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Abstract
Purpose To better understand the mechanisms of cytotox-
icity and cell death induced by HDACI PCI-24781 in bone
sarcoma cells.
Methods Four bone sarcoma cell lines were treated with
PCI-24781, and the cytotoxicity was investigated. Further,
accumulation of acetylated histones, p21, and PARP cleav-
age were evaluated in PCI-24781-treated cells. The syner-
gistic eVect of PCI-24781 to doxorubicin and its
mechanism was investigated in bone sarcoma cells.
Results MTT assay demonstrated that the growth of bone
sarcoma cells was inhibited after treatment with PCI-24781.
Accumulation of acetylated histones, p21, and PARP cleavage
were found in PCI-24781-treated cells. Expression of DNA

repair protein RAD51 was inhibited, and the expression of
apoptosis protein GADD45� was induced by PCI-24781
in bone sarcoma cells. Bone sarcoma cells treated with
PCI-24781 become more sensitive to doxorubicin. The
caspase-3/7 activity was increased with doxorubicin and
PCI-24781 treatment in these cells.
Conclusions HDACI PCI-24781 has a synergistic eVect
on doxorubicin-induced apoptosis in bone sarcoma cells.
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Introduction

Sarcomas are a diverse group of malignancies of mesen-
chymal origin [32]. In the United States, there will be
approximately 13,000 new cases of sarcomas diagnosed
each year, leading to approximately 5,000 deaths [14].
Available therapies for advanced sarcomas include chemo-
therapy, surgery, and radiotherapy. Bone sarcomas are
treated with doxorubicin, ifosfamide, cisplatin, and metho-
trexate [24, 25]. Unfortunately, these drugs carry substan-
tial toxicity and resistance tends to arise quickly. Complete
responses to the agents are rare. After failure of these
agents, the therapeutic options are limited, making bone
sarcoma an important disease the search for alternative
treatment approaches. The advent of molecularly targeted
therapies has raised interest in their possible use in the
treatment of sarcomas [32]. Unfortunately, the majority of
bone sarcomas possess complex karyotypes without char-
acteristic genetic changes [13]. To date, with the notable
exception of gastrointestinal stromal tumors (GISTs), the
implementation of targeted treatment systems in bone sar-
coma has delivered mixed results.
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The acetylation and deacetylation of histones of nucleo-
somes by histone acetylases and histone deacetylases
(HDACs) in chromatin play an important role in the regula-
tion of gene expression. HDACs have been shown to be
aberrantly expressed or regulated in cancers [29]. In addi-
tion to histones, HDACs also target dozens of non-histone
proteins, including many transcription factors, tubulin, heat
shock protein 90, and various signaling proteins, which
play important roles in cell proliferation, cell death, and
gene expression [11, 33, 35]. Altered HDAC activity leads
to the inhibition of tumor suppressor genes and promotes
the malignant phenotype. Accordingly, by inhibiting
deacetylation of histones and allowing acetyl groups to
remain on histones, histone deacetylase inhibitors (HDA-
CIs) increase the open chromatin structure that allows gene
transcription and may promote cancer cell apoptosis [9].
HDACIs demonstrated potent anticancer activity in many
pre-clinical models, and several agents are currently in clin-
ical trials. These drugs mediate multiple molecular changes
and in turn can induce cell cycle arrest, apoptosis, or diVer-
entiation of cancer cells while displaying limited toxicity in
normal cells [7, 9, 31].

Despite HDACIs showing promise as single agents, sev-
eral recent studies have suggested that the optimal use of
HDACIs is likely to be in combination with other chemo-
therapeutic agents. Many HDACIs, including vorinostat,
depsipeptide, MS-275, and TSA, synergize with a large set
of other chemotherapeutic drugs, such as gemcitabine, pac-
litaxel, cisplatin, etoposide, VP-16, and doxorubicin, which
exert cytotoxic eVects through a variety of mechanisms
[2, 8, 10, 16, 27]. Multiple mechanisms have been proposed
to explain the potent anticancer activity elicited by this drug
combination. In all these cases, at least in vitro, these drugs
cooperate with HDACIs to enhance apoptosis or diVerenti-
ation of cancer cells [23, 28, 37]. In addition, it appears that
the principle of synergism between HDACIs and other
compounds can be recapitulated in a single hybrid com-
pound [34].

PCI-24781 is a broad spectrum hydroxamic acid-based
inhibitor of histone deacetylase that shows antitumor activ-
ity in vitro and in vivo pre-clinically and is under evalua-
tion in phase I clinical trials for cancer [6]. PCI-24781
exhibited signiWcant anticancer activity in soft tissue sar-
coma [17]. However, information about the eYcacy of PCI-
24781 on bone sarcoma cells is limited. In the present
study, we investigated the mechanisms of cytotoxicity and
cell death induced by PCI-24781 on bone sarcoma cell
lines. Our study demonstrated that through caspase and
growth arrest- and DNA damage-induced gene 45�
(GADD45�)-dependent mechanisms, PCI-24781 could
induce apoptosis and inhibit growth of bone sarcoma cells.
Furthermore, PCI-24781 signiWcantly enhanced the cyto-
toxic eVect of doxorubicin in bone sarcoma cells.

Materials and methods

Human sarcoma cell culture

Human osteosarcoma cell line U-2 OS was obtained from
the American Type Tissue Collection (Rockville, MD)
[36]. Dr. Efstathios S. Gonos (National Hellenic Research
Foundation, Athens, Greece) kindly provided the human
osteosarcoma cell line KH OS [18]. Dr. Katia Scotlandi
(Institute Orthopedics Rizzoli, Italy) kindly provided the
human Ewing’s sarcoma cell line TC-71 [20]. The human
chondrosarcoma cell line CS-1 was established in our labo-
ratory [30]. All cell lines were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum, 100
U/ml penicillin, and 100 �g/ml streptomycin (all obtained
from invitrogen, Carlsbad, CA.). HDACI PCI-24781 was
synthesized and provided by Pharmacyclics, Inc (Sunnyvale,
California). Doxorubicin was obtained as unused residual
clinical material at the Massachusetts General Hospital.

Western blot analysis

Protein lysates from cells were generated through lysis with
1£ RIPA Lysis BuVer (Upstate Biotechnology, Charlottes-
ville, VA). The concentration of the protein was determined
by Protein Assay Reagents (Bio-Rad, Hercules, CA) and
spectrophotometer (Beckman DU-640, Beckman Instruments,
Inc., Columbia, MD). Twenty-Wve micrograms of total
protein was processed on Nu-Page 4-12% Bis–Tris Gel
(Invitrogen) and transferred to a pure nitrocellulose membrane
(Bio-Rad Laboratories, Hercules, CA). Antibodies directed
against acetylated histone H3 were obtained from Millipore
Corporate (Billerica, MA). Antibodies directed against Poly
(ADP-ribose) Polymerase (PARP) were obtained from Cell
Signaling Technologies (Cambridge, MA). Antibodies
directed against p21 were obtained from BD Biosciences (San
Jose, CA). Antibodies directed against RAD51, GADD45�,
and actin were obtained from Santa Cruz Biotechnologies
(Santa Cruz, CA). Primary antibodies were incubated at
1:1,000 dilution in Tris-buVered saline, pH 7.4, with 0.1%
Tween 20 and overnight at 4°C. Signal was generated through
incubation with horseradish peroxidase-conjugated secondary
antibodies (Bio-Rad, Hercules, CA) incubated in Tris-
buVered saline, pH 7.4, with 5% non-fat milk, and 0.1%
Tween 20 at 1:2,000 dilution for 1 h at room temperature. Pos-
itive immunoreactions were detected by using SuperSignal
West Pico Chemiluminescent Substrate (Pierce, Rockford, IL).

Combination of PCI-24781 with doxorubicin in bone 
sarcoma cells

To investigate the synergistic eVect of PCI-24781 and
doxorubicin on the growth of bone sarcoma cells, the cells
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were treated with PCI-24781 for 4 h at Wrst, then doxoru-
bicin was added. After treatment for 7 days, the growth of
bone sarcoma cells was evaluated by MTT. The bone sar-
coma cells were also treated with PCI-24781 or doxorubi-
cin alone for 7 days and evaluated by MTT as controls. To
investigate the synergistic eVect of PCI-24781 and doxo-
rubicin on inducing apoptosis in bone sarcoma cells, the
cells were treated with PCI-24781 for 4 h at Wrst, then
doxorubicin was added. After treatment for 48 h, the
apoptosis was measured by caspase 3/7 activity assay.
The bone sarcoma cells were also treated with PCI-24781
or doxorubicin alone for 48 h and evaluated by caspase 3/
7 activity assay.

Cytotoxicity assay

The in vitro cytotoxicity assays were performed by MTT
assay as previously described [36]. MTT was obtained from
Sigma (St. Louis, MO). Then, 1.5 £ 103 cells per well were
plated in 96-well plates of DMEM medium containing PCI-
24781 and/or doxorubicin. After culture in PCI-24781 and/
or doxorubicin for 7 days, 10 �l of MTT (5 mg/ml in PBS)
was added to each well, and the plates were incubated for
4 h. The resulting formazan product was dissolved with
acid-isopropanol, and the absorbance at a wavelength of
490 nm (A490) was read on SPECTRAmax® Microplate
Spectrophotometer (Molecular Devices, Sunnyvale, CA).

Caspase-3/7 activity assay

Caspase activity was measured with the Apo-One Homo-
geneous Caspase 3/7 assay kit (Promega Corporation)
according to the manufacturer’s instructions. The induc-
tion of apoptosis and associated activation of caspases-3/7
were measured by enzymatic cleavage of the proXuores-
cent substrate rhodamine 110, bis-N-CBZ-L-aspartyl-L-
glutamyl-L-valyl-L-aspartic acid amide (Z-DEVD-R110),
with release of the intensely Xuorescent rhodamine 110-
cleaving group. Cells were seeded at a density of 1 £ 105/
ml and incubated in a 96-well plate in the presence or
absence of drug for 48 h. Hundred microliters homoge-
neous caspase-3/7 reagent was added to each well, and
reaction mixture was incubated for 2 h at room tempera-
ture, and then Xuorescence was measured at an excitation
wavelength of 485 nm and an emission wavelength of
538 nm. Results are expressed as relative Xuorescence
unit (RFU).

Data analysis

Values shown are representative of triplicate determina-
tions in two or more experiments. Treatment eVects were
evaluated using a two-sided Student’s t test (GraphPad

PRISM® 4 software, GraphPad Software, San Diego, CA).
Errors are SD of averaged results, and P < 0.05 values were
accepted as a signiWcant diVerence between means.

Results

PCI-24781 induces acetylation of histone and inhibits 
growth in bone sarcoma cell lines

In order to determine whether HDAC inhibition by PCI-
24781 aVects the proliferation of bone sarcoma cells, a
panel of human sarcoma cell lines, including osteosarcoma
cell lines U-2 OS and KH OS, chondrosarcoma cell line
CS-1 and Ewing’s sarcoma cell line TC-71, were exposed
in vitro to increasing concentrations(0.05 -5 �M) of PCI-
24781 for 48 h. The accumulation of various mechanistic
biomarkers proposed to be involved in the cytotoxic activ-
ity of HDAC inhibitors was analyzed by Western blot after
treatment with PCI-24781. The growth of bone sarcoma
cells was evaluated by MTT after treatment with PCI-
24781. Western blot analysis demonstrated the dose-depen-
dent accumulation of acetylated histone H3 in four sarcoma
cell lines after treatment with PCI-24781(Fig. 1). Those
data suggest that HDAC enzymes are inhibited in these
cells. In addition, PCI-24781-induced expression of the
cyclin-dependent kinase inhibitor, p21, a protein postulated
to play a role in the antitumor eVect of HDAC inhibition.
MTT assay demonstrated that the growth of all four bone
sarcoma cell lines was inhibited after treatment with
PCI-24781 (Fig. 2). The eVect of PCI-24781 on induction
of apoptosis was investigated by Western blot for PARP
cleavage, an apoptotic marker associated with apoptosis
biochemical event. PARP cleavage was detected in all four
bone sarcoma cell lines after treatment with PCI-24781
(Fig. 1).

PCI-24781 synergizes with doxorubicin to inhibit 
the growth of bone sarcoma cells

To evaluate if PCI-24781 enhances the anticancer activity
of conventional chemotherapeutic drugs in bone sarcoma
cells, the bone sarcoma cell lines were treated with non-
lethal doses of PCI-24781 and various concentrations of
doxorubicin. Cytotoxicity assay demonstrated that the bone
sarcoma cells, U-2 OS, KH OS, CS-1, and TC-71, when co-
treated with PCI-24781, became more sensitive to doxoru-
bicin than when treated with doxorubicin alone (Fig. 3).
The IC50 value for doxorubicin in parental U-2 OS cells
(IC50 = 0.042) is 3.2 greater than PCI-24871-treated U-2
OS cells (IC50 = 0.013). The IC50 value for doxorubicin in
parental KH OS cells (IC50 = 0.433) is 5.1 greater than
PCI-24871-treated KH OS cells (IC50 = 0.084). The IC50
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value for doxorubicin in parental CS-1 cells (IC50 = 0.09)
is 2.2 greater than PCI-24871-treated CS-1 cells (IC50 =
0.04). The IC50 value for doxorubicin in parental TC-71
cells (IC50 = 0.053) is 3.5 greater than PCI-24871-treated
TC-71 cells (IC50 = 0.015).

PCI-24781 synergizes doxorubicin to induce apoptosis 
in bone sarcoma cells

To investigate the mechanism underlying the synergy of
PCI-24781 with doxorubicin in bone sarcoma cell line, cells

Fig. 1 Western blot analysis 
demonstrated that treating bone 
sarcoma cells with PCI -24781 
resulted in the dose-dependent 
accumulation of acetylated 
histone H3 and p21. PARP 
cleavage was also detected 
in bone sarcoma cells following 
treatment with PCI-24781
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Fig. 2 MTT assay 
demonstrated that the growth 
of all four bone sarcoma cell 
lines was inhibited after 
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were treated with combination of PCI-24781 and doxorubicin,
and the activity of caspase 3/7 was evaluated. The caspase-3/7
activity assay demonstrated increase in caspase-3/7 activity
in bone sarcoma cell lines after treatment with combination
of PCI-24781 and doxorubicin compared with the bone
sarcoma cells treated with PCI-24781 or doxorubicin
alone (P < 0.0001; Fig. 4). The expression of RAD51 and
GADD45� was evaluated by Western blot after treatment
with various concentrations of PCI-24781. Western blot

demonstrated that the expression of RAD51 was inhibited by
PCI-24781 in all four bone sarcoma cell lines (Fig. 5). The
expression of GADD45� was induced by PCI-24781 in
osteosarcoma cell lines U-2 OS and KH OS (Fig. 5). The
expression of GADD45� was detected in chondrosarcoma
cell CS-1. However, the expression of GADD45� was not
increased after treatment with PCI-24781 in CS-1 cells. The
induction of GADD45� was not found in Ewing’s sarcoma
cell TC-71 after treatment with PCI-24781.

Fig. 3 Cytotoxicity assay dem-
onstrated that the bone sarcoma 
cells treated with PCI-24781 
become more sensitive to 
doxorubicin than the 
naive bone sarcoma cells
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Discussion

HDACIs currently in clinical development show some
degree of pre-clinical activity against malignant cells prolif-
erating in culture. Numerous animal model studies have
demonstrated signiWcant antitumor eYcacy of HDACIs from
virtually every structural class [9]. The rationale for the anti-
tumor activity of HDACIs is characterized as inducing either
cytostasis (cell cycle arrest), diVerentiation, or apoptosis.
Increases in DNA accessibility caused by changes in acetyla-
tion may also enhance DNA damage and repair more directly
[1, 3]. However, the HDAC-dependent mechanisms account-
ing for the observed and rather selective modulation of gene
expression, as well as speciWc patterns of antitumor activity,
remain poorly understood [7, 9, 31]. Treatment of cultured
tumor cell lines grown in vitro with PCI-24781 resulted in
the accumulation of acetylated histone and acetylated tubu-
lin, resulting in an inhibition of tumor cell growth and the
induction of apoptosis. Furthermore, tumor cells are thought
to be more sensitive than normal cells to both the growth
inhibiting and apoptosis promoting eVects of most HDACIs.
The induction of apoptosis by PCI-24781 was more eVec-
tively and rapidly occurring in tumor cells when compared to
non-neoplastic cells [6]. PCI-24781 administered to mice
harboring tumor xenografts also resulted in a statistically sig-
niWcant reduction in tumor growth at doses that were well
tolerated as measured by body weight [6]. Lopez et al. [17]
have shown that HDACI could induce S phase depletion, G2/
M cell cycle arrest, and increase apoptosis on soft tissue sar-
coma cells. The current study demonstrates that PCI-24781

can induce apoptosis and inhibit the growth of bone sarcoma
cells. The accumulation of various HDACI mechanistic bio-
markers, including acetylated histones and p21, was pro-
posed to be involved in the antitumor activity of PCI-24781
in these bone tumor cells.

The optimal use of HDACIs is likely to be in combina-
tion with other anticancer therapies. Several studies have
shown that HDACIs can synergistically enhance the anti-
cancer activity of a large set of structurally and functionally
diverse chemical compounds and biologically active poly-
peptides [2, 7, 8, 10, 16, 27]. It is possible that HDACIs
will Wnd their greatest utility not as monotherapies but as
components of combination drug regimes. Thus, identify-
ing relevant drug combinations and responsive cancer types
and elucidating the mechanisms underlying the ability of
HDACIs to enhance the eYcacy of the chemotherapeutic
agents is an important task. In the present study, we found
caspase 3 and 7, two caspases that are responsible for the
majority of intracellular caspase-induced cleavages and cell
death were signiWcantly induced by combination of PCI-
24781 and doxorubicin in these bone sarcoma cell lines.
This indicates that PCI-24781 has synergistic eVect with
doxorubicin to induce apoptosis in bone sarcoma cell lines.
In addition, the expression of RAD51, which is a homolo-
gous recombination (HR) and DNA repair protein, was
found to be inhibited in all four bone sarcoma cell lines
after treatment with PCI-24781. RAD51 has been found to
be increased in expression in a wide range of human tumors
and multiple primary tumor cell types, which could alter
recombination pathways to contribute to the chromosomal

Fig. 5 Western blot 
demonstrated that the 
expression of RAD51 was 
inhibited by PCI-24781 in bone 
sarcoma cells. The expression of 
GADD45 was induced by 
PCI-24781 in osteosarcoma 
cells U-2 OS and KH OS
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rearrangements found in these cells [4, 5, 12, 21, 26]. Ele-
vated amounts of RAD51 have been linked to tumor resis-
tance to radiation and chemotherapy, and inhibiting the
expression of RAD51 could reduce the appearance of DNA
damage-induced nuclear foci and also increase sensitivity
to chemotherapeutic drugs [26]. Our data indicate that
inhibiting the expression of RAD51 by PCI-24781, results
in a decrease in homology-directed repair of double-strand
breaks (DSBs), which may play a role in the mechanisms
underlying the anticancer synergy between PCI-24781 and
doxorubicin in bone sarcoma cells. Lopez et al. [17] has
also shown that PCI-24781 can synergize with doxorubicin
in sarcomas, both in cells and in animal models. Maiso
et al. [19] reported that the combination of doxorubicin
and panobinostat, another HDACI, could provoke a strong
activation of a DNA damage response in acute myeloid
leukemia.

GADD45� plays an important role in cell cycle control,
survival, and apoptosis. The up-regulation of GADD45� is
an essential step for apoptosis induction in cancer cells by a
variety of proapoptotic agents [15, 22]. It was reported that
the deWciency of GADD45� expression resulted in multi-
drug resistance in osteosarcoma cells, and transfection with
GADD45� could make the osteosarcoma cells become
more sensitive to chemotherapeutic drugs [36]. We found
treatment of U-2 OS and KH OS by PCI-24781-induced
GADD45� expression (Fig. 5). These data suggest PCI-
24781 synergizes with doxorubicin in osteosarcoma cells
by activating GADD45�. This will result in down-regulat-
ing the threshold of apoptosis for osteosarcoma cells to
undergo apoptotic cell death triggered by doxorubicin. On
the other hand, the GADD45� gene expression was not
increased in the chondrosarcoma cell line CS-1 and
Ewing’s sarcoma cell line TC-71 by PCI-24781, suggesting
a GADD45�-independent mechanism of PCI-24781-
induced apoptosis in these cell lines. This indicates that the
ability of PCI-24781 to synergize with doxorubicin has
diVerent mechanisms on diVerent bone sarcoma cell lines.

In conclusion, the present study demonstrates that
HDACI PCI-24781 has antitumor activity on bone sarcoma
cell lines. It has synergistic eVect on doxorubicin-induced
apoptosis in bone sarcoma cells.
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