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Allyl mercaptan, a garlic-derived organosulfur compound, inhibits histone deacetylase
and enhances Sp3 binding on the P21WAF1 promoter
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Histone deacetylase (HDAC) inhibitors have the potential to de-
repress epigenetically silenced genes in cancer cells, leading to cell
cycle arrest and apoptosis. In the present study, we screened sev-
eral garlic-derived small organosulfur compounds for their abil-
ity to inhibit HDAC activity in vitro. Among the organosulfur
compounds examined, allyl mercaptan (AM) was the most potent
HDAC inhibitor. Molecular modeling, structure activity and
enzyme kinetics studies with purified human HDAC8 provided
evidence for a competitive mechanism (Ki 5 24 mM AM). In
AM-treated human colon cancer cells, HDAC inhibition was ac-
companied by a rapid and sustained accumulation of acetylated
histones in total cellular chromatin. Chromatin immunoprecipi-
tation assays confirmed the presence of hyperacetylated histone
H3 on the P21WAF1 gene promoter within 4 h of AM exposure,
and there was increased binding of the transcription factor Sp3.
At a later time, 24 h after AM treatment, there was enhanced
binding of p53 in the distal enhancer region of the P21WAF1 gene
promoter. These findings suggest a primary role for Sp3 in driving
P21 gene expression after HDAC inhibition by AM, followed by
the subsequent recruitment of p53. Induction of p21Waf1 protein
expression was detected at time points between 3 and 72 h after
AM treatment and coincided with growth arrest in G1 of the cell
cycle. The results are discussed in the context of other anticarci-
nogenic mechanisms ascribed to garlic organosulfur compounds
and the metabolic conversion of such compounds to potential
HDAC inhibitors in situ.

Introduction

Epigenetic changes play a pivotal role in the deregulation of gene
expression during cancer development (1). For example, the silencing
of tumor suppressor genes has been associated with aberrant patterns
of histone acetylation in HT29 and other human colon cancer cells
(1–3). Histone acetylation and deacetylation is catalyzed, respec-
tively, by histone acetyltransferases (HATs) and histone deacetylases
(HDACs). Histone deacetylation typically produces a compact chro-
matin configuration that restricts transcription factor access to DNA
and represses gene expression (4). HDAC inhibitors are gaining in-
terest as potential anticancer drugs due to their ability to reactivate
epigenetically silenced genes in cancer cells, resulting in growth ar-
rest, apoptosis and differentiation (5–7). Microarray analyses revealed
that �2 to 5% of silenced genes were reactivated within the initial
hours of HDAC inhibitor treatment (8,9), and the cell cycle regulator
p21Waf1 (p21) was an early target for upregulation (10–12).

Reactivation of p21 has been reported in cancer cells treated with
potent HDAC inhibitors (9,10), such as trichostatin A (TSA) and
suberoylanilide hydroxamic acid. The latter compound, marketed un-
der the name Vorinostat, has shown promise in the treatment of ad-

vanced cutaneous T-cell lymphoma (13). Recently, attention has
shifted to dietary agents that act as inhibitors of HDAC activity,
including butyrate, sulforaphane and organosulfur compounds from
garlic (reviewed in refs 14,15).

Garlic, onions, leeks and other Allium vegetables have numerous
purported health benefits, including anticancer properties (16–19).
A recent study, for example, found odds ratios among persons with
high versus low intakes of onions and garlic that were significantly
associated with a lower risk of colorectal adenoma (20). Much interest
has focused on garlic-derived organosulfur compounds. These com-
pounds include oil-soluble constituents diallyl sulfide, diallyl disulfide
(DADS), diallyl trisulfide, dithiins and ajoene; water-soluble deriva-
tives S-allyl cysteine (SAC) and S-allyl mercaptocysteine (SAMC)
and metabolites allyl mercaptan (AM) and allyl methyl sulfide (21–
23). Such compounds can alter xenobiotic drug-metabolizing en-
zymes and inhibit the formation of carcinogen–DNA adducts
(24,25). Garlic organosulfur compounds also produce antiprolifera-
tive effects in cancer cells, leading to cell cycle arrest and/or apoptosis
(26,27). Interestingly, histone hyperacetylation associated with
growth inhibition was reported in cancer cells treated with DADS
(28) and SAMC (29), suggesting that these compounds may alter
HDAC enzymes. In primary rat hepatocytes, DADS was metabolized
to AM within 30 min (23), and AM was more effective than its
precursors (DADS and SAMC) at inhibiting HDAC activity under
cell-free conditions (29,30).

Based on these findings, we screened several garlic organosulfur
compounds in vitro and identified AM as the most potent inhibitor of
HDAC activity. In human colon cancer cells, AM induced the accu-
mulation of acetylated histones and enhanced the binding of Sp3 and
p53 transcription factors to the P21WAF1 gene promoter. There was
a corresponding increase in p21 messenger RNA (mRNA) and protein
expression, resulting in cell cycle arrest and growth inhibition.

Materials and methods

Cell culture and reagents

The HT29 human colon adenocarcinoma cell line was obtained from American
Type Culture Collection (Manassas, VA) and cultivated in McCoy’s 5A medium
(Life Technologies, Carlsbad, CA) supplemented with 1% penicillin–streptomycin
and 10% fetal bovine serum. TSA, AM, allyl methyl sulfide and DADS
were purchased from Sigma–Aldrich (St Louis, MO). SAC and SAMC
were synthesized by Wakunaga of America Co. (Mission Viejo, CA). Cells
(0.4 � 106) were seeded in 60 mm dishes 36 h prior to treatment. AM and TSA
were dissolved in 0.1% dimethylsulfoxide and mixed with culture medium
prior to addition to the cells. Control cultures were treated in parallel with
0.1% dimethylsulfoxide alone.

HDAC activity

HDAC activity was determined using the Fluor-de-Lys HDAC activity assay
kit (Biomol, Plymouth Meeting, PA), as reported before (31–34). Incubations
were performed at 37�C with purified human HDAC8, HeLa nuclear extract
(supplied with the kit) or HT29 cellular extract. Fluorescence was measured
using a Spectra MaxGemini XS fluorescence plate reader (Molecular Devices,
Sunnyvale, CA), with excitation at 360 nm and emission at 460 nm.

Molecular modeling

Molecular docking was carried out using MacroModel� software v8.5 (Schrö-
dinger, Portland, OR). Maestro GUI (Schrödinger) was used to set up and
submit energy calculations to MacroModel�. AMBER� force field and
MCMM applications within MacroModel� were used to execute flexible
docking simulations. For these studies, we used the crystal structure of human
HDAC8 with MS-344 inhibitor bound to the catalytic site (1T67 from the
Protein Data Bank). Force field parameters for the zinc atom were taken from
previous work on thermolysin (35). The covalent geometry of AM was gen-
erated using Maestro, and energy minimization was performed prior to docking
simulation. The flexible docking procedure consisted of iterative torsional
sampling searches with structural perturbation followed by energy
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minimization. The AM molecule was fully flexible, whereas residues within
the HDAC8 active site (including zinc) were held fixed in their original positions.
A non-bonded model, in which van der Waals and electrostatic interactions alone
were considered, was used for preliminary docking work. The initial docking
search started with AM positioned 10 Å distance from the enzyme. The lowest
energy structure then was used to derive a truncated zinc–ligand model, which
included the binding site residues Asp 178, Asp 267 and His 180 and the nearby
AM molecule. Jaguar software v5.5 (Schrödinger) was used to compute the zinc
electric charge distribution by fitting the partial charges to the electrostatic
potential calculated at the B3LYP density function level with the LACVP� basis
set. After obtaining the optimized stretching and bending parameters of zinc
heteroatom bonds, we fixed zinc–ligand bond lengths and angles and performed
another round of conformational searches as described above. The overall lowest
energy structure was determined by considering QM energy of zinc–ligands and
the potential energy of AM–HDAC without zinc.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay

Cell growth was determined by assaying for the reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to formazan. Briefly,
after 24 and 48 h of incubation with AM, TSA or vehicle alone, 45 ll of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (5 lg/ll) was
added to cells (4 � 104 per well) in 96-well plates. Cells were incubated at
37�C for 4 h, and a Spectra MaxGemini XS fluorescence plate reader (Molec-
ular Devices) was used to measure absorbance at 620 nm for each well. Growth
rate was calculated as follows: cell growth 5 (A620 treated cells/A620 control
cells) � 100%.

Flow cytometry

Cells treated with vehicle, AM or TSA for 24 h were harvested in cold phos-
phate-buffered saline, fixed in 70% ethanol and stored at 4�C for at least 48 h.
Fixed cells were washed with phosphate-buffered saline once and resuspended
in propidium iodide/Triton X-100 staining solution containing RNase A. Sam-
ples were incubated in the dark for 30 min before cell cycle analysis. The DNA
content of the cells was detected using EPICS XL Beckman Coulter and
analyses of cell distribution in the different cell cycle phases were performed
using Multicycle Software (Phoenix Flow Systems, San Diego, CA).

Immunoblotting

Protein concentration of cell lysates was determined using the bicinchoninic
acid assay (Pierce, Rockford, IL). Proteins (20 mg) were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis on 4–12% Bis–Tris gel
(Novex, San Diego, CA) and transferred to nitrocellulose membranes (Invitrogen,
Carlsbad, CA). Membranes were saturated with 2% bovine serum albumin
for 1 h, followed by an overnight incubation at 4�C with primary antibodies
against acetylated histone H3 (1:200, Upstate, Temecula, CA, #06-599),
histone H3 (1:200, Upstate, #06-755), acetylated histone H4 (1:2000, Upstate,
#06-866), histone H4 (1:2000, Upstate, #05-858) or p21 (1:1000, Cell Signaling,
Danvers, MA, #2947). Membranes were incubated with peroxidase-conjugated
secondary antibodies (Bio-Rad, Hercules, CA) for 1 h. Immunoreactive
bands were visualized by using Western Lightning Chemiluminescence
Reagent Plus (PE Life Sciences, Boston, MA). Bands were detected and quan-
tified on an Alpha Innotech photodocumentation system (Alpha Innotech
Corp., San Leandro, CA). To ensure equal loading, all blots were reprobed
for b-actin (Sigma-Aldrich, A5441).

Reverse transcription–polymerase chain reaction and quantitative real-time
polymerase chain reaction

Cells treated with AM or TSA were disrupted by using QIAshredder spin
column (QIAGEN, Santa Clarita, CA) and total RNA was extracted using
the RNeasy� Mini Kit (QIAGEN) in accordance with the manufacturer’s
instructions. Single-strand complementary DNA was synthesized with 5 lg
of total RNA using the High-Capacity cDNA Archive Kit (Applied Biosys-
tems, Foster city, CA) according to the manufacturer’s standard protocol. Real-
time polymerase chain reaction (PCR) was performed on an ABI Prism 7500
Real-Time PCR Instrument (Applied Biosystems). Primers and TaqMan
probes were obtained from Applied Biosystems (TaqMan� Gene Expression
Assays). Random primers used for reverse transcription–PCR were included in
the kit. Gene-specific primers used for real-time PCR are available upon re-
quest. The PCR conditions were as follows: denaturation for 10 min at 95�C,
followed by 50 cycles at 95�C for 15 s and 60�C for 1 min. The linear range of
amplification was determined using serially diluted complementary DNA
(4-fold series). The mRNA expression of the target gene was normalized to
the corresponding glyceraldehyde 3-phosphate dehydrogenase internal control.

Chromatin immunoprecipitation assays

HT29 cells were cultured with 0.1% dimethylsulfoxide (vehicle), AM or TSA
for 4 or 24 h and fixed in 1% formaldehyde for 10 min at room temperature.

Cross-linking was stopped by adding glycine at a final concentration of 0.125
M. The chromatin immunoprecipitation (ChIP) kit from Active Motif (Carls-
bad, CA) was used according to the manufacturer’s instructions. Chromatin
was incubated with 10 lg anti-acetylated histone H3 (Upstate, #06-599), anti-
Sp1 (Santa Cruz Biotechnology, Santa Cruz, CA, sc-14027x), anti-Sp3 (Santa
Cruz Biotechnology, sc-13018x), anti-p53 (Santa Cruz Biotechnology, sc-
126x) or anti-polymerase II (included in the kit) antibodies overnight at 4�C.
DNA pull down was purified by phenol–chloroform extraction followed by
ethanol precipitation. DNA was then resuspended in 30 ll diethylpyrocarbon-
ate water (or 100 ll for the input controls). Primers used to amplify different
regions of the P21WAF1 gene promoter and downstream were as follows (F 5
forward and R 5 reverse)—a: (�3940 to �4346) F-5#-GATGCCAACCA-
GATTTGCCG-3# and R-5#-CCTGGCTCTAACAACATCCC-3#; b: (�3538 to
�3941) F-5#-GAACAGGAAGACCATCCAGG-3# and R-5#-GGTCATCAC-
ACCTGCTATGTC-3#; c: (�2029 to �2478) F-5#-CACCACTGAGCCTTCC-
TCAC-3# and R-5#-CTGACTCCCAGCACACACTC-3#; d: (�1335 to �1688)
F-5#-GAAATGCCTGAAAGCAGAGG-3# and R-5#-GCTCAGAGTCTGGA-
AATCTC-3#; e: (�677 to �981) F-5#-GGAGGCAAAAGTCCTGTGTTC-3#
and R-5#-GGAAGGAGGGAATTGGAGAG-3#; f: (�324 to �676) F-5#-
CCCGGAAGCATGTGACAATC-3# and R-5#-CAGCACTGTTAGAATGA-
GCC-3#; g: (þ41 to �343) F-5#-GGCTCATTCTAACAGTGCTG-3# and
R-5#-TCCACAAGGAACTGACTTCG-3# and h: (þ3516 to þ3349) F-5#-
GTTGATGGGCCTCTCTGGTTA-3# and R-5#-AGGCAACCAAGGCTCA-
GATA-3#. Immunoprecipitated DNAs (4 ll) or input controls (1 ll) were
subjected to PCR amplification as follows: preincubation for 5 min at 95�C,
30 s at 95�C, 30 s at 62�C and 30 s at 72�C (35 cycles), ending with 10 min at
72�C. PCR products were separated by electrophoresis through 1.5% agarose
gel. In subsequent experiments, real-time PCR was used to quantify the out-
come from ChIP assays. Briefly, 4 ll DNA pull downs using anti-acetylated
H3, anti-p53, anti-Sp1 or anti-Sp3 antibodies from control-, TSA- and AM-
treated cells were subjected to 42 cycles of PCR run on an Opticon Monitor 2
system (Finnzymes, Espoo, Finland) in a 20 ll reaction containing SYBR
Green I dye (DyNAmo master solution, Finnzymes) and primer sets. Primers
within regions b and g were further optimized for the real-time conditions and
designated as regions b# and g#, respectively. The corresponding primer se-
quences were as follows: b#, (�3756 to �3906) F-5#-CTGAGGGGAGGCT-
CATACTG-3# and R-5#-CAGAGCCAGGATGAATTGGT-3#; g#, (�11 to
�171) F-5#-GCTGGCCTGCTGGAACTC-3# and R-5#-AGCGCGGCCCTGA-
TATAC-3#. PCR conditions were 30 s at 95�C, 30 s at 62�C and 40 s at 72�C
and ending with 10 min at 72�C. The amounts of region b# and g# of P21WAF1
promoter were quantified by determining the point at which the fluorescence
accumulation entered the exponential phase, using triplicates for each data
point. Each separate experiment was repeated at least twice.

Statistical analyses

Results were expressed as mean ± SD. Statistical significance was evaluated
for data from three independent experiments using Student’s t-test. A P-value
,0.05 was considered to be statistically significant.

Results

AM is a competitive HDAC inhibitor

Compounds that inhibit HDAC enzymes and increase histone acety-
lation have promising therapeutic potential (36). We first examined
whether DADS, SAC, SAMC or their metabolites AM and allyl
methyl sulfide might inhibit HDAC activity in a cell-free system.
The compounds were selected based on structural features that might
be compatible with the HDAC active site and/or published reports on
their ability to induce histone acetylation in cancer cells (28–30).
Under the conditions used here, AM was the only compound to pro-
duce a marked, dose-dependent inhibition of HDAC activity (Figure
1A). The concentration for 50% inhibition (IC50) by AM was �20
lM. A separate test for quenching showed that AM did not interfere
with the fluorescence signal of the assay (data not presented).

To provide structure–function insights, we assessed the ability of
AM and three of its structural analogues to inhibit HDAC activity in
HeLa nuclear extracts and with purified human HDAC8 (Figure 1B).
The double bond in AM was substituted with a hydroxyl group or
a phenyl ring in mercaptoethanol and benzyl mercaptan, respectively,
whereas the sulfhydryl moiety was replaced by a hydroxyl group in
allyl alcohol. At the concentrations used here, none of the structural
analogues inhibited HDAC activity in HeLa nuclear extracts (Figure
1B, top). However, with 20 lM AM in the assay, HDAC activity was
inhibited by 45.6% in HeLa nuclear extracts and by 57.7% using
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purified human HDAC8 (Figure 1B, top and bottom, respectively).
HDAC8 was inhibited by 15% with 20 lM benzyl mercaptan in the
assay, and no effect was observed with 20 lM mercaptoethanol or 20
lM allyl alcohol. At the highest concentration tested (200 lM), all
compounds inhibited HDAC8 significantly, except for allyl alcohol,
which lacks the sulfhydryl group. Thus, the relative order of inhibitory
potency toward HDAC8 was as follows: AM . benzyl mercaptan .
mercaptoethanol . allyl alcohol.

We next investigated the kinetics of HDAC8 inhibition by AM
(Figure 1C). The Cornish-Bowden plot of S/V versus I generated
a series of parallel lines, and the Dixon plot of 1/V versus I had lines
that intersected above the x-axis, consistent with competitive type
inhibition (38,39). The inhibitor constant (Ki) was estimated to be
24 lM by linear regression analysis of the Dixon plot. The compet-
itive mechanism also was supported by molecular docking studies,
based on the available crystal structure of human HDAC8 with bound
inhibitor (40). Preliminary docking in a non-bonded model confirmed
that AM fit into the catalytic site of HDAC8 without steric hindrance
(Figure 1D, left). The free energy of AM binding to HDAC8 was
estimated to be �30 kcal/mol. Hydrophobic interactions were pre-

dicted between various residues of the pocket and AM, which favored
localization of the ligand deep within the enzyme active site. More-
over, in an optimized truncated model, a strong interaction was pre-
dicted (�120 kcal/mol) between the zinc atom of HDAC8 and the
sulfur atom of AM. In the final lowest energy structure computed, the
sulfur atom of AM was located at 2.25 Å from the zinc atom (Figure
1D, right), suggesting that the zinc–sulfur interaction might drive AM
binding within the HDAC8 active site.

HDAC inhibition and histone acetylation in HT29 cells treated
with AM

The HDAC inhibitory activity of AM was examined in human HT29
colon cancer cells, with TSA as a positive control. When HT29 cell
extracts were treated directly with the test agents in a cell-free system,
as described above for HeLa extracts, the IC50 values for inhibition of
HDAC activity by AM and TSA were 20 lM and 5 nM, respectively
(Figure 2A). However, much higher concentrations of AM and TSA
were needed with intact cells. Specifically, a 25- to 100-fold higher
dose of AM (0.5–2.0 mM) and a 20- to 40-fold higher dose of TSA
(0.1–0.2 lM) gave comparable HDAC inhibition with the cell-free

Fig. 1. AM is a competitive HDAC inhibitor. (A) HDAC activity was evaluated using HeLa nuclear extracts in the presence of 2, 20 and 200 lM SAMC, SAC,
DADS, AM and allyl methyl sulfide (AMS). Data (mean ± SD, n 5 3, �P , 0.05) were expressed as percent of dimethylsulfoxide control. (B) Inhibition of
HDAC activity by AM and three structural analogues, allyl alcohol, benzyl mercaptan and mercaptoethanol. HDAC activity was assayed with HeLa nuclear
extracts (top) or human HDAC8 (bottom). Data 5 mean ± SD, n 5 3, �P , 0.05. (C) Cornish-Bowden plot (left) and Dixon plot (right) of HDAC8 inhibition by
AM, indicating competitive binding (Ki 5 24 lM). (D) Modeling of the HDAC8–AM complex using MacroModel� v8.5 (Schrödinger). Left: lowest energy
configurations of AM in the active site of human HDAC8 based on a non-bonded model docking search. Enzyme-bound inhibitor MS-344 (brown) and the active
zinc atom (blue sphere) are shown from a prior report (37), which highlights the favorable orientation of AM (green). Right: AM docked in the HDAC8
catalytic core in the lowest energy structure after Jaguar calculation (Schrödinger). The sulfur of AM (yellow) was oriented 2.25 Å from the zinc atom (blue
sphere), and hydrophobic interactions with adjacent residues were predicted to further stabilize AM binding in the HDAC8 pocket.
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Fig. 2. HDAC inhibition and histone acetylation in AM-treated HT29 cells. (A) Whole-cell extracts from human HT29 colon cancer cells were treated directly
with the test agents and assayed for HDAC activity (BioMol kit). The IC50 for AM and TSA was 20 lM and 5 nM, respectively. Data 5 mean ± SD, n 5 3,
�P , 0.05. (B) HT29 cells were treated with AM (0.5, 1 and 2 mM) or TSA (0.1 and 0.2 lM) for selected times, from 10 min to 72 h, and whole-cell extracts were
tested for HDAC activity. Data 5 mean ± SD, n 5 3, �P , 0.05. (C) In the same cell lysates as (B), acetylated histones H3 and H4 were analyzed by
immunoblotting. At each time point, acetylated histone expression was normalized to the corresponding non-acetylated histone, and this ratio was assigned an
arbitrary value of 1.0 for the vehicle controls. Data are from a single experiment and are representative of findings from experiments repeated at least twice for each
time point.
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assay system (Figure 2B). For both compounds, dose-dependent in-
hibition of HDAC activity was detected within 10 min of treatment,
and the inhibition was significant at various times up to 72 h in HT29
cells (Figure 2B).

When normalized to H3, acetylated H3 was induced up to 1.8-fold
within 10 min of AM or TSA treatment, as compared with the corre-
sponding vehicle control (Figure 2C). At 24 h, acetylated histone H3
was increased 2.4-fold by 2 mM AM and 4.5-fold by 0.2 lM TSA.
Acetylated H3 then returned to baseline in cells treated with TSA, but
at 72 h acetylated H3 remained elevated 1.5-fold in cells treated with
1–2 mM AM. When normalized to H4, acetylated H4 was increased
up to 1.8-fold within 10 min of AM or TSA treatment. Acetylated H4
was increased 2.1-fold 30 min after treatment with 2 mM AM and 2.8-
fold 3 h after exposure to 0.2 lM TSA. Increases for acetylated H3
were dose dependent at various times up to 24 h after treatment with
AM and at 10 min, 30 min, 3 h and 24 h after treatment with TSA. For
acetylated H4, dose-dependent increases were detected at 30 min, 6 h
and 12 h after treatment with AM and at 3, 6, 12 and 24 h after treatment
with TSA. Because immunoblotting experiments with whole-cell
lysates or isolated nuclear extracts might provide an averaging of acet-
ylated histone status across the whole genome, subsequent work
focused on a specific target gene of interest, namely P21WAF1.

Histone acetylation and recruitment of Sp3 and p53 to the P21WAF1
promoter

In cancer cells treated with HDAC inhibitors, histone hyperacetyla-
tion is commonly associated with the induction of p21 (9,10,41). In
HT29 cells, p21 expression was induced by AM in both a time- and
dose-dependent manner. After 1 h incubation with 0.5–2.0 mM AM,
p21 mRNA was increased 2-fold, and a dose-dependent response was
observed at 6 h, with 8-fold higher levels of p21 mRNA detected in
cells treated with 2.0 mM AM (Figure 3A). A marked �5-fold in-
crease in p21 mRNA expression was observed at 6 h in cells treated
with 0.1 or 0.2 lM TSA, and a slight increase also was detected at 1 h
in cells treated with 0.2 lM TSA. An increase in p21 protein expres-
sion also was observed within 3 h of AM treatment and to a lesser
extent for TSA at 3 h (Figure 3B). However, p21 protein expression
was increased markedly by TSA at 6, 12 and 24 h and then returned to
control levels. For AM, the increase in p21 protein expression was
dose dependent from 6 to 72 h.

In subsequent experiments, ChIP analyses were performed using anti-
acetylated histone H3 antibody followed by primers to selected regions
within the P21WAF1 gene promoter (Figure 4A). After 4 h treatment
with AM or TSA, there was a marked increase in the level of histone H3
acetylation associated with promoter regions d, f and g, but only a mar-
ginal increase was detected in region h, downstream of the 5# flanking
region. The Sp1 family of transcription factors has been implicated in
the induction of p21 by HDAC inhibitors (42), and promoter region g
contains six potential Sp1/Sp3-binding sites plus the initiation codon.
Within 4 h of AM or TSA treatment, there was an increase in Sp3, but
not Sp1, associated with promoter region g (Figure 4B).

As illustrated in Figure 4A, the P21WAF1 promoter also contains
p53-binding sites at positions �4001 (region a), �3764 (region b),
�2311 and �2276 (region c) and �1391 (region d). For regions a–d,
ChIP assays with anti-p53 antibody produced only weak bands at 4 h
(Figure 4C, upper panels). At 24 h, however, there was a strong increase
in p53 associated with regions a and b after TSA exposure and for
region b after AM treatment. Subsequent experiments used quantitative
PCR to assess ChIP signals (Figure 4D). Four hours after treatment with
AM and TSA, there was a significant increase in acetylated H3 and Sp3
associated with region g#, and p53 was increased significantly in region
b# at 24 h. The timing of these changes suggested that AM and TSA
increased the binding of Sp3 within 4 h, followed at a later time by p53
binding to upstream enhancer regions in the P21WAF1 promoter.

Growth inhibition and cell cycle arrest

Finally, we examined the effects of AM and TSA treatment on
the growth of HT29 cells. In the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide assay (Figure 5A), AM and TSA in-
hibited cell growth in a time- and dose-dependent manner. Approxi-
mately 50% reduction in cell density was observed with 2 mM AM
and 0.2 lM TSA after 48 h incubation. Analysis of the DNA content
by flow cytometry (Figure 5B) showed that AM and TSA both caused
a dramatic decrease in the percentage of cells in S phase. Under the
present conditions, AM-treated cells were arrested preferentially in
G1, and a similar finding was obtained using 0.1 lM TSA. At the

Fig. 3. AM and TSA induce p21 expression in HT29 cells. (A) Real-time
reverse transcription–PCR was used to quantify p21 mRNA expression after
1 and 6 h of treatment with AM (0.5, 1 and 2 mM) or TSA (0.1 and 0.2 lM).
glyceraldehyde 3-phosphate dehydrogenase was used as internal control.
Results are shown as fold induction, relative to the corresponding vehicle
controls; mean ± SD, n 5 3, �P , 0.05. (B) Immunodetection of p21
protein expression with b-actin as loading control.
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higher concentration of 0.2 lM TSA, more of the cells were arrested
in G2 versus G1, and virtually none were detected in S phase.

Discussion

Potent HDAC inhibitors such as TSA and suberoylanilide hydroxamic
acid induce histone acetylation and derepress target genes such as
P21WAF1 and BAX, triggering cell cycle arrest and apoptosis in can-
cer cells (15,43). Similar findings have been reported for dietary
constituents that act as weak HDAC ligands, such as butyrate and
sulforaphane (44). With the exception of trapoxin and depudesin,
most HDAC inhibitors block substrate access to the HDAC active site
in a reversible fashion (43). We found that AM was a competitive
HDAC inhibitor in vitro with a Ki of 24 lM for human HDAC8.
Molecular docking studies revealed favorable energetic conditions
for AM binding in the HDAC8 active site, with the sulfhydryl group
of AM ideally positioned to interact with the catalytic zinc at the base
of the HDAC pocket. Thiol compounds are well known to inhibit zinc-
dependent enzymes (45,46), and synthetic agents containing an
-(CH)2-SH group were reported to be strong HDAC inhibitors due
to -S–Zn- binding within the active site (47). The sulfhydryl group of
AM was clearly important since HDAC inhibition was abolished in

assays using allyl alcohol. HDAC inhibition also was diminished with
mercaptoethanol, which contains a thiol group, but has higher water
solubility than AM. We speculate that this lowers the affinity of mer-
captoethanol for the hydrophobic pocket of HDAC8, but further work
is needed to confirm this possibility. One interesting feature distin-
guishing HDAC8 from other HDAC enzymes is that it has a wider
active site pocket and larger surface opening (37). This might explain
why the more bulky benzyl mercaptan molecule was able to inhibit
HDAC8, but was less effective with HeLa nuclear extracts containing
other HDACs (data not presented). In contrast to DADS, SAC and
SAMC, the small size of AM makes it a good fit for multiple HDAC
enzymes; indeed, the extent of inhibition by AM was similar for
HDAC8, HeLa extracts and HT29 cell lysates.

In HT29 cells, we detected inhibition of HDAC activity and
increased histone acetylation within 10 min of AM and TSA treat-
ment. Acetylated histone H3 was increased for up to 24 h after TSA
treatment and for 72 h following AM exposure. A similar time course
was observed for p21 protein expression, with 0.1–0.2 lM TSA
increasing p21 for up to 24 h and 1–2 mM AM increasing p21 for
up to 72 h. One interpretation is that TSA is a potent, transient-acting
HDAC inhibitor, whereas AM is less potent but exerts a more sus-
tained level of inhibition.

Fig. 4. Histone acetylation and transcription factor binding to P21WAF1. (A) Schematic representation of the P21WAF1 promoter showing p53 and Sp1/Sp3-
binding sites and regions amplified by PCR after ChIP. HT29 cells were treated with dimethylsulfoxide (control, Ctr), AM or TSA for 4 h and ChIP was performed
with anti-acetylated H3 antibody followed by primers to regions d, f and g in the 5# promoter or region h further downstream. IgG was used as negative control, and
input samples were used as positive controls for PCR amplification. (B) The ChIP assay in (A) was repeated using anti-Sp1 or anti-Sp3 antibodies and primers to
region g (�343 to þ41), which contains multiple Sp1/Sp3-binding sites. (C) The ChIP assay was repeated at 4 and 24 h after TSA or AM treatment, using anti-p53
antibody, followed by primers to regions a–d, as shown. Region e, which lacks a p53-binding site, was used as a control in some experiments. (D) Acetylated H3,
Sp1, Sp3 and p53 DNA pull downs from the ChIP assay were quantified by real-time PCR. Region b#: �3756 to�3906; region g#: �11 to�171. Data5 mean ± SD,
n 5 3, �P , 0.05.
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A common target of HDAC inhibitors is p21, which controls transition
through the cell cycle via the inhibition of cyclin-dependent kinases (48).
In the present study, induction of p21 by AM was associated with arrest
in G1 of the cell cycle. For TSA, the relative distribution of cells in G1

versus G2 depended on the dose of HDAC inhibitor used in the exper-
iment. This might be explained by mechanisms affecting other cell
cycle regulators (49), such as Akt, checkpoint kinase 1 and the c-Jun
NH(2)-terminal kinase signaling axis, which have been implicated in
prior studies with garlic organosulfur compounds (50–52).

HDAC inhibitors increase the levels of histone acetylation, which
facilitates chromatin remodeling and recruitment of transcription fac-
tors to target genes. In prior studies with HDAC inhibitors butyrate
and suberoylanilide hydroxamic acid (53,54), changes in histone acet-
ylation status and Sp1/Sp3 binding were observed on the promoter
region of P21WAF1. We confirmed that, within 4 h of AM and TSA
treatment, Sp3 was recruited to the P21WAF1 promoter, concurrent
with increased histone acetylation. No increase was seen for Sp1 un-
der the same conditions. Further studies are needed to establish the
mechanism by which Sp3 was selectively targeted to P21WAF1 and
whether the acetylation status of the transcription factor itself was
altered (55,56). Although Sp3 acts as a transcriptional repressor in
some scenarios, HAT activity acetylates Sp3 leading to promoter ac-
tivation (56). Thus, Sp1/Sp3 activity may be determined by the dy-
namic balance between HATs and HDACs in their vicinity. Indeed,
while direct interactions between Sp1/Sp3 and p300/cyclic AMP
response element-binding protein CBP were associated with promoter
activation upon HDAC inhibitor treatment (57), Sp1/Sp3 also medi-
ated the repression of P21WAF1 by HDAC1–3 in colon cancer cells

(58). Post-translational modifications of Sp1/Sp3 also were implicated
in P21WAF1 transcriptional activation by TSA (59,60). We did not
detect any change in global HAT activity following AM treatment in
HT29 cells (data not shown), but the trafficking of transcriptional
coactivators to the P21WAF1 promoter, such as p300/CBP and
CBP/p300-associated factor (P/CAF), should be examined in more
detail, due to their intrinsic HAT activity (61,62).

It has been reported that acetylation of wild-type p53 can increase its
half-life and binding to the P21WAF1 promoter (63,64). The mutant
form of p53 that is overexpressed in HT29 cells, namely p53R273H, is
believed to be responsible for silencing p21 and various strategies have
been sought to rescue p53R273H in cancer cells and restore normal p53
target gene expression (65). Recently, Vikhanskaya et al. (66) studied
functional mutants of p53 and reported that repression of p21 by
p53R273H was abolished by TSA treatment. Under the present condi-
tions, p53 interaction with the P21WAF1 promoter was barely detect-
able in ChIP assays at 4 h, but it was clearly observed at 24 h after TSA
and AM treatment, localized in the upstream (distal) enhancer region.
Little is known about P21WAF1 promoter regulation by p53R273H, but
the results of this study and others (66,67) support the view that p53
mutant-mediated suppression of target genes is dependent on HDAC
activity. It is noteworthy that the eventual loss of p21 induction by TSA
at 24 h coincided with increased binding of p53 at two sites in the
proximal promoter (a and b, Figure 4C), compared with only one site
for AM, in which p21 remained elevated for up to 72 h. Further work is
needed to clarify the role of specific p53 mutants, their binding sites in
the P21WAF1 promoter and the response to various HDAC inhibitors.

Based on the results of the present study, we conclude that the chemo-
preventive effects of garlic organosulfur compounds may be due, in part,
to their metabolic conversion to AM followed by HDAC inhibition. An
important issue for futurework will be to assess the relevant levels of AM
achieved in situ since exogenous application of AM (and TSA) to
human colon cancer cells required much higher concentrations to affect
HDAC activity than with the cell-free assays. Concentrations in the
range 0.2–2 mM were used in prior mechanistic studies with DADS,
SAMC, AM and other garlic-derived organosulfur compounds (28–30),
although 40 lM diallyl trisulfide was reported to inactivate Akt and
trigger caspase-mediated apoptosis in human prostate cancer cells (51).
It remains to be determined whether the ingestion of multiple organo-
sulfur compounds in garlic might generate intracellular concentrations
of AM on the order �20 lM, which could inhibit HDAC activity in
colonic epithelial cells or systemic tissues such as prostate, for which
anticarcinogenic effects have been reported (23–30,49–52,68).

In summary, we provide here the first evidence that AM acts a com-
petitive HDAC inhibitor in vitro, with a Ki on the order of 24 lM for
human HDAC8. In HT29 cells, inhibition of HDAC activity by AM
coincided with increased global histone acetylation, as well as local-
ized hyperacetylation of histone H3 on the P21WAF1 promoter.
Recruitment of Sp3 to the P21WAF1 promoter occurred within 4 h
of AM exposure and was followed by the subsequent binding of p53
to the distal enhancer region. Induction of p21 was both rapid and
sustained and was associated with a dose-dependent G1 arrest in AM-
treated HT29 cells. It will be interesting to examine the cooperative
effects of garlic organosulfur compounds, and other reported dietary
HDAC inhibitors (14,15,44), in combination with drugs that reverse
DNA methylation and epigenetic gene silencing, with the potential for
improved therapeutic efficacy (69,70).
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Fig. 5. AM and TSA inhibited cell proliferation and induced cell cycle
arrest. (A) Growth arrest in HT29 cells treated with AM or TSA, detected
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay. Data 5 mean ± SD, n 5 3, �P , 0.05. (B) DNA content as
determined by flow cytometry (see Material and Methods). Results are
representative of the findings from three independent experiments. For
clarity, statistical outcomes associated with AM- or TSA-induced changes in
G1, S and G2 cell cycle distribution versus vehicle control were omitted from
the figure (�P , 0.05, all treatments).
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