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Methylselenocysteine (MSC) and selenomethionine (SM) are two
organoselenium compounds receiving interest for their potential
anticancer properties. These compounds can be converted to
b-methylselenopyruvate (MSP) and a-keto-g-methylselenobuty-
rate (KMSB), a-keto acid metabolites that share structural fea-
tures with the histone deacetylase (HDAC) inhibitor butyrate. We
tested the organoselenium compounds in an in vitro assay with
human HDAC1 and HDAC8; whereas SM and MSC had little or
no activity up to 2 mM, MSP and KMSB caused dose-dependent
inhibition of HDAC activity. Subsequent experiments identified
MSP as a competitive inhibitor of HDAC8, and computational
modeling supported a mechanism involving reversible interaction
with the active site zinc atom. In human colon cancer cells,
acetylated histone H3 levels were increased during the period
0.5–48 h after treatment with MSP and KMSB, and there was
dose-dependent inhibition of HDAC activity. The proportion of
cells occupying G2/M of the cell cycle was increased at 10–50 mM
MSP and KMSB, and apoptosis was induced, as evidenced by
morphological changes, Annexin V staining and increased cleaved
caspase-3, -6, -7, -9 and poly(adenosine diphosphate-ribose)poly-
merase. P21WAF1, a well-established target gene of clinically
used HDAC inhibitors, was increased in MSP- and KMSB-treated
colon cancer cells at both the messenger RNA and protein level,
and there was enhanced P21WAF1 promoter activity. These stud-
ies confirm that in addition to targeting redox-sensitive signaling
molecules, a-keto acid metabolites of organoselenium compounds
alter HDAC activity and histone acetylation status in colon cancer
cells, as recently observed in human prostate cancer cells.

Introduction

Methylselenocysteine (MSC) and selenomethionine (SM) are two
major organoselenium compounds present in selenium-enriched
plants and yeast (1). Both of these compounds have reported antican-
cer properties, including in breast, prostate and colon cancer cells
(2–8). For example, in mouse mammary epithelial tumor cells in vitro,
MSC attenuated phosphatidylinositol 3-kinase activity, reduced the
phosphorylation of p38 and inhibited the Raf–mitogen-activated pro-
tein kinase–extracellular regulated kinase-signaling pathway (3). In
human colon cancer cells, SM regulated cyclooxygenase-2 expression
via nuclear factor-kappaB, and apoptosis induction was p53 depen-
dent and mediated by superoxide (5,6). It has been suggested that
methylselenol (MS), a b- or c-elimination product of MSC and SM,
may be a key metabolite for cancer chemoprevention, acting to redox-
modify proteins and regulate key signaling pathways (9). However,

MS may not be the only metabolite with important biological activity.
In the liver, MSC and SM undergo transamination reactions to gen-
erate b-methylselenopyruvate (MSP) and a-keto-c-methylselenobu-
tyrate (KMSB), respectively (Figure 1). The widely distributed
enzyme glutamine transaminase K also efficiently converts MSC to
MS and MSP (10).

MSP and KMSB share structural features with butyrate, a short-chain
fatty acid reported to competitively inhibit histone deacetylase (HDAC)
activity (11). HDAC inhibitors have received increasing interest as
cancer therapeutic agents, due to their potential to de-repress epigenet-
ically silenced genes via changes in histone acetylation status (12–16).
Interestingly, the human diet contains several chemopreventive agents
that also inhibit HDAC activity, helping to trigger cell cycle arrest/
apoptosis in cancer cells through chromatin remodeling (17–24). We
reported previously on the HDAC inhibitory effects of sulforaphane
from broccoli and garlic-derived organosulfur compounds (22–24).
The search continues for novel dietary agents that might be used alone
or in combination with HDAC inhibitor drugs being developed as can-
didates for cancer therapy (12–16). There is also interest in learning,
from a basic mechanistic standpoint, how different dietary agents in-
fluence HDAC activity, histone acetylation status and the expression of
cell cycle regulators, such as p21WAF1 (p21). In this report, we describe
for the first time the HDAC inhibitory effects of organoselenium com-
pounds in human colon cancer cells and the corresponding changes in
cell growth, apoptosis and p21 expression.

Material and methods

Cell culture and reagents

Human HT29 and HCT116 colon cancer cell lines were obtained from Amer-
ican 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. In some experiments, HCT116
(p53�/�) and HCT116 (p53þ/þ) cells were used, kindly provided by Dr Bert
Vogelstein (Johns Hopkins University, Baltimore, MD). MSC, SM, MSP and
KMSB were generated as reported elsewhere (10).

HDAC activity

HDAC activity was determined using the Fluor-de-Lys HDAC activity assay
kit (Biomol, Plymouth Meeting, PA), as reported before (24). Incubations were
performed at 37�C with purified human HDAC8, human HDAC1 or nuclear
extracts from colon cancer cells. 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 docking

Coordinates of the human HDAC8 catalytic domain were taken from the crystal
structures available in the Protein Data Bank 1T67 (MS-344/HDAC-8) (25). The
model was energetically refined in the internal coordinate space with Molsoft
ICM v3.5-1p (26). The docking was represented by five types of interaction
potentials: (i) van der Waals potential for a hydrogen atom probe; (ii) van der
Waals potential for a heavy-atom probe (generic carbon with 1.7 Å radius); (iii)
optimized electrostatic term; (iv) hydrophobic terms and (v) loan-pair-based
potential, which reflects directional preferences in hydrogen bonding. The en-
ergy terms were based on the all-atom vacuum force field ECEPP/3 with ap-
pended terms from the Merck Molecular Force Field to account for solvation
free energy and entropic contribution. Modified intermolecular terms such as
soft van der Waals and hydrogen bonding as well as a hydrophobic term were
included. Conformational sampling was based on the biased probability Monte
Carlo procedure, with full local minimization after each randomization step. In
the ICM-VLS (Molsoft ICM v3.5-1p) screening procedure, ligand scoring was
optimized to obtain maximal separation between bound and unbound species.
Each selenium compound was assigned a score according to fit within the
pocket, accounting for electrostatic, hydrophobic and entropy parameters (27).

Dimethyl thiazolium bromide assay

Cell growth was determined by assaying for the reduction of dimethyl thiazo-
lium bromide to formazan. Briefly, after 48 h incubation with MSP or KMSB,

Abbreviations: HDAC, histone deacetylase; KMSB, a-keto-c-methylseleno-
butyrate; mRNA, messenger RNA; MS, methylselenol; MSC, methylseleno-
cysteine; MSP, b-methylselenopyruvate; PBS, phosphate-buffered saline; SM,
selenomethionine; TUNEL, terminal deoxynucleotidyl transferase deoxyuri-
dine triphosphate nick end labeling.
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10 ll dimethyl thiazolium bromide (5 lg/ll) was added to cells in 96-well
plates. Cells were incubated at 37�C for 4 h, and a Spectra MaxGemini XS
fluorescence plate reader (Molecular 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 MSP or KMSB for 8 and 24 h were harvested in cold
phosphate-buffered saline (PBS), fixed in 70% ethanol and stored at 4�C for
at least 48 h. Fixed cells were washed with PBS once and resuspended in
propidium iodide/Triton X-100 staining solution containing RNase A. Samples
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).

TUNEL assay

Terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end la-
beling (TUNEL) was performed using a Guava TUNEL kit (Guava Technol-
ogies, Hayward, CA), in accordance with the manufacturer’s protocol. Briefly,
cells were treated with 0–50 lM MSP or KMSB for 48 h and then fixed with
1% paraformaldehyde on ice for 1 h. After washing with PBS twice, 70%

ethanol was added to the cell pellet and incubated at �20�C to permeabilize
the cells for 24 h. The cells were washed with Wash Buffer twice and incubated
in the DNA-labeling Solution (including terminal deoxynucleotidyl transferase
enzyme and BrdU-uridine triphosphate) for 60 min at 37�C in a water bath.
Cells were rinsed and collected by centrifugation and incubated in anti-BrdU-
staining mix for 45 min at room temperature. Data were acquired on a Guava
PCA instrument.

Annexin V assay

Annexin V staining was performed using the Guava Nexin kit (Hayward, CA),
in accordance with the manufacturer’s protocol. Briefly, cells were treated with
0–50 lM MSP or KMSB for 24 h and collected by centrifugation. After
washing with PBS, the cells were incubated in Nexin buffer containing Annex-
in V and 7-AAD on ice for 20 min. Data were acquired on a Guava PCA
instrument.

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 (Invitro-
gen, Carlsbad, CA). Membranes were saturated with 2% bovine serum albumin

Fig. 1. Deamination reactions of organoselenium compounds MSC and SM to generate a-keto acid metabolites, MSP and KMSB, respectively.

Fig. 2. KMSB and MSP inhibit HDAC activity. (A) HDAC assays were performed with purified human HDAC1 and HDAC8, in the presence of different
concentrations of MSP or KMSB. Data 5 mean ± SD, n 5 3, �P , 0.05. (B) Kinetics of HDAC8 inhibition by MSP. Reaction velocities were measured at
different concentrations of substrate, in the presence of 0, 10 and 100 lM MSP. The Lineweaver-Burk plot indicated competitive inhibition (Ki 5 35 lM).
(C) Docking of MSP (left) and KMSB (right) into human HDAC8 catalytic domain (ICM v3.5-1p). Zinc coordination is represented by red dashed lines. H-bonds
are represented by black dashed lines between donor and acceptor atoms, defined as follows: Distance D—A: 2.8–3.2 Å; Angle D-H—A: 140–180�.
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for 1 h, followed by overnight incubation at 4�C with primary antibodies
against acetylated histone H3 (1:200, Upstate, Temecula, CA, #06-599), his-
tone H3 (1:200, Upstate, #06-755), p21 (1:1000, Cell Signaling, Beverly, MA,
#2947) or b-actin (A5441, 1:5000, Sigma, Saint Louis, MO). Membranes were
then incubated with peroxidase-conjugated secondary antibodies (Bio-Rad,
Hercules, CA) for 1 h. Immunoreactive bands were visualized by using West-
ern Lightning Chemiluminescence Reagent Plus (PE Life Sciences, Boston,
MA) and detected with an AlphaInnotech imaging system.

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

Cells treated with MSP or KMSB 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 instruc-
tions. Single-strand complementary DNA was then synthesized with 5 lg of
total RNA using the High-Capacity complementary DNA Archive kit (Applied
Biosystems, Foster city, CA), according to the manufacturer’s protocol. Real-
time amplification was achieved using an ABI Prism 7500 Real-Time PCR

instrument (Applied Biosystems). Pairs of primers and TaqMan probes were
obtained from Applied Biosystems (TaqMan� Gene Expression Assays).
Polymerase chain reaction was performed 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 com-
plementary DNA (4-fold series). The messenger RNA (mRNA) expression of
the target gene was normalized to the corresponding GAPDH internal control.

Luciferase assay

The effects of MSP and KMSB on P21WAF1 promoter activity were determined
by dual luciferase reporter gene assay. The full-length 5#-regulatory region
(p21P) and the deletion mutants p21PD1.1, p21Psma and p21PsmaD1 contain-
ing firefly luciferase gene were gifts of Dr Xiao-Fan Wang (28). pRL-CMV
plasmid containing the renilla luciferase gene (Promega, Madison, WI) was used
as internal control. HT29 cells were cultured in 60 mm plates for 24 h. Plasmid
construct (4 lg), 10 ng pRL-CMV plasmid DNA and 12 ml TransFast reagent
(Promega, Madison, WI) were mixed together in 2 ml media and used to trans-
fect each plate in the absence of serum. After 1 h, 4 ml 10% serum media

Fig. 3. Histone acetylation induced by KMSB and MSP in human colon cancer cells. (A) HT29 and HCT116 cells were exposed to 0, 2, 10 and 50 lM KMSB or
MSP, and at the times shown, acetylated histone H3 (Ac H3) levels were assessed by immunoblotting. Total histone H3 (H3) expression was used as reference
control. The ratio of Ac H3:H3 expression is shown for each lane, with the 0 lM treatment control assigned an arbitrary value of 1.0. (B) HDAC activities in
nuclear extracts of HCT116 and HT29 cells 3 h after treatment with 0, 2, 10 and 50 lM KMSB or MSP (wedge symbol). Data 5 mean ± SD, n 5 3, �P , 0.05.
(C) HCT116 and HT29 cells were exposed to 0, 50 or 200 lM MSC or SM (selenium parent compounds, see Figure 1), followed by immunoblotting for Ac H3 and
H3 at 24 h.
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containing MSP or KMSB were added to the plates. Twenty-four hours later,
cells were lysed and luciferase assays were performed using the Dual Luciferase
Reporter Assay System (Promega). The relative luciferase activity reported here
is the ratio of firefly luciferase activity over renilla luciferase activity.

Chromatin immunoprecipitation

Chromatin immunoprecipitation assays were performed based on a published
methodology (24). In brief, HT29 cells were cultured with 10 lM MSP for 4 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 chro-
matin immunoprecipitation kit from Active Motif (Carlsbad, CA) was used
according to the manufacturer’s instructions. Chromatin was incubated with
anti-RNA polymerase II antibody (provided with the kit), anti-histone H3 (Cell
Signaling, #2650, 1:50), anti-acetylated histone H3-Lys9 (Cell Signaling,
#9671, 1:50) and anti-acetylated histone H3-Lys18 (Cell Signaling, #9675,
1:25). The corresponding blocking peptide was used to confirm antibody spec-
ificity [i.e. acetyl-histone H3 (Lys 9)-blocking peptide (Cell Signaling, #1083,
1:500) and acetyl-histone H3 (Lys 18)-blocking peptide (Abcam, Cambridge,
MA, #24003, 1:1000), data not shown]. DNA pull down was purified by
phenol–chloroform extraction followed by ethanol precipitation. Data were
quantified with a LightCycler 480 II (Roche, Indianapolis, IN) for P21WAF1
gene promoter region �249 to �389, using primers F 5#-
GTAAATCCTTGCCTGCCAGA-3# and R 5#-ACATTTCCCCACGAAGT-
GAG-3#. Polymerase chain reaction conditions were 15 s at 95�C, 10 s at
60�C and 10 s at 72�C.

Statistics

Where indicated, 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 and in-

dicated as such with an asterisk (�) on the corresponding figures. Statistical
analyses were performed by Dr Clifford B.Pereira, Department of Statistics,
Oregon State University.

Results

MSP and KMSB inhibit HDAC activity

We first studied the HDAC inhibitory effects of MSP and KMSB
using purified human HDAC1 and HDAC8 enzymes in a cell-free
system (Figure 2A). Both a-keto acids inhibited HDAC activity in
a dose-dependent manner with MSP being especially effective
against HDAC8 (IC50 �20 lM). Under the same experimental con-
ditions, the parent compounds MSC and SM had little or no effect on
HDAC activity (data not presented). Thus, the inhibitory potency
toward HDAC8 was in the order: MSP.KMSB..MSC.SM. By
varying the concentrations of substrate and test agent, we examined
the kinetics of HDAC8 inhibition by MSP. In the Lineweaver-Burk
plot, lines of increasing slope intersected on the y-axis (Figure 2B);
thus, MSP was identified as a competitive inhibitor, with the poten-
tial to bind reversibly to the HDAC8 active site. Based on the avail-
able crystal structure with bound inhibitors (25,29), we simulated
the possible interaction between MSP and HDAC8. Molecular mod-
eling indicated that MSP docked in an energetically favored orien-
tation, with the a-carbonyl group and one of the carboxylate oxygen
atoms coordinating with the buried zinc (Figure 2C, left). KMSB
adopted a similar orientation in the HDAC8 active site using the
iterative docking procedure (Figure 2C, right).

Fig. 4. KMSB and MSP suppress cell growth and induce cell cycle arrest. (A) In the dimethyl thiazolium bromide (MTT) assay, HCT116 and HT29 cells treated
with 0, 2, 10 and 50 lM KMSB or MSP displayed dose-dependent loss of cell viability at 48 h. Data 5 mean ± SD, n 5 3. (B) HCT116 and HT29 cells were
exposed to 0, 2, 10 and 50 lM KMSB or MSP (wedge symbol). The percentage of cells occupying G1, S and G2/M phases of the cell cycle was determined by flow
cytometry. Results are shown for cells collected 8 and 24 h after treatment and are representative of three independent experiments.
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MSP and KMSB increase histone acetylation in human colon cancer
cells

HCT116 and HT29 human colon cancer cells were used to investigate
the cellular effects of MSP and KMSB. Cells were exposed to 2, 10 and
50 lM KMSB or MSP for selected times, and the levels of global
histone H3 acetylation were examined by immunoblotting of whole-
cell lysates (Figure 3A). Dose-dependent increases in acetylated histone
H3 were detected as early as 30 min after MSP and KMSB treatment,
which persisted for at least 48 h. For example, in HT29 cells treated
with 2, 10 and 50 lM MSP (Figure 3A, right), acetylated histone H3
levels were increased 1.2-, 1.3- and 1.9-fold at 0.5 h and 4.2-, 9.4- and
9.4-fold at 48 h, compared with 0 lM MSP. At the highest concentra-
tion of 50 lM MSP and KMSB, HDAC inhibition was evident in
nuclear extracts at 30 min (data not shown), and dose-dependent loss
of HDAC activity was detected by 3 h (Figure 3B). MSC and SM parent
compounds, however, had no effect on histone H3 acetylation or HDAC
activity up to 5 h after treatment (data not shown). By 24 h, MSC at the
highest concentration tested (200 lM) increased histone H3 acetylation
in both cell lines, whereas SM had no effect after normalizing to total
histone H3 levels in the whole-cell lysates (Figure 3C).

MSP and KMSB inhibit cell growth and induce cell cycle arrest/
apoptosis

In human colon cancer cells, treatment with MSP or KMSB resulted
in dose-dependent loss of cell viability. For example, 48 h after

exposure to 50 lM MSP or KMSB, �60% of HCT116 cells and
�40% of HT29 cells remained viable (Figure 4A). The two highest
concentrations of 10 and 50 lM MSP and KMSB increased the pro-
portion of cells occupying the G2 phase of the cell cycle, most notably
in HCT116 cells at 8 and 24 h (Figure 4B). At 24 h, the lowest
concentration of 2 lM MSP increased the proportion of cells in G1

and decreased the proportion in S phase, but this was not evident for
2 lM KMSB. We recently reported similar findings for trichostatin A,
such that arrest in G1 versus G2 of the cell cycle was dependent on the
dose of the HDAC inhibitor (24).

Colon cancer cells treated with MSP or KMSB developed a rounded
morphology and detached from the plate, indicative of apoptosis (data
not shown). In the Annexin V assay, there was a dose-dependent in-
crease in positively labeled cells after treatment with MSP or KMSB
(Figure 5A). At the highest concentration of MSP and KMSB
(50 lM), .50% HCT116 cells and 20% HT29 cells were Annexin
positive, compared with �7% for the controls. In the TUNEL assay,
there was evidence for increased DNA fragmentation (Figure 5B). For
example, 48 h after treatment with 50 lM MSP or KMSB, .50%
HCT116 cells and 20% HT29 cells were TUNEL positive. Caspase
activation also was examined by immunoblotting (Figure 5C).
Cleaved caspases -3, -6, -7 and -9, as well as cleaved poly ADP ribose
polymerase, were increased in a dose-dependent manner 24 h after
treatment with MSP or KMSB. No corresponding changes were de-
tected for cleaved caspase-8 (data not shown).

Fig. 5. KMSB and MSP induce apoptosis in colon cancer cells. (A) HCT116 and HT29 cells were exposed to 2, 10 and 50 lM KMSB or MSP (wedge symbol) or
vehicle alone (control, Ctr). Cells were stained 24 h later with Annexin V-PE and 7-AAD (top). Annexin V (þ) and 7-AAD (�) indicates early apoptotic cells,
whereas Annexin v (þ) and 7-AAD (þ) indicates late-stage apoptotic cells. The percentage of cells in each population is summarized as mean ± SD, n 5 3
(bottom). (B) Cells were fixed 48 h after treatment with 2, 10 and 50 lM KMSB or MSP (wedge symbol) or vehicle alone (control, Ctr), and TUNEL-positive cells
were quantified, see Materials and Methods. Data bars 5 mean ± SD, n 5 3 (right). (C) Cells were treated with KMSB or MSP and immunoblotted 24 h later for
cleaved caspase-3 (two cleaved products of 19 and 17 kDa), -6, -7, -9 and poly ADP ribose polymerase (full-length and cleaved bands). b-Actin, loading control.
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MSP and KMSB induce p21

The cell cycle regulator p21 is a well-established target of HDAC
inhibitor drugs (16,30) and dietary HDAC inhibitors (21–23). HT29
cells have low endogenous levels of p21, but p21 protein expression
was elevated for at least 24 h after MSP or KMSB treatment (Figure
6A). Quantitative reverse transcription–polymerase chain reaction
analyses revealed that MSP and KMSB also increased p21 mRNA
levels in HT29 cells (Figure 6B). For example, 2, 10 and 50 lM
concentrations of KMSB increased p21 mRNA expression 1.5-, 6-
and 13-fold, respectively.

Chromatin immunoprecipitation assays of the P21WAF1 promoter
revealed a slight decrease in Pol II and histone H3 levels and a 2- to 3-
fold increase in acetylated histone H3 K9 and acetylated histone H3
K18 levels, 4 h after HT29 cells were treated with 10 lM MSP (Figure
6C). No significant changes were detected for the promoter region of
a control gene (ACTB) under the same experimental conditions (data
not presented).

In HT29 cells transfected with a P21WAF1 promoter–reporter con-
taining p53 and Sp1/Sp3 sites, 10 lM MSP or KMSB increased the
luciferase activity significantly (Figure 6D). Deletion of the p53 and
Sp1/Sp3 sites decreased the basal reporter activity (compare white

bars in Figure 6D), but as long as the Sp1/Sp3 sites were present,
MSP and KMSB both increased the reporter activity compared with
the corresponding control. Deletion of the Sp1/Sp3 sites (in
p21PSmaD1) completely abrogated the response to MSP and KMSB.

To examine the role of p53, HCT116 (p53�/�) and HCT116 (p53þ/þ)
cells were treated with 10 lM MSP and 12 h later, the whole-cell lysates
were immunoblotted for p53, p21 and acetylated histone H3 (Figure
6E). As expected, p53 was detected in HCT116 (p53þ/þ) but not in
HCT116 (p53�/�) cells, and MSP had no effect on the basal p53
expression in either cell line. Higher levels of endogenous p21 were
detected in HCT116 (p53þ/þ) than HCT116 (p53�/�) cells, but in both
cell lines MSP strongly induced p21 as well as acetylated histone H3.
Histone H3 and b-actin, which served as loading controls, were
unaffected by MSP treatment.

Discussion

We report here, for the first time, that MSP and KMSB inhibited
human HDAC1 and HDAC8 activities in a concentration-dependent
manner in vitro. Enzyme kinetics studies coupled with molecular
modeling supported a mechanism involving reversible competitive

Fig. 6. Induction of p21 by KMSB and MSP. (A) HT29 cells were exposed to 0, 2, 10 and 50 lM KMSB or MSP, and 3, 6 or 24 h later, p21 expression was
determined by immunoblotting. (B) Quantitative reverse transcription–polymerase chain reaction data for p21 mRNA expression (normalized to GAPDH), 6 h
after HT29 cells were treated with 0, 2, 10 and 50 lM KMSB or MSP (wedge symbol). Data bars 5 mean ± SD, n 5 3. (C) Chromatin immunoprecipitation
(ChIP) assays of the P21WAF1 promoter were performed 4 h after treatment with 10 lM MSP, using the indicated antibodies, and output was quantified by
quantitative polymerase chain reaction and normalized to input (relative ratio). Data 5 mean ± SD, n 5 3, from a single experiment and are representative of
findings from three independent experiments. (D) HT29 cells were treated with 10 lM KMSB or MSP, and 24 h later, p21 transcriptional activity was determined
using a luciferase (LUC) reporter, as described in Materials and Methods. Results are expressed as relative luciferase activity, mean ± SD, n 5 3; �P , 0.05
versus control (Ctr). Upper diagram illustrates constructs that contained full-length 5#-regulatory region harboring both p53 and Sp1/Sp3 sites (p21P), deletion of
p53 sites (p21PD1.1) or the minimal promoter with (p21PSma) or without (p21PSmaD1) Sp1/3 sites. (E) HCT116 (p53þ/þ) and HCT116 (p53�/�) cells were
treated with 10 lM MSP, and 12 h later, the whole-cell lysates were immunoblotted for p53, p21 and acetylated histone H3 (Ac H3), with histone H3 and b-actin as
loading controls. Data are representative of the findings from two separate experiments.
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inhibition, as seen for other small molecule inhibitors, such as buty-
rate and allyl mercaptan (11,24). The predicted orientation of MSP
and KMSB in the HDAC pocket resembled that of known HDAC
inhibitor drugs, which coordinate with the zinc atom and establish
H-bond partners with buried polar residues. Considering the con-
served nature of the HDAC active site, it is probable that MSP and
KMSB will inhibit other class I and class II HDACs by competing
with substrate for binding to the enzyme. An important distinction,
however, is that nM Ki values are typical for the more potent HDAC
inhibitors used in the clinical setting, whereas butyrate, allyl mercap-
tan and MSP have inhibitor constants on the order 46, 24 and 35 lM,
respectively (refs 11,24 and this study). As discussed elsewhere
(24,31), dietary HDAC inhibitors typically produce a more sustained
level of histone hyperacetylation with lower toxicity than HDAC in-
hibitor drugs. Thus, dietary isothiocyanates, organosulfur compounds
and organoselenium metabolites might be combined with lower doses
of clinically used HDAC inhibitors to minimize toxicity and augment
the therapeutic efficacy.

Colon cancer cells treated with MSP or KMSB had increased levels
of p21 mRNA and protein expression, and there was increased histone
acetylation associated with the P21WAF1 promoter region. Previous
studies implicated p21 as a downstream target of HDAC inhibitor
drugs (16,30). We have reported that dietary HDAC inhibitors, such
as sulforaphane and allyl mercaptan, increase p21 mRNA and protein
expression in human cancer cells, with evidence for histone hyper-
acetylation on the P21WAF1 promoter and enhanced binding of the
transcription factor Sp3 (22–24). Consistent with the latter findings,
MSP and KMSB increased the activity of a P21WAF1 luciferase re-
porter in HT29 cells, except when the Sp1/Sp3 sites were eliminated,
and p21 mRNA and protein levels were elevated markedly. Deletion
of the p53-binding sites did not interfere with the ability of KMSB or
MSP to induce P21WAF1 reporter activity. We also observed that in
p53-null HCT116 (p53�/�) cells, MSP strongly increased the expres-
sion of acetylated histone H3, as well as p21 (Figure 6E). These
findings suggest that the mechanism of p21 induction is probably
p53 independent, although in cells that contain p53 (wild-type or
mutant) there may be a role for p53 at later time points, as reported
for allyl mercaptan (24). In addition to p21, we are interested in
studying other potential targets, and several interesting candidates
have been implicated in prior studies with HDAC inhibitor drugs
(32–34). Given the level of apoptosis induction in response to MSP
and KMSB treatment (Figure 5), bax and related Bcl-2 family mem-
bers may be worthy of investigation (22).

Much interest of late has focused on the anticancer effects of sele-
nium-enriched yeast and SM. However, selenium-enriched broccoli
florets and broccoli sprouts containing high levels of MSC inhibited
colon tumor development in several preclinical studies (35–37). In-
terestingly, SM produced negative or equivocal results in colon cancer
models (38–40), and addition of inorganic selenite to regular broccoli
florets or broccoli sprout powder proved ineffective for the reduction
of colon tumors. In a side-by-side comparison, selenium-enriched
garlic was more than twice as effective as selenium-enriched yeast
for mammary cancer chemoprevention (41). Collectively, these stud-
ies clearly indicate that the chemical form of selenium impacts
significantly on the potential for cancer chemoprevention.

It has been suggested that MS may be a key active metabolite of
MSC, SM and other selenocompounds (9). The working hypothesis is
that MS can redox-modify cysteine-rich regions in proteins, altering
their conformation and activity, thereby regulating signaling pathways
and gene expression (42). Protein kinase C has been postulated as
a direct target for redox modification by MS (43). The variation in
chemopreventive efficacy between different selenocompounds was
presumed to be associated with their different abilities to generate
MS. However, this may not be the entire story. MSC is a good sub-
strate for glutamine transaminase K, an enzyme that is widely distrib-
uted in mammalian tissues, but which has low activity toward SM
(44). We observed histone hyperacetylation after 24 h in colon cancer
cells treated with 200 lM MSC, but not SM, and at 5 h, no change in
histone acetylation status was detected for either compound. Also, in

experiments with the P21WAF1 promoter–reporter, MSC increased
the transcriptional activity after 24 h, whereas SM had no effect (data
not shown). We interpret these findings as indirect evidence for the
conversion of MSC, but not SM, to the a-keto acid metabolite in
human colon cancer cells. Support for this idea comes from experi-
ments in human prostate cancer cells, which contain endogenous
glutamine transaminase K and convert MSC, but not SM, to the
a-keto acid metabolite (45). Given the disappointing news from the
selenium and Vitamin E Cancer Prevention Trial, in which selenium
supplements were provided as SM (46), we believe it is now timely to
consider a new chemoprevention paradigm for organoselenium com-
pounds. Specifically, MSC and other organoselenium compounds
might generate a-keto acid metabolites as HDAC inhibitors, with
the potential to affect histone status and chromatin remodeling, lead-
ing to derepression of silenced tumor suppressor genes.
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