
[CANCER RESEARCH 62, 4916–4921, September 1, 2002]

FK228 (Depsipeptide) as a Natural Prodrug That Inhibits Class I
Histone Deacetylases1

Ryohei Furumai, Akihisa Matsuyama, Nobuyuki Kobashi, Kun-Hyung Lee, Makoto Nishiyama, Hidenori Nakajima,
Akito Tanaka, Yasuhiko Komatsu, Norikazu Nishino, Minoru Yoshida,2 and Sueharu Horinouchi
Department of Biotechnology [R. F., A. M., K-H. L., M. Y., S. H.] and Biotechnology Research Center [N. K., M. N.], The University of Tokyo, Tokyo 113-8657, Japan;
Exploratory Research Laboratories, Fujisawa Pharmaceutical Co., Ltd., Ibaraki 300-26, Japan [H. N., A. T.]; Institute of Medicinal Molecular Design, Tokyo 113-0033, Japan
[Y. K.]; Department of Biofunction, Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology, Kitakyushu, 808-0196, Japan [N. N.]; RIKEN,
Saitama 351-0198, Japan [M. Y.]; and CREST Research Project, Japan Science and Technology Corp., Saitama 332-0012, Japan [R. F., A. M., Y. K., N. N., M. Y.]

ABSTRACT

FK228 is a histone deacetylase (HDAC) inhibitor, the molecular mech-
anism of inhibition of which has been unknown. Here we show that
reduction of an intramolecular disulfide bond of FK228 greatly enhanced
its inhibitory activity and that the disulfide bond was rapidly reduced in
cells by cellular reducing activity involving glutathione. Computer mod-
eling suggests that one of the sulfhydryl groups of the reduced form of
FK228 (redFK) interacts with the active-site zinc, preventing the access of
the substrate. HDAC1 and HDAC2 were more strongly inhibited by
redFK than HDAC4 and HDAC6. redFK was less active than FK228 in
inhibiting in vivo HDAC activity, due to rapid inactivation in medium and
serum. Thus, FK228 serves as a stable prodrug to inhibit class I enzymes
and is activated by reduction after uptake into the cells. The glutathione-
mediated activation also implicates its clinical usefulness for counteracting
glutathione-mediated drug resistance in chemotherapy.

INTRODUCTION

Several lines of evidence have suggested that aberrant histone
acetylation is linked to tumorigenesis. Acetylation and deacetylation
are catalyzed by specific enzyme families, histone acetyltransferases
and HDACs,3 respectively (1). Histone acetyltransferase enzymes
constitute a multienzyme family, and some members of this family
were identified as transcriptional coactivators. On the other hand,
HDAC enzymes were found to be transcriptional regulators related to
yeast Rpd3 (2), Hda1 (3), and Sir2 (4). A number of transcriptional
repressors and corepressors were shown to recruit the HDAC complex
to the promoter regions. In the case of nuclear hormone receptors,
they associate HDAC in the absence of ligand to repress transcription
(5). The PML-RAR� fusion protein generated by chromosomal trans-
location in acute promyelocytic leukemia cells strongly represses the
gene expression required for myeloid differentiation by recruiting
many HDAC molecules by oligomerization. However, because the
protein is still able to bind the ligand retinoic acid, pharmacological
concentrations of retinoic acid can induce the release of repression
and therefore cause reinitiation of differentiation. Thus, most acute
promyelocytic leukemia patients can be cured by all-trans-retinoic
acid treatment. In contrast, another fusion protein, PLZF-RAR�, is
unable to be activated because PLZF also binds the corepressor-
HDAC complex. In this case, the combined treatment with HDAC

inhibitors can experimentally overcome the transcriptional repression
(6–8).

Cocrystallization of a HDAC-like protein with HDAC inhibitors,
such as TSA, demonstrated that these inhibitors mimic the substrate
and that chelation of the zinc in the catalytic pocket by the hydrox-
amic acid group is the main mechanism of inhibition (9). Consistent
with the structure of the enzyme-inhibitor complex, most of the
HDAC inhibitors consist of cap, spacer, and functional groups. Some
of the new HDAC inhibitors were designed based on structural
information (10, 11).

FK228 (formerly named FR901228), also known as depsipeptide, is
produced by Chromobacterium violaceum and shows potent in vivo
antitumor activity against both human tumor xenografts and murine
tumors (12, 13). A Phase I study of FK228 in the Medicine Branch,
National Cancer Institute showed that cutaneous T-cell lymphoma
patients had a complete or partial response (14). Thus, FK228 is at
least a novel and potentially effective agent for patients with T-cell
lymphoma. We have previously shown that it strongly inhibits HDAC
(15). However, FK228 has no apparent chemical structure that inter-
acts with the HDAC active-site pocket. In this study, we show that
FK228 is converted to its active, reduced form (redFK) by cellular
reducing activity. redFK possesses a functional sulfhydryl group
capable of interacting with the zinc in the active-site pocket. Because
FK228 is much more stable than redFK in medium and serum, we
propose that FK228 is a natural prodrug, which is activated after
incorporation into the cells.

MATERIALS AND METHODS

Preparation of redFK and Dimethyl FK228. To a mixture of FK228
(51.6 mg, 95 �mol), water (40 ml), and acetonitrile (10 ml), DTT (412 mg,
2.66 mmol) was added, and the mixture was left at room temperature over-
night. After removal of acetonitrile by evaporation, the mixture was purified by
preparative HPLC using a solvent system of 50% acetonitrile in a 0.05%
aqueous solution of trifluoroacetic acid. The fractions collected were lyophi-
lized to give redFK (14.8 mg, 28.7%) as a powder. To a mixture of redFK (3.4
mg, 6 �mol), ethanol (2 ml), CH3I (8.52 mg, 60 �mol), and K2CO3 (8.3 mg,
60 �mol) were added and left at room temperature overnight. After removal of
ethanol by evaporation, the mixture was purified by preparative HPLC using
the same solvent system. The fractions collected were lyophilized to give
dimethyl FK228 (1.3 mg, 38%) as a powder. The HPLC analysis was carried
out using a YMC-PACK Pro C18 column (4.6 mm � � 150 mm) at a flow rate
of 1 ml/min. The retention times were 4.24 min for redFK and 4.64 min for
FK228, respectively. The structures and purity of redFK and dimethyl FK228
were confirmed by fast atom bombardment mass spectrometry and 1H nuclear
magnetic resonance.

Cells, Strains, and Culture Conditions. 293T, HeLa, and Mv1Lu cells
were cultured in Eagle’s minimum essential medium supplemented with 10%
fetal bovine serum. Schizosaccharomyces pombe strains used in this study are
JY265 (h� leu1), MN55 (h� leu1 gcs1), and MN101 (h� leu1 gsh2). MN55
and MN101 were kindly provided by Dr. N. Mutoh (Aichi Human Service
Center). The yeast cells were grown in a YE plate (0.75% yeast extract, 3%
glucose, and 2% agar) and supplemented with 150 mg/liter adenine for 2 days
at 30°C.
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Enzyme Preparation and Assay. 293T cells (1–2 � 106) were grown in
a 100-mm dish for 24 h and transiently transfected with 10 �g each of the
vector pcDNA3-HD1 for human HDAC1, pME18S-HDAC2 for human
HDAC2, pcDNA3.1(�)-HD4 for human HDAC4, or pcDNA-mHDA2/
HDAC6 for mouse HDAC, using LipofectAMINE reagent (Life Technologies,
Inc., Gaithersburg, MD). To construct a mutant HDAC1 (C151S) expression
vector, we introduced a mutation into pcDNA-HDAC1-FLAG using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) with
synthetic oligonucleotide primers of 5�-GCATCTGGCTTCAGTTACGT-
CAATG-3� and 5�-CGTAGACCGAAGTCAATGCAGTTAC-3�. After suc-
cessive cultivation in Opti-MEM for 5 h and DMEM for 19 h, the cells were
washed with PBS and lysed by sonication in lysis buffer containing 50 mM

Tris-HCl (pH 7.5), 120 mM NaCl, 5 mM EDTA, and 0.5% NP40. The soluble
fraction collected by microcentrifugation was precleared by incubation with
protein A/G plus agarose beads (Santa Cruz Biotechnologies, Inc.). After the
cleared supernatant had been incubated for 1 h at 4°C with 8 �g/ml of an
anti-FLAG M2 antibody (Sigma-Aldrich Inc.) for HDAC1, HDAC2, and
HDAC4 or an anti-hemagglutinin antibody (Santa Cruz Biotechnologies, Inc.)
for HDAC6, the agarose beads were washed three times with lysis buffer and
once with histone deacetylase buffer consisting of 20 mM Tris-HCl (pH 8.0),
150 mM NaCl, 10% glycerol, and a complete protease inhibitor mixture
(Boehringer Mannheim, Mannheim, Germany). The bound proteins were re-
leased from the immune complex by incubation for 1 h at 4°C with 100 �g of
the FLAG or the hemagglutinin peptide (Sigma-Aldrich Inc.) in histone
deacetylase buffer (1.25 ml). The supernatant was collected after centrifuga-
tion and diluted to give 1,000–2,000 cpm in the following standard enzyme
assay. Bead-bound HDAC1 was used for the drug reversibility test. For the
enzyme assay, 10 �l of [3H]acetyl-labeled histones (25,000 cpm/10 �g) were
added to 90 �l of the enzyme fraction, and the mixture was incubated at 37°C
for 15 min. The enzyme reaction was linear for at least 1 h under these
conditions, as described previously (16). The reaction was stopped by the
addition of 10 �l of concentrated HCl. The released [3H]acetic acid was
extracted with 1 ml of ethylacetate, and 0.9 ml of the solvent layer was taken
into 5 ml of aqueous counting scintillant II solution (Amersham Life Science)
for determination of radioactivity. DTT or H2O2 was added simultaneously
with drugs to the enzyme solutions.

Stable Transfection and Luciferase Assay. The human wild-type p21
promoter-luciferase fusion plasmid, WWP-Luc, was a kind gift from Dr. B.
Vogelstein. A luciferase reporter plasmid (pGW-FL) was constructed by
cloning the 2.4-kb genomic fragment containing the transcription start site into
HindIII and SmaI sites of the pGL3-Basic plasmid (Promega Co., Madison,
WI). Mv1Lu (mink lung epithelial cell line) cells were transfected with
pGW-FL and a phagemid expressing the neomycin/kanamycin resistance gene
(pBK-CMV; Stratagene) with LipofectAMINE reagent (Life Technologies,
Inc.). After the transfected cells had been selected by 400 �g/ml Geneticin
(G418; Life Technologies, Inc.), the colonies formed were isolated. One of the
clones was selected and named MFLL-9. MFLL-9 expressed a low level of
luciferase, and luciferase activity was enhanced by TSA in a dose-dependent
manner.

Western Blot Analysis. S. pombe cells were grown to mid-log phase at
30°C. FK228 was added at a concentration of 10 �M, and cells were incubated
further at 30°C. Twelve h after drug addition, cells were harvested. Crude cell

extracts were prepared by disrupting the cells with glass beads in TNE buffer
[10 mM Tris-Cl (pH 7.8), 110 mM NaCl, and 1 mM EDTA]. HeLa cells treated
with various concentrations of drugs for 24 h were harvested and lysed with
lysis buffer [50 mM Tris-Cl (pH 7.5), 120 mM NaCl, 5 mM EDTA, and 0.5%
NP40], followed by sonication. Samples were analyzed by Western blot
analysis using an antihuman p21WAF1/Cip1 antibody (Transduction Laborato-
ries, Inc.), a monoclonal anti-acetylated lysine antibody (AL3D5) described
previously (10, 11), and an anti-�-tubulin antibody (Sigma).

Computer Modeling. Docking simulation was carried out with the dis-
cover module in Insight II. CFF was used as force field. Chain A of 1C3R, the
HDAC-like protein structure registered in the Protein Data Bank, was used as
an initial model. The positions of residues coordinated to zinc and zinc itself
were restrained during simulation.

RESULTS

Enhancement of HDAC-inhibitory Activity by Reduction of
FK228. FK228 is a bicyclic depsipeptide that is structurally distinct
from other HDAC inhibitors. However, reduction of an internal di-
sulfide bond was supposed to yield two free sulfhydryl groups, one of
which is potentially accessible to catalytic residues in the active-site
pocket (Fig. 1). Indeed, HPLC analysis showed that FK228 and its
reduced form (redFK) were interconvertible by adding DTT and
H2O2, respectively. We therefore hypothesized that redFK is the
active form that inhibits HDAC. To test this possibility, we first
examined the effect of DTT on its HDAC1-inhibitory activity. When
FK228 was preincubated with 100 �M DTT at a concentration that
does not affect HDAC1 activity, the inhibitory potency of FK228 was
36-fold enhanced compared with that in the absence of DTT (Table 1).
On the other hand, the addition of 1% H2O2 markedly reduced the
activity of FK228 (IC50 � 2000 � 370 nM). We next purified redFK
from the FK228/DTT mixture, carefully avoiding oxidation by air,
and determined its inhibitory potency. The purified redFK was as
strong as that in the presence of DTT in inhibiting HDAC1
(IC50 � 1.6 � 0.9 nM). However, the activity of redFK was almost
completely abolished by methylation of the two sulfhydryl groups
(dimethyl FK228). These results indicate, as expected, that redFK is
the active form. The relatively potent inhibition of HDAC1 by FK228
(IC50 � 36 � 16 nM) can be ascribed to some cellular reducing agents
such as glutathione in the enzyme sample, resulting in the reduction of
a small population of FK228 molecules.

We next compared the activity of FK228 and related compounds
against several different enzymes. We chose HDAC1 and HDAC2 as
class I enzymes and HDAC4 and HDAC6 as class II deacetylases
(Table 1). TSA inhibited all of the deacetylases tested to a similar
extent. On the other hand, redFK strongly inhibited HDAC1 and
HDAC2 at low nanomolar concentrations but was relatively weak in
inhibiting HDAC4 and HDAC6. In particular, HDAC6 was almost

Fig. 1. Scheme for chemical modification of
FK228 and working hypothesis of its activation.
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insensitive to redFK. FK228 was 17–23 times weaker than redFK in
inhibiting each enzyme, and dimethyl FK228 showed no inhibitory
activity against all of the enzymes.

FK228 Is Reduced in Cell-free Extract. If redFK should be the
active form that inhibits HDAC, then FK228 was supposedly con-
verted to redFK in cells. We examined the conversion with the
cell-free extract of 293T cells by HPLC analysis. During incubation
with the 20,000 � g supernatant of cell lysate, the amount of FK228
was rapidly decreased to 20% of the FK228 input, whereas redFK
increased to reach a peak at 1 h, indicating that FK228 can be reduced
by the cellular reducing activity (Fig. 2A). The content of redFK was
then decreased to an almost undetectable level by 4 h, probably due to
the instability of redFK (see below).

Cellular Glutathione Enhances Reduction of FK228. A major
cellular reducing agent is glutathione, which is biosynthesized from
L-glutamate, L-cysteine, and glycine by two enzymes, �-GCS and
glutathione synthetase. If FK228 is indeed reduced by glutathione in
cells, then cells with a low level of glutathione are expected to be
resistant to FK228. We tested this possibility by using mutants of the
fission yeast S. pombe, in which the glutathione levels are markedly
reduced (Ref. 17; Fig. 2B). The minimal inhibitory concentration of
FK228 against wild-type S. pombe was 10 �M. However, the gcs1
cells, in which �-GCS is mutated, were almost completely resistant to
10 �M FK228, and the gsh2 cells that were defective in glutathione
synthetase also showed partial resistance. Western blot analysis using
an anti-acetylated lysine antibody showed that histone H4 in the
wild-type cells treated with FK228 was highly acetylated, whereas the
acetylation levels in the mutant cells were suppressed, which coin-
cided well with the growth of these cells in the presence of FK228
(Fig. 2C).

Possible Interaction with Zinc in the Active-site Pocket. Crys-
tallographic studies using the HDAC-like protein-TSA complex have
shown that TSA inserts its long aliphatic chain into the tube-like
pocket and inhibits enzyme activity by interacting with the zinc and
active-site residues through its hydroxamic acid at one end of the
aliphatic chain (9). Because redFK has a 4-carbon-long chain between
one of the sulfhydryl groups and the cyclic depsipeptide core, this
sulfhydryl group is probably accessible to the residues in the active-
site pocket. There is only one conserved cysteine residue (Cys-151 for
HDAC1) in the pocket of all of the HDAC enzymes identified thus far
(Fig. 3A). It therefore seemed possible that redFK interacts with the
cysteine residue to form a covalent disulfide bond between redFK and
the enzyme. To test this possibility, we introduced a single amino acid
exchange from Cys-151 to Ser in HDAC1 (C151S), and we examined
the drug sensitivity of this mutant enzyme. The C151S mutant was
still sensitive to redFK, although the IC50 was higher than that for
wild-type enzyme (Table 1). We next asked whether redFK irrevers-
ibly inhibited HDAC1, as did TPX (18, 19). The affinity-purified,
bead-conjugated HDAC1 was incubated with TSA (100 nM), TPX B

(100 nM), and redFK (100 nM) for 60 min, and then the residual
enzyme activity was determined in the presence or absence of the drug
(Fig. 3B). The activity of redFK-treated HDAC1 was recovered to a
level similar to that of TSA-treated HDAC1 after removal of the
drugs, in contrast to the irreversible inhibition by TPX. These results
rule out the possibility that redFK is covalently bound to the con-
served cysteine residue.

We further carried out a docking simulation using X-ray crystallo-

Table 1 Effects of FK228 and its derivatives on HDAC enzymes

HDAC-inhibitory activity was evaluated by using HDACs prepared from 293T cells, and the (IC50s) were determined as the means � SD of the concentrations calculated from
at least three independent dose-response curves. Each data point of the dose-response curves was the mean of duplicate assays. NT, not tested.

Compound

IC50 � SD (nM)

Class I Class II HDAC1 (C151S)

HDAC1 HDAC2 HDAC4 HDAC6

FK228 36 � 16 47 � 18 510 � 340 14,000 � 3,100 280 � 75
FK228 � DTT 1.0 � 0.1 NT NT NT NT
FK228 � H2O2 2,000 � 370 NT NT NT NT
redFK 1.6 � 0.9 3.9 � 2.7 25 � 7.3 790 � 110 57 � 12
redFK � DTT 1.1 � 0.7 NT NT NT NT
Dimethyl FK228 6,300 � 1,900 3,300 � 1,000 11,0000 � 53,000 �100,000 �100,000
TSA 19 � 0.9 57 � 21 50 � 18 14 � 4.3 12 � 2.2

Fig. 2. Reduction of FK228 in mammalian cell lysate and fission yeast cells. A,
conversion from FK228 to redFK in cell lysate. FK228 was incubated with the cytoplas-
mic fraction of 293T cells for the indicated times and extracted with ethylacetate from the
mixture. The quantities of FK228 and redFK in the extracts were determined by HPLC.
B, resistance to FK228 of yeast mutants defective in glutathione synthesis. Total cell
numbers of 107, 106, 105, and 104 of wild-type S. pombe and two glutathione synthesis
mutants were spotted on YE plates with (right panel) or without (left panel) 10 �M FK228.
C, decreased histone acetylation in glutathione synthesis mutants. The amounts of acety-
lated histone H4 in the wild-type and mutant cells that had been treated with 10 �M FK228
for 12 h were determined by Western blotting using anti-acetylated lysine and anti-�-
tubulin antibodies. �-Tubulin was used as an internal control.
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graphic data of the HDAC-like protein. The position of the sulfur
atom of redFK is 5.83 Å apart from the conserved cysteine residue
(Cys-142) corresponding to Cys-151 in HDAC1 (Fig. 3C). On the
other hand, the sulfur atom is located at a position allowing interaction
with the active center zinc via a water molecule. These results strongly
suggest that redFK reversibly interacts with the zinc, thereby revers-
ibly inhibiting the enzyme activity in a manner similar to TSA.

FK228 Is More Stable than redFK. To examine in vivo HDAC
inhibition by redFK, we treated HeLa cells with various concentra-
tions of FK228, redFK, and TSA, and the effects on histone acetyla-
tion and p21WAF1 induction were analyzed by Western blot analysis.
Both FK228 and redFK increased histone acetylation and p21 expres-
sion (Fig. 4A), as did other HDAC inhibitors (20–22). However,
FK228 induced acetylation and p21 expression more strongly than
redFK, suggesting that the in vivo HDAC-inhibitory activity of redFK
is weaker than that of FK228, despite its potent in vitro inhibition. To
quantify the inhibitory activity of these compounds, we constructed a
reporter system in which Mv1Lu cells were stably transfected with
pGW-FL containing the 2.4-kb p21 promoter and the luciferase gene.
The cell line MFLL-9 expresses luciferase activity in a TSA dose-
dependent manner (Fig. 4B). Using this cell line, we determined the
concentrations for half-maximum induction to be 3.0 nM for FK228
and 11 nM for redFK, according to the dose-response curves of FK228
and redFK (Fig. 4B). Because HPLC analysis showed that redFK
rapidly disappeared during incubation with cell lysate (see Fig. 2A),
we postulated that the weaker in vivo activity of redFK is due to its
instability. To test this possibility, we compared the residual activity
to induce p21 expression between FK228 and redFK after incubation
of the drugs with growth medium or serum for various lengths of time
(Fig. 4, C and D). The half-lives of FK228 and redFK were �12 h and
0.54 h, respectively, in growth medium and 4.7 h and �0.3 h in
serum. These results clearly show that FK228 is much more stable
than redFK in medium and blood. The functional sulfhydryl group
exposed to the medium may be chemically modified or sequestered by
some serum proteins.

DISCUSSION

Although FK228 is one of the HDAC inhibitors for which clinical
efficacy of antitumor activity has been studied extensively, the mo-
lecular details behind the inhibition of HDAC have not been eluci-
dated. The present study shows that the reduced FK228 is the active
form. redFK has two sulfhydryl groups, one of which was suggested
by computer modeling to interact with the active-site zinc via a water
molecule bound to the zinc. The HDAC active-site structure has
features of both metalloproteases and serine proteases, and the pro-
posed catalytic mechanism for deacetylation is analogous to that of
zinc proteases such as thermolysin and matrix metalloproteinases (9).
The zinc protease inhibitors have a zinc-chelating group such as a
hydroxamate, sulfhydryl, carboxylate, or phosphinic group (23–25).
The hydroxamic acid of these inhibitors coordinates the zinc through
its carbonyl and hydroxyl groups, resulting in the formation of a
pentacoordinated zinc (26). Crystallographic studies have also shown
that TSA binds the zinc and active-site residues through its hydrox-
amic acid in a manner quite similar to that of the zinc protease-
hydroxamate inhibitor complex (27, 28). On the other hand, the
sulfhydryl group of the protease inhibitors ligands the zinc with the
sulfur, presumably in the anionic form, giving rise to a nearly exact
tetrahedral coordination (29, 30). The positions of residues coordi-
nated to the zinc were restrained, and disarrangement of the metal site
was not allowed in our simulation. Therefore, it may be possible that
the sulfur of redFK also tetrahedrally coordinates to the zinc displac-
ing the water molecule even in HDAC. Because the inhibitory effect
of redFK was reversible, and the cysteine mutant enzyme (C151S)
was also inhibited by redFK, it is unlikely that the sulfur covalently
binds to the enzyme at the cysteine residue in the pocket. However, it
is still possible that the cysteine residue has a role in modulating the
affinity to redFK because a concentration of redFK but not TSA
higher than that for wild-type enzyme was required for mutant en-
zyme inhibition. The crystal structure of the HDAC-redFK complex is

Fig. 3. Possible interaction of redFK with the
zinc in the active-site pocket. A, amino acid se-
quence alignment of HDAC enzymes. Residues
identical among enzymes are highlighted in yellow,
and the only cysteine conserved in all enzymes is
shown in green. Loops that form the active-site
pocket are indicated by orange bars. B, reversibil-
ity of enzyme inhibition by redFK. Bead-conju-
gated, affinity-purified HDAC1 was pretreated
with 1% ethanol (control), 100 nM TSA, 100 nM

TPX B, and 100 nM redFK for 20 min. The treated
enzyme preparations were washed with drug-free
buffer, and the residual enzyme activity was deter-
mined. The open and filled bars represent before
and after removal of drugs, respectively. Data are
represented as the means � SD of triplicate assays.
C, computer-aided molecular docking of redFK to
HDAC-like protein. The sulfur atom of the redFK
longer chain is located 5.83 Å apart from the sulfur
atom of Cys-142, the conserved cysteine residue
corresponding to HDAC1 Cys-151, and 3.12 Å
from a water molecule bound to the zinc.
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apparently needed for better understanding of the detailed mechanism
of inhibition.

The marked resistance to FK228 of the fission yeast glutathione
biosynthesis mutants suggests that cellular glutathione is the impor-
tant determinant of FK228 sensitivity. Our data suggest that the
increased glutathione level leads to the increased FK228 sensitivity.
This is in contrast to the multidrug resistance involving the increased
glutathione. Multidrug resistance is frequently associated with over-
expression of P-glycoprotein and/or MRP1, both of which are mem-
bers of the ATP-binding cassette superfamily of transporters (31).
P-glycoprotein and MRP1 function as ATP-dependent efflux pumps
that extrude cytotoxic drugs from tumor cells. Glutathione serves as a
cofactor in MRP1-mediated drug transport. The drugs complexed with
glutathione after nucleophilic attack of the glutathione thiolate anion
are transported out of the cells by MRP1. The genes encoding both
MRP1 and the catalytic subunit of �-GCS are coordinately regulated
in cultured cancer cell lines as well as colorectal cancer tissues from
colon cancer patients. Glutathione is also involved in the inactivation
of anticancer drugs. For instance, conjugation of cisplatin with glu-
tathione inhibits the conversion of monoadducts to cross-links,
thereby reducing the cytotoxic potential of the adducts (32). Indeed,
depletion of glutathione by buthionine sulfoximine, an inhibitor of
�-GCS, restores the in vitro and in vivo sensitivity of drug-resistant
tumors to anticancer drugs such as cisplatin (33–36). These drug-
resistant cells with high glutathione concentrations are likely to be

highly sensitive to FK228, due to the higher rate of FK228-redFK
conversion. It is therefore conceivable that FK228 is particularly
effective on tumor cells with glutathione-mediated drug resistance.
The combined use of FK228 with antitumor drugs that are inactivated
by glutathione may also be promising.

Because each member of the HDAC family is a component of a
distinct physical complex playing a distinct role in gene expression, it
is likely that inhibition of a specific enzyme leads to changes in
transcription of a specific subset of genes (37). Indeed, FK228 has
been shown to modulate both positively and negatively the expression
of genes involved in oncogenic signal transduction (38, 39), cell cycle
(39, 40), differentiation (41), and angiogenesis (42). However, little is
known about the target enzyme specificity of HDAC inhibitors. It is
also unknown which HDAC enzyme contributes to tumorigenesis. It
was shown that HDAC6 was resistant to TPX, but its inhibitory
potency against HDAC4 was as strong as that against HDAC1 and
HDAC2 (10). We showed that redFK strongly inhibited HDAC1 and
HDAC2 class I enzymes, whereas it was weak in inhibiting HDAC4
and HDAC6 class II enzymes. Given the in vivo efficacy of FK228 as
an antitumor agent, HDAC1 and HDAC2 may be more importantly
involved in tumorigenesis than HDAC4 and HDAC6.

FK228 was fairly stable in medium or serum, whereas redFK was
unstable. Thus, the in vivo-administered FK228 may be circulated in
its stable and inactive form, but after uptake into the tumor cells, it
becomes active and reactive by the intracellular reducing activity (Fig.

Fig. 4. In vivo activity to inhibit HDAC. A,
accumulation of acetylated histones and p21 in
cells. HeLa cells were treated with various concen-
trations of TSA, FK228, and redFK for 24 h, and
the amounts of p21 (top row) and acetylated his-
tone (middle rows) and �-tubulin (bottom row)
were determined by Western blotting. B, compari-
son of the in vivo activity to induce p21 gene
expression. MFLL-9 cells containing a stable p21
promoter/luciferase construct were treated with
various concentrations of TSA, FK228, and redFK
for 24 h, and the luciferase activity induced was
measured. C, stability in medium. After incubation
of the drugs with growth medium supplemented
with 10% fetal bovine serum for the indicated
times, the p21-inducing activity was determined
using MFLL-9 cells. D, stability in serum. After
incubation with fetal bovine serum, the residual
p21-inducing activity was determined as described
in C. Data in B�D are represented as the
means � SD of triplicate assays. E, a model for
inhibition of cellular HDAC by FK228.
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4E). It is also conceivable that FK228 can penetrate the cell membrane
better than redFK, due to its more hydrophobic nature. Therefore,
FK228 serves as a stable prodrug for strong in vivo HDAC inhibition.
This finding may explain why FK228 is more effective than other
classical HDAC inhibitors such as TSA, TPX, and butyrate in in vivo
models. These unique properties of FK228 provide a new basis for
further development of HDAC inhibitors as antitumor agents.
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