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Abstract

Histone deacetylase (HDAC) inhibitors modify transcription
of selected genes and eventually induce apoptosis. However,
molecular mechanisms for their proapoptotic activity remain
unclear. We here demonstrate that HDAC inhibitors FK228
and CBHA preferentially upregulated the BH3-only protein
Bmf in a broad range of cancer cells. In contrast, HDAC1
overexpression distinctly reduced Bmf expression. FK228
induced histones H3 and H4 acetylation at Bmf promoter
region, but not at its 3’ region, suggesting that histone
hyperacetylation causes Bmf transcriptional activation.
Knockdown of Bmf transcripts rescued cells from FK228 or
CBHA-induced cell death, disruption of mitochondrial
membrane potential (A¥m) and DNA fragmentation. Taken
together, FK228 and CBHA activate Bmf transcription by
histone hyperacetylation at its promoter region, and inhibition
of this action decreased their proapoptotic activity, thereby
highlighting a central role of Bmf in HDAC inhibitor-mediated
apoptosis.
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Introduction

Acetylation and deacetylation can modify a variety of target
molecules including signaling molecules and histones, and
regulate key cellular processes.! Histone deacetylase
(HDAC) inhibitors can induce hyperacetylation of histones
through a relative increase of histone acetyltransferase (HAT)
activity resulting from inactivation of HDAC. They increase

transcription activity by altering chromatin structure, but
interestingly they activate transcription of selected genes
and cause terminal differentiation, cell-cycle arrest or apop-
tosis in a variety of cancer cells.2™® Since the antiproliferative
and proapoptotic activity is somehow restricted to trans-
formed cells, HDAC inhibitors are promising new class of
anticancer agents against a broad range of hematologic and
solid tumors.” So far Phase | clinical trials with an HDAC
inhibitor the depsipeptide FK228 are encouraging and Phase
Il trials have been initiated in cutaneous T-cell lymphoma,
peripheral T-cell lymphoma, and recurrent or metastatic
squamous cell carcinoma (SCC) of the head and neck.2'°
Another HDAC inhibitor m-carboxycinnamic acid bis-hydro-
xamide (CBHA) is the hybrid-polar compound, and exhibits
strong anticancer activity.""™'® As they induce histone
hyperacetylation and activate some transcription factors, but
do not affect DNA directly, they differ strikingly from most
other anticancer agents which interfere with DNA synthesis or
cell division.

Although HDAC inhibitors are promising anticancer drugs,
molecular mechanisms of cell death after HDAC inhibitor
treatment remain poorly understood. Hyperacetylation of
histones and/or nonhistone proteins and subsequent gene
transcription may be primarily involved in the mechanism(s).
Among the HDAC inhibitor-mediated inducible genes, cyclin-
dependent kinase inhibitor p21"A"" and gelsolin are proposed
to be important for their biological effects. Induction of
p21WAF1 is tightly associated with HDAC inhibitor antiproli-
ferative action while upregulation of gelsolin is a potential
mechanism for inhibition of tumor progression.'*"” More
recently, TRAIL receptor was found to be upregulated by
several HDAC inhibitors, explaining why cancer cells are
sensitized to TRAIL."® In contrast, HDAC inhibitors somehow
increase degradation of several apoptosis-related proteins,
such as p53, ber-abl and cellular FADD-like interleukin 1-f-
converting enzyme (FLICE)-inhibitory protein FLIP.'9™
However, it is unlikely that these molecules play pivotal roles
in the broad spectrum of HDAC inhibitor-induced apoptosis. A
recent report shows that HDAC inhibitors increase acetylation
of Ku70 and abolish its ability to suppress Bax-mediated apop-
tosis.?? This suggests that the mitochondria-mediated death
signals may be crucial for HADC inhibitor-mediated apoptosis.
Based on this idea, we have been attempting to identify novel
HDAC inhibitor-inducible proapoptotic genes. Previously, we
reported that HDAC inhibitors CBHA, FK228 and MS-275
increase a proapoptotic BH3-only Bim in gastrointestinal
adenocarcinoma MKN45 and DLD-1 cells.?® This strongly
suggests that Bim is one of the target genes of HDAC
inhibitors and tightly links to the mitochondria-mediated
apoptosis. Extending this study, we found that these HDAC
inhibitors did not always increase Bim mRNA in other cancer
cell types. Since HDAC inhibitors can strongly induce
apoptosis in a wide range of cancer cells, it is unlikely that
Bim is the sole target molecule, and additional mechanism(s)
are probably involved in the process. We demonstrate here
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that CBHA and FK228 strongly induced expression of another
BH3-only protein, Bmf, in a broader range of cancer cell types
than does Bim. We also show that the Bmf induction was
caused by histone hyperacetylation and siRNA-mediated
knockdown of Bmf induction strongly reduced HDAC inhibitor-
mediated apoptosis. Since JNK phosphorylates and activates
Bmf by sequestering it from dynein light chain 2 (DLC2),2* it
may also be involved in the apoptotic process, but our results
represent transcription activation as an additional mechanism
for Bmf activation, and explain, at least in part, how HDAC
inhibitors induce apoptosis.

Results

FK228 and CBHA induce Bmf expression

We recently reported that three different HDAC inhibitors
FK228, CBHA and MS-275 clearly increase the BH3-only
protein Bim expression in two adenocarcinoma cells, and
enhance their radiosensitivity.?® Since these HDAC inhibitors
can induce apoptosis in a wide range of cancer cells, elevated
Bim expression might be generally observed in the process of
apoptosis. In fact, FK228 or CBHA treatment clearly elevated
Bim mRNA in several adenocarcinoma cells including DLD-1,
BM314, COLO201 and A549, but the treatment did not
apparently increase Bim mRNA expression in other cancer
cells (Figure 1). We therefore, monitored mRNA expression
levels of a variety of apoptosis-related molecules including the
Bim-related BH3-only protein Bmf mRNA. Importantly, Bmf
transcripts, although induced differently in different cells, were
more strongly induced by FK228, CBHA or both in all cell lines
we examined (Figure 1). We observed that Bmf, but not Bim,

was strongly induced in the oral and esophageal squamous
carcinoma cells, SAS, HSC-2 and T Tn, which suggests to us
that Bmf induction may be of primary importance for FK228
and CBHA-induced apoptosis, especially in these squamous
carcinoma cells.

To determine whether Bmf induction is crucial for FK228-
mediated cell death in SAS cells, we first monitored
acetylation of histone H4 after FK228 treatment. The kinetics
of histone H4 acetylation revealed that hyperacetylation was
detectable at 1 h after 5 nM FK228 treatment, and 5 nM but not
1nM, strongly increased it at 6h (Figure 2a). We then
evaluated the anticancer activity of FK228 in SAS cells.
Treatment with 5nM FK228, but not 1 nM, strongly induced
death at 48 h, and at higher doses extensively enhanced cell
death (Figure 2b). Treatment with 10nM FK228 caused a
distinct loss of mitochondrial membrane potential (A¥Ym) at
24 h (Figure 2c). The kinetics of Bmf mRNA induction revealed
that 5nM FK228 treatment began to increase Bmf mRNA at
6 h and thereafter it gradually increased (Figure 2d), indicating
that the induction occurred prior to the loss of A¥m. We next
monitored the gene expression of proapoptotic Bcl-2 family
members, Bmf, BAX, BAD, BID and Bim 24 h after FK228
treatment. More than 5nM FK228, but not 1nM, clearly
increased Bmf mRNA expression, while it barely affected
expression of the other Bcl-2 family members (Figure 2d and
e). Treatment with 20nM FK228 elevated Bmf transcripts
approximately 20-fold as assessed by real-time PCR
(Figure 2f). Thus, FK228 selectively induces Bmf among the
Bcl-2 family members.

To evaluate whether the expressed Bmf is functional in SAS
cells and able to induce apoptosis, we isolated a Bmf full-
length mRNA clone from SAS total mRNAs and subcloned its
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Figure 1

Induction of Bmf and Bim mRNA in FK228 or CBHA-treated cells. Total RNAs were harvested from cells treated with 10 nM FK228 (FK) or 8 uM CBHA (CB)

(unless indicated) for 12 h (COLO201, A549, Jurkat and KSM-12-PE) or 24 h (others). Primers specific to the GAPDH mRNA were used in RT-PCR to ensure that the

RNAs were correctly quantitated
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Figure 2 Cell death in FK228-treated SAS cells. (a) Histone hyperacetylation. Cells were incubated with FK228 at indicated doses (nM) for 1 or 6 h, and acetylation of
histone H4 (Ac-H4) was evaluated by Western blots. 14-3-3 protein levels show the same amount of protein loaded in each lane. (b) Trypan blue exclusion assay. Cell
death at 24 h (gray) or 48 h (closed bars) after treatment with the indicated concentrations of FK228. (c) Disruption of A¥m. Cells were treated with 5nM (thin), 10 nM
(thick line) or without (gray shadow) FK228 for 24 h, then loaded with MitoTracker Orange CM-H,TMRos, which becomes actively fluorescent after mitochondrial
oxidation and intracellular fluorescence was detected. (d) Time course and dose—response of Bmf mRNA induction. Total RNAs were prepared from cells cultured with
5nM FK228 for the indicated hours (upper panels) or with the indicated doses of FK228 for 12 h (lower panels). RT-PCR was performed by the indicated primers. (e)
Expression of apoptosis-related proteins. Western blots of indicated proteins in cells treated as (d) for 24 h. (f) Quantitative real-time PCR. In total RNAs described in (e),
Bmf and f-actin mRNA levels were determined by real-time PCR and data were normalized to f-actin levels. (g) Cell death in Bmf-overexpresing transfectants. Cells
were transfected with GFP-Bmf (1.6 1g/4 cm?) or its vehicle pEGFPC2 (Mock). Overexpression of Bmf is shown (upper panel). At 24 h after transfection, cell death was
evaluated by trypan blue exclusion assay. In b, f and g, columns display the mean +S.D. of data from three separate experiments. **P<0.01

cDNA fragment into a pEGFP expression vector. As
expected, overexpression of Bmf induced extensive cell
death (Figure 2g), confirming that the increased Bmf is
functional and its overexpression causes extensive cell death
in SAS cells.

Bmf mRNA knockdown decreases FK228-
mediated apoptosis

To evaluate biological significance of the Bmf induction in
FK228-mediated apoptosis, we used siRNA-mediated knock-
down of Bmf expression in SAS cells. Double-stranded siRNA
oligonucleotides directed toward Bmf were transfected
into SAS cells, significantly reducing Bmf mRNA induction
(Figure 3a). Real-time PCR quantitative assay revealed
that FK228 increased Bmf mRNA levels five-fold, which
was almost completely inhibited by transfection of Bmf
siRNA, while random siRNA rather slightly increased them
(Figure 3b). Thus, Bmf siRNA transfection can strongly
knockdown Bmf transcripts, and allows us to evaluate the
biological roles of Bmf induction in FK228-induced apoptosis.
Knocking down Bmf protein levels (Figure 3c) and treating the

cells with FK228 significantly reduced FK228-induced apop-
totic death, DNA fragmentation, annexin V expression and
loss of AYm (Figure 3d—g). These data strongly suggest that
FK228-induced Bmf expression may be crucial for FK228-
mediated apoptosis.

Another HDAC inhibitor CBHA, but not cisplatin,
increased Bmf expression and induced death

HDAC inhibitors modify expression of a variety of genes
mostly through histone hyperacetylation, but they also affect
intracellular signaling pathways as described previously.2® To
investigate whether our findings are tightly linked to histone
hyperacetylation, we evaluated the anticancer effects of
another HDAC inhibitor CBHA in SAS cells. CBHA treatment
clearly induced death in a dose-dependent manner
(Figure 4a). More than 2 M CBHA clearly increased Bmf
transcripts (Figure 4b) and 4uM CBHA elevated Bmf
transcripts approximately 12-fold as assessed by real-time
PCR (Figure 4c). Thus, like FK228, CBHA also increased Bmf
mRNA and induced death in SAS cells. In contrast, a common
anticancer agent cisplatin did not appreciably induce Bmf
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Figure 3 Knockdown of Bmf transcripts reduced FK228-induced apoptosis. (a) RT-PCR. After incubation for 12 h with 10 nM FK228 followed by siRandom (Random)
or siBmf (Bmf) transfection, Bmf mRNA was evaluated by RT-PCR. GAPDH mRNA is shown to ensure that the RNAs were correctly quantitated. (b) Quantitative real-
time PCR. In total RNAs described in (a), Bmf (normalized to ff-actin) mRNA levels were determined by real-time PCR. (c) Western blot analysis of Bmf. Cells were
incubated with or without 10 nM FK228 for 24 h after transfection with siRandom or siBmf. The blot was probed with the anti-Bmf or anti-14-3-3 antibody. (d) DAPI
staining assay. Cells were transfected with siRNA duplexes (siRandom or siBmf). Apoptotic cell death was evaluated by DAPI staining assay at 36 h after 10 nM FK228
treatment (closed bars). Representative data are shown in the left panel. (e) DNA fragmentation. Cells were transfected with the indicated siRNA duplexes and low-
molecular weight DNA was prepared 30 h after 10 nM FK228 treatment ( + ). Molecular weight markers (kb) are shown to the right. (f) Annexin V staining. Cells were
transfected with the indicated siRNA duplexs and numbers indicate % apoptotic cells (annexin V -+ /Pl—) 24 h after 10 nM FK228 treatment. (g) Disruption of A¥m.
Cells were transfected with the indicated siRNA duplexes, treated with (closed) or without (open bar) 10 nM FK228 for 24 h, loaded with MitoTracker Orange CM-

H,TMRos and then intracellular fluorescence was detected. Columns (b, d, g) display the mean4-S.D. of data from three separate experiments. **P<0.01 compared

with siRandom transfection

mRNA (Figure 4d), implying a specific role of Bmf in
HDAC inhibitor-mediated signals. To evaluate the biological
significance of Bmf induction in CBHA or cisplatin-treated
cells, both reagents were added to the Bmf siRNA or random
siRNA-transfected cells. Knockdown of Bmf transcripts
clearly inhibited FK228- or CBHA-induced death, but did
not affect cisplatin-induced death and annexin V expression
significantly (Figure 4e and f). Furthermore, knockdown
of another BH3-only protein Bim expression barely inhi-
bited FK228-induced death (Figure 5a—c). These data
suggest that Bmf transcripts are specifically induced and
this event may be crucial in HDAC inhibitor-induced
apoptosis.

We next explored whether these HDAC inhibitors directly
induce Bmf expression. Coincubation with cycloheximide
(CHX) strongly inhibited the FK228-mediated induction
of Bmf proteins, but CHX did not affect FK228 or CBHA-
induced Bmf transcripts (Figure 5d). These data strongly
suggest that the Bmf mRNA induction does not require protein
synthesis.

Cell Death and Differentiation

Bmf knockdown prolonged survival in FK228 or
CBHA treatment

To address the question whether Bmf knockdown can
maintain cell viability in longer treatment. To maintain the
Bmf expression downregulated, SAS cells were transfected
twice with the indicated siRNAs. Colony assay clearly
revealed that Bmf knockdown significantly increased survival
fraction (Figure 5e), strongly suggesting a crucial role of Bmf
in the HDAC inhibitor-mediated death.

FK228 and CBHA induced cell death in HSC-2 cells

Having demonstrated that two independent HDAC inhibitors
strongly induced Bmf expression and that knocking down of
Bmf expression strongly inhibited their proapoptotic effects,
suggests that Bmf induction is crucial for HDAC inhibitor-
induced death in SAS cells. We next investigated whether
FK228 and CBHA have similar effects in other cells. In human
oral SCC HSC-2 cells, 4nM FK228 or 16 uM CBHA was
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Figure 4 Bmf mRNA induction in CBHA-induced death. (a) Trypan blue exclusion assay. Cell death at 24 h after treatment with the indicated concentrations of CBHA.
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described in (b), Bmf (normalized to f-actin) mRNA levels were determined by real-time PCR. (d) RT-PCR. Bmf mRNA expression at 12 h after incubation with the
indicated concentrations of Cisplatin («M) or FK228 (nM). (e) Trypan blue exclusion assay. Cells were cultured for 12 h after transfection with the siRNA duplexes (mock,
open; siRandom, gray; siBmf, closed bars), further incubated with the indicated treatment (10 nM FK228, 8 1M CBHA or 20 uM cisplatin) for 36 h and cell death was
evaluated. (f) Annexin V expression. Cells were cultured for 12 h after transfection with the siRNA duplexes (siRandom, gray; siBmf, closed), further cultured for 24 h and
annexin V expression was evaluated. **P<0.01 compared with siRandom transfected cells (e and f). Columns (a, c, e, f) display the mean 4 S.D. of data from three

separate experiments

sufficient to induce distinct histone acetylation at 1h after
treatment (data not shown), and specifically increased Bmf
mRNA expression (Figure 6a). The 20 nM FK228 and 16 uM
CBHA treatment elevated Bmf transcripts approximately 22-
fold and 25-fold as assessed by real-time PCR, respectively
(Figure 6b). Treatment with 10 nM FK228 strongly increased
Bmf protein levels at 12 h-incubation and knockdown of the
Bmf expression strongly reduced the increase (Figure 6¢) and
blocked both FK228 and CBHA-induced cell death
(Figure 6d), annexin V expression (Figure 6e) and loss of
AWm (Figure 6f). Thus, distinct involvement of Bmf in FK228-
induced apoptosis was observed in these two independent
cells. These concurring data strongly support our idea that

Bmf induction is crucial to apoptosis induced by HDAC
inhibitors.

FK228 activates transcription of the Bmf reporter
gene

To explore the molecular mechanism for HDAC inhibitor-
mediated Bmf transcription activation, we isolated a 1.4kb
fragment upstream of the human Bmf gene from SAS
genomic DNA. Using a Proscan program (version 1.7), we
identified multiple AP-2, cAMP-response element (CRE) and
SP1 consensus sites within the fragment (Figure 7a). The
1.4 kb fragment was subcloned into a reporter GL2 plasmid

Cell Death and Differentiation
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(pGL2-Bmf) and transfected it into SAS cells. Following 4 h-
incubation after transfection, 2nM FK228 treatment for 12h
induced an approximately 14-fold increase in Bmf-Luc
expression in this assay (Figure 7b). Importantly, its co-
transfection with the HA-HDAC1 expression vector strongly
inhibited the increase of Bmf promoter activity in a dose-
dependent manner (Figure 7b). Furthermore, overexpression
of HDACH1 distinctly reduced expression level of intrinsic Bmf
mRNA and its product in SAS cells (Figure 7c and d). This
indicates that HDAC1 can negatively regulate Bmf transcrip-
tion, thereby implying its regulation by balance of histone
acetylation and deacetylation.

FK228 acetylates histones associated with the Bmf
gene

Based on the foregoing data, FK228 probably activates Bmf
transcripts by histone acetylation of its promoter region. To
explore this idea, we employed a chromatin immunoprecipita-
tion (ChIP) assay. As described above (Figure 2a), following

Cell Death and Differentiation

1 h treatment with 20 nM FK228, SAS cells exhibited distinct
acetylation of histone H4. We thus evaluated histone
acetylation levels at the Bmf promoter and 3’ regions in the
treated cells (Figure 8a). The ChIP assay revealed that 10 nM
FK228 treatment increased the acetylation level of H3 and H4
at the Bmf promoter region, but not at its 3’ region or at the
GAPDH gene (Figure 8b). Thus, FK228 preferentially
increased acetylation of H3 and H4 at the promoter region
of the Bmf gene. Similarly, FK228 induced acetylation of
histones H3 and H4 selectively at the promoter region of the
Bmf gene in DLD-1 cells. These data indicate that histone
acetylation activates Bmf transcription and might explain why
FK228 preferentially increases Bmf mRNA expression in
these cells.

Discussion

We studied the molecular mechanism, by which the HDAC
inhibitors (FK228 and CBHA) induce apoptosis. Although
these HDAC inhibitors strongly induce cell death in a variety
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siRandom transfected cells

of cancer cells, the precise mechanism(s) remains uncertain.
We now clearly show that FK228 induced Bim mRNA
expression in several adenocarcinoma cells, including
DLD-1, BM314, COLO201 and A549 cells, but not in other

cancer cell types. Importantly, a family member of Bim, Bmf
was strongly induced by FK228 or CBHA in all cancer cells
examined. Thus, Bmf induction appears to be much more
general than Bim induction. Notably, FK228 or CBHA strongly

Cell Death and Differentiation
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with anti-Bmf, anti-HA antibody or 14-3-3 antibody

induced Bmf expression, but not Bim, in squamous carcinoma
SAS and HSC-2 cells, suggesting a more important role
of Bmf.

Most importantly, knockdown of Bmf expression profoundly
inhibited proapoptotic action of FK228 in both SAS and HSC2
cells. However, knockdown of Bim expression only slightly
inhibited the FK228-induced death in SAS cells. This
suggests that an involvement of Bim is marginal for FK228-
induced apoptosis, although we could not simply evaluate or
compare their roles by these transfection experiments alone.
Furthermore, we found that FK228 and CBHA, but not
cisplatin, induced Bmf expression. In parallel, siRNA-
mediated knockdown of Bmf transcripts did not inhibit
cisplatin-induced cell death. Thus, we strongly suggest that
Bmf induction is the crucial event in HDAC inhibitor-mediated
apoptosis. Several findings support our proposal. First, sSiRNA
mediated suppression of Bmf expression almost completely
prevented FK228-mediated cell death. Second, Bim siRNA
transfection only slightly reduced FK228-mediated proapop-
totic activity. Third, gene transfer-mediated overexpression of
Bmf alone readily induced cell death in SAS cells. Fourth, Bmf
induction was the most consistent observation in a broad
array of cancer cell lines. Fifth, the kinetics of Bmf induction
showed that an increase of Bmf mRNA and its product was
apparent 12 h after 5 nM FK228 treatment, and this preceded
the appearance of distinct apoptotic features.

A number of reports originally suggested that several HDAC
inhibitors did not modulate apoptosis-related molecules
significantly. Indeed, some researchers employed gene
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expression profiling of HDAC inhibitors but failed to identify
upregulated proapoptotic genes.?®2” However, a recent
report indicates that an HDAC inhibitor, trichostatin A,
increases the ratio between the levels of expression of
proapoptotic (Bim) and anti-apoptotic (Bcl-XL and Bcl-W).28
We, and others, also showed that FK228 increases a pro-
apoptotic BH3-only protein Bim in MKN45 and DLD-1 cells,?®
and inhibits expression of the anti-apoptotic molecules, Bcl-2,
Bcl-XL and MCI-1.2° FK228 also decreases expression of
FLICE inhibitory protein (FLIP) in osteosarcoma and leukemic
cells.?!2° Thus, expression of many apoptosis-related mole-
cules could be modified by HDAC inhibitors. However, we
found that FK228 treatment did not change Bcl-2 and Bcl-XL
expression and barely affected expression of Bid, Bad, Bim
and BAX in SAS and HSC2 cells, suggesting their marginal
contribution in FK228 or CBHA-induced apoptosis, though we
cannot exclude the possibility that they are somehow involved
in the event.

To explore the molecular mechanism(s) by which FK228
augments Bmf expression, we isolated a genomic DNA
fragment containing the promoter region of human Bmf gene.
Computer-assisted sequence analysis revealed that the
human Bmf promoter region contains a CpG island but lacks
an identifiable TATA element and initiator sequence. This
genomic DNA showed strong transcriptional activation,
comparable to that of GRE-mediated activation in response
to FK228 (data not shown), suggesting that this region may be
highly regulated by histone acetylation level. Consistent with
this idea, the promoter region of the Bmf gene possesses



a Primers for promoter region
AP-2 CR%S% 1%t exon
— <+
Primers for 3’ region
TGA
_» ‘—
b SAS
Input Rabbit Ac-H3  Ac-H4
FK228 - + - + - + - +

DLD-1
Input  Rabbit Ac-H3 Ac-H4

FK228 _ , - + - + - 4

Promoter [
C-terminus
GAPDH e

Figure 8 Histone acetylation status of Bmf promoter. (a) Schematic
representation of Bmf gene and the primer design for ChiIP assay. (b) A ChIP
experiment using SAS (upper panel) or DLD-1 (lower panel) cells treated with
(+) or without (—) 10nM FK228 for 0.5h. Antibodies against histone H3-
acetylated, histone H4-acetylated, or nonimmunized rabbit serum were used for
immunoprecipitation. A fixed portion of the total input was also examined by PCR.
The promoter region of Bmf was amplified by corresponding primers, and its 3’
region and GAPDH gene were also amplified as control studies

multiple potential HAT-regulating promoters including consen-
sus AP2-like (CCCAGCCCGGG), CREB-like (TGCGCGTCA)
and Sp1 sequences (5'-GGGGGCGGGGC-3').533 Like most
promoter activities, this may reflect the fact that FK228-
mediated Bmf transcription can be activated depending upon
these multiple promoter activities. This may at least partially
explain why FK228 or CBHA activates Bmf expression
differently in different cells, since these promoter activity may
differ depending upon cell types.

We have shown that FK228 and CBHA activate Bmf
transcription, and this activation may be through histone
hyperacetylation. However, it may not always be true, since
we, and others, previously found that several HDAC inhibitors
may affect intracellular signals other than histone hyperace-
tylation.2® We here found that FK228 selectively increased
acetylation of histones H3 and H4 at the promoter region of the
Bmf gene. In addition, overexpression of HDAC1 strongly
inhibited FK228-induced Bmf expression. Thus, hyperacety-
lation of histones is probably necessary for activation of Bmf
transcription. However, we still do not exclude the possibility
that hyperacetylation of transcription factors is also involved in
the process. Disregarding the precise molecular mechanism,
our data are the first to shed the light on the linkage between
Bmf transcriptional activation and acetylation.
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Our current study suggests that Bmf expression is
increased by hyperacetylation, and its induction is crucial for
HDAC inhibitor-mediated cell death. Although several reports
describe an altered Bmf expression during differentiation of
neurons and different expression patterns of Bmf isoforms in
malignant lymphoid cells,®**® Bmf functions are believed to
be mainly regulated by phosphorylation. Namely, Bmf is
phosphorylated and sequestered from interaction with dynein
light chain 2 (DLC2), a component of the myosin V motor
complex upon activation of JNK stress MAP kinase.?4%® In
this context, our data may represent an additional mechanism
that accounts for Bmf activation.

Materials and Methods

Cell cultures

Human squamous SAS, HSC-2, T Tn, embryonal 293, colorectal DLD-1,
BM314 and COLO201, pulmonary A549, acute T-cell leukemia Jurkat,
myeloma KSM-12-PE, glioma U-251MG and A172 carcinoma cells,
obtained from the Japanese Cancer Research Resources Bank (Tokyo,
Japan), were grown in RPMI1640, d-MEM or essential MEM supple-
mented with 10% fetal calf serum (FCS). To evaluate viability, cells were
mixed with the same volume of 0.4% trypan blue solution, and immediately
examined to determine whether they excluded the dye under light
microscopical observation.

DAPI staining

Cells were seeded in six-well plates at a density of 3 x 10° cells/well, and
cultured with the indicated treatment. After fixation in 70% ethanol for
10 min, cells were stained with DAPI (0.5 ug/ml PBS) for 10 min and
chromatin fluorescence was observed under UV-light using a confocal
microscope (R2100AG2, BIORAD).

Reagents and expression constructs

HDAC inhibitors bicyclic depsipeptide (FK228) and CBHA were kindly
provided by Fujisawa Pharmaceutical Co. (Osaka, Japan), and obtained
from Calbiochem-Novabiochem Co. (Darmstadt, Germany), respectively.
Cisplatin was kindly provided by Nippon Kayaku Co. (Tokyo, Japan). 5-
Fluorouracil (5-FU) and cycloheximide (CHX) were from Sigma (St. Louis,
MO). HDAC1 expression vector, pCMV HA-HDAC1, was kindly provided
from Dr. Harel-Bellan A (CNRS, France).

Antibodies

The anti-Bmf antibodies were purchased from ProSci Co. (Poway, CA,
USA) and Alexis (San Diego, CA, USA). The anti-14-3-3, anti-BAX, anti-
Bcl-2 and anti-Bim antibodies were from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). The anti-BAD and anti-Bcl-xL antibody was from
Cell Signaling Technology (Beverly, MA, USA) and Transduction
Laboratories (Lexington, KY, USA), respectively. The anti-hemagglutinin
(HA) and anti-Bid antibody was from Boehringer Mannheim (Ingelheim
Germany) and MBL (Nagoya, Japan), respectively.

DNA fragmentation assay

As described previously,%” low-molecular weight genomic DNA extracted
with the lysis buffer (0.5% Triton X-100, 10nM EDTA and 10 mM Tris-HCI,
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pH 7.4) was treated with 400 pg/ml of RNase A and Proteinase K for 1 hr
at 37°C, isopropanol precipitated and subjected onto 1% agarose gels.
The gels were stained with 1 ug/ml of ethidium bromide.

Detection of A¥m

Following treatment, cells were incubated with 0.5 M MitoTracker Orange
CM-H,TMRos (Molecular Probes) for 30 min, after which they were
washed with PBS, AWm was determined using a FACScan flow
cytometer (Becton Dickinson, Mountain View, CA, USA). MitoTracker
Orange CM- H,TMRos does not fluoresce until it enters an actively
respiring cell, where they are oxidized to fluorescent mitochondron-
selective probes, and the fluorescent signals (FL2) were displayed as
histograms or graphs by calculating the mean fluorescence intensity.

Annexin V binding analysis

Cells (1 x 10%) were incubated with green fluorescent protein (GFP)-
annexin V for 20 min, washed, further incubated with propidium iodide (PI)
for 5min following the manufacturer's protocol (MBL), and analyzed for
cellular fluorescence by FACScan flow cytometry (Becton Dickinson,
Mountain View, CA, USA) using CellQuest Software™.

Colony assay

Cells (3 x 10%) were seeded on to 60 mm-plates and cultured with the
indicated treatment for 8 days and the number of colonies (> 25 cells) was
counted. Survival fraction was defined as number of colonies divided by
the number of plated cells.

Western blotting

After washing with ice-cold PBS, cells were lyzed by adding 200 ul of RIP
A buffer (100 mM NaCl, 2mM EDTA, 1 mM PMSF, 1% NP-40 and 50 mM
Tris-HCI (pH 7.2)). The lysates (20 ug/lane) were separated by 10-15%
SDS-PAGE gels and then transferred to PVDF membranes (Millipore,
Bedford, MA). Membranes were soaked in 5% bovine serum albumin
(BSA, Sigma) and incubated with primary antibodies overnight at 4°C, and
thereafter incubated with the corresponding peroxidase-linked secondary
antibodies (Amersham or MBL) for 1 h at room temperature. Signals were
developed by a standard enhanced chemiluminescence (ECL) method
following the manufacturer's protocol (Amersham).

Reverse transcriptase-PCR and transfection

Total RNA of SAS or HCS-2 cells was extracted with TRIzol (BRL Life and
Technologies, MD, USA). The indicated cDNAs were amplified from 2 ug
of total RNA using M-MLV Reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) with oligo (dT) 12-18 and the Platinum Quantitative RT-PCR
ThermoScript One-Step System (Life Technologies), and cloned using the
TOPO TA Cloning Kit (Invitrogen). The cDNA products were analyzed on
2% agarose gel and confirmed by nucleotide sequencing. The following
primer pairs were used for RT-PCR: Bmf: 5'-atggagccatctcagtgtgtg-3’ and
5'-cceegttectgttctettct-3'; GAPDH:  5'-cgaccactttgtcaagcetca-3' and 5'-
aggggtctacatggcaactg-3’; Bim: 5'-ctgcagatatgcgeccagagat-3' and 5'-
caccaggcggacaatgtaacg-3’; Bid: 5'-gcatgtcaacagcgttccta-3' and  5'-
ggaacctgcacagtggaaat-3’; Bad: 5'-gcggatccgecaccatgttccagatcccagag-3'
and 5'-gcggatcegcetcactgggagggggeggagettc-3'; BAX:  5'-ggaactgatca
gaaccatca-3’ and 5'-tcagcccatcttcticcaga-3'.  Specificity of amplified
PCR fragments were confirmed by DNA sequence analysis. An isolated
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full-length human Bmf clone was sequenced and subcloned into a GFP
expression vector pEGFP (Clontech, CA, USA). The pEGFP-Bmf (3 ug/
10cm®) or its vehicle was transfected using LipofectAMINE 2000 (Life and
Technologies, MD, USA). The efficiency of transfection was achieved at
30-50% for both cells. At 4-12 h after transfection, cells were treated as
indicated and harvested to evaluate their apoptotic state.

Quantitative PCR

Quantitative PCR was carried out using an ABI Prism 7000 sequence
detection system with standard temperature protocol and 2 x QuantiTect
SYBR Green PCR Master Mix reagent (Qiagen) in 25 ul volume, in
triplicates. 300 nM concentrations of the following primer pairs were used
for the reactions: Bmf: forward, 5’-ccaccagccaggaagacaaag-3'; reverse,
5'-tgctccccaatgggcaagact-3  and  human  fS-actin:  forward, 5'-
getectectgagegeaagt-3'; reverse 5'-tegtcatactcetgettgetgat-3'. All amplifi-
cations were carried out in MicroAmp optical 96-well reaction plates with
optical adhesive covers (Applied Biosystems). The accumulation of PCR
products was detected by monitoring the increase in fluorescence of the
reporter dye.

Small RNA interference

The 21-nt duplex siRNAs for Bmf (target sequence of 5'-aaaggtgt-
catgctgecttgt-3), Bim (target sequence of 5'-gaccgagaaggtagacaattg-3'),
and control siRNAs (random; 5-NNACTCTATCTGCACGCTGAC-3)
were synthesized by Dharmacon. Cells were plated at 0.5 x 10° cells
per well in a 24-well plate, incubated for 24 h, and transfected either with
Bmf or Bim siRNA (siBmf, siBim) or control random siRNA (siRandom)
duplexes (100 nmol each) using LipofectAMINE 2000 according to the
manufacturer’s instructions.

Luciferase assay

SAS cells were seeded in 24-well plates at a density of 5 x 10 cells/well
and transfected with LipofectAMINE 2000. Luciferase assays were carried
out according to the manufacturer’s protocol with Dual Luciferase assay kit
(Promega), and luciferase activity was quantified by using Wallac 1420
multilabel counter (PerkinElmer Life Sciences) as descrived previously.®
A 1341-bp fragment corresponding to nucleotides —1364 to —23 of the
human Bmf promoter (tentative) was amplified by PCR from SAS genomic
DNA using the primers, 5'-taagctctccagctcageac-3’ and 5'-atcccgcaaa-
cagctgat-3' and cloned into pGL2 basic luciferase reporter vector
(Promega) to generate pGL2-Bmf. Determination of the first exon was
performed on the basis of a matching process between cDNA (Accession
number BC070043) and the genomic sequences according to the BAC
clone (Accession number AC021755).

ChIP analysis

The ChIP assay was performed using a ChIP assay kit (UBI) according to
the manufacture’s protocol. After incubation with 10 nM FK228, SAS cells
were fixed with formaldehyde for 10 min. Chromatin was sonicated to an
average length of 0.2-2kb. The chromatin complex was immunopreci-
pitated using anti-acetylated histone H4, anti-acetylated histone H3 or
control rabbit 1gG. PCR amplification was performed in 25 ul with specific
primers for each of the analyzed promotors, primers for Bmf promoter, 5'-
ttggegcttcactegecatt-3' and 5'-atcccgeaaacagcetgat-3'; for its 3’ region, 5/
aagagacactgccatgtgga-3’ and 5'-tgaagccagtttgttgttca-3'; for GAPDH, 5'-
gggctecttctgetgat-3' and 5'-gggetgggtggeagtgat-3'. For each promoter, the
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sensitivity of PCR amplification was evaluated on total DNA collected after
sonication (input fraction). Three independent experiments were
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Cancer Res. 60: 6068-6074

performed and similar results were obtained. 16. Ju R and Muller MT (2003) Histone deacetylase inhibitors activate p21(WAF1)
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