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Introduction

Osteosarcoma is the most common pediatric bone malignancy, 
with a peak incidence at age of 15–19 y.1 For most patients, the 
etiology of osteosarcoma remains unclear. Radiation exposure, 
rapid bone proliferation and genetic impairments are correlated 
with osteosarcoma development in certain cases.2 The use of che-
motherapy has improved survival in osteosarcoma patients from 
11% with surgical resection alone in the 1960s to 70% by the 
mid-1980s.3 However, the prognosis of patients with metastasis 
or recurrence is still poor, with only 20% achieving a 5-y survival 
rate.4 Metastatic cells have specific features that render them less 
sensitive to conventional chemotherapy (cisplatin, doxorubicin, 
and high-dose methotrexate), which targets the primary osteo-
sarcoma tumors.5,6 Therefore, it is critical to find new drugs for 
treatment of metastatic and recurrent osteosarcoma.

Berbamine (BBM), a natural bis-benzylisoquinoline alka-
loid, is identified from the traditional Chinese medicine Berberis 
amurensis. BBM and its derivatives have been reported to have 

antitumor activities in various types of cancers, including lym-
phoma, myeloma, lung, and breast cancers.7-10 BBM was reported 
to inhibit expression of anti-apoptototic protein Bcl-2 and increase 
expression of pro-apoptotic protein Bax in lung and breast cancer 
cells.9,10 BBM also induces Fas-mediated apoptosis in heptocellu-
lar carcinoma HepG2 cells.11 The low toxicity makes BBM more 
promising in cancer therapeutics. Our lab examined 13 novel 
BBM derivatives (BBMDs), which were synthesized from natural 
BBM. We find that BBMD3 is most potent in this series of novel 
BBMDs. BBMD3 exhibited over 6-fold increase in anticancer 
activity compared with natural BBM in melanoma and prostate 
cancer cells, which was associated with inhibiting JAK2-STAT3 
signaling pathway.12

The superfamily of mitogen-activated protein kinases 
(MAPKs) includes c-Jun N-terminal protein kinase (JNK)/
stress-activated protein kinase (SAPK), p38, and extracellular 
signal-regulated kinase (ERK). In general, JNK and p38 are key 
mediators of stress and inflammation responses, while ERKs 
cascade is mostly induced by growth factors.13,14 JNK stress 
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Osteosarcoma is the most common primary bone tumor in children and adolescents. There is a critical need to find 
more potent drugs for patients with metastatic or recurrent disease. Berbamine (BBM) is a natural compound derived 
from the Berberis amurensis plants. BBM and its derivatives have been shown to have antitumor effects in several can-
cers. here, we report that a novel synthetic berbamine derivative, BBMD3, inhibits cell viability and induces apoptosis of 
G292, KhOs, and MG-63 human osteosarcoma cells. Induction of apoptosis in these tumor cells depends on activation of 
caspase-3 and cleavage of poly(aDP-ribose) polymerase (PaRP). since pan-caspase inhibitor (Z-VaD-FMK) and caspase-9 
inhibitor (Z-LehD-FMK) could block the cleavage of PaRP, the apoptosis induced by BBMD3 is through intrinsic signal-
ing pathway. BBMD3 increased phosphorylation of c-Jun N-terminal kinase (JNK)/stress-activated protein kinase (saPK), 
resulting in increase of phosphorylated c-Jun and total c-Fos, the major components of transcriptional factor aP-1. JNK 
inhibitor could partially suppress antitumor effect of BBMD3 on osteosarcoma cells. BBMD3 increased the production 
of reactive oxygen species (ROs) and ROs scavenger, N-acetylcysteine (NaC), could block the phosphorylation of JNK 
and c-Jun induced by BBMD3. BBMD3 increased the expression of the pro-apototic gene Bad, associated with apoptosis 
induction. Finally, BBMD3 also decreased the expression of cyclin D1 and D2, the positive cell cycle regulators, which is 
correlated with growth inhibition in osteosarcoma cells. Collectively, these findings indicate that BBMD3 is a potentially 
promising drug for the treatment of human osteosarcoma.
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pathway participates in many differ-
ent intracellular processes, including 
cell growth, differentiation, transfor-
mation, and apoptosis.15,16 The JNK 
protein kinases are encoded by three 
genes, which Jnk1 and Jnk2 genes are 
expressed ubiquitously and Jnk3 gene 
has a more limited pattern of expres-
sion such as brain and heart.16 JNK 
was originally identified by its abil-
ity to specifically phosphorylate the 
transcriptional factor c-Jun on its 
N-terminal transactivation domain 
at Ser63 and Ser73.17 c-Jun is a major 
component of activating protein 1 
(AP-1), which is dimeric transcrip-
tional factor and comprises proteins 
from several families.18 Though 
JNK/c-Jun or JNK/AP-1 pathway 
has dual roles in apoptosis, it is clear 
that activation of the JNK pathway is 
involved in apoptosis induced by cer-
tain death stimuli, such as UV irradi-
ation and some drugs treatment.19-21

Here, we report that a novel 
synthetic berbamine derivative 3 
(BBMD3) showed a strong antitumor effects on human osteosar-
coma cells. BBMD3 inhibits cell viability and induces apoptosis 
in conventional chemotherapy-resistant osteosarcoma cells, cor-
related with activation of JNK/AP-1 signaling pathway.

Results

BBMD3 inhibits cell viability and induces apoptosis of 
human osteosarcoma cells in a time- and dose-dependent 
manner

BBMD3 is a novel synthetic derivative from natural product 
berbamine and their structures are shown in Figure 1A. Since 
G292, KHOS, and MG-63 osteosarcoma cells are resistant or less 
sensitive to conventional chemotherapy, cisplatin, and methotrex-
ate (data not shown), it is urgent to find new and potent drugs 
for osteosarcoma treatment. Thus, we tested anticancer effect of 
BBMD3 on these osteosarcoma cells. To investigate the effects 
of BBMD3 on viability of osteosarcoma cells, cells were treated 
with 1, 3, 5, 8, and 10 μM BBMD3 for 24 h and 48 h in cul-
ture medium containing 1% FBS. Control cells were treated 
with vehicle (DMSO) only. Then, cell viability was determined 
as described in methods. BBMD3 showed very strong inhibition 
of viability in G292, KHOS, and MG-63 cells with a time- and 
dose-dependent manner (Fig. 1B). Forty-eight hours of treatment 
with 10 μM BBMD3 nearly inhibited 100% of these cell viabil-
ity. Since dead cells were observed after BBMD3 treatment under 
microscope, we further study whether the cell death induced by 
BBMD3 is an apoptotic process. G292, KHOS, and MG-63 cells 
were treated with different concentrations (0, 1, 3, 5, 10 μM) 
of BBMD3 for 24 h and 48 h, respectively. Then, both floating 

and attached cells were collected and cells were analyzed by 
Annexin V/propidium iodide staining followed by flow cytom-
etry. Apoptotic cells shown in Figure 2A include both early apop-
totic cells (Annexin V positive) and late apoptotic cells (Annexin 
V and propidium iodide double-positive). The results showed 
that BBMD3 induced apoptosis of G292, KHOS, and MG-63 
osteosarcoma cells in a time- and dose-dependent manner. Forty-
eight hours of treatment with 10 μM BBMD3 nearly killed all 
tumor cells, which is consistent with inhibiting results of viability.

Apoptosis induced by BBMD3 via activation of caspase-3 in 
osteosarcoma cells

Activation of caspase-3, a critical executor of apoptosis,22 
resulted in cleavage of poly (ADP-ribose) polymerase (PARP), 
which is known to help cells to maintain their viability.23 To fur-
ther confirm that the cell death induced by BBMD3 is apopto-
sis, immunoblotting analyses were used to detect the activation 
of caspase-3 and cleavage of PARP in total cell lysate after 24 h 
BBMD3 treatment. BBMD3 increased the cleaved caspase-3 
(active form of caspase-3) and cleaved PARP (inactive form of 
PARP) levels in G292, KHOS, and MG-63 cells (Fig. 2B). Since 
BBMD3 induced apoptosis of human osteosarcoma cells through 
activation of caspase cascade, we anticipate that the inhibitors 
of caspases should block the effects of BBMD3. To prove this 
hypothesis, we employed Z-VAD-FMK, a general inhibitor of cas-
pases. G292 and KHOS cells were treated with 40 μM Z-VAD-
FMK and 5 μM BBMD3 for 24 h. Then, cells were collected and 
expression of total and cleaved caspase-3 and PARP was detected 
by immunoblottings. Z-VAD-FMK could completely block the 
increased cleavage of caspase-3 and PARP induced by BBMD3 in 
human osteosarcoma cells (Fig. 2C).

Figure  1. BBMD3 inhibited cell viability in KhOs, G292, and MG-63 human osteosarcoma cells.  
(A) structures of berbamine (BBM) and berbamine derivative 3 (BBMD3). (B) KhOs, G292, and MG-63 cells 
were treated with 0, 1, 3, 5, 8, and 10 μM BBMD3 for 24 h and 48 h and viability was determined by MTs 
assay as described in Methods. each experiment was performed in triplicate. each bar graph represents 
the mean, and the error bars represent ± sD.
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BBMD3 induces apoptosis of osteosarcoma cells via intrin-
sic signaling pathway

Programmed cell death or apoptosis contains two main path-
ways: the extrinsic or death receptor pathway and the intrinsic 
mitochondria pathway. Both pathways converge on same terminal 
target, caspase-3.24 The extrinsic signaling pathway that initiates 
apoptosis involves transmembrane receptor-mediated interac-
tions and activation of caspase-8. However, the intrinsic signal-
ing pathway is initiated by diverse “cell stress” stimuli including 
chemotherapeutic drugs, hypoxia, free radical, cytokines, and so 
on.24 All of these stimuli cause changes in the inner mitochondrial 
membrane that results in release of cytochrome c and activates 
caspase-9. Since both of caspase-8 and caspase-9 can activate 
caspase-3 and induce apoptosis, we employed specific inhibi-
tors for caspase-8 and caspase-9 to determine which pathway 
was involved in apoptosis induced by BBMD3 in osteosarcoma 
cells. After KHOS cells were treated with caspase-8 inhibitor, 
Z-IEHD-FMK (20 μM), or caspase-9 inhibitor, Z-LEHD-FMK 
(20 μM), for 30 min, BBMD3 (5 μM) was added to the cells for 
another 24 h. Then, levels of cleaved caspase-3 and PARP were 
analyzed by immunoblottings. Figure 3A showed that caspase-9 
inhibitor could block the increased cleavage of caspase-3 and 
PARP (lane 3) induced by BBMD3, while caspase-8 inhibitor 
could not block the cleavage of caspase-3 and PARP (lane 5) in 

KHOS cells. To further confirm the 
activation of caspase-9 by BBMD3, 
total caspase-9 (inactive form) and 
cleaved caspase-9 (active form) were 
detected by immunoblotings after 
5 μM BBMD3 treatment for 24 h. 
Results exhibited that BBMD3 
increased the cleavage of caspase-9 
(Fig. 3B). Caspase-3 is activated 
by cleaved caspase-9, which activa-
tion is dependent on the release of 
cytochrome c from mitochondria 
to cytoplasm. To analyze whether 
BBMD3 increases the release of 
cytochrome c from mitochondria 
to cytoplasm, cytosol was isolated 
from KHOS and G292 cells after 
24 h treatment with 5 μM BBMD3. 
Cytochrome c in cytosol was deter-
mined by immunoblotting assays 
with specific antibody (Fig. 3C). 
BBMD3 increased the release of 
cytochrome c to cytoplasm. Thus, 
we conclude that BBMD3 induces 
apoptosis of human osteosarcoma 
cells via intrinsic signaling pathway.

Effects of BBMD3 on the 
expression of pro-apoptotic and 
anti-apoptotic genes in osteosar-
coma cells

Bcl-2 family proteins have an 
important role in survival of nor-

mal and tumor cells. Members of Bcl-2 family regulate the cyto-
chrome c/caspases/PARP pathway by controlling cytochrome 
c release through modulating mitochondrial outer membrane 
permeabilization.25 The expression of three anti-apoptotic pro-
teins, Mcl-1, bcl-2, and Bcl-xL, and four anti-apoptotic proteins, 
Bad, Bak, Bax, and Bim from the Bcl-2 family, was investigated 
after BBMD3 treatment in osteosarcoma cells. Mcl-1 and Bcl-2 
expression was inhibited by BBMD3 in G292 and MG-63 cells, 
while Bcl-xL expression was inhibited in KHOS and MG-63 
cells (Fig. 3D). However, expression of pro-apoptotic protein Bad 
was increased in all three human osteosarcoma cell lines after 
BBMD3 treatment (Fig. 3E). BBMD3 did not affect expres-
sion of Bak, Bax, and Bim (Fig. 3E). We also studied effects 
of BBMD3 on survivin, an anti-apoptotic protein from the 
Inhibitor of Apoptosis (IAP) gene family. BBMD3 only inhib-
ited survivin expression in G292 and MG-63 cells (Fig. 3D). 
Though BBMD3 showed the inhibition of anti-apoptotic pro-
teins, increasing expression of pro-apoptotic protein Bad is a 
common response to BBMD3 treatment in all three cell lines.

BBMD3 suppresses the cell growth and inhibits expression 
of cyclin D1 and D2 in human osteosarcomas

KHOS and G292 cells (1 × 105) were seeded in 12-well plates 
in 1% FBS culture medium. Next day, cells were treated with 
BBMD3 (0, 1, 3, and 5 μM) for 24 h. Then, attached cells were 

Figure 2. BBMD3 induces apoptosis of KhOs, G292 and MG-63 human osteosarcoma cells. (A) apoptotic 
cells were analyzed by annexin V-FITC and PI staining and flow cytometry. KhOs, G292, and MG-63 cells 
were treated with BBMD3 (0, 1, 3, 5, 10 μM) for 24 h and 48 h, respectively. apoptotic cells represented 
annexin V-FITC positive (early stage of apoptosis) or PI and annexin V-FITC double-positive (late stage of 
apoptosis) cells. each experiment was performed in triplicate or duplicate and repeated twice indepen-
dently. each bar graph represents the mean, and the error bars represent ± sD (B) Cleavages of caspase-3 
and PaRP were increased by 24 h BBMD3 treatment through immunoblotting analyses. (C) Caspase inhibi-
tor, Z-VaD-FMK, blocked the effects of BBMD3 on increasing expression of cleaved caspase-3 and PaRP. 
β-actin works as a loading control.
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collected and counted with Trypan blue staining. The numbers 
of live cells were showed in Figure 4A and B. BBMD3 treat-
ment strongly decreased KHOS and G292 cell numbers in a 
dose-dependent manner. We further investigated the effects of 
BBMD3 on key cell cycle regulators, including positive regula-
tors, cyclins D1, D2, and E, and negative regulators, p21Cip1 and 
p27Kip1. BBMD3 reduced protein expression of cyclin D1 and D2 
in KHOS, G292, and MG-63 cells by immunoblotting analysis 
(Fig. 4C). Cyclin E was decreased in G292 and MG-63 cells 
and p21Cip1 was increased in KHOS in MG-63 cells (Fig. 4C). 
Therefore, inhibition of cyclin D1 and D2 expression is a com-
mon response after BBMD3 treatment in all three osteosarcoma 
cell lines.

BBMD3 increases the phosphorylation of JNK1 and JNK2 
in osteosarcoma cells

Since BBMD3 is reported to inhibit JAK2-STAT3 signal-
ing pathway in melanoma cells.12 We investigated whether 
BBMD3 also inhibited this pathway in human osteosarcoma 
cells. After 5 μM BBMD3 24 h treatment, total proteins were 
isolated from KHOS, MG-63, and G292 cells. Immunoblotting 
assays showed that BBMD3 did not inhibit the phosphorylation 
of JAK2, while phosphorylated STAT3 was only inhibited in 
G292 cells, not KHOS and MG-63 cells (Fig. 5A). Therefore, 
anti-cancer effects of BBMD3 on osteosarcoma cells are not 

due to inhibiting JAK2-STAT3 signaling pathway. To further 
explore the mechanism which mediates the action of BBMD3 
in KHOS, MG-63, and G292 cells, we determined the activa-
tion of stress-response signaling pathway JNK after BBMD3 
treatment. After KHOS, MG-63, and G292 cells were treated 
with 5 μM BBMD3 for 24 h, total proteins were prepared and 
JNK1 (46 kD) and JNK2 (54 kD) isoforms were detected by 
specific antibodies. Surprisingly, BBMD3 strongly increased the 
phosphorylation (active form) of JNK1/2 in KHOS, MG-63, 
and G292 cells (Fig. 5B). The activation of JNK1/2 induced by 
BBMD3 occurred as early as 1 h treatment (Fig. 5C).

BBMD3 increases the phosphorylation of c-Jun, JNK down-
stream target, in osteosarcoma cells

c-Jun, the most extensively studied protein of the activator 
protein-1 (AP-1) complex, is involved in numerous cell activi-
ties, such as proliferation, apoptosis, survival, tumorigenesis, 
and tissue morphogenesis. c-Jun is a downstream target of JNK 
signaling pathway. Since BBMD3 activated JNK1 and JNK2, 
we investigated whether BBMD3 also activated c-Jun. As we 
expected, BBMD3 increased the phosphorylated c-Jun in all three 
osteosarcoma cell lines (Fig. 5B). BBMD3 also increased total 
c-Fos (Fig. 5B), another major component of transcriptional fac-
tor AP-1. Upregulation of phosphorylated JNKs and c-Jun, and 
c-Fos total protein by BBMD3 was detected after 1 h treatment 

Figure  3. Caspase-9 inhibitor blocked the activation of caspase-3 induced by BBMD3 and effects of BBMD3 on regulatory proteins of apoptosis in 
osteosarcoma cells. (A) KhOs cells were first treated with 20 μM csapase-8 inhibitor (Z-IehD-FMK) or caspase-9 inhibitor (Z-LehD-FMK) for 30 min, and 
then 5 μM BBMD3 was added to cells for another 24 h. expression of cleaved caspase-3 and PaRP was analyzed by immunoblotting assays. (B) BBMD3 
increased cleaved caspase-9 and in KhOs and G292 cells. (C) BBMD3 increased release of cytochrome c to cytosol in KhOs and G292 cells. Cells were 
treated with 5 μM BBMD3 for 24 h and cytosol was isolated. Cytochrome c was detected by immunoblotting assays. effects of BBMD3 on anti-apoptotic 
proteins (D) and pro-apoptotic proteins (E) in KhOs, G292, and MG-63 cells were determined by immunoblotting assays after 24 h treatment.
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in both KHOS and G292 cells (Fig. 5C). Thus, upregulation of 
JNK/AP-1 signaling pathway after BBMD3 treatment is an early 
response and lasts at least 24 h in these osteosarcoma cells.

JNK inhibitor II partially blocks the effects of BBMD3 on 
osteosarcoma cells

To further confirm the role of JNK signaling pathway in the 
action of BBMD3 on human osteosarcoma cells, we employed 
the JNK inhibitr II to inhibit JNK signaling pathway. The G292 
cells were first treated with 1 μM JNK inhibitor II for 30 min, and 
then 2.5 and 10 μM BBMD3 was added to the cells. After 24 h 
incubation, cell viability was determined. Results in Figure 6A 
showed that treatment with JNK inhibitor II partially blocked 
the effects of BBMD3 on the inhibiting viability of G292 cells.

N-acetylcysteine, a ROS scavenger, blocks the effects of 
BBMD3 on upregulation of phosphorylated JNKs, c-Jun, and 
total c-Fos in osteosarcoma cells

It has been well established that reactive oxygen species 
(ROS) are potent inducers of JNK. Oxidative stress has been 
defined as an imbalance between the elevated level of ROS 
and/or impaired function of the antioxidant defense system. 
JNK signaling pathway is a key modulator in cell death medi-
ated by ROS.26 Therefore, we investigate whether activation 
of JNK signaling pathway by BBMD3 in osteosarcoma cells is 

involved in production of ROS. We employed 
N-acetylcysteine (NAC), a ROS scavenger, to 
inhibit the effects of ROS. G292 osteosarcoma 
cells were first treated with 20 μM NAC for 1 h, 
and then 5 μM BBMD3 was added to the cells 
for 6 h. Total proteins were prepared and expres-
sion of phosphorylated JNK and c-Jun, and 
total c-Fos was determined by immunoblotting 
assays. The results showed that NAC treatment 
blocked the effects of BBMD3 on upregulation 
of JNK and AP-1 signaling pathways (Fig. 6B). 
Therefore, the activation of JNK/AP-1 signal-
ing pathway by BBMD3 in osteosarcoma cells is 
mediated by ROS.

BBMD3 increases production of reactive 
oxygen species in osteosarcoma cells

Reactive oxygen species (ROS) regulate 
apoptosis and proliferation in response to a vari-
ety of stimuli. Since the ROS scavenger, NAC, 
could block the phosphorylation of JNK and 
c-Jun induced by BBMD3, we speculated that 
BBMD3 might increase production of ROS in 
osteosarcoma cells. To confirm our speculation, 
G292 and MG-63 cells were treated with 10 μM 
BBMD3 for 24 h, followed by incubation with 
10 μM 2′,7′-dichlorodihydrofluorescein diace-
tate (DCF) for 30 min at 37 °C. Then, fluores-
cence density was determined by FACS analysis. 
Data was shown in Figure 6C and mean values 
of fluorescence intensity in ten thousand cells 
were reported. Results indicated that BBMD3 
increased the production of ROS.

Discussion

Osteosarcoma is derived from primitive mesenchymal cells 
and is the most common pediatric bone malignancy. It is urgent 
to find new drugs for the osteosarcoma patients with metastatic 
and recurrent diseases. In this study, BBMD3, a novel synthetic 
derivative from natural product berbamine, showed strong effects 
on induction of apoptosis in conventional chemotherapy-resis-
tant human osteosarcoma cells. Apoptosis induced by BBMD3 
in these cells is associated with activation of stress-response JNK 
signaling pathway and JNK downstream target, AP-1 transcrip-
tional factor.

BBMD3 was originally screened by its stronger antitumor 
activity compared with its parental berbamine in human mela-
noma and prostate cancer cells.12 Human osteosarcoma cell lines, 
KHOS, G292, and MG-63, are completely resistant or less sensi-
tive to conventional chemotherapy, cisplatin and methotrexate. 
However, these cells are very sensitive to BBMD3 treatment. IC

50
 

values of BBMD3 in both KHOS and G292 cells are less 5 µM 
after 24 h or 48 h treatment. BBMD3 inhibited cell viability 
and induced apoptosis of human osteosarcoma cells in a dose- 
and time-dependent manner. Apoptosis induced by BBMD3 
in these osteosarcoma cells was confirmed by Annexin-V 

Figure 4. effects of BBMD3 on cell growth and regulatory proteins of cell cycle progres-
sion in osteosarcoma cells. (A and B) Rates of KhOs and G292 cell growth were determined 
by counting live cells after 24 h BBMD3 treatment with Trypan blue staining. (C) effects of 
BBMD3 on cyclin D1, D2 and e, positive regulators for cell cycle, and p21Cip1 and p27Kip1, 
negative regulator for cell cycle in KhOs, G292, and MG-63 cells after 24 h BBMD3 treatment.
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staining and increased cleavage of 
caspase-3 and PARP. Caspase-9 
inhibitor Z-LEHD-FMK could 
block the activation of caspase-3 by 
BBMD3, while caspase-8 inhibitor 
Z-IEHD-FMK did not have such 
role. Therefore, BBMD3 induced 
apoptosis of osteosarcoma cells via 
activation caspase-9/caspase-3 path-
way, i.e., the intrinsic signaling path-
way.24 Members of Bcl-2 family play 
very important role in the regula-
tion of intrinsic apoptotic pathway 
of via controlling mitochondrial 
membrane permeability. BBMD3 
increased expression pro-apoptotic 
protein Bad in all three osteosarcoma 
cell lines. Bad belongs to BH3 only 
pro-apoptotic proteins which are cell 
death initiators.27

Though BBMD3 was first 
reported to inhibit tumor cell via-
bility associated with inhibition of 
JAK2-STAT3 signaling pathway in 
human melanoma cells,12 BBMD3 
did not inhibit JAK2 activity in 
these osteosarcoma cells and only 
reduced phosphorylated STAT3 in 
G292 cells, not KHOS and MG-63 
cells. Therefore, anticancer activity 
of BBMD3 in human osteosarcoma cells may be through differ-
ent signaling pathway. Our data showed that BBMD3 strongly 
increased the phosphorylation of JNK, the stress-response sig-
naling, at both early time point (1 h) and late time point (24 
h) in KHOS, G292, and MG-63 osteosarcoma cells. JNK sig-
naling pathway contributes to cell proliferation and apopto-
sis. Suggestion of JNK to involve in apoptosis came from the 
observation that Jnk1−/−jnk2−/− mice were resistant to apoptosis 
induced by UV irradiation, anisomycin, and DNA-alkylating 
agent methyl methanesulfate.28 JNK is an intrinsic component 
of the mitochondrial-dependent death pathway during stress-
induced apoptosis. Our data has showed that cell death induced 
by BBMD3 in human osteosarcoma cells is an apoptotic process 
via the intrinsic signaling pathway. Since JNK inhibitor II can 
partially block the effects of BBMD3 on osteosarcoma cells, the 
anticancer action of BBMD3 in these cells is dependent on the 
activation of JNK signaling pathway. After activation of JNK, 
consequently BBMD3 increased phosporylated c-Jun and total 
protein of c-Fos, the downstream targets of JNK. c-Jun and c-Fos 
are major components of AP-1, a transcriptional factor, which 
regulates proliferation, inflammation, differentiation, apoptosis, 
and cellular migration.18 Many evidences indicate that a role for 
JNK-c-Jun/AP-1 mediated expression of pro-apoptotic genes in 
JNK-mediated apoptosis.29 Oxidative stress is an apoptotic signal 
for activation of JNK-c-Jun/AP-1 signaling pathway. BBMD3 
increased the production of ROS and NAC, a ROS scavenger, can 

block the phosphorylation of JNK or c-Jun induced by BBMD3 
in osteosarcoma cells. Therefore, the activation of JNK-c-Jun/
AP-1 signaling pathway by BBMD3 is through increasing ROS 
production. JNK and AP-1 have pro- or anti-apoptotic functions, 
depending on cell type, nature of the death stimulus, duration, 
and the activity of other signaling pathway.18,19

Though BBMD3 exhibited a strong antitumor activity in 
human osteosarcoma cells which are resistant or less sensitive 
to conventional chemotherapies, BBMD3 has a lower toxicity 
to normal human cells.12 Thus, BBMD3 will be a promising 
agent for treatment of osteosarcoma patients with metastasis or 
recurrence.

Materials and Methods

Reagents and antibodies
BBMD3 was synthesized by reaction of natural BBM with 

NH
2
-containing substituents. Structure and purity were analyzed 

using HNMR spectroscopy. BBMD3 displayed over 98% purity 
in NMR analysis. JNK inhibitor II was purchased from EMD 
Biosciences. Anti-cyclin D1 was obtained from Calbiochem. 
Anti-cyclin E was obtained from BD Biosciences. Anti-cyclin D2 
and anti-Mcl-1 were obtained from Santa Cruz. Horseradish per-
oxidase-labeled anti-mouse and anti-rabbit secondary antibodies 
were from GE Healthcare. All other antibodies were purchased 
from Cell Signaling.

Figure 5. BBMD3 increased phosphorylation of JNK (1/2), c-Jun, and total protein of c-Fos in human osteo-
sarcoma cells by immunoblotting assays. (A) effects of BBMD3 on expression of total and phosphorylated 
JaK2 and sTaT3 in KhOs, G292, and MG-63 cells after 24 h BBMD3 treatment. (B) Phosphorylated JNK 
(1/2), c-Jun, and total c-Fos were increased by 24 h BBMD3 treatment in KhOs, G292, and MG-63 cells. (C) 
KhOs and G292 cells were treated with 5 μM BBMD3 for 0, 1, 3, and 6 h. Then, expression of phosphory-
lated JNK (1/2) and c-Jun, and total JNK, c-Jun, and c-Fos were determined by immunoblotting analyses.
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Cell cultures
G292, KHOS/NP, and MG-63 human osteosarcoma cell 

lines were from American Type Culture Collection (ATCC). 
G292 cells were maintained in McCoy’s 5A medium and KHOS 
and MG-63 cells were maintained in MEM (Eagle) with l-gluta-
mine supplemented with 10% fetal bovine serum (FBS) and 1% 
Antibiotic-Antimycotic (AA). All cultured cells were grown in a 
humidified atmosphere of 5% CO

2
 at 37 °C.

Cell viability assays
Cell viability assays were performed with CellTiter 

96 Aqueous One Solution Cell proliferation Assay from 
Promega which contains 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
(MTS). Each well of 96-well plate was seeded with 5000 cells 
in culture medium. After overnight culture (16 h) the cells were 
treated with different concentrations of drugs. After 24 h or 48 h 
treatment, MTS was added to the cells according to the supplier’s 
protocol and absorbance was measured at 490 nm using an auto-
mated ELISA plate reader.

Apoptosis assay
G292, KHOS, and MG-63 cells (2 × 105) were seeded in 

60 mm culture dishes in culture medium containing 1% FBS. 
The following day the cells were treated with indicated concen-
trations of BBMD3 for 48 h. After treatment, all cells including 

both detached and attached cells 
were collected, and the apoptotic 
cells were detected by Annexin 
V-FITC Apoptosis Detection Kit 
(BD Biosciences). The cells were 
stained with Annexin V-FITC and 
propidium iodide (PI) according to 
the supplier’s instructions. Viable 
and apoptotic cells were detected 
by flow cytometry in the Analytical 
Cytometry Core at City of Hope 
National Medical Center. Apoptotic 
cells include both the early apoptotic 
portion (Annexin V-positive) and 
the late apoptotic portion (Annexin 
V- and PI-positive).

Live cells assay
G292 and KHOS cells (1 × 105) 

were seeded in 12-well plates. Next 
day, cells were treated with 0, 1, 3, 
and 5 µM BBMD3 for 24 h. Then, 
the cells were washed with cold PBS 
and attached cells were collected by 
trypsinization. Live cells were mea-
sured by using Vi-cellTM XR analyzer 
(Beckman Coulter).

Immunoblotting analysis
Twenty micrograms total proteins 

were resolved in a 4–15% gradient 
Tris-HCl gel from BIO-RAD. After 
gel electrophoresis, the proteins were 

transferred to Hybond-C membranes (Amersham). The mem-
branes were blocked for 1 h at room temperature (RT) in 10% 
non-fat dry milk in PBST (1× PBS with 0.1% Tween-20), fol-
lowed by an overnight incubation at 4 °C with primary antibod-
ies in PBST with 2% non-fat dry milk. Horseradish peroxidase 
labeled anti-mouse or anti-rabbit secondary antibodies were incu-
bated 1 h at RT. Immunoreactivity was detected with SuperSignal 
West Pico substrate (Pierce).

Cytosol isolation
Cytosol of KHOS and G292 cells was isolated as described.30 

In brief, after 24 h treatment with 5 µM BBMD3, cells were col-
lected and resuspended in 1 ml of lysis buffer containing 20 mM 
HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl

2
, 1 mM 

EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 
10 µg/ml leupeptin, 10 μg/ml aprotinin, and 250 mM sucrose. 
After homogenization with a 26-gauge needle syringe 5 times, 
cells were centrifuged at 750 × g for 10 min at 4 °C. Then the 
supernatant was centrifuged at 10 000 × g for 15 min at 4 °C, 
and the resulting supernatant was collected (i.e., the cytosolic 
extract).

Measurement of intracellular ROS
Cells were incubated with 10 µM 2′,7′-dichlorodihydro-

fluorescein diacetate (DCF, Cayman Chemical Company) for 
30 min at 37 °C. Then, cells were collected by trypsinization 

Figure 6. JNK inhibitor and ROs scavenger could block the effects of BBMD3 on human osteosarcoma 
cells. (A) G292 cells were first treated with 1 μM JNK inhibitor II for 30 min. Then, 2.5 and 10 μM BBMD3 
were added to cells for 24 h and viability of these cells was determined. (B) Treatment of G292 cells with 
NaC, a ROs scavenger, blocked the increase of phosphorylated JNK (1/2), phosphorylated c-Jun and total 
c-Fos induced by 24 h BBMD3 treatment. (C) effects of BBMD3 on production of ROs after 24 h BBMD3 
treatment in MG-63 and G292 cells. Values of mean fluorescence intensity in ten thousand cells were 
presented. *P < 0.05; **P < 0.01.
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and cell pellets were dissolved in 1 ml of PBS, followed by FACS 
analysis. Values of mean fluorescence intensity in ten thousand 
cells were reported.

Statistics
The Student t test was used to evaluate statistical significance 

of differences between two groups and P < 0.05 was considered 
statistically significant.
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