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Romidepsin (FK228) is a potent histone deacetylase (HDAC) inhibi-
tor, which has a potent anticancer activity, but its molecular mech-
anism is unknown. We investigated the mechanism of FK228-
induced apoptosis in the human leukemia cell line HL-60 and its
hydrogen peroxide (H2O2)-resistant sub-clone, HP100, and the
human colon cancer cell line Caco-2. Cytotoxicity and DNA ladder
formation induced by FK228 could be detected in HL-60 cells after
a 24-h incubation, whereas they could not be detected in HP100
cells. Trichostatin A (TSA), an HDAC inhibitor, induced DNA ladder
formation in both HL-60 and HP100 cells. In contrast, FK228 inhib-
ited HDAC activity in both HL-60 and HP100 cells to a similar
extent. These findings suggest that FK228-induced apoptosis
involves H2O2-mediated pathways and that TSA-induced apoptosis
does not. Flow cytometry revealed H2O2 formation and a change
in mitochondrial membrane potential (Dwm) in FK228-treated cells.
FK228 also induced apoptosis in Caco-2 cells, which was prevented
by N-acetyl-cysteine, suggesting that reactive oxygen species par-
ticipate in apoptosis in various types of tumor cells. Interestingly,
in a cell-free system, FK228 generated superoxide (O2

)) in the pres-
ence of glutathione, suggesting that H2O2 is derived from dismuta-
tion of O2

) produced through redox-cycle of FK228. Therefore, in
addition to HDAC inhibition, H2O2 generated from FK228 may par-
ticipate in its apoptotic effect. (Cancer Sci 2010; 101: 2214–2219)

omidepsin (FK228), a potent histone deacetylase (HDAC)
inhibitor known as depsipeptide, is a naturally occurring

polypeptide which has been isolated from Chromobacterium
violaceum.(1) This drug has a potent anticancer activity against
human tumor xenografts and murine tumors,(2) and is therefore
expected to be a novel and promising anticancer drug, currently
under clinical evaluation in the USA.(3,4) FK228 induces cas-
pase-dependent apoptosis via the mitochondrial pathway in
small-cell lung cancer cells,(5) and induces the activation of the
proapoptotic Bcl-2 family protein Bid upstream of mitochon-
drial membrane dysfunction.(6) FK228-induced cell cycle arrest,
apoptosis, and histone hyperacetylation in lung carcinoma cells
are associated with increase in p21 expression.(7)

It has been reported that other HDAC inhibitors also induced
apoptosis through reactive oxygen species (ROS) generation.(8–12)

FK228 and PS-341, a proteasome inhibitor, synergistically
induce apoptosis in gastrointestinal adenocarcinoma cells
depending on ROS-mediated signals.(13) Recently, it is
reported that FK228 increases ROS in urinary bladder cancer
cells.(14) However, the mechanism of apoptosis and ROS gen-
eration induced by FK228 has not well been clarified. We have
investigated the mechanism of apoptosis induction by various
anticancer drugs through the generation of ROS, such as
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hydrogen peroxide (H2O2) and superoxide (O2
)).(15–20) FK228

contains an intramolecular disulfide bond, raising the idea that
ROS may be generated by the redox-cycling reaction of
FK228 and participate in apoptosis.

In this study, we investigated the mechanism of FK228-induced
apoptosis in HL-60 cells and HP100 cells, H2O2-resistant cells
derived from HL-60. To examine the cytotoxic effect of
FK228 on solid tumor, we also used Caco-2 cells, derived
from colon cancer. The mechanism of apoptosis was analyzed
by examining cytotoxicity, DNA ladder formation, H2O2 gen-
eration, mitochondrial membrane potential (Dwm) change, and
HDAC activity. In addition, we examined O2

) production
induced by FK228 in a cell-free system.

Materials and Methods

Chemicals. FK228 was provided by Astellas Pharmaceutical
(Tokyo, Japan). Trichostatin A (TSA) was purchased from
Wako Chemical (Osaka, Japan). Proteinase K was obtained
from Merck (Darmstadt, Germany). Fluorescent probes, 5-(and-
6)-chloromethyl-2¢,7¢-dichlorodihydrofluorescein diacetate ace-
tyl ester (CM-H2DCFDA) and 3,3¢-dihexyloxacarbocyanine
iodide (DiOC6[3]) were purchased from Molecular Probes
(Eugene, OR, USA). Glutathione (GSH) was from Kohjin
(Tokyo, Japan). Diethylenetriamine-N,N,N¢,N¢¢,N¢¢-pentaacetic
acid (DTPA) and Hoechst 33342 solution (1 mg ⁄ mL) were
from Dojin Chemicals (Kumamoto, Japan). Superoxide dismu-
tase (SOD; 3000 U ⁄ mg from bovine erythrocytes), cytochrome
c and N-acetyl-cysteine (NAC) were from Sigma Chemical (St.
Louis, MO, USA).

Cell culture and treatment with FK228 and TSA. HP100 cells
were derived from human leukemia HL-60 cells by repeated
exposure to H2O2, followed by outgrowth of viable cells. HP100
cells were approximately 340-fold more resistant to H2O2 than
HL-60 cells.(21) Catalase activity of HP100 cells is 18 times
higher than that of HL-60 cells.(22) HL-60 and HP100 cells were
grown in RPMI-1640 supplemented with 6% FBS at 37�C under
5% CO2 in a humidified atmosphere. The cells (0.5 · 106 or
1 · 106 cells ⁄ mL) were then treated with the indicated concen-
trations of FK228 and TSA.

Human colon cancer Caco-2 cells were cultured in DMEM –
high glucose supplemented with 10% FBS and non-essential
amino acids (1% v ⁄ v) at 37�C under 5% CO2 in a humidified
atmosphere. The cells (0.2 · 106 cells ⁄ mL) were seeded in
12-well plate for 24 h before treatment.
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Determination of cytotoxicity induced by FK228 and TSA in
HL-60 and HP100 cells. A lactate dehydrogenase (LDH) activity
assay kit (CytoTox-ONE Homogeneous Membrane Integrity
Assay; Promega, Madison, WI, USA) was used to measure cyto-
toxicity in cultures. 5.0 · 104 cells were seeded into each well
of 96-well culture plates. After the treatment with FK228 or
TSA for 24 h, cytotoxicity was analyzed according to the manu-
facturer’s instructions.

Detection of apoptosis induced by FK228 and TSA in HL-60 and
HP100 cells. For analysis of DNA ladder formation after the
cells were treated with FK228 and TSA, cells were washed
twice with PBS. Cells (2 · 106 cells), resuspended in 1 mL
cytoplasm extraction buffer (10 mM Tris [pH 7.5], 150 mM
NaCl, 5 mM MgCl2, and 0.5% Triton X-100), were centrifuged
at 1000 g for 5 min at 4�C. The pellet was resuspended in lysis
buffer (10 mM Tris [pH 7.5], 400 mM NaCl, and 1 mM EDTA)
and centrifuged at 12 000g for 10 min at 4�C. The supernatant
was then treated with 0.2 mg ⁄ mL RNase overnight at room tem-
perature, followed by treatment with proteinase K as described
previously.(23) DNA ladder formation was analyzed by conven-
tional electrophoresis.

Flow cytometric detection of peroxide and Dwm in cells
treated with FK228. To evaluate cellular peroxide levels after
the cells were treated with FK228, the treated cells were incu-
(a)

(c)

Fig. 1. Detection of cytotoxicity and DNA ladder formation in HL-60 and
HL-60 and HP100 cells (0.5 · 106 cells ⁄ mL) were treated with FK228 and
cytotoxicity was analyzed by the LDH activity assay kit (CytoTox-ONE Ho
according to the manufacturer’s instructions. The data are expressed as m
HL-60 versus HP100 by Student’s t-test. (c) The cells were lysed, and DNA
lane: size marker DNA (/X174 ⁄ Hae III digest).
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bated with 5 lM CM-H2DCFDA for 30 min at 37�C.(24) To
assess changes in Dwm, FK228-treated cells were incubated
with 40 nM DiOC6(3) for 15 min at 37�C.(25) Cells were then
washed twice with PBS. Following resuspension in PBS, the
cells were analyzed on a flow cytometer (FACScan; Becton
Dickinson, San Jose, CA, USA). Dead cells and debris were
excluded from the analysis. The data were analyzed using the
data analysis program, Cell Quest (Becton Dickinson).

HDAC enzymatic assay. HDAC fluorescent activity assays
using a Fluor-de-Lys HDAC fluorometric cellular activity assay
kit (Enzo Life Sciences, Plymouth Meeting, PA, USA) were per-
formed according to the manufacturer’s instructions, and a Gem-
ini XPS microplate spectrofluorometer (Molecular Devices,
Sunnyvale, CA, USA) was used with excitation at 360 nm and
emission at 460 nm.

Assessment of apoptosis in Caco-2 cells. Cells were exposed
to 10 nM FK 228 for 48 h, and were washed twice with PBS
and fixed with 1% glutaraldehyde for 12 h. The fixed cells were
then washed again with PBS and the nucleus was stained with
100 lg ⁄ mL of Hoechst 33342 for 5 min. The cells were exam-
ined under an inverted fluorescence microscope (Axiovert 200;
Carl Zeiss, Göttingen, Germany).

Detection of O2
) derived from FK228 in the presence

of GSH. To detect O2
) generation from FK228, 200 lM
(b)

HP100 cells treated with romidepsin (FK228) and trichostatin A (TSA).
TSA at 37�C for 24 h. After treatments with FK228 (a) and TSA (b),
mogeneous Membrane Integrity Assay; Promega, Madison, WI, USA)
eans ± SD (n = 3). *P < 0.05 and **P < 0.01, versus control; ##P < 0.01,
was extracted and analyzed by conventional electrophoresis. Marker
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Fig. 2. Generation of hydrogen peroxide (H2O2) in HL-60 and HP100
cells treated with romidepsin (FK228). HL-60 and HP100 cells (1 · 106

cells ⁄ mL) were treated with 10 nM FK228 at 37�C for the indicated
times. After the treatment, the cells were incubated with 5 lM 5-
(and-6)-chloromethyl-2¢,7¢-dichlorodihydrofluorescein diacetate acetyl
ester (CM-H2DCFDA) for 30 min at 37�C. The cells were analyzed
with a flow cytometer (FACScan; Becton Dickinson, San Jose, CA,
USA). The data are expressed as means ± SD (n = 3). *P < 0.05 and
**P < 0.01, versus control; #P < 0.05, HL-60 versus HP100 by Student’s
t-test.
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Fig. 3. Change of mitochondorial membrane potential in HL-60 and
HP100 cells treated with romidepsin (FK228). HL-60 and HP100
cells (1 · 106 cells ⁄ mL) were treated with FK228 at 37�C for 24 h. After
the treatment, the cells were incubated with 40 nM 3,3¢-
dihexyloxacarbocyanine iodide DiOC6(3) for 15 min at 37�C. The cells
were analyzed with a flow cytometer (FACScan; Becton Dickinson, San
Jose, CA, USA). Open peaks, control; shaded peaks, FK228-treated
cells.
cytochrome c was added to the reaction mixture, which con-
tained 50 lM FK228 and 1 mM GSH in 10 mM sodium phos-
phate buffer (pH 7.8) containing 2.5 lM DTPA. A maximum
absorption at 550 nm due to ferrocytochrome c formed by ferri-
cytochrome c reduction was measured at 37�C with a UV-visi-
ble spectrophotometer (UV-2500PC; Shimadzu, Kyoto, Japan).
The actual amount of O2

) generation was calculated by subtract-
ing absorbance with 100 U ⁄ mL SOD from that without SOD at
550 nm (e = 21.1 · 103 ⁄ M ⁄ cm).(26)

Results

Cytotoxicity in HL-60 and HP100 cells induced by FK228 and
TSA. We have determined cytotoxicity in the cells treated with
FK228 and TSA using an LDH release assay. This assay is
commonly used for testing the cytotoxicity of various experi-
mental compounds. As observed in Figure 1(a), HL-60 cells
were remarkably more sensitive to FK228 in comparison to
HP100 cells. The cytotoxicity at 10 nM FK228 was about 20%
in HL-60 cells, whereas the cytotoxicity at 500 nM FK228 was
only approximately 10% in HP100 cells. Therefore, HL-60
cells were at least 50-fold more sensitive to FK228 than HP100
cells. On the other hand, the cytotoxicity of TSA was detect-
able at no less than 500 nM in both HL-60 and HP100 cells
(Fig. 1b).

DNA ladder formation in HL-60 and HP100 cells treated with
FK228 and TSA. We have analyzed DNA ladder formation,
which is characteristic for apoptosis, in the cells treated with
FK228 and TSA using conventional electrophoresis (Fig. 1c).
The DNA ladder formation by FK228 could be detected at 10
and 50 nM in HL-60 cells after a 24-h incubation, whereas it
could not be detected in HP100 cells. It was detectable at
500 nM TSA in both HL-60 and HP100 cells to a similar
extent after a 24-h incubation, but in a different manner from
FK228.
2216
Generation of peroxide and change of Dwm in HL-60 and
HP100 cells treated with FK228. As shown in Figure 2, peroxide
generation in HL-60 cells was observed at 4 h, and significantly
increased at 6 and 16 h after the treatment with FK228, while its
generation in HP100 cells was not observed at 4 and 6 h, and
increased at 16 h. Figure 3 shows change in Dwm in HL-60 and
HP100 cells treated with FK228, to examine whether FK228
induces mitochondrial permeability transition. Dwm was appar-
ently increased in HL-60 at 5 and 10 nM. Only slight increase in
Dwm was observed in HP100 at these concentrations in compar-
ison with HL-60 cells.

HDAC activity in HL-60 and HP100 cells treated with
FK228. Inhibition of HDAC activity is a main anticancer action
of FK228. Figure 4 shows HDAC activity in HL-60 and HP100
cells treated with FK228 for 4 h. FK228 significantly inhibited
HDAC cellular activities in both HL-60 and HP100 cells to a
similar extent.

Inhibitory effect of NAC on apoptosis in Caco-2 cells treated
with FK228. We investigated the effect of NAC, an antioxidant,
on FK228-induced apoptosis in Caco-2 cells by morphologic
analysis in order to examine whether ROS generation partici-
pates in apoptosis in a solid cancer cell line. Apoptosis was
observed in FK228-treated Caco-2 cells, and was significantly
inhibited by NAC (Fig. 5).

Detection of O2
) derived from FK228 in the presence of

GSH. Figure 6 shows O2
) production by FK228 in the presence
doi: 10.1111/j.1349-7006.2010.01645.x
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Fig. 4. Histone deacetylase (HDAC) activity in HL-60 and HP100 cells
treated with romidepsin (FK228). HL-60 and HP100 cells (0.5 · 106

cells ⁄ mL) were treated with FK228 at 37�C for 4 h. HDAC fluorescent
activity assays using a Fluor-de-Lys HDAC fluorometric cellular activity
assay kit (Enzo Life Sciences, Plymouth Meeting, PA, USA) were
performed according to the manufacturer’s instructions. The data are
expressed as means ± SD (n = 3). *P < 0.05 and **P < 0.01, versus
control by Student’s t-test.

Fig. 5. Inhibitory effect of N-acetyl-cysteine (NAC) on apoptosis in
Caco-2 cells treated with romidepsin (FK228). Caco-2 cells (0.2 · 106

cells ⁄ mL) were seeded for 24 h, and then were treated with 10 nM
FK228 for 48 h. Where indicated, the cells were pretreated with
10 mM NAC for 30 min. Percentage of apoptotic cells was determined
by Hoechst 33342 staining. The data are expressed as means ± SD
(n = 3). **P < 0.01, by Student’s t-test.

Fig. 6. Time course of cytochrome c reduction during the incubation
of romidepsin (FK228) in the presence and absence of glutathione
(GSH) in a cell-free system. The reaction mixture contained 200 lM
cytochrome c, 50 lM FK228 in the presence and absence of 1 mM GSH
in 10 mM sodium phosphate buffer (pH 7.8) containing 2.5 lM
diethylenetriamine-N,N,N¢,N¢¢,N¢¢-pentaacetic acid (DTPA). A maximum
absorption at 550 nm was measured at 37�C with a UV-visible
spectrophotometer. The actual amount of O2

) generation was
calculated by subtracting absorbance with 100 U ⁄ mL superoxide
dismutase (SOD) from that without SOD at 550 nm (e = 21.1 ·
103 ⁄ M ⁄ cm).

Fig. 7. Proposed mechanisms of romidepsin (FK228)-induced apo-
ptosis via hydrogen peroxide (H2O2) generation.
and absence of GSH in a cell-free system. O2
) was generated by

FK228 reduction in the presence of GSH. When SOD was
added, the amount of cytochrome c reduction was decreased,
suggesting the generation of O2

). From these results, O2
) pro-

duction by 50 lM FK228 was about 25 lM in the presence of
1 mM GSH. GSH alone produced O2

), but its amount was smal-
ler than that in FK228 + GSH. FK228 did not produce O2

) in
the absence of GSH.

Discussion

HDAC inhibitors are a novel and promising class of chemother-
apeutic agent that can induce apoptosis and differentiation, and
Mizutani et al.
inhibit cell cycle progression.(27–29) The present study showed
that FK228 induced apoptosis in HL-60 cells and did not in its
H2O2-resistant clone, HP100 cells. The apparent cytotoxicity
and DNA ladder formation could be detected at above 10 nM in
HL-60 cells after a 24 h incubation, whereas it could not be
detected under these conditions in HP100 cells. TSA induced
cytotoxicity and apoptosis at 500 nM in both HL-60 and HP100
Cancer Sci | October 2010 | vol. 101 | no. 10 | 2217
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cells. In HP100 cells treated with FK228, H2O2 generation and
Dwm increase were decreased, compared with those of HL-60
cells. It has been reported that HP100 cells are about 340-fold
more resistant to H2O2 than the parent cells, HL-60.(21,22) In
contrast, FK228 inhibited HDAC activity, in both HL-60 and
HP100 cells to a similar extent, suggesting that an inhibitory
effect of FK228 on HDAC activity is independent of H2O2 gen-
eration. Therefore, these findings can be explained by the
involvement of H2O2 generation in the FK228-induced apoptotic
pathway, whereas TSA induces apoptosis independently of
H2O2 generation. The independence of H2O2 generation agrees
with previous results that TSA showed no influence on ROS
generation in HL-60 and human pancreatic cancer cell
lines.(30,31) Meanwhile, our data showing that NAC prevented
FK228-induced apoptosis in Caco-2 cells confirm the possibility
that ROS generation is involved in FK228-induced apoptosis in
solid cancer cell lines.

It has been reported that various HDAC inhibitors (e.g. sube-
roylanilide hydroxamic acid [SAHA], MS-275, LAQ824,
NCS3852 [5-nitroso-8-quinolinol], sodium butyrate) induced
apoptosis through ROS generation.(8–12) SAHA induced apopto-
sis mediated by the cleavage of Bid, followed by disruption of
the mitochondrial membrane, and production of ROS.(8) FK228
can also induce Bid cleavage,(6) and therefore this finding raises
the possibility that FK228 generates ROS through Bid cleavage
and the mitochondria-mediated pathway. Sodium butyrate
induced apoptosis mediated by p21, followed by production of
ROS.(12) FK228 also induced apoptosis to be associated with
increase in p21;(7) therefore, it is possible that FK228 generates
ROS through increase in p21. Alternatively, FK228 may medi-
2218
ate indirect ROS generation through NAD(P)H oxidase and xan-
thine oxidase activation.(15,16) However, in this study, inhibitors
of NAD(P)H oxidase and xanthine oxidase did not inhibit
FK228-induced DNA ladder formation (data not shown), sug-
gesting that indirect ROS generation via these enzymes does not
participate in apoptosis.

However, interestingly, in this study, we firstly demonstrated
that O2

) was generated in the presence of FK228 and GSH in a
cell free system, suggesting that the reduced FK228 reacted with
O2 to generate O2

) and subsequently H2O2. Therefore, the
redox-cycle of FK228 should be considered as a primary source
of H2O2, since reduction of an internal sulfide bond results
in the formation of two free sulfhydryl groups, which can be
reoxidized in the presence of molecular oxygen to form O2

)

(Fig. 7). H2O2 is considered to cause apoptosis through
mitochondrial dysfunction.(32,33) On the other hand, the reduc-
tion of an intramolecular disulfide bond of FK228 greatly
enhances its HDAC inhibitory activity in cellular reducing
condition involving GSH,(34) and this mechanism would serve
as an alternative apoptotic pathway. In conclusion, in addition to
HDAC inhibition, H2O2 derived from O2

) generated by FK228,
followed by the mitochondrial dysfunction, plays an important
role in apoptosis.
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