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Abstract Trichostatin A (TSA) is a Streptomyces product,
which inhibits the enzyme activity of histone deacetylase.
1t is also known as an inducer of apoptosis on scveral
human cancer cell lines. In this study, we investigated the
mechanism of apoptosis induced by TSA in MDA-MB-231
human breast carcinoma cells. The eytotoxicity of TSA on
MDA-MB-23! cells was assessed by MTT assay. The cell
viability was decreased dose~dependently and the ICsy value
was about 100 ng/ml after 48 h treatment with TSA. Mor-
phological change and DNA ladder formation, the bio-
chemical ballmarks of apoplotic cell death, were observed
after treatment of TSA in a concentration-dependent manner,
which was accompanied with cleavage of poly(ADP-ribose)
polvinerase and B-catenin, and activation of caspase-3. TSA
treatment up-regulated the expression of a cyclin-dependem
kinase inhibitor p21 (Waf/Cipl) protein, a key regulaiory
protein of the cell cycle. However, there is no deteciable
change of both Bel-2 and Bax expressions. These results
demonstrated that TSA mighi inhibit cell growth through
apoptosis in human breast carcinoma MDA-MB-231 cells.
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Introduction

Apoptosis, a normal mechanism for deleting unwanted or
moderately damaged cells, has important implications for
cancer; suppression of apoptosis promotes tumor growih
and, many anticancer agents induce it [1,2]. During induc-
tion of apoptotic cell death, proteclysis plays a crucial role
and several members of the interleukin- 1 f-converting enzyme
(ICE} family that can induce apoptosis when activaicd or
over expressed in various cell types have been identified
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[3-5]. Several caspase substrates have been identified and
include nuclear proteins such as poly(ADP-ribose) polymerase
(PARP)} and retinoblastoma protein (pRB) as well as struc-
tural proteing of the mucleus and cytoskeleton including
lamins and J-catenin [6,7]. It is believed that cleavage of
some of the known caspase sabstrates Ieads to the charac-
teristic changes in morphology and hiochemisiry observed
in apopiotic cells |8]. As an example, caspase-3 mediated
cleavage of DNA fragmentation factor results in chromatin
condensation and DNA fragmentation during apoptosis
[9,10].

Trichostatin A (TSA) is a Streptomyces product which
causes the induction of cell differeniiation and specific
inhibition of the cell cycle in the G1 and G2 phases at
the very low concentration [11,12]. It has been teported
that TSA activates caspase-3 and induces apoptosis in a
ceriain cancer cells including Furkat lymphoid and LIM
1215 colorectal cancer cells [13,14]. In addition, the induc-
tion of cyclin-dependent kinase (CdK) inhibitor p21 and cell
growth arrest caused by TSA in p53-depicient Hep3B cells
[15]. Even though cell cycle alieration caused by TSA was
confirmed [16], there is no study aboui the involvement
of apopiotic executioner mediated by TSA in MDA-MB-231
human breasi carcinoma cells. The purpose of the present
study was to delermine how TSA mediated apoptosis in
MDA- MB-231 cells. Our results indicate that TSA-mediated
apoptosis is not associated with changes in the levels of
Bel-2 and Bax expression. However, caspase-3 was
proteolytically activated and Cdk inhibitor p21 was
up-regulated in response to TSA.

Materials and Methods

Cell Culture and Trichostatin A

The human mamumary gland adenocarcinoma cell line
MDA-MB-231 was obiained from ATCC (American Tissue
Culture Collection, Rockville, MD, UISA). Cells were grown
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in DMEM (Dulbecco’s Modified Eagle’s medium) with
10% fetal bovine serum in a hamidified 5% CQs at 377
containing 50 mgfmil gentamicin, 135 mg/ml ghitamine. TSA
(Fig. 1) was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). The drug was dissolved as a stock solution
in dimetyl sulfoxide (DMSO) at a concentration of 1 mg/ml,
and aliquots were stored at -207.

MTT Assay

Cell survival was quantified by colorimetric MTT assay,
which measures mitochondrial activity in viable cells. For
this assay, cells seeded at a density of 6 x 10%well in 24
wells plate, were allowed to adhere overnight and then the
culture medium was replaced with fresh medium. Cells were
exposed to TSA and after 48 h the medium was replaced
with serum free medium. 3-(4,5-dimethylthiazol-2-y1}-2-5-
diphenyltetrasolium bromide (MTT, Sigma) was freshly
prepared at 5 mg/ml in phosphate-buffered saline (PBS) and
passed through a (.2-pore-size filter. An aliquot of 100 pl
of MTT stock solution was added to each well, and the
plate was incubated for 4 h at 377, After 4 h incubation
medinm were removed. To each well, 1 ml of ethanol-
DMSO {1:1 mixture solution) was added in order to dissolve
the formazan, which was measured after 10 min. The optical
density of each well was measured with a spectrophotometer
equipped with a 540-man filter. Proliferation raie was cal-
culated from 4 wells using percentage of control.

DNA Purification and Agarose Gel Electrophoresis

Cells were rinsed twice in cold PBS, Genomic DNA was
extracted from 1 x 10° cells as described [17]. Briefly, cells
were resuspended in a lysis buffer (§ mM Tris-Cl, pH 7.4,
20 mM EDTA, and 0.5% Triton X-100) for 30 min. The
supernatants {rom the lysate were treated with RNase, fol-
lowed by proteinase K digestion, phenol chloroform exiraction
and isopropanol precipiiation. DNA was separated through
1.5% agarose gel. After electrophoresis, gel was stained
with ethidium bromide (EtBr, Sigma) and visvalized by UV
light.

Protein Preparation and Western Tmmunoblotting

Cells were harvested and lysed in lysis buffer {40 mM
Tris-HCl (pH B8.0), 120 mM NaCl, 0.5% NP-40, 0.1 mM
sodium orthovanadare, 2 pg/ml aprotinin, 2 pg/ml leupeptin,
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Fig. 1. Chemical structure of Trichostatin A (TSA).

and 100 1g/ml PMSF). Protein concentration was then mea-
sured using protein assay reagents (Pierce, II., USA). Cell
extracts were boiled for 3 min and chilled on ice, subjected
to SDS-polyacrylamide gels, aud electrophoretically trans-
ferred to nitrocellulose membranes (Schleicher & Schuell,
Keene, NH, USA). Western blot analysis was performed as
described [18]. Monoclonal antibodies to p33, p21, Bcl-2,
and P-catenin, and polyclonal antibodies 10 Bax, caspase-3,
PARF were purchased from Santa Cruz Biotechnology Inc.
{Santa Cruz, CA, USA). Monoclonal anti-B-actin antibody
wag obtained {rom Sigma. Peroxidase-labeled donkey anti-
rabbit immunoglobulin and peroxidase-labeled sheep anti-
mouse immunoglobulin, and enhanced chemiluminescence
{ECL) kit were purchased from Amersham Corp. (Atlingion
Heights, TL, USA).

Results

Cytotoxic Effect and Morphological Changes by
TSA Treatment

The cytotoxicity of TSA on MDA-MB-231 cells was mea-
sured by MTT assay (Fig. 2A). After 48 h treatment of cells
with various concentrations of TAS, the viability was mark-
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Fig. 2. TSA-mdnced anti-proliferative effect was associated with
morphological changes and DNA fragmentation in human breast
carcinoma MDA-MB-231 cells. Exponentially growing cells were
incubated with either vehicle (DMSO) alone or indicated concen-
trations (ngfml) of TSA for 48 h. (A) The cell viability was mea-
sured by MTT assay after 48 h treatment with indicated concen-
trations (ng/ml) of TSA. Resulis are means 8.1, from three
separate experiments. (B} Cell morphology was viswalized by
light microscopy. Magnification, X200. M, 100-bp ladder was
used as marker. (C} Total genomic DNA was extracted and
resolved in agarose gel and visnalized using EtBr.



Trichostatin A Induces Apoptotic Cell Death in Human Breast Carcingma Cells through Activation of Caspase-3 41

edly decreased in & dose-dependent manner and the 1Cs
valoe was about 100 ng/ml. This anti-proliferative effect
of TSA was accompanied by membrane shrinking and cell
rounading up (Fig. 2B). These distinct morphological changes
were even more pronounced with higher concentration of
TSA.

Induction of Apoptosis by TSA

We next determined whether TSA induces apoptotic cell
death in MDA-MB-231 cell, For this purpose, agarose gel
electrophoresis and Western immunoblotting experiments
were conducted, As shown in Fig. 4, treatment of cells with
TSA resulted in a concentration-dependent increase in DNA
fragmentation, which is a hallmark of apoptosis. Result of
Western blot analysis for PARP expression showed that
the PARP proteins were proteolytically cleavaged, with the
concomilant diminution of full size (116 kDa) molecule and
accumulation of the 89 kDa, in TSA treated-cells (Fig. 3).
The degradation of B-catenin was also observed by Western
blot analysis. In control celis, B-catenin was detected as
a 92 kDa protetns, however, the cleavage fragments in TSA-
treated cells were not detectable (Fig. 3). These results indi-
cated that the anti-proliferative effect of TSA was associated
with apoptosis.

Activation of Caspase-3

Caspases are believed to play a central role in the apoptotic
signaling pathway. Among them, caspase-3 normally exists
as an inactive proenzyme {about 32 kDa) but is cleaved
to a heterodimer of 19 and 17 kDa subunits that constitute
the active protease just iminediately prior to apoptetic cell
death [19]. Activation of caspases leads to the cleavage
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Fig. 3. Degradation of PARP and [-catcnin proteing during
TSA-mediated apoprosis in MDA-MB-231 cells. Cells were treated
with TSA for 48 b, lysed and then equal proteins were resolved
on SDS-polyacrylamide gels. Proteins were visualized by Westem
blot analysis using anti-PARP and anti-f-catenin antibodies, and
ECL detection kit.
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Fig, 4. Effect of TSA on the expression of caspase-3 in MDA-
MB-231 cells. After treatment with TSA for 48 h, total cell
lysates were prepared and equal amounts of proteins were sep-
arated by SDS-poiyacrylamide gel, transfer to nitrocellulose mem-
brane. Western immunoblotting was detected with anti-caspase-3
aniibody and ECL detection.

of target proteins including PARP and B-catenin, which are
also hallinarks of apoptosis and substrates of activated cas-
pases. As illustrated in Fig. 4, treaunent of cells with TSA
caused a dose-dependent cleavage of caspase-3 to yield 19
and 17 kDDa fragments, which is in good agreement to a
proteolytic cleavage of PARP and B-catenin proteins by
TSA.

Effects of TSA in Bcl-2 and Bax expression

It is well known that the ratio of anti- to pro-apoptotic
molecules such as Bel-2 and Bax determines the response
to death signals, which cause mitochendrial dysfunction
and release of cytochrome ¢ into cytosol, followed by in-
duction andfor activation of p33, caspases and endonmcleases
{20,21]. We, iherefore, examined the potential involvement
of both proteins. Afier exposure to different concentrations
of TSA [or 48 h, immunoblotting was performed using total
cellular proteins. The Western blot results indicated that the
levels of both Bel-2 and Bax protein remained unchanged
in TSA-treated cells (Fig. §), which suggested that TSA
did not affect the alteration of the balance between Bcl-2
and Bax expression in MDA-MB-231 cells,

Induction of Cdk Inhibitor p21

Because Cdk inhibitor p21 is universal regulator in both
growth arrest and apoptosis, which impose by the tumor
suppressor P33 in tesponse to DNA damage [22,23], we
finally examined the effects of TSA in the levels of p53
and p21 expression. As shown in Fig. 6, the level of p53
proteins was slightly increased at 50 ngfml concentration
of TSA and then decreased at 100 and 200 ng/ml concen-
tration. The level of p2] proieins increased until 50 ng/ml
concentration of TSA but under high concentration treat-
ment (above 100 ng/ml) the levels were decreased. The
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Fig. 5. Analysis of Bel-2 and Bax protein levels in TSA-treated
MDA-MB-231 ¢ells, Cells were incubated with indicared concen-
wations of TSA for 48 h. Thereafter, cells were lysed and equal
arpourds of cellular proteins were scparated by SDS-polyacrylamide
gels, transfer to nitrocellulose membranes. The membranes were
probed with the antibodies againsi Bel-2 and Bax, tespectively.
Proteins were visualized nsing ECL detection.
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Fig. 6. Effects of TSA on the expression of tumor suppressor
P53 and Cdk inhibitor p21 in MDA-MB-231 cells. After treat-
ment with TSA for 48 h, total cell lysates were prepared and
equal amounts of proteins were separated by SDS-polyacrylamide
gels, transfer w nitvocelluiose membranes. Western fmmuanoblatting
was detected with anti-p33 and anti-p21 antibodies, and ECL
detection.

MDA-MB-231 cells have mutant form of p53. So this p21
regulation by TSA seemed to p53 independent.

Discussion

Although multiple induction pathways lead to apoptosis,
apoptosis is characterized in almost all cells by similar
morphological features, suggesting that the final evemts in
the exccution phase of cell death may be shared [24,25).
Whereas the molecular mechanisms that mediate these char-
acteristic intracellular evenls during apoptosis are only par-
tially characterized, it is generally accepted that activation
of proteolytic cascades is involved in the execution or the
regulation of apoptosis [26,27]. Caspases are synthesized
as inactive proenzymes (~-30-55 kDa) that are processed

in cells undergoing apoplosis by self-proteolysis and cleavage
by another proiease. The processed forms consist of large
{17 ~ 37 kDa) and/or small (10~ 12 kDa) subunits, which
associate to form an active enzyme [28,29]. In this study,
we investigated the mechanisms of TSA-induced apoptosis
in human breast carcinoma MDA-MB-231 cells. As shown
in Fig. 4, ihe treatment of TSA in MDA-MB-231 cells in-
duced the cleavage of caspase-3. Al concentration ol 100
ng/mi the cleaved heterodimers of 19 and 17 kDa subunits
were detecied and the cleavage level of proenzyme was
increased at 200 ng/mi of TSA treatment, which data sup-
ported that activation of caspase-3 is involved in TSA-
mediated apoptosis in MDA-MB-231| cells. The DNA repair
enzyme PARP is cleaved during apoptosis induced by vari-
ety of spmuli [6,30,31]. There are strong suggestions that
the caspase (s) responsible for PARP proteolysis is also
a key component of the apoptotic cell death machinery
[30,32]. In this poinl our result of cleavage of PARP by
treatment of TSA is one of major evidences of activation
of caspase-3 and concomitant execution of apoptosis. As
shown in Fig. 3, the PARP proteins of 116 kDa were cleaved
at the concentration of (00 ng/ml TSA. And the cleaved
subunits of 89 kDa were increased in a dose-dependent fash-
ion. These points of concentration were well agreed to the
activation of caspase-3. In addition, p-catenin is also reported
as onc of cellular target substrate of caspase-3 {33,34]. As
depicted in Fig. 3, f-catenin proteins were degraded in a
congcantration-dependent manner in TSA-treated cells. Even
though the cleavage fragments of P-catenin were not de-
tected, a 92 kDa proteins were degraded in the same point
of caspase-3 activation. Since -catenin is implicated in cell
adhesion and signal transduction, the degradation of this
protein may suggest various possible associations in the dra-
matic cytoskeletal and morphological changes thar accompany
apoptosis [33].

Fragmentation of cellular DNA al the internucleosomal
linker regions has been observed in cells andergoing apoptosis,
which was induced by a variety of agents. This cleavage
produces ladders of DNA fragments that are the sizes of
integer multiples of a nucleosome length {180-200 bp) [35
-37]. Recenily, it has been reported that caspase-3 activates
the caspase-activated DNase (CAD) responsible for DNA
fragmentation by specifically cleaving and inactivating 1ICAD,
the inhihitor of CAD [38,39]. As shown in Fig. 2, the ladder
of genomic DNA was observed in the TSA-treated MDA-
MB-231 cells. Accumulation of DNA fragmentation was
started at 100 ng/mi concentration of TSA. This point seems
to co-ordinate with activation of caspase-3 and cleavage
of PARF and P-catenin. Therefore, we concluded that the
activation of caspase-3 was mediated with DNA fragmen-
tation in TS A-treated MDA-MB-231 cells, Both tumor sup-
pressor p33 and Cdk inhibitor p21 are known 1o be in-
volved in not only growth arrest but also apoptotic cell
death. Additionally, functional p53 can down-regulate Bel-2,
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which allows cells to survive a variety of fatal cellular events
and protects cells from apaptlosis [40]. Functional p53 can
also induce p21, and an increased ievel of p21 can decrease
the activity of Cdks, resulting in growth arrest {4 1-44], mean-
ing that functional p53 is important in p33-dependent path-
way leading to apoplosis. The treatment of these cells with
TSA up-regulated the expression of the dysfunctional p53
and p21 after ireatment for 48 h at 50 ng/ml of TSA.
However, both levels were decreased at 100 and 200 ngfml
of TSA (Fig. 6). MDA-MB-23] breast cancer cells harbor
mutant p33. Thus, the up-regulation of p21 is resulted from
p33-independent pathway and may be another molecular
mechanism through which TSA iphibits cell growth and
induces apoptosis.

Bel-2 family gene products have been reported to play
a major rele in determining whether cells will undergo
apopiosis under experimental conditions that promote cell
death (43). Increased expression of Bax can induce apoptosis
[40], while Bel-2 protects cells from apoptosis. It bas been
suggested that that the ratio of Bax to Bcl-2, rather than
Bcl-2 alone, is imporiant for the survival of drug-induced
apoptosis in varicus cancer cell lines. However, our data
showed no significant changes of both Bel-2 and Bax ex-
pression after treatment with TSA (Fig. 5). Thus, TSA-
mediated apopiosis in MDA-MB-231 cells seemed not 1o
associale with Bcl-2 and Bax gene products.

In conclusion, it seemed that TSA mediated aciivation
of caspase-3 and then the activated caspase-3 executed
apoptosis in human breast carcinoma MDA-MB-231 cells.
This report brings a small step to understand the mechanisin
of apoptosis mediated by TSA. Moreover, this finding can-
not explain the early imeractions of TSA with cells. So
additional stucdies of earty event of TSA in this cell line
are needed.
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