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ABSTRACT

Chondrosarcoma is a malignant primary bone tumor that responds poorly to both chemotherapy and
radiation therapy. This study is the first to investigate the anticancer effects of the new phloroglucinol
derivative (2,4-bis(2-fluorophenylacetyl)phloroglucinol; BFPP) in human chondrosarcoma cells. BFPP
induced cell apoptosis in two human chondrosarcoma cell lines, JJ012 and SW1353 but not in primary
chondrocytes. BFPP triggered endoplasmic reticulum (ER) stress, as indicated by changes in cytosol
calcium levels, and increased glucose-regulated protein 78 (GRP78) expression, but failed to show the
same effects on GRP94 expression. BFPP also increased calpain expression and activity. Transfection of
cells with GRP78 or calpain siRNA reduced BFPP-mediated cell apoptosis in JJ012 cells. Importantly,
animal studies have revealed a dramatic 50% reduction in tumor volume after 21 days of treatment. This
study demonstrates novel anticancer activity of BFPP against human chondrosarcoma cells and in

murine tumor models.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Chondrosarcoma is the second most common primary malig-
nancy of bone, a clinically aggressive tumor that responds poorly to
currently available chemotherapy or radiation treatment, thereby
complicating its management [1,2]. Clinically, surgical resection
remains the primary mode of therapy for chondrosarcoma. In the
absence of an effective adjuvant therapy, this mesenchymal
malignancy has a poor prognosis and therefore, it is important
to explore novel and adequate remedies [3]. Aberrant regulation of
cell growth and deregulation of apoptosis occur commonly in
cancer cells and may play an essential role in tumor development.
Accordingly, current anticancer agents act by inhibiting cell
growth or inducing cell apoptosis [4].

The endoplasmic reticulum (ER) is a membranous synthesis and
transport organelle that plays a central role in lipid synthesis,
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protein folding and maturation. A variety of toxic insults, including
hypoxia, failure of protein synthesis, misfolding, transport or
degradation, and Ca* overload, can disturb ER functioning and
result in ER stress-related events [5-7]. There is increasing
evidence that ER stress plays a crucial role in the regulation of
apoptosis. It has been reported that ER stress triggers several
specific signaling pathways, including ER-associated protein
degradation and the unfolded protein response (UPR) [8,9].
Glucose-regulated proteins (GRP) are the most abundant glyco-
proteins in the ER and play a critical role in ER regulation.
Overexpression, antisense and ribozyme approaches in tissue
culture systems have directly demonstrated that GRP78 and
GRP94 protect cells against oxidative injury [10,11]. The protective
function of GRPs has also been observed in resistance to radiation
in cervical cancer [12]. Their antiapoptotic function predicts that
induction of GRPs in neoplastic cells may lead to cancer
progression and drug resistance [13,14]. However, it has been
reported that curcumin-induced apoptosis in human lung carci-
noma cells occurs through GRP78 up-regulation [15]. Similarly,
hepatitis C-virus induced cell apoptosis also occurs through the
GRP78 up-regulation pathway. Therefore, GRP78 may also play a
proapoptotic role in cell death [16]. The ER plays a direct role in
activating a subset of caspase during activation of apoptosis that
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Fig. 1. The effects of BFPP on cell viability and colony formation in human chondrosarcoma cells. (A) Chemical structure of BFPP. (B) JJ0O12 cells were incubated with various
concentrations of BFPP for 48 h, and the cell viability was examined by SRB assay (n = 5). (C) For the colony-forming assay, the clonogenic assay was performed as described
under Section 2. The quantitative data are shown in the lower panel. Results are expressed as the mean + S.E. *p < 0.05 compared with controls.

occurs during ER stress [17]. Calpains are a family of Ca®*-
dependent intracellular cysteine proteases. The ubiquitously
expressed calpain I (p-calpain) and calpain II (m-calpain)
proteases are implicated in the development of apoptosis. A
recent study has shown that ubiquitous calpains promote caspase-
12 and c-Jun N-terminal kinase (JNK) activation during ER stress-
induced apoptosis [18]. Other evidence also suggests that GRP with
Ca%*-binding and antiapoptotic properties is a proteolytic target of
calpain during etoposide-induced apoptosis [19].

Numerous naturally occurring substances are recognized to be
antioxidants, cancer preventive agents, or even antineoplastic
agent such as paclitaxel (Taxol®™) [20]. Four kinds of natural
phloroglucinol derivatives have been identified as possessing
anticancer activity [21-24]. Rottlerin-type compounds (drum-
mondins) isolated from Hypericum drummondii have shown
cytotoxic activity in human cancer cell lines [21], as has the
acylphloroglucinol-type compound hyperforin, a polyphenol-
derivative of St. John’s wort (Hypericum perforatum) [22].
Bullatenone is the main cytotoxic compound in extracts of
Lophomyrtus bullata [23]. Lastly, the long-chain acylated phlor-
oglucinol thouvenol, isolated from the dried fruits of Protorhus
thouvenotii, has shown in vitro cytotoxicity against ovarian cancer
cells [24]. Although the effects of phloroglucinol derivatives on
tumor apoptosis have been studied in various cancers [21-24], the
cytotoxic activity of phloroglucinol derivatives in chondrosarcoma
remains largely undefined. In this study, we synthesized the new
phloroglucinol derivative 2,4-bis(2-fluorophenylacetyl)phloroglu-
cinol (BFPP) (Fig. 1A) and investigated its anticancer activity in
human chondrosarcoma cells. Our data indicate that BFPP reduces
survival and tumor growth of human chondrosarcoma cells in vitro
and in vivo.

2. Materials and methods
2.1. Materials

Phloroglucinol derivatives were synthesized at the Graduate
Institute of Pharmaceutical Chemistry, China Medical University

(Taichung, Taiwan) following the general procedure. To a stirred
solution of phloroglucinol (1 mmol) and appropriate phenylace-

tonitrile (2 mmol) dissolved in borontrifluoride etherate (10 mL)
was purged HCl gas for 8-12 h at room temperature. The solution
was added distilled water (30 mL) and then refluxed for 2 h. After
cooling the mixture solution was extracted with ethyl acetate
(30 mL x3). The organic layer was collected and concentrated in
vacuum. The residue was subjected to chromatography on silica
gel to afford related compound. BFPP was recrystalization from
acetonitrile as a white crystal. mp 218.6-218.9 °C. Anti-mouse and
anti-rabbit IgG-conjugated horseradish peroxidase, rabbit poly-
clonal antibodies specific for GRP78, GRP94, calpain I, calpain II,
PARP, caspase 3, caspase 9, caspase 12 and [3-actin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell culture

The human chondrosarcoma cell line JJ012 was kindly provided
by Dr. Sean P Scully (University of Miami School of Medicine,
Miami, FL, USA). The human chondrosarcoma cell line SW1353 was
obtained from the American Type Culture Collection (Manassas,
VA, USA). Cells were cultured in DMEM/a-MEM supplemented
with 10% fetal bovine serum (FBS) and maintained at 37 °C in a
humidified atmosphere of 5% CO,.

Primary cultures of human chondrocytes were isolated from
articular cartilage as previously described [25]. The cells were
grown in plastic cell culture dishes in a humidified atmosphere of
95% air/5% CO, in DMEM supplemented with 20 mM HEPES and
10% FBS, 2 mM-glutamine, penicillin (100 U/ml) and streptomycin
(100 pg/ml).

2.3. Sulforhodamine B (SRB) assay

Cell viability by BFPP was measured with the SRB assay. BFPP
was added in a range of concentrations for 48 h. Cells were fixed
with 50% trichloroacetic acid to terminate the reaction, and 0.4%
SRB in 1% acetic acid was added to each well. After 15 min of
incubation, the plates were washed and dyes were dissolved in
10 mM Tris buffer. The 96-well plate was subsequently read by an
enzyme-linked immunosorbent assay reader (515 nm) to obtain
absorbance density values.
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2.4. Quantification of apoptosis by flow cytometry

Apoptosis was assessed by binding of Annexin V protein to
exposed phosphatidylserine (PS) residues at the surface of cells
undergoing apoptosis, as previously described [26]. Cells were
treated with vehicle or BFPP for indicated time intervals. After
treatment, cells were washed twice with PBS (pH 7.4) and re-
suspended in staining buffer containing 1 pg/ml propidium iodide
(PI) and 0.025 pg/ml annexin V-FITC. Double-labeling was
performed at room temperature for 10 min in darkness before
flow cytometric analysis. Cells were immediately analyzed using
FACScan and the Cellquest program (Becton Dickinson; Lincoln
Park, NJ, USA).

Quantitative assessment of apoptotic cells was also conducted by
the terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick endlabeling (TUNEL) method, which examines
DNA-strand breaks during apoptosis with the BD ApoAlert™ DNA
Fragmentation Assay Kit (Lincoln Park, NJ, USA). Cells were
incubated with BFPP for the indicated times, trypsinized, fixed with
4% paraformaldehyde, and permeabilized with 0.1% Triton-X-100 in
0.1% sodiumcitrate. After undergoing washing, the cells were
incubated with the reaction mixture for 60 min at 37 °C. The
stained cells were then analyzed by flow cytometry [27].

2.5. Colony assay

To determine the long-term effects of BFPP, cells (1000 per well)
were treated with BFPP at various concentrations for 3 h at a time.
After undergoing rinsing with fresh medium, cells were allowed to
form colonies for 7 days before being stained with crystal violet
(0.4 g/L). After undergoing three washes with ddH,0, acetic acid
was added to a final concentration of 33% (v/v), which was
achieved followed by measuring the absorbance at 550 nm.

2.6. Detection of Ca®* concentrations

JJ012 cells were seeded at approximately 2 x 10° cells/well in
12-well plates and incubated with BFPP for O, 1, 2, 4 and 6 h to
detect any changes in Ca®* levels. Cells were harvested and washed
twice, and re-suspended in Indo 1/AM (3 pg/ml) at 37 °C for
30 min and analyzed by flow cytometry.

2.7. Western blot analysis

The cellular lysates were prepared as described previously [27].
Proteins were resolved on SDS-PAGE and transferred to Immobilon
polyvinyldifluoride (PVDF) membranes. The blots were blocked
with 4% BSA for 1 h at room temperature and then probed with
rabbit anti-human antibodies against GRP78 or GRP94 (1:1000) for
1h at room temperature. After three washes, the blots were
subsequently incubated with a donkey anti-rabbit peroxidase
conjugated secondary antibody (1:1000) for 1 h at room tempera-
ture. The blots were visualized by enhanced chemiluminescence
using Kodak X-OMAT LS film (Eastman Kodak, Rochester, NY, USA).

2.8. Caspase activity

The assay was based on the ability of the active enzyme to
cleave the chromophore from the enzyme substrates LEHD-pNA
(for caspase-9) and Ac-DEVD-pNA (for caspase-3). The cell lysates
were prepared and incubated with specific anti-caspase-9 and
caspase-3 antibodies. Immunocomplexes were incubated with
peptide substrate in assay buffer (100 mM NaCl, 50 mM 4-(2-
hydroxyethyl)-1-piperazine-ethanesulphonic  acid  (HEPES),
10mM dithiothreitol, 1 mM EDTA, 10% glycerol, 0.1% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate

(CHAPS), pH 7.4) for 2 h at 37 °C. The release of p-nitroaniline was
monitored at 405 nm. Results are represented as the percent
change of the activity compared to the untreated control.

2.9. Calpain activity assay

Calpain activity was assayed using the fluorogenic substrate
Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (AMC). Cells
were prepared and treated on 24-well plates, then loaded with
40 M Suc-Leu-Leu-Val-Tyr-AMC (Biomol; Plymouth Meeting, PA,
USA) and treated with BFPP for the indicated timing at 37 °C in a
humidified 5% CO, incubator. Proteolysis of the fluorescent probe
was monitored using a fluorescent plate reading system (HTS-7000
Plus Series BioAssay, PerkinElmer; Stockholm, Sweden) using filter
settings of 360 + 20 nm for excitation and 460 + 20 nm for emission.

2.10. siRNA transfection

The siRNAs against human calpain I, calpain II and control
siRNA were purchased commercially from Santa Cruz Biotechnol-
ogy. The ON-TARGET smart pool siRNA of GRP78 and scrambled
siRNA were obtained from Dharmacon (Lafayette, CO, USA). Cells
were transfected with siRNAs (at a final concentration of 100 nM)
using Lipofectamine 2000 (Invitrogen; Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions.

2.11. Quantitative real time PCR (qPCR)

The qPCR analysis was carried out using Tagman® one-step PCR
Master Mix (Applied Biosystems, Foster City, CA, USA). One
hundred nanogram of total cDNA were added per 25-p.l reaction
with sequence-specific primers and Tagman® probes. Sequences
for all target gene primers and probes were purchased commer-
cially (B-actin was used as the internal control) (Applied
Biosystems, CA, USA). Quantitative RT-PCR assays were carried
out in triplicate on the StepOnePlus sequence detection system.
The cycling conditions were 10-min polymerase activation at 95 °C
followed by 40 cycles at 95 °C for 15s and 60 °C for 60s. The
threshold was set above the non-template control background and
within the linear phase of target gene amplification to calculate the
cycle number at which the transcript was detected (denoted as CT).

2.12. In vivo tumor xenograft study

Male SCID mice [6 weeks old; BALB/cA-nu (nu/nu)] were
purchased from the National Science Council Animal Center
(Taipei, Taiwan) and maintained in pathogen-free conditions.
JJ012 cells were injected subcutaneously into the flanks of these
SCID mice (1 x 10° cells in 200 wl) and tumors were allowed to
develop for ~14 days until they reached a size of approximately
100 mm?>, when treatment was initiated. The mice were treated
with vehicle, 0.5 or 1.5 mg/kg BFPP every day for 21 days (10 mice/
group). The volume of the implanted tumor in dorsal side of mice
was measured twice a week with a caliper, using the formula
V= (LW2) ir/6: where V, volume (mm3); L, biggest diameter (mm);
W, smallest diameter (mm). All protocols complied with institu-
tional guidelines and were approved by the Animal Care
Committee of China Medical University.

2.13. Statistics

The values given are means =+ S.E.M. Statistical analysis between
two samples was performed using the Student’s t-test. Statistical
comparisons involving more than two groups were performed using
one-way analysis of variance (ANOVA) with Bonferroni’s post hoc test.
In all cases, P < 0.05 was considered to be significant.
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Table 1
Phloroglucinol derivatives induced apoptosis of human chondrosarcoma cells.

HO OH

O OH O

# R Jjo12 SW1353 Chondrocyte
1 4-Fluorophenyl >30 >30 >30 (kM)
2 3-Fluorophenyl 8.5 0.4 >30
3 2-Fluorophenyl 8.2 0.65 >30
4 4-Chlorophenyl 21.6 2.05 >30
5 3-Chlorophenyl 17.4 0.65 >30
6 2-Chlorophenyl >30 >30 >30
7 3,4-Dichlorophenyl 9.5 0.33 >30
8 4-Methoxyphenyl 18.2 3 >30
9 3,4-Dimethoxyphenyl 16.7 0.58 >30

10 4-Notirophenyl 17.7 0.35 >30

11 4-Methylphenyl 283 2.17 >30

12 Phenyl 124 0.41 >30

13 3,4-Methylenedioxy 24.7 3 >30

14 Thiophenyl 114 0.3 >30

15 1-Naphthyl 9.87 0.35 >30

JJ012, SW1353 and primary chondrocytes were incubated with various concentra-
tions of phloroglucinol derivatives for 48 h, the cell viability was examined by SRB
assay. The IC50 values of different cell lines were examined.

3. Results
3.1. BFPP induced cell apoptosis in human chondrosarcoma cells

To investigate the cytotoxicity of phloroglucinol derivatives in
human chondrosarocoma cells, we synthesized 15 phloroglucinol
derivatives and examined the effects on cell survival (Table 1). The
SRB assay confirmed that these compounds induced cell death in
human chondrosarcoma cell lines JJ012 and SW1353 but not
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primary chondrocytes (Table 1). As shown in Table 1, 2,4-bis(2-
fluorophenylacetyl)phloroglucinol (BFPP; compound 3) showed
the greatest cytoxicity. The ICsq values of BFPP were 8.2 and
0.65 wM for JJ012 and SW1353 cells, respectively (Table 1). BFPP
(30 M) did not affect cell viability in primary chondrocytes, as
according to the MTT assay (Supplementary Fig. S1). We therefore
focused on the anticancer effects of BFPP in human chondro-
sarcoma cells. Treatment of JJ012 cells with BFPP induced cell
death in a concentration-dependent manner, as assessed by SRB
assay (Fig. 1B). The anticancer activities of BFPP were also
assessed by clonogenic assays, which correlate very well with in
vivo assays of tumorigenicity in nude mice [28].]J012 cells showed
the ability to form clones in the untreated control wells (Fig. 1C;
upper panel). However, upon addition of BFPP, a dose-dependent
inhibition in clonogenicity was observed; quantitative data are
shown in the lower panel of Fig. 1C. We next investigated whether
BFPP induces cell death through an apoptotic mechanism.
Annexin V-PI double-labeling was used for the detection of PS
externalization, a hallmark of early phase of apoptosis. As
compared to vehicle-treated cells, a high proportion of Annexin
V" labeling was detected in cells treated with BFPP (Fig. 2A and B).
We then investigated the effect of BFPP-induced apoptosis by
using the TUNEL assay. Compared with vehicle-treated JJ012 cells,
those treated with BFPP showed significant cell apoptosis
(Fig. 2C). These data indicate that BFPP induces cell apoptosis
in human chondrosarcoma cells.

3.2. BFPP-induced Ca®* release in chondrosarcoma cells

Depletion of luminal ER calcium stores is believed to reflect ER
stress, which can promote induction of ER stress [29]. We assessed
the effect of BFPP on Ca?* mobilization. When JJ012 cells were
treated with BFPP, Ca%* levels were significantly increased as
compared with the vehicle-treated group. The results demonstrat-
ed that BFPP promoted CaZ" productions in a time-dependent
manner (Fig. 3A). In contrast, pretreatment of cells with the Ca?*
chelator BAPTA reduced BFPP-induced cell apoptosis (Fig. 3B).
Thus, increased Ca?* flux is involved in BFPP-mediated cell death in
human chondrosarcoma cells.
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Fig. 2. BFPP induced apoptosis of human chondrosarcoma cells. JJ012 cells were treated with vehicle or BFPP for 48 h. The percentage of apoptotic cells was analyzed by flow
cytometry of Annexin V/PI double staining (n = 4) (A and B). Cells were treated with vehicle or BFPP for 48 h. The TUNEL positive cells were examined by flow cytometry (n = 4)

(C). Results are expressed as the mean =+ S.E. *p < 0.05 compared with controls.
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3.3. BFPP increased GRP78 expression and calpain activity

GRP is a major ER chaperone that plays a critical role in
regulating ER homeostasis [30]. BFPP markedly increased the
levels of GRP78, but not GRP94, in a time-dependent manner
(Fig. 4A). Stimulation of cells with BFPP also increased GRP78
mRNA expression in concentration-dependent manner (Fig. 4B). To
further investigate whether BFPP induced cell apoptosis through
GRP78 activation, cell were transfected with GRP78 siRNA, which
specifically inhibited GRP78 expression (Fig. 4C; upper panel), but
also reduced BFPP-induced cell apoptosis (Fig. 4C; lower panel).
We next determined whether the calpain activity is induced by
BFPP in chondrosarcoma cells. As shown in Fig. 5A, BFPP increased
calpain I and II expression in a time-dependent manner.
Furthermore, BFPP also enhanced calpain activity does- and
time-dependently (Fig. 5B). Transfection of cells with calpain I
and II siRNA reduced calpain I and II expression, respectively
(Fig. 5C; upper panel) and markedly reduced BFPP-mediated cell
apoptosis (Fig. 5C; lower panel). Thus, our data suggest that GRP78
and calpain activation are involved in BFPP-mediated cell deaths.

3.4. BFPPincreased caspase 3, 9 and 12 expression in chondrosarcoma
cells

One of the hallmarks of the apoptotic process is the activation of
cysteine proteases (caspases), which represent both initiators and
executors of death signals. BFPP increased the expression and
activation of caspase-3 in JJ012 cells (Fig. 6A and B). Pretreatment of
cells with the specific caspase-3 inhibitor z-DEVD-FMK reduced the
BFPP-induced cell death (Fig. 6D). Notably, BFPP also increased
cleaved-PARP expression (Fig. 6A). Upstream caspase-9 activities
increased significantly upon treatment with BFPP in JJ012 cells
(Fig. 6A and C). Pretreatment of cells with caspase-9 inhibitor z-
LEHD-FMK reduced BFPP-mediated cell apoptosis (Fig. 6D). It has
been reported that calpains promote caspase-12 activation during
ER stress-induced apoptosis [ 18], we found that BFPP decreased the
expression of pro-caspase-12 in chondrosarcoma cells (Fig. 6A).
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Fig. 4. GRP78 activation is involved in BFPP-mediated cell apoptosis in human chondrosarcoma cells. (A) JJO12 cells were incubated with BFPP (10 wM) for different time
intervals. GRP78 and GRP94 expression was examined by Western blot analysis. (B) JJO12 cells were incubated with BFPP for 24 h. mRNA expression of GRP78 was examined
by qPCR analysis. Cells were transfected with GRP78 or control siRNA for 24 h. GRP78 expression was examined by Western blot analysis (C; upper panel). Cells were
transfected with GRP78 or control siRNA for 24 h, before incubation with or without BFPP for 24 h. The percentage of apoptotic cells was also analyzed by flow cytometry of
Annexin V/PI double staining (C; lower panel). Results are expressed as the mean + S.E. *p < 0.05 compared with controls.
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3.5. BFPP inhibits tumor growth in the mouse xenograft model three groups and treated with either vehicle or BFPP (0.5 or 1.5 mg/
kg/day). BFPP dose-dependently inhibited of tumor growth
To determine whether BFPP possesses antitumor activities in (Fig. 7B). The average tumor volume in mice treated with BFPP

vivo, we established xenografts of JJ012 cells in SCID mice. When 1.5 mg/kg/day was statistically significantly lower than the
the tumors reached 100 mm? in size, the mice were divided into average tumor volume of vehicle-treated controls (Fig. 7A). Ex
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Fig. 6. BFPP induces the activation of caspases in human chondrosarcoma cells. (A) JJO12 cells were incubated with BFPP (10 nM) for different time intervals. Levels of PARP,
caspase-3, caspase-9 and caspase-12 expressions were examined by Western blot analysis. JJO12 cells were incubated with BFPP for 24 h. Caspase-3 (B) and caspase-9 (C)
activities were examined by caspase ELISA kit. (D) Cells were pretreated for 30 min with z-DEVD-FMK (caspase 3 inhibitor) or z-LEHD-FMK (caspase 9 inhibitor), followed by
stimulation with BFPP for 24 h. The percentage of apoptotic cells was the analyzed by flow cytometry of TUNEL-stained cells. Results are expressed as the mean + S.E.
*p < 0.05 compared with controls; *p < 0.05 compared with the BFPP-treated group.
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Fig. 7. BFPP inhibits tumor growth in SCID mice. (A and B) Mice were injected s.c. with JJ012 tumor cells. After the tumors reached 100 mm? in size, BFPP (0.5 or 1.5 mg/kg) or
vehicle was administered daily for 3 weeks. Mean tumor volume was measured at the indicated number of days after implantation (n = 8-10). (C) Mean body weight was
measured at the indicated number of days after implantation. (D) Western blot analysis determined levels of GRP78, calpain I and calpain II expression in tumors with and

without BFPP treatment.

vivo analysis by Western blot of excised tumors showed significant
increases in GRP78, calpain I and calpain Il expression in the BFPP-
treated groups compared with tumors from controls (Fig. 7D).
These results suggest that BFPP inhibits tumor growth by inducing
JJ012 cell apoptosis in vivo.

4. Discussion

Unlike other mesenchymal malignancies, such as osteosarcoma
and Ewing’s sarcoma, in which long-term survival has increased
dramatically with the advent of systemic chemotherapy, chon-
drosarcoma continues to have a poor prognosis due to the absence
of an effective adjuvant therapy [31]. Novel therapeutic agents
targeting the malignant behavior of chondrosarcoma cells are
needed to improve the prognosis. It has previously been reported
that phloroglucinol derivatives induce antimitotic and antitumor
effects in many human cancer cell lines [21-24]. However, the
antitumor effects of phloroglucinol derivatives on chondrosarcoma
cells are mostly unknown. In this study, we synthesized a new
phloroglucinol derivative and examined its anticancer effects in
human chondrosarcoma cells. We found that this compound
induced cell death in human chondrosarcoma cell lines, but not
primary chondrocytes. When we further examined the selectivity
of BFPP in chondrosarcoma cells and primary chondrocytes, we
found that BFPP did not affect the protein levels of GRP78, calpain I
and calpain Il in primary chondrocytes (Supplementary Fig. S2). It
appears that these molecules have greater resistant to apoptosis
compounds and that BFPP shows greater anticancer potential in
human chondrosarcoma cells.

ER is the primary site for protein synthesis, folding, and
trafficking [32]. Under a variety of stressful conditions, the
accumulation of unfolded or misfolded proteins in the ER results
in the onset of ER stress [32]. Elevation of cytosolic calcium levels
or depletion of ER calcium stores represents typical responses of
cells to various stimuli. Our study found that BFPP induces a
number of ER stress markers, including elevated cytosolic calcium
levels and activation of caspase 12. The calcium chelator BAPTA-
AM blocked BFPP-induced cell apoptosis in human chondrosar-
coma cells. These findings indicate that BFPP induces apoptotic cell

death through stimulation of ER stress in human chondrosarcoma
cells.

GRP78 up-regulation is believed to increase the capacity to
buffer against stressful insults initiating from the ER [33]. It has
been reported that GRP78 plays antiapoptotic roles and its
considered to be a target for cancer chemotherapy [10]. Notably,
we demonstrated in this study that BFPP increased GRP78
expression but not GRP94 expression. Stimulation of cells with
BFPP also increased GRP78 mRNA expression and promoter
activity. These results indicate that BFPP increases GRP78
transcription activity. In addition, pretreatment of cells with
actinomycin D (transcriptional level inhibitor) or cycloheximide
(translational level inhibitor) reduced BFPP-induced GRP78 mRNA
expression (Supplementary Fig. S3). Therefore, induction of GRP78
by BFPP depends on de novo protein synthesis. Furthermore, the
GRP78 siRNA antagonized BFPP-mediated potentiation of cell
apoptosis, suggesting that GRP78 expression is an obligatory event
in BFPP-induced cell death in these cells. A similar function has
been reported with curcumin-induced apoptosis in human lung
carcinoma cells through GRP78 up-regulation [15]. In addition,
hepatitis C virus-induced cell apoptosis operates through the
GRP78 up-regulation pathway [16]. Moreover, Hsu and colleagues
have previously reported that dehydrocostuslactone induces
GRP78 (Bip) expression and cell apoptosis in liver cancer cells
[34]. Therefore, GRP78 may play a proapoptotic role in BFPP-
induced cell death. Calpains and caspases are two families of
cysteine proteases that are involved in the regulation of
pathological cell death [19]. These proteases share several
death-related substrates including the caspases themselves,
cytoskeletal proteins, and proapoptotic proteins Bax and Bid
[35]. Calpain-mediated proteolysis proceeds in a limited manner,
without requiring a specific amino acid residue that is needed by
caspases. Although both calpain and caspase have been proposed
to play important roles in regulating pathological cell death, the
interactions of these two families of proteases under pathological
conditions remain unclear. In the present study, we found BFPP
increased calpain I and II expression. Treatment of cells with BFPP
also increased calpain activity. Knockdown approaches have
contributed significantly to our knowledge of calpain biology,
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particularly with respect to its specific function on cell apoptosis,
which suggests that caspase 12 is downstream from calpain in
mediating BFPP-induced chondrosarcoma cell apoptosis.

In conclusion, our data indicate that the novel phloroglucinol
derivative BFPP induces cell death in human chondrosarcoma cells
in vitro and in vivo. BFPP-induced cell death is mediated by
increasing ER stress, GPR78 activation and Ca?* release, which
subsequently trigger calpain, caspase 12, caspase 9 and caspase 3
activity, resulting in apoptosis. We hope that our proposed
working model for the molecular basis will provide valuable
insights for the development of effective chemotherapy by
targeting appropriate signal transducers.

Acknowledgments

This work was supported by grants from the National Science
Council of Taiwan (96-2320-B-039-028-MY3) and China Medical
University (CMU-96-064; CMU98-CT-11; CMU98-CT-20). We are
grateful to Ms. lona MacDonald for her help in producing the final
manuscript.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bcp.2010.01.002.

References

[1] Terek RM, Schwartz GK, Devaney K, Glantz L, Mak S, Healey JH, et al. Chemo-
therapy and P-glycoprotein expression in chondrosarcoma. ] Orthop Res
1998;16:585-90.

[2] Scully SP, Berend KR, Qi WN, Harrelson JM. Collagenase specificity in chon-
drosarcoma metastasis. Braz ] Med Biol Res 1999;32:885-9.

[3] Yuan ], Dutton CM, Scully SP. RNAi mediated MMP-1 silencing inhibits human
chondrosarcoma invasion. ] Orthop Res 2005;23:1467-74.

[4] Mocellin S. Nitric oxide: cancer target or anticancer agent? Curr Cancer Drug
Targets 2009;9:214-36.

[5] Abcouwer SF, Marjon PL, Loper RK, Vander Jagt DL. Response of VEGF expres-
sion to amino acid deprivation and inducers of endoplasmic reticulum stress.
Invest Ophthalmol Vis Sci 2002;43:2791-8.

[6] Soboloff], Berger SA. Sustained ER Ca®* depletion suppresses protein synthesis
and induces activation-enhanced cell death in mast cells. ] Biol Chem
2002;277:13812-20.

[7] Yung HW, Korolchuk S, Tolkovsky AM, Charnock-Jones DS, Burton GJ. Endo-
plasmic reticulum stress exacerbates ischemia-reperfusion-induced apoptosis
through attenuation of Akt protein synthesis in human choriocarcinoma cells.
FASEB ] 2007;21:872-84.

[8] Feldman DE, Chauhan V, Koong AC. The unfolded protein response: a novel
component of the hypoxic stress response in tumors. Mol Cancer Res
2005;3:597-605.

[9] Moenner M, Pluquet O, Bouchecareilh M, Chevet E. Integrated endoplasmic
reticulum stress responses in cancer. Cancer Res 2007;67:10631-4.

[10] Lee AS. The glucose-regulated proteins: stress induction and clinical applica-
tions. Trends Biochem Sci 2001;26:504-10.

[11] Little E, Ramakrishnan M, Roy B, Gazit G, Lee AS. The glucose-regulated
proteins (GRP78 and GRP94): functions, gene regulation, and applications.
Crit Rev Eukaryot Gene Expr 1994;4:1-18.

[12] Kubota H, Suzuki T, Lu ], Takahashi S, Sugita K, Sekiya S, et al. Increased
expression of GRP94 protein is associated with decreased sensitivity to X-rays
in cervical cancer cell lines. Int ] Radiat Biol 2005;81:701-9.

[13] FuY, Lee AS. Glucose regulated proteins in cancer progression, drug resistance
and immunotherapy. Cancer Biol Ther 2006;5:741-4.

[14] Tomida A, Yun ], Tsuruo T. Glucose-regulated stresses induce resistance to
camptothecin in human cancer cells. Int ] Cancer 1996;68:391-6.

[15] Lin SS, Huang HP, Yang ]S, Wu ]Y, Hsia TC, Lin CC, et al. DNA damage and
endoplasmic reticulum stress mediated curcumin-induced cell cycle arrest
and apoptosis in human lung carcinoma A-549 cells through the activation
caspases cascade- and mitochondrial-dependent pathway. Cancer Lett
2008;272:77-90.

[16] Joyce MA, Walters KA, Lamb SE, Yeh MM, Zhu LF, Kneteman N, et al. HCV
induces oxidative and ER stress, and sensitizes infected cells to apoptosis in
SCID/Alb-uPA mice. PLoS Pathog 2009;5:e1000291.

[17] Liu S, Wang H, Yang Z, Kon T, Zhu ], Cao Y, et al. Enhancement of cancer
radiation therapy by use of adenovirus-mediated secretable glucose-regulated
protein 94/gp96 expression. Cancer Res 2005;65:9126-31.

[18] Orrenius S, Zhivotovsky B, Nicotera P. Regulation of cell death: the calcium-
apoptosis link. Nat Rev Mol Cell Biol 2003;4:552-65.

[19] Tan Y, Dourdin N, Wu C, De Veyra T, Elce JS, Greer PA. Ubiquitous calpains
promote caspase-12 and JNK activation during endoplasmic reticulum stress-
induced apoptosis. ] Biol Chem 2006;281:16016-24.

[20] AbouEl Hassan MA, Braam SR, Kruyt FA. Paclitaxel and vincristine potentiate
adenoviral oncolysis that is associated with cell cycle and apoptosis modula-
tion, whereas they differentially affect the viral life cycle in non-small-cell
lung cancer cells. Cancer Gene Ther 2006;13:1105-14.

[21] Jayasuriya H, McChesney ]D, Swanson SM, Pezzuto JM. Antimicrobial and
cytotoxic activity of rottlerin-type compounds from Hypericum drummondii. |
Nat Prod 1989;52:325-31.

[22] Quiney C, Billard C, Salanoubat C, Fourneron JD, Kolb JP. Hyperforin, a new lead
compound against the progression of cancer and leukemia? Leukemia
2006;20:1519-25.

[23] Larsen L, Benn MH, Parvez M, Perry NB. A cytotoxic triketone-phloroglucinol-
bullatenone hybrid from Lophomyrtus bullata. Org Biomol Chem 2005;3:
3236-41.

[24] Cao S, Schilling JK, Randrianasolo A, Andriantsiferana R, Rasamison VE, King-
ston DG. New cytotoxic alkyl phloroglucinols from Protorhus thouvenotii.
Planta Med 2004;70:683-5.

[25] ChiuYC, Yang RS, Hsieh KH, Fong YC, Way TD, Lee TS, et al. Stromal cell-derived
factor-1 induces matrix metalloprotease-13 expression in human chondro-
cytes. Mol Pharmacol 2007;72:695-703.

[26] Dijkers PF, Birkenkamp KU, Lam EW, Thomas NS, Lammers JW, Koenderman L,
et al. FKHR-L1 can act as a critical effector of cell death induced by cytokine
withdrawal: protein kinase B-enhanced cell survival through maintenance of
mitochondrial integrity. ] Cell Biol 2002;156:531-42.

[27] Chen JT, Fong YC, Li TM, Liu JF, Hsu CW, Chang CS, et al. DDTD, an isoflavone
derivative, induces cell apoptosis through the reactive oxygen species/apo-
ptosis signal-regulating kinase 1 pathway in human osteosarcoma cells. Eur ]
Pharmacol 2008;597:19-26.

[28] Freedman VH, Shin SI. Cellular tumorigenicity in nude mice: correlation with
cell growth in semi-solid medium. Cell 1974;3:355-9.

[29] Benali-Furet NL, Chami M, Houel L, De Giorgi F, Vernejoul F, Lagorce D, et al.
Hepatitis C virus core triggers apoptosis in liver cells by inducing ER stress and
ER calcium depletion. Oncogene 2005;24:4921-33.

[30] Yoshida H, Haze K, Yanagi H, Yura T, Mori K. Identification of the cis-acting
endoplasmic reticulum stress response element responsible for transcription-
al induction of mammalian glucose-regulated proteins. Involvement of basic
leucine zipper transcription factors. ] Biol Chem 1998;273:33741-9.

[31] Fong YC, Yang WH, Hsu SF, Hsu HC, Tseng KF, Hsu (J, et al. 2-Methoxyestradiol
induces apoptosis and cell cycle arrest in human chondrosarcoma cells. ]
Orthop Res 2007;25:1106-14.

[32] Kaufman RJ. Stress signaling from the lumen of the endoplasmic reticulum:
coordination of gene transcriptional and translational controls. Genes Dev
1999;13:1211-33.

[33] Quinones QJ, de Ridder GG, Pizzo SV. GRP78: a chaperone with diverse roles
beyond the endoplasmic reticulum. Histol Histopathol 2008;23:1409-16.

[34] Hsu YL, Wu LY, Kuo PL. Dehydrocostuslactone, a medicinal plant-derived
sesquiterpene lactone, induces apoptosis coupled to endoplasmic reticulum
stress in liver cancer cells. ] Pharmacol Exp Ther 2009;329:808-19.

[35] Fettucciari K, Fetriconi I, Mannucci R, Nicoletti I, Bartoli A, Coaccioli S, et al.
Group B Streptococcus induces macrophage apoptosis by calpain activation. ]
Immunol 2006;176:7542-56.


http://dx.doi.org/10.1016/j.bcp.2010.01.002

	BFPP, a phloroglucinol derivative, induces cell apoptosis in human chondrosarcoma cells through endoplasmic reticulum stress
	Introduction
	Materials and methods
	Materials
	Cell culture
	Sulforhodamine B (SRB) assay
	Quantification of apoptosis by flow cytometry
	Colony assay
	Detection of Ca2+ concentrations
	Western blot analysis
	Caspase activity
	Calpain activity assay
	siRNA transfection
	Quantitative real time PCR (qPCR)
	In vivo tumor xenograft study
	Statistics

	Results
	BFPP induced cell apoptosis in human chondrosarcoma cells
	BFPP-induced Ca2+ release in chondrosarcoma cells
	BFPP increased GRP78 expression and calpain activity
	BFPP increased caspase 3, 9 and 12 expression in chondrosarcoma cells
	BFPP inhibits tumor growth in the mouse xenograft model

	Discussion
	Acknowledgments
	Supplementary data
	References


