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Abstract

Background: Although the introduction of protease inhibitor bortezomib (BTZ) and
immunomodulatory agent lenalidomide has led to improved outcomes in patients with multiple
myeloma (MM), the disease remains incurable. Gambogenic acid (GNA), a polyprenylated
xanthone isolated from the traditional Chinese medicine gamboge, has been reported to have
potent antitumor activity and can effectively inhibit the survival and proliferation of cancer. In this
study, we hypothesized that GNA could synergistically potentiate BTZ-induced apoptosis of MM
cells and that combining BTZ and GNA may provide a more effective approach to treat MM.
Hence, we investigate the in vitro and in vivo effects of BTZ and GNA, alone or in combination,
against myeloma MM.1S cells.

Methods: Cell counting kit-8 (CCK-8) assay, combination index (CI) isobologram, flow
cytometry, western blot, xenograft tumor models, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) and immunochemistry were used in this study.

Results: The results showed that BTZ and GNA combination treatment resulted in a strong
synergistic action against the MM.1S cell line. Increased G2/M phase cells were triggered by BTZ,
GNA and the combined treatment. The combined treatment could induce more markedly
apoptosis of MM.IS cells via the activation of PARP cleavage, P53, Caspase-3 cleavage and Bax and
inhibition of Bcl-2 expression. An increased antitumor effects of combination therapy of BTZ and
GNA on MM.IS xenograft models were observed, and combining BTZ and GNA was found to be
superior to a single agent.

Conclusions: Our data support that a synergistic antitumor activity exists between BTZ and
GNA, and provide a rationale for successful utilization of dual BTZ and GNA in MM chemotherapy
in the future.
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Introduction

Multiple myeloma (MM) is the most common
primary tumor of the bone marrow that accounts for
approximately 10% of all hematological cancer [1].
Over the last few decades, novel agents such as the
proteasome inhibitor bortezomib (BTZ) (Figure 1A)
and immunomodulatory agent thalidomide and
lenalidomide have improved outcomes in MM
patients. Many clinical trials of the second generations

of these agents like pomalidomide, carfilzomib and
ixazomib have also been conducted with better
outcomes even in drug-resistant cases [2-7]. However,
the general prognosis of MM is still unfavorable and a
cure remains out of reach [8]. Moreover, severe side
effects such as peripheral neuropathy and serious
infections often occur in the majority of MM patients
[9]. Therefore, the identification and validation of
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novel targeted agents with less systemic toxicity is
necessary to overcome drug resistance and to improve
clinical outcomes of MM [3, 10].

In recent years, herbal and herbal-derived agents
have been recognized as an attractive approach to
cancer therapy [11-13]. There is evidence that various
herbal medicines have proven to be useful and
effective in  sensitizing conventional agents,
prolonging survival time, preventing side effects of
chemotherapy and improving quality of life in cancer
patients [14]. Gambogenic acid (GNA) (Figure 1A) is
one of the natural compounds isolated from gamboge,
a dry resin secreted from the garcinia hanburyi tree in
Southeast Asia [15, 16]. Compared with more widely
studied gambogic acid (GA), another compound
isolated from gamboge, GNA has demonstrated
advantages such as a more potent anticancer effect

and less systemic toxicity according to early
investigations [17-20]. The possible anticancer
mechanisms of GNA are associated with the

induction of apoptosis, enhancement of reactive
oxygen species (ROS) accumulation, inhibition of
telomerase activity and interception of MAPK
signaling pathway [21-23]. Previous studies have
shown that GNA could inhibit the growth of several
types of human cancer cells, including cancers of the
lung, prostate, gastric system, breast and liver in vitro
and in vivo, but seldom have studies explored the role
of GNA on MM [21-24]. Here, we asked whether this
novel agent can improve the proteasome-based
chemotherapy in MM by investigating the effects of
GNA combined with BTZ with regard to their
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activities against MM in vitro and in vivo in this study.

Materials and methods

Cell culture

The human myeloma cell line, MM.1S was
obtained from Nanjing Kebai Biotech. Co. Ltd. The
cells were maintained in RPMI-1640 medium (Gibco,
Grand Island, NY, USA) supplemented with 15%
heat-inactivated fetal bovine serum (Sijiqing,
Hangzhou, China), 100U/mL penicillin and
100lg/mL streptomycin (Sigma-Aldrich, St. Louis,
MO, USA) in a humidified atmosphere of 5% CO; at
37°C. For hypoxia induction, cells were incubated in a
sealed hypoxic chamber flushed with a gas mixture of
94% N2, 5% COz and 1% O..

Reagents

GNA (>98% purity, provided by Anhui
University of Chinese Medicine, China) and BTZ
(Selleck, Houston, TX, USA) were dissolved in
dimethyl sulfoxide (DMSO) (Sigma Chemical Co.,
USA) to 100mM and stored at -20°C. Cell counting
kit-8 (CCK-8) was purchased from Dojindo,
Kumamoto, Japan and was dissolved in phosphate
buffered saline (PBS). Annexin V-FITC Apoptosis
Detection Kit was purchased from Becton, Dickinson
and Company (USA). Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) kit was
provided by Guge, Wuhan, China. Antibodies against
PARP, P53, Caspase-3, Bax and Bcl-2 were purchased
from Cell Signaling Technology, Inc, USA.
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Figure 1. Effect of BTZ and GNA on the cell proliferation in MM.IS cells. (A) Chemical structure of BTZ and GNA. (B) Effect of BTZ or GNA as single agent inhibited the growth
of MM.1S cells for 24, 48 and 72h, followed by analysis with CCK-8 assay. (C) Effect of combination of BTZ and GNA according to EC50 of MM.IS cells for 48h. These

experiments were repeated in triplicate.
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Cell proliferation assay and determination of
combination index

The in vitro cell proliferation effects of BTZ and
GNA alone were determined by CCK-8 assay. Briefly,
cells were seeded onto 96-well plates at a density of
4x10% cells/well and treated with various
concentrations of BTZ and GNA alone for 24, 48 and
72 hours respectively. The CCK-8 solution (10pL) was
added to each well and incubated for an additional 4
hours. The absorbance was measured at 450nm using
an ELX 800 Microplate Reader (BioTek Instruments,
Inc, USA). Three wells were wused for each
concentration. The inhibitory rate of cell proliferation
was calculated by the following formula: inhibition
rate (IR) = [1-(ODueated/ ODcontro) ¥100%].  Half
maximal effective concentration (EC50) was
calculated by non-linear regression fit of the mean
values of the data obtained in triplicate independent
experiments by GraphPad Prism 5.0 software (La
Jalla, CA, USA). After determination of EC50 of BTZ
and GNA, MM.1S cells were treated with both BTZ
and GNA for 48h according to the ratio of EC50 of
BTZ and GNA. The nature of drug interaction was
analyzed by using the combination index (CI)
according to the method of Chou and Talalay (1984).
A CI<0.90 indicates synergism; a CI between 0.90 and
1.10 indicates additive, and a CI>1.10 indicates
antagonism. Data analysis was performed by the
Calcusyn software (Biosoft, Oxford, UK).

Cell cycle distribution analysis

Approximately 1x10° MM.1S cells were
harvested at room temperature after pretreatment
with various reagents for 48 or 72 h. The supernatant
was removed and the cells were trypsinized and then
ice-cold 70% ethanol was added. Ethanol-fixed cells
were resuspended in PBS containing 0.1mg mL-
RNase and incubated at 37°C for 30 min. The pelleted
cells were suspended in 1.0mL of 40pg mL?!
propidium iodide (PI) and analyzed by using flow
cytometer (Becton Dickinson, San Jose, CA, USA). The
cell cycle distribution was estimated according to
standard procedures. The percentage of cells in the
different cell cycle phases (Sub G1, G1, S, or G2/M
phase) were calculated using Flowjo (Becton
Dickinson) software. The cells of sub G1 peak were
considered apoptopic.

Apoptosis analysis

MM.1S cells were exposed to different
concentrations of BTZ, GNA and combination
treatment for 48h and 72h. After that, 1x105 cells were
trypsinized with EDTA-free trypsogen, washed twice
in PBS and resuspended in 400pL of 1xBinding Buffer.
5pL of Annexin V-FITC and 5pL PI were added to the

cells. After incubation at room temperature for 15
minutes in the dark, cells were then analyzed by flow
cytometer (Becton Dickinson, San Jose, CA, USA).

Western blot analysis

Approximately 1x107 MM.1S cells were gathered
after pretreatment for 48h. The nuclear protein was
prepared by a commercial kit (Thermo Scientific,
Rockford, IL, USA). The tumor tissue protein was
purified according to the reported method [25]. Equal
amounts of total protein extracts from cultured cells
or tissues were fractionated by 10-15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and electrically transferred onto
polyvinylidenedifluoride (PVDF) membranes. Mouse
or rabbit primary antibodies and horseradish
peroxidase (HRP)-conjugated appropriate secondary
antibodies were used to detect the designated
proteins. The bound secondary antibodies on the
PVDF membrane were reacted with ECL detection
reagents (Thermo Scientific) and exposed in
ImageQuant LAS 4000mini system (GE Healthcare,
Buckinghamshire, UK). Results were normalized to
the internal control glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Each experimental group
was replicated 3 times. Image ] analysis software was
used to measure the bands intensity.

In vivo tumor growth model

Six-week-old male BALB/c nude mice, with
body weights of 18-22g, were purchased from Slaccas
Laboratary Animal Center (Shanghai, China) and
maintained in a specific pathogen-free environment.
The mice were subcutaneously injected with 1x107
cells. When the average tumor volume reached more
than 100 mm?, the mice were randomly divided into
four groups, including control (DMSO only, d1, 3, 4, 5,
7,8,9,11,13; n=5), BTZ (0.25mg kg d1, 4, 8, 11; n=5),
GNA (2.0mg kg' per 2 days; n=5) and combination
(0.25mg kg BTZ d1, 4, 8, 11 plus 2.0mg kg GNA per
2 days; n=5). Tumor size was measured once every 2
days with a caliper (calculated volume = shortest
diameter? x longest diameter/2). Body weight of each
mouse was recorded twice a day. After 14 days, the
mice were sacrificed and the tumors were excised and
stored at -80°C until further analysis. This study was
performed in  strict accordance with the
recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of
Health (NIH). The protocol was approved by the
Committee on the Ethics of Animal Experiments of
Medical School of Southeast University.

Apoptosis analysis by TUNEL

Formalin-fixed tumor tissues harvested 28 days
after tumor implantation were embedded in paraffin
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and sectioned. TUNEL was used to detect apoptosis
in the tumor sections placed on slides according to the
manufacturer’s protocol. Tissue sections were
analyzed to detect the localized green fluorescence of
apoptotic cells and blue fluorescence of cell nuclei.
Images were acquired and photographed using the
Olympus IX51 fluorescence microscope (400x).

Immunohistochemistry

Immunohistochemical staining was performed
using UltraSensitive S-P IHC (Maixin, Fuzhou, China)
according to the manufacturer's protocols. The
sections were incubated with anti-Ki-67, anti-cleaved
PARP, anti-P53, anti-cleaved Caspase-3, anti-Bax or
anti-Bcl-2 (1:100, Santa Cruz Biotechnology) at 4°C
overnight. Then sections were stained with a
streptavidin-peroxidase system, the signal was
visualized using diaminobenzidine substrate and
counterstaining was done with hematoxylin.

Statistical analysis

Statistical analysis was performed using SPSS
22.0 software package for Windows (SPSS, Chicago,
IL, USA). Data were presented as the mean + standard
deviation (SD). Statistical significance was calculated
using a Student’s t-test, with a probability level of
P<0.05 considered to be statistically significant, and
P<0.01 considered to be highly significant.

Results

GNA synergized the growth inhibitory activity
of BTZ on MM.IS cells

The growth inhibitory effects of BTZ or GNA on
MML.1S cells were assessed by the CCK-8 assay after
24, 48 and 72 hour exposure. A concentration- and
time-dependent inhibition of cell growth was
observed with BTZ and GNA (Figure 1B), with EC50s
of 5.024, 4.028 and 3.955nM of BTZ and 1.754, 0.900
and 0.839uM of GNA respectively. As the CI method
recommends a ratio of EC50 values that ensures the
agents are equipotent, combination studies were
performed at fixed 1: 225 (BTZ: GNA) concentration
ratio in MM.1S cells for 48h. The results showed that
48h of exposure to BTZ and GNA led to a strong
synergistic antiproliferative activity on MM.1S cell
lines (Figure 1C) with the maximal CI 0.753 with
4.0nM BTZ and 0.9pM GNA where inhibition rate was
73%. The predictive maximal CI was 0.786 with 2.3nM
BTZ and 0.51pM GNA where inhibition rate was 55%.
These results suggested that GNA may synergize the
growth inhibitory activities of BTZ on MM.1S cells
when co-administered.

Both BTZ and GNA triggered G2/M cell cycle
arrest

Flow cytometry analysis after PI staining was
used to detect the cell cycle arrest induced by BTZ,
GNA and combination treatments. MM.1S cells were
treated with BTZ and GNA at EC50 concentrations
(pharmacologically achievable concentration), or
combination of both for 48 h. As displayed in Figure
2A and Figure 2B, the percentages of MM.1S in G2/M
phase after 48h of 2.3nM and 4.0nM BTZ treatment
were 27.01+1.80% and 31.09+2.16% respectively. The
percentages of MM.1S in G2/M phase after 48h of
0.51pM and 0.90pM GNA treatment were 23.19+1.44%
and 26.68+1.96% respectively. The percentages of
MM.1S in G2/M phase of combination treatment of
2.3nM BTZ plus 0.51pM GNA and 4.0nM BTZ plus
09pM GNA were 31.34+1.81% and 19.88+1.89%
respectively. The percentage of MM.1S in G2/M
phase of control group was 17.23+1.65%. The
percentage of MM.1S in sub Gl phase after 48h
0.90pM GNA treatment was 30.23£0.66% and the
percentage in sub G1 phase after 4.0nM BTZ plus
0.9pM GNA treatment was 34.93£3.09%. These results
suggested that 4.0nM BTZ, 0.51pM GNA, 0.90pM
GNA, and 2.3nM BTZ plus 0.51pM GNA for 48h
could induce G2/M phase arrest significantly in
MM.1S (p<0.05), whereas 0.9pM GNA and 4.0nM BTZ
combined with 0.9pM GNA may induce apoptosis of
MM.1S cells with high significance (p<0.01).

GNA enhanced the apoptosis-induced effect of
BTZ on MM.IS cells

After treatment for 48h and 72h, MM.1S cells
were stained with DAPIL. Changes of cell nuclear
morphology in exposed cells were observed by
fluorescence microscopy, which revealed a marked
increase in the quantity of apoptotic chromatin
condensation and nuclear fragmentation depending
on the concentrations of BTZ, GNA or BTZ plus GNA.
An Annexin V-FITC/PI apoptosis detection kit was
used to quantitatively determine whether BTZ, GNA
or combined treatment induced apoptosis of MM.1S
cells. The apoptosis induction effects were observed
(Figure 3A and Figure 3B). The apoptosis rates of
MM.1S cells for 48h in MM.1S cells were 6.57+0.15% in
control group, 11.43%1.77% and 89.67+5.15% after
treatment with 2.3nM and 4.0nM BTZ respectively;
7.06+0.04% and 97.80+0.81% after treatment with
0.51puM and 0.90puM GNA respectively; 25.37£1.71%,
98.9£3.86% after treatment with 2.3nM BTZ plus
0.51pM GNA, and 4.0nM BTZ plus 0.9pM GNA
respectively. All the treatment groups showed a more
significant apoptosis rate compared to that of the
control group (p<0.01). All the combined groups
showed a more significant apoptosis rate compared
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with that of the single agent group of each
accordingly (p<0.01). The apoptosis rates of MM.1S
cells for 72h were 6.2630.45% in control group,
78.16£3.65% and 98.50+2.62% after treatment with
2.3nM and 4.0nM BTZ respectively; 21.18+2.65% and
98.74£3.11% after treatment with 0.51pM and 0.90pM
GNA respectively; 98.26+4.62% and 99.30+2.61% after
treatment with 2.3nM BTZ plus 0.51uM GNA, and
40nM BTZ plus 09uM GNA respectively. As
indicated in Figure 3C, all the treatment groups at 48
and 72 hours showed more significant apoptosis
compared with that of the control group (p<0.01).
Groups of 2.3nM BTZ plus 0.51pM GNA showed
more significant apoptosis compared with that of the
single agent group of each accordingly (p<0.01).
Groups of 2.3nM BTZ, 0.51pM GNA4.0nM BTZ,
2.3nM BTZ plus 0.51pM GNA and 4.0nM BTZ plus
0.9pM GNA at 48h showed less significant apoptosis
compared with that of 72h of each accordingly
(p<0.05). Clearly both BTZ and GNA were able to

100%

induce apoptosis in a dosage- and time-dependent
manner in MM.1S cells.

The effects of combination of BTZ and GNA
on apoptosis-related proteins

To further study the role of apoptosis induced by
BTZ plus GNA, we evaluated the expression of PARP,
P53, Caspase-3, Bax and Bcl-2 proteins by western blot
performed on whole-cell lysates from control and
treated MM.1S, presented in Figure 4. In MM.1S cells
the combination treatment significantly increased
PARP cleavages, P53, Caspase-3 cleavages and Bax
proteins levels compared with BTZ and GNA alone
(except the expression of Bax of 4.0nM BTZ plus
0.9pM GNA compared with 4.0nM BTZ and 0.9pM
GNA) (p<0.05). The combination significantly
decreased the expression of Bcl-2 compared with BTZ
or GNA alone (p<0.01). These results demonstrate that
the PARP, P53, Caspase-3, Bax and Bcl-2 proteins may
also be involved in the synergism.
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Figure 2. Apoptosis and cell cycle arrest of MM.1S cells induced by BTZ and GNA alone and combination assessed by flow cytometry analysis. (A) Distribution of MM.1S cells
at different phases of the cell cycle. (B) Cells were exposed to 2.3nM BTZ, 0.51yM GNA alone and in combination, and 4.0nM BTZ, 0.90uM GNA alone and in combination for
48h, followed by analysis of cell cycle by flow cytometry. Sub G1 is considered as apoptosis.
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*P<0.05, **P<0.01, ***P<0.001.
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Figure 4. Effects of BTZ, GNA and the combination on apoptosis-related proteins of MM.1S cells. MM.1S cells were treated with DMSO control, BTZ, GNA, or combination
of two concentrations, respectively. (A) Western blot analysis of BTZ and GNA-induced PARP, P53, Caspase-3, Bax and Bcl-2 levels in MM.1S for 48h. (B) The normalized
intensity of cleaved PARP, P53, cleaved Caspase-3, Bax and Bcl-2 proteins were processed statistically. DMSO, dimethyl sulfoxide. Columns, means for three replicate

determinations; bars, s.d. *P<0.05, **P<0.01.

The combination of BTZ and GNA inhibited
tumor growth in vivo

To investigate whether GNA synergizes BTZ
against tumor growth in vivo, MM.1S tumors were
implanted in BALB/C nude male mice. It was
observed that the mice consumed less food and were
less physically active during the study. At the end of
the experiment all mice were sacrificed (Figure 5C).
The body weights of treatment groups showed no
significant loss as compared with mice in the control
group (Figure 5A). The tumor volume of
combination-treated mice showed a slight but not
significant difference as compared with that in the
control group, BTZ group and GNA group (Figure
5B). The tumor weights were found to have all
decreased, whereas the degree of tumor reduction

differed (Figure 5D). For the control group the mean
tumor weight was 0.62g at the end of the experiment,
whereas the mean tumor weights were 0.56g in BTZ
group and 0.50g in GNA group, and 0.36g in BTZ plus
GNA group at the end of the experiment. The tumor
weights of GNA and BTZ plus GNA groups
decreased significantly when compared with those of
control group (p<0.01 and p<0.001, respectively) and
the tumor weight of combination group was
significantly less than that of BTZ or GNA group
(p<0.001). When mice were treated with BTZ
combined with GNA, the tumor inhibition rate was
41.94%, whereas those of mice treated with BTZ or
GNA alone were 9.68% and 19.35%, respectively.
These results demonstrate that the antitumor effect of
BTZ combined with GNA is superior to that of the
single agents used individually. Thus, our data
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suggests that the combination of BTZ and GNA
produced much more potent tumor growth inhibitory
effects, without increasing the toxicities to the
animals.

The combination of BTZ and GNA induced
apoptosis, upregulated PARP cleavage, P53,
Caspase-3 cleavage and Bax, and
downregulated Ki-67 and Bcl-2 in tumor
tissues

To explore the underlying mechanisms of the
synergistic effect in vitro, the effect of single agent or
combined treatment of BTZ and GNA on the
apoptosis and the expression levels of
apoptosis-related proteins in tumor tissues from
drug-administered mice were further assessed.

Samples were analyzed to detect the localized
green fluorescence of apoptotic cells and blue
fluorescence of cell nuclei using a fluorescence
microscope by TUNEL assay (Figure 6B). The
percentage of apoptotic cells compared to the average
number of cells per field was determined and
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graphically represented (Figure 6A). As can be seen,
the combination therapy induced an enhanced
apoptosis in the tumor tissues from the mice. The
apoptotic rate in single agent groups and combined
treatment group increased significantly compared
with that of the control group (p<0.001).The apoptosis
rate in combined treatment groups increased
significantly compared with that of BTZ or GNA
alone (p<0.05; p<0.01).

To investigate and address the potential effect of
BTZ and GNA in vivo, immunohistochemistry was
performed (Figure 7A and Figure 7B). The results
showed that the presence of Ki-67 and Bcl-2 in
xenografts were most reduced in BTZ and GNA
combination treatments, while least reduced in the
control group (p<0.001). PARP cleavage, P53,
Caspase-3 cleavage and Bax were most expressed in
the combined group, while least expressed in the
control group (p<0.001). The result suggests that BTZ
and GNA had synergistic effects on apoptosis.
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given injection intravenously of BTZ (0.25mg kg-' d1, 4, 8, 11), GNA (2.0mg kg-! per 2 days) and combination (0.25mg kg-' BTZ dl, 4, 8, 11 plus 2.0mg kg-' GNA per 2 days) or
vehicle for a period of 2 weeks. The average body weight of each group is expressed as meanzs.d. (n=5 per group). (B) The tumor volumes are expressed as mean #s.d. (n=5 per
group). (C) After 14 days, tumors of each group were dissected and photographed: (a) control group, (b) BTZ group, (c) GNA group and (d) BTZ + GNA group. (D) Average
tumor weight of each group at the end of experiments. Columns, means for three replicate determinations; bars, s.d. **P<0.01, ***P<0.001.
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Figure 6. Analysis of apoptosis by TUNEL staining in tumor tissues in different groups (n = 5).The TUNEL assay revealed apoptotic-positive hepatic cells marked by green
staining. The blue DAPI stain marks intact DNA. Magnification, X400. TUNEL, terminal deoxynucleotidyl transferase dUTP nick end-labeling; DAPI, 4'6'-diamidino-2-phenylindole

dihydrochloride. ¥P<0.05, **P<0.01, ***P<0.001.

Western blot of tumor tissues was performed in
order to address the mechanism of apoptosis (Figure
8A and Figure 8B). The results showed that the
combination treatment significantly increased cleaved
PARP, P53, cleaved Caspase-3 and Bax proteins levels
compared with BTZ or GNA alone and control group
(p<0.01). The combination group significantly
decreased expression of Ki-67 and Bcl-2 compared
with BTZ or GNA alone and control group (p<0.01).
These results demonstrate that the PARP, P53,
Caspase-3, Bax and Bcl-2 proteins were also involved
in the synergism in vivo. These results further support
that GNA synergistically potentiates
bortezomib-induced apoptosis in MM and that
combined therapy of BTZ and GNA could be a
potential chemotherapy regimen for MM.

Discussion

In this study, the synergistic collaboration
between BTZ and GNA inducing apoptosis of
myeloma MM.1S cells in vitro and in vivo was
illustrated for the first time, evidenced by the
activation of apoptosis-related proteins. Furthermore,
GNA was found to act synergistically with BTZ to
reduce the tumor burden in the MM.1S xenograft
model. Importantly, we explored the underlying
mechanisms of apoptosis induction and BTZ
sensitization by GNA, which involves proteins such
as PARP, P53, Caspase-3, Bax and Bcl-2.

BTZ is one of the most widely used agents in the
current therapy for MM [26-28]. It exerts its potent
anti-myeloma activity in two predominant ways:
upregulation of the proapoptotic protein NOXA,
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which may interact with the anti-apoptotic proteins of
Bcl-2 subfamily Bcl-X(L) and Bcl-2 and result in
apoptotic cell death in malignant cells; suppression of
the NF-kappa B signaling pathway resulting in the
down-regulation of its anti-apoptotic target genes
[29]. BTZ has demonstrated significant activity in
clinical trials for MM, however, resistance to BTZ still
remains a clinically significant problem [8, 30, 31]. In
addition, the dose-limiting toxicities such as
peripheral neuropathy of BTZ caused deleterious
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effect on MM patients [27, 32]. As a promising
anticancer agent with multiple protein targets, GNA
was reported to induce apoptosis of cancer cells
through both death receptor and mitochondrial
apoptotic pathways [18, 22, 23]. To date, studies
reporting the use of these two agents in combination
have not been reported. It is important to highlight
that our study is the first to extensively to investigate
the in vitro and in vivo effects of combing low
concentrations of BTZ and GNA in MM.1S cells.

BTZ + GNA

O AR,

Figure 7. Representative photographs of immunochemistry of Ki-67, PARP cleavage, P53, Caspase-3 cleavage, Bax and Bcl-2 in different groups. Staining was performed with
anti-ki-67 antibody for proliferation, anti-PARP cleavage, -P53, Caspase-3 cleavage, -Bax and -Bcl-2 polyclonal antibodies for apoptosis. Magnification, x400. Columns, means of

four quadrants of positive cells; bars, s.d. ¥**P<0.01, ***P<0.001.
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Figure 8. Western blot analysis of BTZ, GNA and the combination on apoptosis-related proteins of tumor tissues. (A) Western blot analysis of Ki-67, PARP cleavage, P53,
Caspase-3 cleavage, Bax and Bcl-2. The protein expression levels (relative to GAPDH) were assessed. (B) The normalized intensity of cleaved PARP, P53, cleaved Caspase-3, Bax
and Bcl-2 proteins were processed statistically. Columns, means for three replicate determinations; bars, s.d. *P<0.05, **P<0.01, ***P<0.001.

In this study, CCK-8 assay indicated that both
BTZ and GNA exhibited evident cytotoxicity to
multiple myeloma MM.1S cells in time- and
dose-dependent manner. Also, our results showed
that BTZ and GNA combination were observed to act
synergistically to induce apoptosis inMM.1S cells.

Apoptosis, programmed cell death, is one of the
most important anticancer mechanisms [33]. The
classic apoptotic morphologic changes include
condensation of chromatin, nuclear fragmentation
and apoptotic bodies [34-36]. In this study, apoptosis
was observed by DAPI staining after cells were
treated by BTZ and GNA. Our results demonstrated
that both BTZ and GNA induced MM.1S cells
apoptosis in a dose- and time-dependent manners by
FACS. Besides, in vivo TUNEL test has also
demonstrated that both these agents induced
apoptosis of MM.1S cells.

Cell cycle arrest is one of the mechanisms for cell

growth inhibition induced by many anticancer drugs.
Our results demonstrated that GNA could promote
BTZ inducing G2/M-phase cell cycle arrest in MM.1S
cells. Inducing G2/M-phase cell cycle arrest of BTZ
has been reported by several studies [37-39].
However, that GNA could induce G2/M phase arrest
of MM.1S cells was first demonstrated in this study. It
is worth noting that previous studies about cell cycle
arrest induced by GNA were not consistent. Several
studies indicated that GNA could induce G1 arrest in
lung cancer A549 cells [16, 21, 40] and breast cancer
MCE-7 cells [22], but the study conducted by Chen et
al [19] confirmed that GNA can induce cell cycle arrest
of MCF-7 cells at the G2/M phase. Hence, further
study of the cell cycle arrest process of MM.1S by
GNA is needed.

Although treatment with BTZ or GNA alone
induced apoptosis in MM.1S cells and decreased their
proliferation, these effects were more pronounced
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when BTZ and GNA were simultaneously utilized to
treat the cells. Consistent with the occurrence of
apoptotic cell death, BTZ or GNA alone increased
levels of PARP cleavage, P53, Caspase-3 cleavage and
Bax, and decreased Bcl-2 levels, these effects increased
significantly with the combined treatment as observed
via western blot.

We also studied the effects of BTZ and GNA,
alone or in combination, in vivo using nude mice with
MM.1S cell-driven xenografts. Combining low doses
of BTZ (0.25mgkg™ d1,4,8,11) and GNA (2.0 mg kg™
per two days) suppressed the growth of MM.1S cell
xenografts more efficiently than either drug alone. In
addition, apoptosis was more evident in MM.1S
myeloma collected from mice treated simultaneously
with BTZ and GNA than mice treated with either
drug alone observed by assay of TUNEL,
immunochemistry and western blot. It is important to
highlight that apparent toxicity was not observed in
the nude mice because of the relatively low doses of
GNA and BTZ that were intermittently administered
in our model. The above data demonstrated that GNA
might become an ideal agent for combination
treatment with BTZ and may help overcoming BTZ
resistance and reduce toxicities when BTZ use in MM
patients.

The identification of optimal dosing regimens
and schedules is necessary for evaluating cancer
therapeutics in clinical study, especially when
therapies are combined [11, 41-43]. Preclinical results
are valuable to guide the design of clinical study
protocols. In summary, we verified for the first time
that GA could potentiate the execution of apoptosis of
MM.1S cells triggered by BTZ in vitro and in vivo via
several apoptosis related proteins including PARP,
P53, Caspase-3, Bax and Bcl-2.

Taken together, these data suggest that the
combination of BTZ and GNA is an attractive novel
potential therapy for the treatment of MM.
Importantly, the findings observed in vitro were
consistent with those observed in vivo, which supports
the efficacy of this approach and provides legitimate
rationale for clinical utilization to treat patients with
MM in the future. Further studies are warranted to
investigate the specific mechanisms and efficacy of
the BTZ-GNA combination in the clinical settings
during therapy for MM.
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