (DAS), diallyl disulfide (DADS),
and diallyl trisulfide (DATS) are metabolized to allyl mercaptan (AM), allyl methyl sulfide,
and methyl mercaptan. AM was identified as a competitive HDAC inhibitor (K; = 24 uM
with human HDACS) and induced histone acetylation in colon cancer cells [Nian et al.,
2008].
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Fig. 3.

Allyl mercaptan docked in the HDAC pocket. The interaction of AM with human HDACS
was simulated using MacroModel v8.5 and Jaguar v5.5 software (Schrodinger), as reported
elsewhere [Nian et al., 2008]. AM fit into the enzyme pocket with the sulfhydryl group
(yellow) presumably ligated to the catalytic zinc atom (blue sphere).

Environ Mol Mutagen. Author manuscript; available in PMC 2010 April 1.



