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Abstract

Background: To evaluate the efficacy and safety of com-
bination chemotherapy of cisplatin (5-day continuous in-
fusion) and docetaxel for the treatment of previously un-
treated patients with advanced non-small-cell lung
cancer (NSCLC). Materials and Methods: Eligible pa-
tients had an ECOG performance status of 0-2 with mea-
surable NSCLC. Patients received continuous infusion
cisplatin 20 mg/m?/day on 5 days and bolus docetaxel
80 mg/m?/day {(day 1; PiD therapy) at a 4-week interval.
Results: Forty-three patients were enrolled. The mean
number of cycles administered per patient was 2, and
ranged from 1 to 4. The response rate was 49% (95%
confidence interval, 33.9-63.8%). The median survival
time was 47 weeks and the 1-year survival rate was 47%.
The major toxic effects were grade 3 or 4, neutropenia
(88%), leukopenia (81%), thrombocytopenia (14%) and
anemia (42%). There were no treatment-related deaths.
Conclusion: PiD therapy was a well-tolerated and active
regimen for patients with advanced NSCLC. The major
toxicity was neutropenia.

Copyright © 2005 S. Karger AG, Basel

Introduction

Unresectable non-small-cell lung cancer (NSCLC) is
known to have an extremely poor prognosis, and its stan-
dard treatment remains to be established. The most com-
mon chemotherapy for NSCLC is a combination treat-
ment consistingof 2 or 3 drugs including cisplatin (CDDP)
as a key drug. The combination treatments have response
rates of 30-50%, and have been proven to prolong sur-
vival time in clinical stages ITI [1] and IV [2, 3]; however,
the response is only limited.

In recent years, new anticancer drugs have been devel-
oped and used for the treatment of NSCLC. Docetaxel is
anew hemisynthetic anticancer agent originating from its
precursor, 10-deacytylbaccatin III, extracted from the
needle leaves of the European yew tree, Taxus baccata L.
Docetaxel affects microtubules, and shows its cytotoxic-
ity by prematurely stabilizing mitotic microtubules. In
phase 1II clinical studies for the treatment of NSCLC car-
ried out in Europe and the USA, docetaxel showed a re-
sponse rate of about 30% in previously untreated patients
with a better survival time [4, 5]. A major side effect of
docetaxel is dose-dependent edema that is proportional
to bone marrow suppression. Since hypersensitivity is
particularly limiting, it is worth noting that docetaxel can
be given by intravenous infusion in a short period of time
without any pretreatment.
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In the Japan phase I study, dose-limiting toxicity of
docetaxel was found to be leukopenia (neutropenia), and
its recommended dose was set at 60 mg/m?® [6]. In the
multicenter phase Il clinical study for the treatment of
NSCLC carried out in Japan, a response rate of 19% was
shown in untreated patients with predominant toxicities
of leukopenia and neutropenia [7].

Currently, cisplatin is the active agent for treating
NSCLC, and combination chemotherapy consisting of 2
or 3 drugs based on CDDP is a major strategy [8]. CDDP
can be administered by short-term intravenous infusion,
a divided dosage method, continuous administration,
and other methods [9, 10]. CDDP cytotoxicity is en-
hanced by prolonged exposure to low doses of this drug
in in vitro studies [11, 12]. Belliveau et al. [13] reported
that the area under the concentration-time curve (AUC)
achieved for non-protein-bound CDDP was twice as high
after 5-day continuous infusion than that observed when
an equivalent dose of CDDP was given by short-term bo-
lus infusion. These findings suggest that continuous infu-
sion of CDDP might improve the therapeutic efficacy as
compared with that resulting from conventional short-
term bolus infusion. However, compared with short-term
intravenous infusion, 5-day continuous infusion makes
inpatient hospitalization for at least 5 days necessary, and
the duration of confinement for the purpose of infusion
is lengthy and therefore onerous for the patient. The ef-
ficacy and safety of a continuous infusion lasting 5 days
(24 h a day) were confirmed in our facility and some oth-
er facilities [10, 14-16]. In addition, combination chemo-
therapy of infusional CDDP with vindesine or CPT-11
was found to have high response rates in treating NSCLC
17, 18].

Cisplatin and docetaxel show nonsynergistic and ad-
ditive effects in vitro, no cross-resistance and have a rel-
atively nonoverlapping toxicity profile [19]. Therefore,
the development of docetaxel in combination with cis-
platin is warranted. We conducted a phase II study of
docetaxel and infusional cisplatin, in patients with previ-
ously untreated advanced NSCLC, and evaluated antitu-
mor activity and the safety of this therapy.

Patients and Methods

Patient Selection

All patients with histologically or cytologically confirmed ad-
vanced NSCLC were eligible for this phase II trial. The subjects of
this study were patients in clinical stage I'V or in stage III with un-
resectable disease or in whom radiotherapy with curative intent is
not possible. Patients with unresectable disease or in whom radio-
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therapy with curative intent is not possible include those with pleu-
ral effusion and dissemination, those with intrapulmonary metas-
tasis within the ipsilateral lobe, those in whom the irradiation field
exceeds one half of one lung, those with metastasis to the contra-
lateral hilar lymph nodes, and those with reduced lung function.
None of the patients had received prior therapy. Other eligibility
criteria included an expected survival of 12 weeks, age <75 years,
Eastern Cooperative Oncology Group performance score of 0-2,
measurable lesions, adequate hematological function (WBC
=4,000/mm?, platelet count = 100,000/mm?, hemoglobin =10 g/
dl), renal function (serum creatinine = 1.5 mg/dl, creatinine clear-
ance =60 ml/min), and hepatic function (total serum bilirubin
=< 1.5 mg/dl, glutamic oxaloacetic transaminase and glutamic py-
ruvic transaminase less than twice the normal range). The ethical
committee of the Tochigi Cancer Center approved the protocols.
Written informed consent was obtained in every case stating that
the patient was aware of the investigational nature of this treatment
regimen. Pretreatment evaluation included medical history, physi-
cal examination, complete blood count, bone marrow examination,
serum biochemical analyses, chest roentgenogram, electrocardio-
gram, and urinalysis. All patients underwent a radionuclide bone
scan, and computerized tomography of the brain, thorax and abdo-
men. Complete blood count, biochemical tests, serum electrolytes,
urinalysis, and chest roentgenograms were obtained weekly during
this phase II trial. Tests of measurable disease parameters such as
computerized tomography were repeated every 4 weeks. Staging
was according to the 4th edition of the UICC TNM classification.

Treatment

All patients were admitted to the Tochigi Cancer Center Hos-
pital during this trial. The anticancer drug regimen consisted of a
combined administration of docetaxel plus infusional cisplatin.
Docetaxel was supplied, in concentrated form, in a sterile vial that
contained 80 mg of the drug in 2 ml of polysorbate 80. Docetaxel
(Taxotere; Aventis) 60 mg/m? was diluted in 250 ml of 5% glucose,
and was infused over a 1-hour period on day 1. Three hours after
completion of the docetaxel infusion, 20 mg/m? of cisplatin was
given daily for 5 days by continuous intravenous infusion. One
third of the daily dose was administered every & h dissolved in
800 ml of physiological saline [14]. The course was repeated every
4 weeks. Antiemetic drugs used were granisetron (3 mg/body/day,
bolus infusion for 5 days), metoclopramide (3 mg/kg/day, continu-
ous infusion for 5 days), methylprednisolone (125 mg bolus infu-
sion every 8 h, days 1-5), diphenhydramine (30 mg orally, days
1-7) and alprazolam (1.2 mg orally, days 1-7) {15, 16]. In the first
course, no routine premedication was given for hypersensitivity
reactions or fluid retention. The reason for this was that the inci-
dence of these events was low at the dose of docetaxel (60 mg/m?)
administered in the present study [7]. However, if hypersensitivity
reactions or fluid retention occurred, premedications such as cor-
ticosteroids or antiallergic agents were allowed in the subsequent
courses. Recombinant human granulocyte colony-stimulating fac-
tor was administered when leukopenia/neutropenia of grade 4 oc-
curred.

Patients were treated with at least two cycles of therapy unless
disease progression or unacceptable toxicity was encountered or the
patients did not wish to continue. Patients who experienced grade
4 leukopenia or neutropenia that lasted for 3 or more days, or who
experienced grade 4 thrombocytopenia or reversible grade 2 neu-
rotoxicity or grade 3 liver dysfunction, received reduced doses of
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both docetaxel and cisplatin (75% of the previous dose) for the next
cycle. Patients who experienced stomatitis of grade 3 or more or
renal dysfunction of grade 2 or more received a reduced dose of
cisplatin (75% of the previous dose) for the next cycle. If neurotox-
icity of grade 3 or more occurred, treatment was stopped. Subse-
quent courses of chemotherapy were started after day 28 when the
leukocyte count was 4,000/mm? or more, the neutrophil count was
2,000/mm? or more, the platelet count was 100,000/mm? or more,
serum creatinine was less than the upper limit of the normal range,
creatinine clearance was 60 ml/min or more, GOT and GPT were
less than twice the upper limit of the normal range, and neurotoxic-
ity was grade 1 or less. If these variables did not return to adequate
levels by the first day of the next course of chemotherapy, treatment
was withheld until full recovery. If more than 6 weeks passed from
the time of the last treatment before these criteria were satisfied,
the patient was taken off the study, but still included in the analysis.
In the case of stable or progressive disease after two courses of treat-
ment, subsequent therapy was left to the discretion of the physician
in charge of the patient.

Assessment of Response to Treatment and Toxicity

The response to treatment was evaluated with WHO criteria.
The criteria for response were as follows. Complete response was
defined as the complete disappearance of all evidence of tumor for
at least 4 weeks. Partial response was defined as a = 50% reduction
in the sum of the product of the two greatest perpendicular diam-
eters of all indicator lesions for at least 4 weeks and no appearance
of new lesions or progression of any lesion. Progressive disease was
defined as a =25% increase in the tumor area or the appearance of
new lesions. All other circumstances were classified as no change.
Toxicity was graded according to the common toxicity criteria (ver-
sion 2).

Statistical Analyses

The primary end point was the objective response rate. The du-
ration of each response was defined as the number of days from the
documentation of the response until tumor progression. Survival
curves from registration until death were generated by the method
of Kaplan and Meier. We chose a 40% response rate as a desirable
target level, and a 20% response rate as undesirable. The study de-
sign had the power to detect a response of greater than 90%, with
less than 5% error. Therefore, we needed 23 assessable patients in
first stage and 20 in second stage, according to the mini-max design
of Simon. We decided to stop the study if fewer than 5 patients re-
sponded in the first stage.

Results

Patient Characteristics

Forty-three patients were enrolled in this study from
July 1997 to June 1999 and received 105 cycles of the
regimen. Table 1 shows the patient characteristics. There
were 14 women and 29 men with a median age of 61 years
(range 34-75). One patient had stage IIIA, 7 patients stage
I1IB, and 35 patients stage IV disease. In stage IIIA, 1
patient classified as ¢-T3N2MO had lung cancer with a
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Table 1. Patient characteristics

Patients 43

Sex (M/F) 29/14
Agel, years 61 (34-175)
Performance status: 0/1/2 9/30/4
Stage: IIA/ITIB/IV 1/7/35
Histology: Ad/Sq/Other 27/14/2

Ad = Adenocarcinoma; Sq = squamous
cell carcinoma.

"Value represents median with the range
given in parentheses.

bulky tumor (10 cm), associated with extranodal and N2
involvement. Among the 7 stage IT1IB patients, there were
three T4 cases in which pleural effusion and pleural dis-
semination were present, two T4 cases of intrapulmonary
metastasis in the ipsilateral lobe, and two T4N3 cases
with mediastinal infiltration and supraclavicular fossa
lymph node metastasis.

Treatments Administered

The mean number of cycles administered per patient
was 2, and ranged from 1 to 4. In 99 of 105 cycles (94%),
PiD was administered at 4-week intervals. In 5 of 6 cycles,
in which cisplatin could not be administered at a 4-week
interval, it was given a week later, As for the remaining
cycle, it was administered 6 weeks later. The reason for
the delay of the administration was the patient’s request
for 1 cycle and neutropenia in 5 cycles. Dosage was re-
duced in 7 cycles (7%). Reductions in dosage of docetax-
el and cisplatin were made, respectively, in 6 cycles (6%)
and 7 cycles (7%). The former reduction was made be-
cause 6 cycles showed neutropenia grade 4, and the latter
reduction was made because 5 cycles showed neutropenia
grade 4, and 1 cycle showed both neutropenia grade 4
and creatinine grade 3, and 1 cycle showed creatinine
grade 2.

Response to Treatment and Survival

The response rate was 49% (95% confidence interval,
CI, 33.9-63.8%); a complete response was observed in 1
and partial response in 20 patients (table 2). The median
duration of the response was 39.2 weeks (range 5-147
weeks). The median survival time was 47 weeks (95% CI,
6-152 weeks) and the 1-year survival rate was 47% (fig. 1).
Two patients are still alive.
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Fig. 1. Kaplan-Meier estimated overall sur- 0
vival curves. Median survival time was 47
weeks; 1-year survival rate was 47%.

Table 2. Chemotherapeutic evaluation (n =

43)
Cycles! 2 (1-4)
Response: CR/PR/NC/PD 1/20/20/2
Response rate, % 49
Response duration, weeks
Average 39.2
Range 5-147
1-year survival rate, % 47

CR = Complete response; PR = partial
response; NC =no change; PD =progressive
disease.

'Value represents average with the range
in parentheses.

Toxicity

Table 3 shows the types and grades of toxicities result-
ing from the treatment, using the common toxicity crite-
ria. All 43 patients could be evaluated for toxic reactions.
The major toxicity was myelosuppression. Leukopenia
<2,000/mm? (grade 3 or 4) was observed in 35 patients
(81%), of whom 6 patients showed grade 4. Neutropenia
<1,000/mm? (grade 3 or 4) was observed in 38 patients
(88%), of whom 25 patients showed grade 4. Eight pa-
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Table 3. Toxicity (n = 43 patients)

Maximum toxicity terms of Grade

CTC grade ‘ =3

0 1 2 3 4 %
Leukopenia 1 1 6 29 6 81
Neutropenia 1 0 4 13 25 88
Anemia I 6 18 18 - 42
Thrombocytopenia 25 5 7 6 0 14
Creatinine 23 18 1 1 0 2
SGOT/SGPT 30 12 1 0 0 0
Vomiting 5 7 31 o - 0
Diarrhea 20 16 7 0 0 0
Alopecia 20 22 1 - - '
Edema 36 6 1 0 - 0
Neuropathy 40 3 0 0 0 0

Figures represent number of patients. CTC = Common toxici-
ty criteria; SGOT = serum glutamic oxaloacetic transaminase;
SGPT = serum glutamic pyruvic transaminase.

tients developed febrile neutropenia. Thrombocytopenia
<5 x 10%mm?3 (grade 3 or 4) was observed in 6 patients
(14%), and a hemoglobin nadir (grade 3) in 18 patients
(42%). There were no episodes of bleeding or fluid over-
load.
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Vomiting grade =2 occurred in 31 patients (72%). Di-
arrhea grade =2 was observed in 7 patients (16%). Grade
1 or 2 alopecia and edema were observed in 23 and 7 pa-
tients, respectively. In the first cycle, creatinine showed
grade =2 in 2 patients, resulting in transient rises. In the
following cycle, the creatinine level was kept at grade 1
by reducing the dosage of cisplatin. Grade | or 2 skin rash
was observed in 3 patients. Finally, there were no treat-
ment-related deaths.

Discussion

Cisplatin is one of the key drugs for the treatment of
NSCLC. Its high response rate of 40% and safety when it
was given alone by continuous infusion over 5 days [14]
are confirmed.

Docetaxel is also an active agent to treat NSCLC, and
docetaxel of 60 mg/m?/day (day 1), a recommended dose
in Japan, showed a response rate of 19% [7]. Docetaxel
has no cross-resistance with cisplatin, and in clinical prac-
tice, docetaxel was effective in some patients who were
resistant to cisplatin [19]. In addition, additive effects are
confirmed between cisplatin and docetaxel, and major
side effects of the two drugs are different.

This was a phase 1I study to determine the usefulness
and safety of combination chemotherapy of cisplatin (5-
day continuous infusion) and docetaxel for the treatment
of advanced NSCLC. The response rate in this study was
49%, which is higher than with docetaxel alone. In com-
parison with other combination therapies, response rates
were 39-42% for cisplatin (bolus) and docetaxel [20, 21],
and 58.5% for cisplatin (infusion) and irinotecan with G-
CSF. In combination with cisplatin (bolus) and newly
developed anticancer agents, the response rates were 44%
with paclitaxel [22], 31% with gemcitabine [23], and 26%
with vinorelbine [24]. Although these studies differed as
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therapies showed better response rates than docetaxel
alone.

In our study, side effects predominantly involved he-
matological toxicity (leukopenia, neutropenia, and ane-
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We carried out a phase II study of combination treat-
mentofcisplatin(5-day continuousinfusion) and docetax-
el in 43 patients with NSCLC. The response rate was 49%,
and median survival time was 47 weeks. A major side ef-
fect was neutropenia. A combination treatment of infu-
sional cisplatin and docetaxel is a tolerable and active
regimen for patients with advanced NSCLC. 1t is to be
recommended as a candidate regimen in planning a phase
HI clinical study in advanced NSCLC, and this regimen
will ultimately be evaluated in a phase III clinical study.
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Abstract

Histone deacetylase (HDAC) inhibitors are promising
candidates for molecular-targeted therapy for leukemia.
In this study, we investigated the mechanisms of cyto-
toxic effects of depsipeptide (FK228), one of the most
effective HDAC inhibitors against leukemia, using hu-
man myeloid leukemic cell lines HL-60 and K562. We
found that FK228 activated caspase-9 and a subsequent
caspase cascade by perturbing the mitochondrial mem-
brane to release cytochrome ¢, which was almost com-
pletely blocked by overexpression of Bcl-2. The mito-
chondrial damage was caused by the translocation of
Bax but not other pro-apoptotic Bcl-2 family proteins to
the mitochondria. FK228 did not affect the interaction
between Bax and Bax adaptor proteins such as 14-3-36
and Ku70. FK228-induced apoptosis and mitochondrial
translocation of Bax were markedly enhanced by the pro-
teasome inhibitor bortezomib. The synergistic action of

FK228 and bortezomib was at least partly mediated
through conformational changes in Bax, which facilitate
its translocation to the mitochondria. These results sug-
gest that the combination of HDAC inhibitors and pro-
teasome inhibitors is useful in the treatment of leukemia
especially in the context of molecular-targeted therapy.
The status of Bcl-2 and Bax may influence the sensitivity
of tumors to this combination and thus can be a target
of further therapeutic intervention.

Copyright © 2006 S. Karger AG, Basel

Introduction

Because of the limited efficacy of conventional chemo-
therapy, the development of a novel treatment strategy is
eagerly awaited for refractory and relapsed leukemias.
Even among standard-risk patients with de novo acute
myeloblastic leukemia (AML), only approximately 30%
can achieve a long-term disease-free survival [1]. The
treatment outcome is even worse in patients with high-
risk AML, such as secondary leukemia, and in the elder-
ly {2]. Most attempts to treat these patients with more
Intensive regimens have resulted in failure for two rea-
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sons. First, the leukemic cells of these patients are no lon-
ger responsive to cytotoxic drugs with a conventional
mode of action such as DNA alkylation or inhibition of
DNA synthesis. Second, intensive treatment often causes
serious side effects including severe myelosuppression in
elderly and/or previously treated patients. In order to im-
prove the prognosis of these patients, the establishment
of molecular-targeted therapy, which involves therapeu-
tic agents with different mechanisms of action and high
specificity, is highly anticipated. Among the newly devel-
oped drugs, histone deacetylase (HDAC) inhibitors and
proteasome inhibitors are two promising candidates for
molecular-targeted therapy against refractory and re-
lapsed leukemias.

Recently, small compounds that inhibit HDAC activ-
ity have become available as a tool for cancer treatment
[3]. These compounds, collectively referred to as HDAC
inhibitors, restore the expression of genes aberrantly si-
lenced in cancer cells by reversing HDAC-mediated
deacetylation of their promoter regions and transcrip-
tional repression. In addition to core histones at gene pro-
moters, HDAC inhibitors also acetylate several cellular
proteins such as p53 and E2F-1 and modify their func-
tions [4, 5]. As a sum of these effects, HDAC inhibitors
induce cell cycle arrest, differentiation, and apoptosis in
cancer cells, all of which have been demonstrated in nu-
merous preclinical studies [6]. Given that the tethering of
HDAC: to promoters of genes regulating cell differentia-
tion and growth control is commonly observed in leuke-
mias, especially in those having leukemic fusion proteins
[71, HDAC inhibitors fulfill the requirement of molecu-
lar-targeted therapy for refractory and relapsed leuke-
mias. Currently, phase I and II clinical trials are ongoing
for five different types of HDAC inhibitors — sodium
phenylbutyrate, valproic acid, depsipeptide (FK228), su-
beroylanilide hydroxamic acid, and MS-275 - in hema-
tologic malignancies [8]. Depsipeptide (FK228) is espe-
cially promising, because it shows considerable activity
against T-cell lymphoma, AML, and chronic lymphocyt-
ic leukemia [9, 10]. For a safe and effective clinical ap-
plication, however, it is essential to clarify the molecular
basis of the cytotoxic activity of this drug. Unfortunately,
relatively little is known about the mechanisms of the cy-
totoxic effect of depsipeptide (FK228) in leukemias com-
pared with those in solid tumors.

Recently, targeting the ubiquitin-proteasome pathway
has emerged as a novel approach for cancer treatment.
The proteasome is an essential enzyme complex that cat-
alyzes the degradation of a variety of short-lived func-
tional proteins with ubiquitination as a marker [11]. This
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system is indispensable for the elimination of impaired
proteins arising from oxidative stress, heat shock, and
transcription of mutant genes, and plays an important
role in the regulation of many biological processes such
as cytokine-mediated transcription, cell cycle progres-
sion, and apoptosis [12]. For unknown reasons, inhibi-
tion of the ubiquitin-proteasome pathway induces growth
arrest and apoptosis preferentially in cancer cells, which
constitutes a rationale for the usage of proteasome inhib-
itors in cancer treatment [ 13]. Bortezomib (Velcade®, for-
merly known as PS-341) is the sole proteasome inhibitor
whose anti-tumor activity has been confirmed in both
preclinical experiments and clinical trials [14]. This drug
was recently approved for use in patients with refractory
and relapsed multiple myeloma, and will be applied for
the treatment of other hematologic malignancies and sol-
id tumors in the near future [15]. Because bortezomib is
known to enhance the sensitivity of tumor cells to various
anti-cancer drugs [16], bortezomib and depsipeptide
(FK228) may be the best combination for molecular-tar-
geted therapy in leukemias.

In this study, we investigated the mechanisms of
FK228-induced apoptosis in leukemic cells, and found
that FK228 activated the mitochondrial pathway of apop-
tosis via mitochondrial translocation of Bax, a pro-apop-
totic Bel-2 family protein, which was enhanced by bor-
tezomib. This finding is useful for safe and effective clini-
cal applications of the two drugs in the near future.

Materials and Methods

Reagents

All chemicals were purchased from Sigma (St. Louis, Mo., USA)
unless otherwise stated. Depsipeptide (FK228) and bortezomib
(Velcade) were provided by Fujisawa (Osaka, Japan) and Millen-
nium Pharmaceuticals (Cambridge, Mass., USA), respectively.
Cell-permeable fluoromethylketone-derivatized peptides corre-
sponding to specific binding sites for caspases were used as caspase
inhibitors (R & D Systems, Minneapolis, Minn., USA). Stock solu-
tions were made with dimethylsulfoxide (DMSO) at 10 mM and
used at a final concentration of 100 pM in growth medium (final
DMSO concentration was 1%). A colorimetric assay kit for cas-
pase-9 was also obtained from R & D Systems.

Cells and Cell Culture

Human myeloid leukemia cell lines HL-60 and K562 were pur-
chased from the American Type Culture Collection (Manassas, Va.,
USA). HL-60 and K562 stable transformants constitutively over-
expressing Bcl-2 (HL-60/Bcl-2 and K562/B¢l-2) and their controls
carrying an empty vector (HL-60/mock and K562/mock) were es-
tablished in our laboratory as previously reported {17, 18]. These
cell lines were maintained in RPMI1640 medium supplemented
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with 10% fetal bovine serum according to the manual provided by
the American Type Culture Collection.

Flow Cytometry

The cell cycle profile was obtained by staining DNA with prop-
idium iodide in preparation for flow cytometry with the FACScan/
CellQuest system (Becton-Dickinson, San Jose, Calif., USA). The
size of the sub-G1, G0/G1, and S+G2/M fractions was calculated
as a percentage by analyzing DNA histograms with the ModFitLT
2.0 program (Verity Software, Topsham, Maine, USA).

Measurement of the Mitochondrial Transmembrane Potential

The mitochondrial transmembrane potential was measured
with a MitoCapture Mitochondrial Apoptosis Detection Kit (Med-
ical & Biological Laboratories, Nagoya, Japan). MitoCapture® is a
rhodamine derivative that aggregates in the mitochondria and gen-
erates a bright red fluorescence in intact cells. The intensity of the
red fluorescent signal (FL2-H on flow cytometry) diminishes as the
mitochondrial membrane is perturbed.

Western Blotting

Immunoblotting was carried out according to the standard
method using the following antibodies: anti-procaspase-9 (68086E;
BD Biosciences Pharmingen, San Jose, Calif., USA), anti-cleaved
caspase-9 (9501; Cell Signaling Technology, Beverly, Mass., USA),
anti-procaspase-6 (B93-4; BD Biosciences Pharmingen), anti-pro-
caspase-3 (clone 97; BD Transduction Laboratories, Lexington,
Ky., USA), anti-cleaved caspase-3 (9661; Cell Signaling Technol-
ogy), anti-caspase-7 (B94-1; BD Biosciences Pharmingen), anti-
Bel-2 (clone 7; BD Transduction Laboratories), anti-Bax (2772;
Cell Signaling Technology, clone 3; BD Transduction Laboratories,
554104; BD Biosciences Pharmingen), anti-Bak (3792), anti-Bid
(2002), anti-Bad (9292; all Cell Signaling Technology), anti-14-3-36
(C23-1; BD Biosciences Pharmingen, C-17; Santa Cruz Biotechnol-
ogy), anti-Ku70 (clone 135; BD Transduction Laboratories), anti-
ASC/TMS1 (D14885; Calbiochem-Novabiochem, San Diego, Cal-
if., USA) and anti-B-actin (C4; ICN Biomedicals, Aurora, Ohio,
USA). To detect conformational changes of Bax, we prepared pro-
tein samples using CHAPS cell extract buffer (Cell Signaling Tech-
nology) as previously described [19].

Confocal Laser Microscopy

Cells were collected on glass slides using a Cytospin centrifuga-
tor (Shandon Scientific, Runcorn, UK), and fixed in 4% parafor-
maldehyde in phosphate-buffered saline. In situ staining for cyto-
chrome ¢ was carried out using anti-cytochrome ¢ monoclonal an-
tibody (6H2.B4; Pharmingen) and Alexa-488-conjugated antibody
to mouse immunoglobulin (Molecular Probes, Eugene, Oreg., USA)
as primary and secondary antibodies, respectively [20]. For co-la-
beling of mitochondria, we used a rabbit polyclonal antibody
against 62-kDa mitochondrial protein (AB3598; Chemicon Inter-
national, Temecula, Calif., USA) and Cy3-conjugated goat anti-
body to rabbit immunoglobulin (Amersham Pharmacia Biotech,
Piscataway, N.J., USA) as primary and secondary antibodies, re-
spectively. In situ staining for Bax was performed similarly using
anti-Bax (554104, BD Biosciences Pharmingen, or N-20, Santa
Cruz Biotechnology) and anti-human mitochondria (AE-1; Leinco
Technologies, St. Louis, Mo., USA) antibodies.
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Table 1. Effects of caspase inhibitors on FK228-induced apopto-
sis

Additions Targets Sub-G1 p values®
fractions, %*

DMSO - 74.1+10.6

Z-VAD-fmk general 38.2+8.2 0.00482117
Z-WEHD-fmk caspase-1 87.5+5.9 0.06434876
Z-VDVAD-fmk caspase-2 76.7x£8.5 0.37702580
Z-DEVD-fmk caspase-3 76.0+7.8 0.40574888
Z-YVAD-fmk caspase-4 77.0x9.9 0.37333352
Z-VEID-fmk caspase-6 78.6£12.5 0.32866905
Z-LETD-fmk caspase-8 81.3+11.0 0.22898378
Z-LEHD-fmk caspase-9 22.7+94 0.00165079
Z-AEVD-fmk caspase-10 78.81+13.5 0.32972531
Z-LEED-fmk caspase-13 78.6+£9.7 0.30780867

@ Means + SD of three independent experiments.
b p values against the DMSO control were determined by an
unpaired Student’s t test.

Results

Involvement of a Caspase-9-Initiated Caspase

Cascade in FK228-Induced Apoptosis

When HL-60 and K562 myeloid leukemia cell lines
were treated with depsipeptide (FK228) at 20 nM (ap-
proximately 1/50 of the mean maximal plasma concen-
tration determined in phase I clinical trials [21}), approx-
imately 75% of cells underwent apoptosis as judged by
the size of sub-G1 fractions on DNA histograms (fig. 1a,
DMSO) and annexin V staining (data not shown) after
48 h of culture. To determine the pathways of apoptotic
signal transduction activated by FK228, we examined the
effects of caspase inhibitors on FK228-induced apopto-
sis. HL-60 cells were pre-treated with cell-permeable cas-
pase-binding peptides, and then cultured in the presence
of 20 nM FK228. The percentage of cells undergoing
apoptosis was measured by calculating sub-G1 fractions
on DNA histograms after 48 h. A representative result is
shown in figure la, and the results of three independent
experiments are summarized in table 1. The size of sub-
G1 fractions was significantly (p < 0.01) decreased by a
general caspase inhibitor (VAD) as well as a specific in-
hibitor for caspases-9 (LEHD), suggesting a pivotal role
for caspase-9 in the FK228-induced apoptosis of HL-60
cells. We obtained similar results in experiments using
K562 cells, except that K562 was relatively insensitive to
FK228 compared with HL-60 (data not shown).
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Fig. 1. Involvement of a caspases-9-initiated caspase cascade in FK228-induced apoptosis. a HL-60 cells were
seeded at 5 x 107 cells/ml with various caspase inhibitors (100 uA final) or DMSO (solvent), and cultured in the
presence of 20 nM FK228. After 48 h, the cells were harvested and subjected to a flow-cytometric analysis to ob-
tain the cell cycle profile. The size of the sub-G1 fractions was calculated and summarized in table 1. b HL-60
cells were cultured in the absence (control) or presence (FK228) of 20 nM FK228. Whole-cell lysates were pre-
pared at given time points, and subjected to immunoblot analysis for the expression of caspases. The membranes
were reprobed with anti-B-actin antibody to verify the equal loading and integrity of samples. Data shown are
representative of multiple independent experiments.
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To confirm the activation of caspase-9 during FK228-
mediated apoptosis, we examined the expression and
cleavage of caspases in HL-60 cells cultured with FK228
for up to 48 h by immunoblotting. As shown in figure 1b,
the amount of procaspase-9 (47 kDa) decreased after
12 h of culture with an active cleaved fragment of cas-
pase-9 (17 kDa) appearing in a reciprocal manner. We
simultaneously measured the enzymatic activity of cas-
pase-9 using a colorimetric assay kit, and confirmed that
it indeed increased in FK228-treated cells in accord with
the processing of procaspase-9 (data not shown). With
slightly delayed kinetics, procaspase-6 (35 kDa) and pro-
caspase-3 (35 kDa) were processed into alarge active sub-
unit (17 kDa) in these cells. In addition, an active frag-
ment of caspase-7 (20 kDa) appeared after 24 h. These
results support the notion that FK228 activates caspase-
9, which in turn processes caspases-6, -3 and -7 to initiate
a caspase cascade, leading to apoptotic cell death in my-
eloid leukemic cells.

FK228 Activates Caspase-9 via Mitochondrial

Pathways

When mitochondria are damaged by certain apoptotic
stimuli such as ionizing radiation and anti-cancer drug
treatment, cytochrome c is released from the mitochon-
dria into the cytosol, where it triggers the activation of
caspase-9 [22]. We therefore examined whether FK228

induced the disruption of the mitochondrial membrane
and cytoplasmic translocation of cytochrome ¢ in HL-60
cells. As shown in figure 2a, the mitochondrial transmem-
brane potential was apparently decreased by FK228 after
12 h of treatment (the results of three independent ex-
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Fig. 2. FK228 induces apoptosis via mito-
chondrial pathways. a HL-60 cells were
cultured in the absence (none) or presence
of 20 nM depsipeptide (FK228) for 12 and
24 h, and stained with a MitoCapture dye
to measure the mitochondrial transmem-
brane potential (FL2 signal). The results of
three independent experiments are summa-
rized in table 2. b After 24 h of culture, cells
were double-stained with anti-cytochrome
¢ and anti-mitochondrial protein antibod-
ies, and examined under a confocal laser b
microscope. Data shown are representative
of multiple independent experiments.
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periments are summarized in table 2). Next, we examined
the intracellular distribution of cytochrome ¢ using confo-
cal laser microscopy. In untreated HL-60 cells, cyto-
chrome ¢ was stained in a perinuclear punctate pattern
indicative of intra-mitochondrial localization, which was
confirmed by co-labeling with mitochondrial markers
(fig. 2b, control). During apoptosis triggered by FK228,
the distribution of cytochrome ¢ became completely dif-
fuse, reflecting the release of cytochrome ¢ from the dam-
aged mitochondria into the cytosol (fig. 2b, FK228).

To further confirm the involvement of mitochondri-
al damage in FK228-induced apoptosis, we investigated
whether Bcl-2, a major protector of the mitochondrial
membrane, could suppress the effect of FK228 on leu-
kemic cells. For this purpose, we established HL-60 and
K562 sublines, HL-60/Bcl-2 and K562/Bcl-2, which
constitutively overexpress Bcl-2. Using immunoblot-
ting, we confirmed that both cell lines expressed Bcl-2
protein at levels approximately 10-fold higher than their
mock-transfected controls (fig. 3a). Bel-2 overexpression

Table 2. Mitochondrial transmembrane potential of FK228-treat-
ed HL-60 cells

Time in Mean fluorescence intensities? p values®
pulture control FK228 treated

Oh 83.2+5.8 81.4%5.0 0.40049790
12h 70.7£2.1 451129 0.04196319
24 h 71.0+10.5 17.1+£6.7 0.00523239

* Means * SD of three independent experiments.
b p values determined by a paired Student’s t test between the
data of control and FK228-treated cells.

Fig. 3. Bcl-2 overexpression inhibits FK228-mediated activation
of caspase-9 and apoptosis in HL-60 and K562 cells. We cultured
Bcl-2-overexpressing HL-60 and K562 sublines (HL-60/Bcl-2 and
K562/Bcl-2) and their mock-transfected controls (HL-60/mock and
K562/mock) in medium containing 20 nM FK228. a Immunoblot
analysis for Bel-2 and cleaved caspase-9 was carried out after 24 h,
B-Actin was used as a loading control. Data shown are representa-
tive of multiple independent experiments. b Cells were harvested
at the indicated time points and subjected to a flow-cytometric
analysis to obtain the cell cycle profile. The size of the sub-G1 frac-
tion was calculated with the ModFitL T 2.0 program. The results of
three independent experiments are summarized in table 3.
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almost completely blocked the FK228-induced activa-
tion of caspase-9 (fig. 3a), loss of mitochondrial trans-
membrane potential (data not shown), and apoptotic
cell death (fig. 3b, table 3) in both HL-60 and K562 cells.
It is of note that the inhibitory effect was less striking in
K562 probably due to its relative resistance to this drug,
although the effect of Bcl-2 was statistically significant
(table 3).

FK228 Facilitates the Translocation of Bax from the

Cytosol to the Mitochondria

Next, weinvestigated the mechanisms by which FK228
perturbed the mitochondrial membrane to initiate cas-
pase-9-triggered signaling pathways of apoptosis. It is well
known that the integrity of the mitochondrial membrane
is regulated by the balance between pro- and anti-apop-
totic members of the Bel-2 family [23]. The former in-
clude multidomain pro-apoptotics (Bax and Bak) and
BH3-only proteins (Bid, Bad, Bim, and Noxa), whereas
major examples of the latter are Bcl-2 and Bel-x. In a
steady-state, anti-apoptotic Bcl-2 family proteins reside
in the outer mitochondrial membrane and suppress the
release of cytochrome ¢, Following a variety of death sig-
nals, pro-apoptotic Bcl-2 family members undergo post-
translational modifications, such as conformational
changes and cleavage, and translocate from the cytosol to
the mitochondria, where they stimulate the release of cy-
tochrome ¢ by directly affecting the mitochondrial mem-
brane and/or inhibiting the activity of anti-apoptotic
Bcl-2 proteins. With this background in mind, we exam-
ined the expression profile of Bcl-2 family proteins in
FK228-treated HL-60 cells using immunoblotting.

Table 3. Effects of Bcl-2 overexpression on FK228-induced apop-
tosis

Celllines Timein  Sub-G1 fractions, %" “p values®
culture, h mock Bal2

HL-60 24 209+2.3 1.9£5.0 0.00283877
48 70.7+£9.4 32+1.3 0.00552666

K562 24 8.6%2.9 5.0%0.2 0.04001607
48 22.8+8.4 9.1+1.5 0.03833046

2 Means + SD of three independent experiments.
b p values determined by a paired Student’s t test between the
data from mock-transfected cells and Bcl-2-overexpressing cells.
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Among pro-apoptotic family members, Bax, Bak, and Bid
but not Bad, Bim, and Noxa were expressed in HL-60
(fig. 4a) [18, and data not shown]. Bcl-2 but not Bel-x was
present in HL-60 cells as a protector of mitochondria
(fig. 4a) [18]. FK228 neither affected the abundance of
Bax, Bak, Bid, and Bcl-2 proteins, nor induced the cleav-
age of Bid in HL-60 cells (fig. 4a).

We then examined the intracellular distribution of
pro-apoptotic Bcl-2 proteins by confocal laser micros-
copy. As shown in figure 4b, translocation of Bax from
the cytosol to the mitochondria was observed in FK228-
treated cells, whereas no changes in the distribution of
Bid and Bak were found (data not shown). It has been
reported that the translocation of Bax is regulated by
two mechanisms: an interaction with adaptor proteins
[24-26] and conformational changes [27]. We hypoth-
esized that FK228 disrupted the association of Bax with
adaptor proteins by acetylating Bax and/or Bax adap-
tors. To test this, Bax-containing protein complexes
were immunoprecipitated from untreated and FK228-
treated HL-60 cells, and subjected to immunoblotting
with specific antibodies against known adaptor proteins
for Bax: 14-3-30, Ku70, and ASC. As shown in figure
4c, FK228 did not affect the association of Bax with
14-3-36 and Ku70, and Bax did not form a complex with
ASC in HL-60 cells. In addition, we could not detect
the acetylation of Bax protein in HL-60 cells even after
FK228 treatment (data not shown). After negating the
involvement of Bax-adaptor protein interaction, we fo-
cused on the conformational changes as a possible cause
of the FK228-mediated translocation of Bax to the mi-
tochondria.

Synergistic Effects of FK228 and Bortezomib

on Apoptosis and Translocation of Bax to the

Mitochondria

Taking into account a report that proteasome inhibi-
tors induce conformational changes and mitochondrial
translocation of Bax in chronic lymphocytic leukemia
cells [28], we investigated whether proteasome inhibitors
could enhance the effects of FK228 on the intracellular
distribution of Bax and cell viability in myeloid leukemic
cells. We chose bortezomib (Velcade) as a proteasome
inhibitor because of its known efficacy against leukemias
in vitro and in vivo [29]. As shown in figure 3a, bortezo-
mib did not induce apoptosis in HL-60 cells after 24 h of
culture at a concentration of 50 nM, approximately 1/30
of the mean maximal plasma concentration determined
in phase I clinical trials [30]. FK228 only slightly affected
cell viability at a suboptimal concentration (2 nA4), where-
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as it caused cell cycle arrest at both G1 and G2 phases.
As anticipated, the apoptosis-inducing effect of FK228
was dramatically augmented by bortezomib; almost all
cells underwent apoptosis in the presence of 2 ndM FK228
and 50 nM bortezomib (a representative result is shown
in figure 5a, and the results of three independent experi-
ments are summarized in table 4). Importantly, the syn-
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Fig. 4. Role of Bcl-2 family proteins in
FK228-induced apoptosis. HL-60 cells were
cultured in the absence (control) or presence
(FK228) of 20 nM FK228. a Whole-cell ly-
sates were isolated at given time points and
subjected to immunoblot analysis for Bcl-2
family proteins as indicated. b After 24 h,
cells were double-stained with anti-Bax and
anti-mitochondria antibodies, and analyzed
by confocal laser microscopy. ¢ Bax-contain-
ing complexes were immunoprecipitated at
the indicated time points using rabbit poly-
clonal antibody against Bax (2772), followed
by immunoblotting using mouse monoclonal
antibodies against 14-3-36, Ku70, and ASC.
The membranes were reprobed with mouse
monoclonal anti-Bax antibody (clone 3) to
confirm the equal efficiency of immunopre-
cipitation. Data shown are representative of
multiple independent experiments. WB =
Western blotting; IP = immunoprecipita-
tion,
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ergistic induction of apoptosis was not observed in Bcl-
2-overexpressing HL-60 sublines (data not shown), sug-
gesting that the two drugs share a common pathway.

Next, we performed a confocal microscopic analysis
to evaluate the synergistic effects of the two drugs on the
intracellular distribution of Bax. Neither FK228 nor bor-
tezomib alone caused the translocation of Bax to the mi-
tochondria at suboptimal concentrations (2 and 50 na/,
respectively) and early time points (6 h; fig. 5b). In strik-
ing contrast, Bax was prominently accumulated in the
mitochondria in the presence of both drugs even under
the suboptimal condition (fig. 5b, FK228 + Velcade).
These results clearly indicate that bortezomib enhances
FK228-induced mitochondrial translocation of Bax and
subsequent activation of the mitochondrial pathway of
apoptosis.

Finally, we investigated the molecular basis of the syn-
ergistic enhancement of Bax translocation. To this end,
we examined the conformational changes of Bax using
antibodies that specifically recognize Bax in open con-
figuration (clone 3 and N-20; fig. 5¢ shows the results of
the experiments using clone 3) [31]. We simultaneously
used the antibody 554104, which can detect Bax regard-
less of its configuration [27, 31], to estimate the total
amount of Bax. As shown in figure 5c, bortezomib read-
ily increased the amount of conformationally changed
Bax, whereas the effect of FK228 alone was only mar-
ginal. Remarkably, the conformational change of Bax was
further augmented by the combination of the two drugs.
These results suggest that the synergistic effect of FK228
and bortezomib is at least in part mediated through con-
formational changes of Bax.

Table 4. Synergistic effects of FK228 and bortezomib on HL-60
cells

Additions Sub-G1 fractions, %? pvaiuesb
None 1.5£04 0.00074174
FK228 10.6+2.0 0.00116430
Velcade 26+1.1 0.00078105
FK228 + Velcade 90.6+5.9

& Means + SD of three independent experiments.

®p values determined by a paired Student’s t test against
the data from cells treated with both FK228 and bortezomib
(Velcade).

Discussion

HDAC inhibitors are emerging as a novel class of anti-
cancer reagents [3, 8]. Because of their unique mecha-
nisms of action, HDAC inhibitors are expected to be ef-
fective against tumors resistant to conventional chemo-
therapy. According to recent results of phase I and II
clinical studies, however, the effect of HDAC inhibitors
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Fig. 5. Synergistic effects of FK228 and bortezomib on apoptosis and
mitochondrial translocation of Bax. a HL-60 cells were cultured in
the absence (none) or presence of either 2 nd FK228, 50 n/ bort-
ezomib (Velcade), or 2 nM FK228 and 50 n/ bortezomib for 24 h,
and subjected to cell cycle analysis. The size of the sub-G1 fractions
was calculated and summarized in table 4. b HL-60 cells were cul-
tured as above, and double-stained with antibodies against Bax and
human mitochondria after 6 h. ¢ Whole-cell lysates were prepared in
CHAPS cell extract buffer after 24 h of culture, and subjected to im-
munoblotting with an antibody that specifically recognizes conforma-
tionally altered Bax (clone 3), conformation-independent Bax anti-
body (554104), and anti-B-actin antibody. Data shown are represen-
tative of multiple independent experiments.
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against refractory cancer is not satisfactory compared
with their dramatic cytotoxic activities in vitro, and ad-
verse effects are more frequent and severe than predicted
[10, 21]. It 1s therefore essential to clarify the mechanisms
of action of HDAC inhibitors in detail for better and saf-
er clinical applications in the future.

Accumulating evidence indicates that HDAC inhibi-
tors induce apoptosis in cancer cells via multiple mecha-
nisms. Those mechanisms include the activation of death-
signaling pathways through Fas- and TNF-receptor-re-
lated molecules [32], the perturbation of mitochondrial
membranes [33], modulation of the expression of Bel-2
family proteins [34], and the generation of reactive oxy-
gen species [35]. These findings were obtained using dif-
ferent HDAC inhibitors in various cell systems, and it is
unclear whether they are universally applicable to other
cell types. This study is therefore aimed at clarifying the
specific mechanismsofaction of HDAC inhibitors against
leukemias. We chose depsipeptide (FK228) as an HDAC
inhibitor because it has proved to be one of the most ef-
fective HDAC inhibitors against leukemias both in vitro
and in vivo [9, 10]. We have found that FK228 induces
apoptosis in myeloid leukemia cells mainly through the
mitochondrial pathway, which is triggered by the trans-
location of Bax.

Bax is an important determinant of cell fate, which
transduces outside-in death signals to the mitochondria,
leading to the activation of mitochondrial pathways of
apoptosis [23, 36]. In healthy cells, Bax is monomeric and
distributed throughout the cytoplasm. In response to var-
ious apoptotic stimuli, including cytotoxic drugs, stauro-
sporine, TNF-a, and cytokine withdrawal, Bax is acti-
vated by two independent mechanisms: an interaction
with adaptor proteins [24-26] and conformational chang-
es [27, 28, 31]. Recently, it has been documented that
some cytoplasmic proteins, such as 14-3-36, Ku70, and
ASC, directly bind to Bax and regulate its pro-apoptotic
function. Ku70 and 14-3-36 were reported to bind to Bax
at its N-terminal cytosol retention signal, and sequester
Bax from the mitochondria, thereby preventing apoptosis
[25, 26]. In contrast, ASC (apoptosis-associated speck-
like protein) is upregulated together with Bax by p53 in
response to DNA damage, and binds to Bax to facilitate
its mitochondrial translocation [24]. Blocking of endog-
enous ASC expression by siRNA reduced the apoptotic
response to a genotoxic insult along with Bax transloca-
tion, suggesting an essential role for ASC in Bax-medi-
ated apoptosis [24]. Intriguingly, Cohen et al. [37] have
shown that histone-acetyltransferase-mediated acetyla-
tion of Ku70 dissociates Bax from adaptors, and allows
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its translocation to the mitochondria. Based on these find-
ings, we investigated whether FK228 affected the asso-
ciation between Bax and its adaptor molecules, but could
not obtain evidence of the modulation of Bax-adaptor
protein interaction in FK228-treated leukemic cells.

Instead, we found that the conformational changes of
Bax play a role in the FK228-induced translocation of
Bax and subsequent apoptosis. Although the conforma-
tional change of Bax induced by FK228 alone was not
striking, it was greatly augmented by the proteasome in-
hibitor bortezomib along with the enhancement of mito-
chondrial translocation. This is compatible with the pre-
vious findings that proteasome inhibitors induce apopto-
sis via conformational changes of Bax [28], and their
activity is significantly diminished in Bax-deficient cells
[38]. These results suggest that conformational changes
in Bax underlie apoptosis induced by FK228 and bor-
tezomib, which may explain the synergistic effects of the
two drugs. The importance of Bax should be kept in mind
at the time of clinical application of the two drugs; i.e. the
loss of Bax expression, which is observed in some cancer
cells [39, 40], may be a cause of drug resistance.

Regarding drug resistance, it is of note that Bcl-2 over-
expression almost completely blocked the cytotoxic effect
of FK228. Bcl-2 protects cells from mitochondrial-initiat-
ing apoptosis by binding and sequestering BH3-only pro-
teins, thereby preventing the activation of Bax and Bak
on the mitochondrial membrane [22, 23, 36]. Our data
suggest that FK228 is not effective in cancer cells overex-
pressing Bel-2. Indeed, Bcl-2 overexpression has been re-
ported in various malignancies including follicular lym-
phoma [41], chronic lymphocytic leukemia [42], multiple
myeloma [43], AML [44], malignant melanoma [45], and
small cell lung cancer [46]. Antagonizing Bcl-2 function
is a logical strategy to overcome the resistance to FK228
in these tumors. To make this possible, considerable ef-
fort has been made in developing small molecular Bcl-2
antagonists [47], short peptides that mimic BH-3 do-
mains [48], and antisense oligonucleotides against Bcl-2
[49]. As some of these are already in clinical trials [50],
we will be able to design a better molecular therapy in-
volving FK228 in the near future.
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Histone deacetylase inhibitor FK228 suppresses the Ras—-MAP kinase
signaling pathway by upregulating Rap1 and induces apoptosis in

malignant melanoma
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Histone deacetylase (HDAC) inhibitors are expected to
be effective for refractory cancer because their mechanism
of action differs from that of conventional antineoplastic
agents. In this study, we examined the effect of the HDAC
inhibitor FK228 on malignant melanoma, as well as its
molecular mechanisms., FK228 was highly effective
against melanoma compared with other commonly used
drugs. By comparing the gene expression profiles of
melanoma cells and normal melanocytes, we defined a
subset of genes specifically upregulated in melanoma cells
by FK228, which included Rapl, a small GTP-binding
protein of the Ras family. The expression of Rapl mRNA
and protein increased in FK228-treated melanoma cells in
both a dose- and a time-dependent manner. A decrease in
the phosphorylation of c-Raf, MEK1/2, and ERK1/2 was
accompanied by an increase in Rapl expression in both
FK228-treated and Rapl-overexpressing cells. Inhibition
of Rapl upregulation by small interfering RNA (siRNA)
abrogated the induction of apoptosis and suppression of
ERK1/2 phosphorylation in FK228-treated melanoma
cells. These results indicate that the cytotoxic effects of
FK228 are mediated via the upregulation eof Rapl.
Furthermore, we found that Rapl was overexpressed
and formed a complex with B-Raf in melanoma cell lines
with a V599E mutation of B-Raf. The siRNA-mediated
abrogation of Rapl overexpression increased the viability
of these cells, suggesting that Rapl is also an endogenous
regulator of Ras-MAP kinase signaling in melanomas.
Oncogene (2006) 25, 512-524. doi:10.1038/sj.0nc.1209072;
published online 26 September 2005
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Introduction

Malignant melanoma is an extremely aggressive neo-
plasm with high mortality. The survival rate is 12% over
5 years and less than 1% over 10 years in patients with
stage IV disease (Francken er al., 2004). There are two
major reasons for this poor prognosis: first, most
patients have advanced disease, including distant
metastasis, upon initial presentation. Second, melanoma
cells are highly resistant to conventional chemotherapy
(Soengas and Lowe, 2003). At present, the most effective
regimen for malignant melanoma is DAV-F, which is
composed of dacarbazine, adriamycin, vincristine, and
interferon-pf. In spite of the increase in the remission rate
from 15% in patients treated with dacarbazine alone to
30%, this combination has failed to prolong overall
survival of patients with advanced melanoma (Helm-
bach et al., 2001). Therefore, a novel treatment strategy
based on a better understanding of the molecular basis
of this disease is in high demand.

Aberrant transcriptional repression of genes regulat-
ing cell growth and differentiation is a hallmark of
cancer (Herman and Baylin, 2003). Recently, evidence
has accumulated suggesting that the altered activation
of histone deacetylases (HDACSs) underlies the tran-
scriptional repression in malignancies (Marks et al.,
2001). This is best illustrated in the case of leukemo-
genesis. In leukemogenesis, various leukemic fusion
proteins, generated by reciprocal chromosomal translo-
cations, form a complex with HDACs with higher
affinity than that of their normal counterparts; this
complex in turn aberrantly represses the genes required
for cell differentiation and growth control, leading to
the transformation of primitive hematopoietic cells
(Hong et al., 1997; Lin et al., 1998). In solid tumors,
including colon cancer and malignant melanoma, which
do not possess fusion proteins, the overexpression of
HDACs is believed to contribute to oncogenesis in a
similar manner (Zhu er al., 2004; Kobayashi et al,
manuscript in preparation).
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