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Abstract

Purpose: Chronic myelogenous leukemia (CML) is characterized by the constitutive activation of Bcr-
Abl tyrosine kinase. Bcr-Abl-T3151 is the predominant mutation that causes resistance to imatinib,
cytotoxic drugs, and the second-generation tyrosine kinase inhibitors. The emergence of imatinib
resistance in patients with CML leads to searching for novel approaches to the treatment of CML.
Gambogic acid, a small molecule derived from Chinese herb gamboges, has been approved for phase I1
clinical trial for cancer therapy by the Chinese Food and Drug Administration (FDA). In this study, we
investigated the effect of gambogic acid on cell survival or apoptosis in CML cells bearing Bcr-Abl-T3151
or wild-type Bcr-Abl.

Experimental Design: CML cell lines (KBM5, KBM5-T3151, and K562), primary cells from patients with
CML with clinical resistance to imatinib, and normal monocytes from healthy volunteers were treated with
gambogic acid, imatinib, or their combination, followed by measuring the effects on cell growth, apoptosis,
and signal pathways. The in vivo antitumor activity of gambogic acid and its combination with imatinib was
also assessed with nude xenografts.

Results: Gambogic acid induced apoptosis and cell proliferation inhibition in CML cells and inhibited
the growth of imatinib-resistant Bcr-Abl-T3151 xenografts in nude mice. Our data suggest that GA-induced
proteasome inhibition is required for caspase activation in both imatinib-resistant and -sensitive CML cells,
and caspase activation is required for gambogic acid-induced Bcr-Abl downregulation and apoptotic cell
death.

Conclusions: These findings suggest an alternative strategy to overcome imatinib resistance
by enhancing Bcr-Abl downregulation with the medicinal compound gambogic acid, which may
have great clinical significance in imatinib-resistant cancer therapy. Clin Cancer Res; 20(1); 151-63.
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Introduction

Chronic myelogenous leukemia (CML) is a myeloprolif-
erative disorder characterized by a reciprocal translocation
between chromosomes 9 and 22, resulting in the expression
of a fusion oncoprotein, Bcr-Abl (1, 2). This aberrant
tyrosine kinase is mainly responsible for malignant trans-
formation by activating multiple signal transduction path-
ways, including the MAPK/ERK cascade, PI3K/Akt, and
STATs (3-5). Activation of these pathways in Bcr-Abl cells
results in increased expression of several antiapoptotic
proteins, such as Bcl-2, Bcl-xL, Mcl-1, and XIAP, thus leading
to advantaged cell survival (6-8). Bcr-Abl tyrosine kinase
has been considered as an important target for CML ther-
apeutics (9-11). Imatinib mesylate (imatinib) was the first
selective tyrosine kinase inhibitor for cancer therapy
approved by the U.S. Food and Drug Administration.
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Translational Relevance

Gambogic acid is a small molecule extracted from the
traditional Chinese medicine gamboges, which has been
used for hundreds of years in China. Gambogic acid has
been approved by the Chinese Food and Drug Admin-
istration for phase II clinical trial in solid tumor therapy.
CML is characterized by the constitutive activation of
Bcr-Abl tyrosine kinase. Bcr-Abl-T3151 is the predomi-
nant mutation that causes resistance to imatinib.

The results showed that (i) gambogic acid induced
apoptosis and cell proliferation inhibition in chronic
myelogenous leukemia (CML) cells, including the cells
harboring Bcr-Abl-T3151 mutation and primary mono-
nuclear cells from patients with CML resistant to imati-
nib; (ii) gambogic acid inhibited the growth of imatinib-
resistant Bcr-Abl-T3 151 xenografts in nude mice; and (iii)
gambogic acid-induced proteasome inhibition and cas-
pase activation are required for gambogic acid-induced
Bcr-Abl downregulation and cell apoptosis. We here
propose an alternative strategy to overcome imatinib
resistance by enhancing Bcr-Abl downregulation, which
should have great clinical significance in imatinib-resis-
tant cancer therapy.

Clinical studies show that imatinib is highly active in newly
diagnosed patients with chronic phase CML, and to a less
extent, in patients with accelerated and blastic-phase disease
(12). Unfortunately, resistance to imatinib develops over
time and is becoming an emerging problem for CML
treatment (13). Approximately 50 point mutations have
been identified to be associated with clinical resistance to
imatinib, and T315I Bcr-Abl, accounting for about 20% of
all the point mutations, is the most stubborn point muta-
tion impacting on the binding of imatinib with Bcr-Abl
kinase domain (13-15). Hence, novel strategies to over-
come this resistance are required. Recent data suggest that
inhibiting Bcr-Abl expression is a promising approach to
overcome imatinib resistance (16).

Gambogic acid is a small molecule extracted from the
traditional Chinese medicine gamboges, which has been
used for hundreds of years in China (17). Gambogic acid
has a strong cytotoxic effect on a variety of tumors (18, 19).
Unlike other chemotherapeutics, gambogic acid has very
weak effect on the hematologic system (20, 21). Of note,
gambogic acid has been approved by the Chinese Food and
Drug Administration for phase Il clinical trial in solid cancer
therapy. Several molecular targets of gambogic acid have
been proposed (22, 23). Most recently, we have reported
that gambogic acid is a novel tissue-specific proteasome
inhibitor, with potency comparable to bortezomib but
much less toxicity (24). We have also clarified that gambogic
acid only gains proteasome-inhibitory function after being
metabolized by intracellular CYP2E1 (24). Therefore, gam-
bogic acid is a promising anticancer agent with less toxicity
on the normal tissues. Although proteasome inhibitors

such as bortezomib have been reported to downregulate
Bcr-Abl expression and induce cell death in CML cells (25-
27), the role of gambogic acid in Bcr-Abl hematopoietic
malignancies remains unknown.

Here, we investigated the antineoplastic effects of gam-
bogic acid in CML cell lines, mononuclear cells from
patients with CML, including those resistant to imatinib-
based therapies and in mouse imatinib-resistant xenograft
models. The results show that gambogic acid could effi-
ciently overcome imatinib resistance in vitro and in vivo.

Materials and Methods

Chemicals

Gambogicacid, diethyl dithiocarbamate (DDC), Annexin
V, propidium iodide (PI), and rhodamine-123 were obt-
ained from Sigma-Aldrich. Co-C; disrupted gambogic acid
(GA~) was synthesized by our laboratory (24). Bortezomib,
cycloheximide, z-VAD-fmk, and z-DEVD-fmk were from
BD Biosciences. CA-074Me and antibody against MMP2
(6E3F8) were from Abcam. Antibodies against c-Abl (C-
19), Mcl-1 (S-19), ubiquitin (P4D1), caspases-3, -8, -9,
apoptosis-inducing factor (AIF), Bcl-2, and Bax were from
Santa Cruz Biotechnology. Antibodies against PARP (clone
4C10-5) and CXCR4 were from BD Biosciences. Antibodies
against phospho-c-Abl at Y245, phospho-Erk1/2 (T202/
Y204), Erk1/2, phospho-CrkL at Y207, CrkL, phospho-Akt,
Akt, hsp70, hsp90, IkB-o, cleaved caspases-3, -9, Ki-67
(8D5), and XIAP were from Cell Signaling Technology.
Antibodies against phospho-STAT5A/B (Y694/Y699, clone
8-5-2) and STATS5 were from Upstate Technology; mouse
monoclonal antibody against actin from Sigma-Aldrich.
Antibody against CD11b/c (NB110-40766) was from Novus
Biologicals. Enhanced chemiluminescence reagents were
purchased from Amersham Biosciences. The molecular
weight of proteins used in this study was labeled in Supple-
mentary Fig. S1.

Cell sample collection and cell culture

The culture of KBM5 and KBM5-T3151 cells was described
previously (15, 28). In brief, KBM5 cell line expressing the
210 kDa wild-type Bcr-Abl was derived from a female
patient with CML. The KBM5-T315I cells, harboring a
threonine to isoleucine substitution at position 315 of Abl,
were originally established by exposure to increasing con-
centrations of imatinib and became imatinib-resistant.
KBMS5 cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM; Invitrogen) supplemented with 10%
heat-inactivated fetal calf serum (FCS; Hyclone). KBM5-
T3151 cells were routinely maintained in the same medium
but in the presence of 1 wmol/L imatinib, which was
removed before experiments were started by a wash-out
period of 2 to 3 days. K562 cells were cultured in RPMI-1640
medium (Invitrogen) supplemented with 10% FCS
(Hyclone). Short tandem repeat profiles of all the three cell
lines have been confirmed by Beijing Microread Genetics
Co., Ltd. in recent 3 months. It was found that in K562 cells
there are three alleles in one loci (D21S11); no cross-
contamination of other human cells is found in this test;
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this K-562 line is 100% matched with the American Type
Culture Collection, DSMZ, and JCRB data bank. The other
two lines are not available in the cell data bank.

Bone marrow and blood samples of patients with CML
were obtained from discarded material utilized for routine
laboratory tests at the Department of Hematology, Guangz-
hou First Municipal People’s Hospital (Guangzhou, Chi-
na). The use of these materials is approved by the Institu-
tions with the permission of the patients and volunteers.
Totally, 5 patients with CML (2 imatinib-resistant: #2 and
#4) and 3 volunteers were recruited. Mononuclear cells were
isolated by Ficoll-Paque and cultured in RPMI-1640 medi-
um with 15% FCS as described previously (15).

Western blot analysis

Whole-cell lysates were prepared in radioimmunopreci-
pitation assay buffer (1x PBS, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS; ref. 15) supplemented with 10
mmol/L B-glycerophosphate, 1 mmol/L sodium orthova-
nadate, 10 mmol/L NaF, 1 mmol/L phenylmethylsulfonyl
fluoride (PMSF), and 1 x Roche Protease Inhibitor Cocktail
(Roche). To detect the level of cytochrome C and AIF, the
cytosolic fraction was prepared with a digitonin extraction
buffer (10 mmol/L PIPES, 0.015% digitonin, 300 mmol/L
sucrose, 100 mmol/L NaCl, 3 mmol/L MgCl,, 5 mmol/L
EDTA, and 1 mmol/L PMSF) as described previously (15).
Western blotting was performed as we previously described
(15, 28).

Cell viability assay

MTS assay (CellTiter 96 Aqueous One Solution reagent,
Promega) was used to measure cell viability (29). Briefly, 2
x 10°/mL cells in 100 pL were treated with gambogic acid
for 48 or 72 hours. Four hours before culture termination,
20 uL MTS was added to the wells. The absorbance density
was read on a 96-well plate reader at wavelength 490 nm.
The combinational treatment was done in serial fixed-ratio
dilutions of the two-drug mixtures. The effects of combina-
tions were estimated using the CalcuSyn software, as
described elsewhere (30). The combination index (CI) was
the ratio of the combination dose to the sum of the single-
agent doses at an isoeffective level. Therefore, CI < 1 indi-
cates synergy; CI > 1, antagonism; and CI = 1, additive.

Colony formation assay

KBM5, KBM5-T315], and K562 cells pre-exposed to gam-
bogic acid for 12 or 24 hours were suspended in 30%
agarose supplemented with 20% FCS and 50% IMDM (for
KBMS5 and KBM5-T315I cells) or RPMI-1640 medium (for
K562 cells) in a 24-well plate and then cultured in an
atmosphere of 5% CO, for 4 to 5 days. The colonies more
than 60 um were counted under the light microscope. The
experiments were done in triplicate.

Cell death assay

A total of 1.0% PI was added to the culture medium to
monitor temporal changes in the incidence of cell death in
the live culture condition. The PI-positive cells were imaged

with fluorescence microscope equipped with a digital cam-
era (Axio Observer Z1, Zeiss; ref. 29). Apoptosis was deter-
mined by flow cytometry using Annexin V-fluoroisothio-
cyanate (FITC)/PI double staining (15). Cells were collect-
ed, washed with binding buffer (Sigma-Aldrich), and then
incubated in working solution (100 puL binding buffer with
0.3 puL Annexin V-FITC and PI) for 15 minutes in dark.

Measurement of mitochondrial membrane integrity

The mitochondrial membrane potential of gambogic
acid-treated and untreated cells were assayed by using
rhodamine-123 (Sigma-Aldrich) staining. Cells were trea-
ted with gambogic acid for 12 hours and stained with 1
pumol/L of rhodamine-123 for 1 hour at 37°C. After the
staining, the cells were washed and harvested for either flow
cytometry analysis or imaging with an inverted fluorescence
microscope.

Chymotrypsin-like peptidase activity assay

About 4,000 cells were treated with gambogic acid for 6
hours. The treated cells were then incubated with the Glo
Cell-Based Assay Reagent (Promega Bioscience) for 10
minutes (29). The proteasomal chymotrypsin-like (CT-like)
activity was detected as the relative light unit generated from
the cleaved substrate. Luminescence generated from each
reaction was detected with luminescence microplate reader
(Varioskan Flash 3001; Thermo Scientific).

RNA isolation and real-time quantitative PCR

Total RNA was extracted from 5 x 10° cells by use of
TRIzol reagent (Invitrogen). The first-strand ¢cDNA was
synthesized from 1 uL of total RNA with the use of the
RNAPCRKit (AMV) Ver.3.0 (TaKaRa) and random primers.
Then, 50 ng of total cDNA was used for real-time PCR with
the SYBR Premix Ex Taqll Kit (TaKaRa). The relative gene
expression was analyzed by the Comparative C, method
using 18s ribosomal RNA as endogenous control. The
primers for real-time PCR are as follows: Bcr-Abl forward,
5'-AAG CGC AAC AAG CCC ACT GTC TAT-3’; reverse, 5'-
CIT CGT CTG AGA TAC TGG ATT CCT-3'. 18s forward, 5'-
AAA CGG CTA CCA CAT CCA AG-3'; reverse, 5'-CCT CCA
ATG GAT CCT CGT TA-3'.

Nude mouse xenograft model

Nude Balb/c mice were bred at the animal facility of
Guangzhou Medical College. The mice were housed in
barrier facilities with a 12-hour light/dark cycle, with food
and water available ad libitum. A total of 3 x 10 of KBM5 or
KBM5-T3151 cells were inoculated subcutaneously on the
flanks of 5-week-old male nude mice. After 72 hours of
inoculation, mice were treated with vehicle (10% DMSO,
30% cremophorand 60% NaCl), gambogicacid (3 mg/kg/2
days, i.p.), imatinib (50 mg/kg/d, i.g.) and the combination
of gambogicacid and imatinib for a total of 17 days. Tumors
were measured and tumor volumes were calculated by the
following formula: a® x b x 0.4, where a is the smallest
diameter and b is the diameter perpendicular to a. Tumor
xenografts were removed, weighed, stored, and fixed. All
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animal studies were conducted with the approval of the
Institutional Animal Care and Use Committee of Guangz-
hou Medical College.

Statistical analysis

All experiments were performed at least thrice, and the
results were expressed as mean + SD where applicable.
GraphPad Prism 4.0 software (GraphPad Software) was
used for statistical analysis. Student t test was used to
compare the differences between variables. P value of <
0.05 was considered statistically significant.

Results

Gambogic acid inhibits proliferation and colony
formation of both Bcr-Abl wild-type and Bcr-Abl-T3151
cells

KBMS5 (Bcr-Abl wild-type) cells are sensitive, whereas
KBM5-T3151 (Bcr-Abl-T3151) cells are resistant to imatinib
treatment (Supplementary Fig. S2; ref. 15). To investigate
the effect of gambogic acid on growth of CML cells, cultured
KBM5, KBM5-T3151, and K562 cells were treated with
gambogic acid at various concentrations for 48 hours and
cell viability was detected by MTS assay. As shown in Fig. 1A,
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Figure 1. Gambogic acid (GA) induces cell apoptosis in CML cells. A, gambogic acid decreases cell viability of KBM5, KBM5-T315l, K562 cells. KBM5, KBM5-
T315I, K562 cells were exposed to gambogic acid in various concentrations for 48 hours, and then were subjected to MTS assay. Graphs represent data
from three repeats. Mean + SD (n = 3). B, gambogic acid inhibits the colony formation of KBM5, KBM5-T315l, and K562 cells. Cells were treated with
increasing concentrations of gambogic acid for 12 or 24 hours, and then suspended in soft agar. The number of colonies >60 um was counted after

5 days culture under light microscope. Mean + SD (n = 3). C, gambogic acid induces cell death in KBM5, KBM5-T315I (T315l), and K562 cells. KBM5,
KBM5-T315l, and K562 cells were treated with different doses of gambogic acid for 12 hours, then propidium iodide (Pl) was added to the culture medium and
the Pl-positive cells were recorded under an inverted fluorescence microscope (Axio Obsever Z1, Zeiss). Representative images were shown. D, gambogic
acid induces apoptosis in KBM5, KBM5-T315l, and K562 cells. KBM5, KBM5-T3151, and K562 cells were treated with gambogic acid at the indicated
doses for 12 hours and cell apoptosis was detected by Annexin V-FITC/PI double staining with flow cytometry (FACScan, Becton Dickinson). Mean + SD
(n = 3). Representative images were shown.
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gambogic acid decreased the cell viability in KBM5, KBM5-
T315], and K562 lines in a dose-dependent manner, with
ICsq values of 0.32, 0.35, and 0.40 umol/L, respectively.

To test the long-term effect of gambogic acid on CML
cells, we performed a colony formation assay in soft agar,
which is one of the best in vitro indicators of malignant
behavior. As shown in Fig. 1B, treatment of KBM5, KBM5-
T315I, and K562 cells with gambogic acid at concentrations
from 0.125 to 1.25 umol/L for 12 or 24 hours resulted in
fewer colonies than those of the control group after 4 to 5
days of culture. The ICs, values of gambogic acid in colony
assay after 24 hours were 0.24 umol/L (for KBM5 cells), 0.34
pumol/L (for KBM5-T315I cells), and 0.62 pmol/L (for K562
cells), respectively.

Gambogic acid induces apoptosis in both Bcr-Abl wild-
type and Bcr-Abl-T315I cells

We next analyzed the capacity of gambogic acid to induce
cell death in live Bcr-Abl wild-type and mutant cell lines in a
dynamic experiment. KBM5, KBM5-T315], and K562 cells
were exposed to gambogic acid, followed by recording the
Pl-positive cells under a fluorescence microscope or by flow
cytometry with Annexin V/PI staining. A dose-dependent
cell death was observed. The 12-hour time point images
were shown in Fig. 1C and D.

Gambogic acid induces caspase activation in CML cells

KBM5, KBM5-T3151, and K562 cells were then exposed to
gambogic acid, followed by measurement of apoptosis.
Western blot analysis showed that gambogic acid induced
the cleavage of PARP (an indicator of apoptosis) in both
dose- and time-dependent manner in these three CML cell
lines. Consistently, the levels of the precursor forms of
caspases-3, -8, and -9 were decreased and that of the active
forms of caspases-3, -8, and -9 were increased after gambo-
gic acid treatment, matching the pattern of PARP cleavage,
demonstrating that gambogic acid triggers CML cell apo-
ptosis via caspase activation (Fig. 2A).

It is well known that mitochondria are the regulating
center of apoptosis. Release of cytochrome C and AIF from
mitochondrial to the cytoplasm has been recognized as an
indicator of the early stage of apoptosis (31). As shown
in Fig. 2B, the integrity of mitochondrial membranes was
decreased in both KBM5 and KBM5-T3151 cells after gam-
bogic acid treatment, and elevated levels of release of
cytochrome C and AIF were detected in a time-dependent
manner in these cells (Fig. 2C).

To further investigate the mechanism of gambogic acid-
induced apoptosis, the effect of gambogic acid on the exp-
ression of other apoptosis-related proteins was measured.
As displayed in Fig. 2D, gambogic acid induced marked
decline of anti-apoptotic proteins Mcl-1, XIAP and Bcl-2 in
KBMS5, KBM5-T3151, and K562 cells.

Gambogic acid inhibits the proteasome function in
CML cells

To test the direct effect of the gambogic acid on protea-
some function, we first examined the proteasome peptidase

activities in cultured CML cells. It was found that gambogic
acid dose dependently inhibited the CT-like activities in
KBM5 and KBM5-T3151 cells (Fig. 3A). Furthermore, gam-
bogic acid induced accumulation of ubiquitinated proteins
(Ubs) and proteasome substrate proteins, IkB-o, Bax,
Hsp70, and Hsp90, in KBM5, KBM5-T315I, and K562 cells
(Fig. 3B). These results confirmed that gambogic acid at a
lower concentration significantly inhibited ubiquitin-pro-
teasome function in these CML cells, associated with
induced cytotoxicity (Fig. 1).

Gambogic acid downregulates Bcr-Abl protein and
inhibits its downstream signaling

We also found that gambogic acid downregulated the
total and phosphorylation levels of Bcr-Abl protein in
KBMS5, KBM5-T315], and K562 cells in both dose- and
time-dependent manners (Fig. 4A). Further results dis-
played that gambogic acid treatment also inhibited the
expression of Bcr-Abl downstream target proteins. The
phosphorylation of CrkL, STAT5, ERK1/2, and Akt was
also significantly decreased in a dose- and time-depen-
dent manner with less dramatic changes in total expres-
sion of ERK1/2 and CrkL; even though there are decreases
in total Akt and STATS5 proteins, they occur later than the
changes of their phosphorylation forms (Fig. 4A) but
gambogic acid did not dramatically affect Bcr-Abl mRNA
expression (Supplementary Fig. S3), indicating that gam-
bogic acid-mediated Bcr-Abl downregulation is not at a
transcription level. Taken together, our data demonstrat-
ed that gambogic acid inhibits expression of Bcr-Abl
protein and consequently the downstream signaling path-
way of Bcr-Abl.

Caspase-3 activation is required for the
downregulation of Bcr-Abl protein and its signaling

To gain insight into the mechanism of gambogic acid-
induced Bcr-Abl decline, we studied its dependence on the
caspase activation. We found that pan-caspase inhibitor z-
VAD could inhibit gambogic acid-mediated decrease in Bcr-
Abl protein and its downstream proteins (Fig. 4B), and
treatment with cycloheximide, a protein synthesis inhibitor,
partially restored the level of Bcr-Abl and downstream target
proteins. Similar results were obtained when bortezomib
was used in the place of gambogic acid in the presence of
z-VAD or cycloheximide (Fig. 4B). Also, gambogic acid-
induced Bcr-Abl decrease or cleavage was inhibited by a
caspase-3 inhibitor z-DEVD but not by the cathepsin B
inhibitor CA-074Me, indicating the involvement of cas-
pase-3 but not lysosome (Fig. 4C). These results demon-
strated that gambogic acid- and bortezomib-induced caspase
activation is required for the downregulation of Bcr-Abl and
its downstream events.

Gambogic acid-mediated proteasome inhibition is
required for caspase activation and Bcr-Abl
downregulation

Next, we investigated whether gambogic acid-mediated
proteasome inhibition is responsible for caspase-mediated
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Figure 2. Gambogic acid (GA)-induced apoptosis is associated with caspase activation and decreased expression of anti-apoptotic proteins in CML cells. A,
gambogic acid induces cleavage of PARP and caspases-3, -8, -9 in KBM5, KBM5-T315I, and K562 cells. Cells were dose- and time-dependently treated with
gambogic acid, PARP, and caspase-3, -8, -9 cleavage were analyzed by Western blots. Actin was used as a loading control. C, control. B, gambogic acid
induces downregulation of mitochondrial membrane potential in KBM5 and KBM5-T315I cells. Cells were treated with 0.25, 0.5, and 0.75 umol/L gambogic
acid for 12 hours, mitochondrial membrane potential were detected by rhodamine-123 staining either with inverted fluorescence microscope (top) or flow
cytometry (bottom), Mean + SD (n = 3). C, gambogic acid induces AIF and cytochrome C release. KBM5, KBM5-T315l, and K562 cells were exposed to
gambogic acid for 3, 6, and 12 hours, then cell cytoplasm were extracted by digitonin buffer and the released AlF and cytochrome C were detected by Western
blot analysis. D, gambogic acid decreases the expression of antiapoptotic proteins in KBM5, KBM5-T315I, and K562 cells. Cells were dose- and time-
dependently treated with gambogic acid. The antiapoptotic proteins Mcl-1, XIAP, and Bcl-2 were analyzed by Western blot analysis.
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Figure 3. Gambogic acid (GA) inhibits proteasome function in KBM5,
KBM5-T315l, and K562 cells. A, gambogic acid inhibits proteasome
peptidase activities in KBM5 and KBM5-T315I cells. The cells were
treated with gambogic acid at 37°C for 6 hours, followed by detecting
CT-like activity with a cell-based assay reagent. Mean + SD (n = 3). B,
gambogic acid accumulates proteasome substrate proteins in KBM5,
KBM5-T3151 and K562 cells. Cells were treated with various doses of
gambogic acid for 6 hours. The protein levels of PARP, ubiquitinated
proteins (Ubs), IkB-c., Bax, Hsp70, and Hsp90 were detected by Western
blot analysis. Actin was used as a loading control. C, control.

Bcr-Abl downregulation. We reported previously that a
double bond between carbon 9 (Cy) and carbon 10 (C,,)
in gambogic acid structure is the major chemical structure
required for gambogic acid-induced proteasome inhibi-
tion (24). In the current study, a Co-C;o-disrupted gam-
bogic acid (GA~) was used to compare with gambogic
acid. As shown in Fig. 4D, GA~ (0.5 umol/L) lost its
ability to inhibit proteasome activity, caspase activation,
apoptosis, and downregulation of Bcr-Abl and its down-
stream proteins, compared with gambogic acid treatment
in KBM5-T315I cells. Since gambogic acid was metabo-
lized to an active proteasome inhibitor by cellular
CYP2E1, next we compared gambogic acid’s effects with
or without a CYP2E1 inhibitor DDC. As shown in Fig. 4D,
DDC mostly restored the PARP cleavage, caspase activa-
tion, downregulation of Bcr-Abl-related proteins, and the
proteasome inhibition. These results showed that gam-
bogic acid-mediated proteasome inhibition is responsible
for gambogic acid-induced caspase activation and Bcr-
Abl downregulation.

Ex vivo effect of gambogic acid on primary monocytes
from patients with CML

The above results showed that gambogic acid and
gambogic acid-mediated proteasome inhibition are effec-
tive in both imatinib-sensitive and -resistant CML cells.
We next evaluated the ex vivo antineoplastic effect of
gambogic acid on bone marrow mononuclear cells from
5 patients with CML (2 of them were imatinib-resistant).
Peripheral mononuclear cells from three healthy volun-
teers were used as controls. As shown in Fig. 5A, gambogic
acid treatment decreased the cell viability of primary
monocytes from patients with CML with ICs, values
0.58-0.82 umol/L (Fig. 5A, left), whereas in normal
controls ICso values of more than 5.0 umol/L were
obtained (Fig. 5A, right). Furthermore, treatment of gam-
bogic acid at doses of 0.25 to 1.0 umol/L for 24 hours
resulted in significant apoptosis in all the monocytes from
5 CML patients as detected by either PI staining (Fig. 5B,
left) or Annexin V/PI double staining (Fig. 5B, middle and
right). Treatment with 1.0 umol/L gambogic acid for 24
hours led to almost 60% apoptosis. Gambogic acid treat-
ment also significantly reduced the levels of Bcr-Abl, pro-
caspases-3 and -9, Mcl-1, induced PARP cleavage (Fig.
5C), caused accumulation of ubiquitinated proteins and
IxB-o. in the monocytes from patients with CML (Fig.
5D). Importantly, gambogic acid markedly inhibited the
proteasome peptidase activity in bone marrow mononu-
clear cells from patients with CML (Fig. 5E, top), whereas
only slightly inhibited the activity in normal monocytes
from healthy volunteers (Fig. 5E, bottom). These results
are consistent with the in vitro inhibitory effect of gam-
bogicacid on KBM5 and KBM5-T315I cells, suggesting the
potential use of gambogic acid for treatment of patients
with CML.

Gambogic acid inhibits the growth of Bcr-Abl wild-type
and -T315I mutant xenografts grown in nude mice
We next evaluate the effects of gambogic acid plus ima-
tinib in vitro and in vivo using a nude mouse xenograft
model. As shown in Supplementary Fig. S4, gambogic acid
and imatinib each alone induced phosphorylated-Bcr-Abl
downregulation and PARP cleavage, whereas the combina-
tion of gambogic acid and imatinib did not enhance these
changes in KBM5 cells; in KBM5-T3151 cells, only gambogic
acid but not imatinib induced phosphorylated-Bcr-Abl
downregulation and PARP cleavage (Supplementary Fig.
S4). In the in vivo model, KBM5 and KBM5-T3 151 cells were
inoculated subcutaneously in nude mice. Mice were then
treated by intraperitoneal injection with vehicle, gambogic
acid (3 mg/kg/2d), imatinib (50 mg/kg/d), or the combi-
nation of gambogic acid and imatinib for 14 days. It was
found that gambogic acid treatment significantly inhibited
the growth of both Bcr-Abl wild-type and Bcr-Abl-T3151-
mutant xenografts; the weights of tumors were significantly
reduced in the gambogic acid-treated group compared with
the vehicle-treated group and no obvious synergistic effects
of gambogic acid and imatinib were observed (Fig. 6A
and B), consistent with the in vitro results (Supplementary
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Figure 4. Gambogic acid (GA)-mediated proteasome inhibition and caspase activation are required for the downregulation of Bcr-Abl and its downstream
signaling proteins. A, gambogic acid decreases the protein levels of Bcr-Abl and its downstream targets. KBM5, KBM5-T315l, and K562 cells were
treated with gambogic acid as indicated both dose- and time-dependently, cell lysates were analyzed by Western blot analysis with antibodies against either the
Bcer-Abl or its downstream targets. C, control. B, gambogic acid decreases Bcr-Abl and the downstream signaling proteins in a caspase-dependent manner.
KBM5-T315I cells were treated with 0.5 pmol/L gambogic acid for 12 hours in the absence and presence of cycloheximide (CHX; 5 ug/mL) or 20 umol/L pan-
caspase inhibitor z-VAD-fmk. Fifty nmol/L proteasome inhibitor PS341 was used as a positive control. The total and phosphorylated Bcr-Abl and its
downstream proteins were analyzed by Western blot analysis. Representative images were shown. C, caspase activation is required for Ber-Abl cleavage.
KBM5-T315I cells were treated with gambogic acid with/without caspase inhibitor z-DEVD (20 pmol/L) or cathepsin B inhibitor CA-074Me (7.5 umol/L) for 12
hours. Ber-Abl and its cleaved form were detected by Western blot analysis. D, gambogic acid-mediated proteasome inhibition is required for caspase
activation, down-regulation of Ber-Abl and its downstream target proteins. KBM5-T315I cells were treated with 0.5 umol/L gambogic acid or gambogic
acid+DDC (CYP2E1 inhibitor, 50 umol/L) for 12 hours and a reduced form of gambogic acid (GA~) was used as a negative control. Cell lysates were analyzed by
Western blots by using antibodies against Ubs, Bcr-Abl, and its downstream targets, PARP, caspases-3, and -8. GAPDH was used as a loading control.
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Figure 5. Gambogic acid (GA) induces more cytotoxicity and proteasome inhibition in cancer cells from patients with CML than in human peripheral
mononuclear cells. A, gambogic acid is more cytotoxic to human cancer cells than to human normal peripheral mononuclear cells. Cancer cells from 5
patients with CML (left) and peripheral blood mononuclear cells from 3 healthy volunteers (right) were treated with gambogic acid at the indicated

doses for 48 hours and the cell viability was detected by MTS assay. Mean + SD (n = 3). B, gambogic acid induces cell death of cancer cells either from imatinib
(IM)-sensitive or -resistant patients with CML. Cancer cells from 5 patients with CML were isolated and incubated with gambogic acid for 24 hours, followed by
detecting the Pl-positive cells under an inverted microscope (left), or staining with Annexin V/PI and cell apoptosis was analyzed by flow cytometry
(middle). Cell death data by flow cytometry were summarized (right), Mean + SD (n = 5). C, gambogic acid induces cleavage of PARP, decreased pro-
caspases-3 or -9 and downregulates Bcr-Abl and Mcl-1 protein in human cancer cells. Cells from patients with CML were treated with gambogic acid as
indicated, and the indicated proteins were detected by Western blot analysis (#1, imatinib-sensitive patient; #2, imatinib-resistant patient). D, gambogic acid
accumulates ubiquitinated proteins and IkB-o. in CML cancer cells. Cancer cells from 2 patients with CML were treated with gambogic acid for 6 hours. The
indicated proteins were analyzed by using Western blot analysis. E, gambogic acid more strongly inhibits CT-like activity in cancer cells than in normal
mononuclear cells. Both cancer cells (top) or normal mononuclear cells (bottom) were treated with gambogic acid as indicated for 6 hours, CT-like activity was
detected by cell-based CT-like assay reagent. Mean + SD (top, n = 5; bottom, n = 3).
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Fig. S5), while body weight remained relatively stable in
each group (data not shown). Protein levels, including Bcr-
Abl and its downstream targets Akt, Erk1/2, and STATS5,
were significantly decreased in the gambogic acid-treated
tumors (Fig. 6C and D) whereas proteasome target protein
IkB-o and the ubiquitinated proteins were highly accumu-
lated in gambogic acid-treated tumors versus the control
(Fig. 6C and D), indicating that gambogic acid inhibits
proteasome function in both imatinib-sensitive and imati-

nib-resistant xenografts. Some of the protein biomarkers
related to proliferation, differentiation, adhesion, and
migration, such as Ki67, CD11b/c, CXCR4, and MMP2,
were also detected (Fig. 6D). It was found that gambogic
acid could downregulate the expression of Ki67, CXCR4,
and MMP2 proteins and upregulate CD11b/c protein level
in both KBM5 and KBM5-T3151 models; imatinib could
also downregulate Ki67 and upregulate CD11b/c level in
the KBM5 but not in the KBM5-T3151 model. No obvious
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synergistic effects of gambogic acid and imatinib on these
proteins were observed. Together, the results demonstrated
that gambogic acid inhibited both xenografted Bcr-Abl
wild-type and Bcr-Abl-T3151 harboring cells in vivo.

Discussion

Among several mechanisms proposed to explain the
resistance to imatinib, amplification and mutation of Bcr-
Abl is believed to be the predominant. To overcome
acquired resistance to imatinib, several groups have devel-
oped new second-generation ATP-competitive Abl kinase
inhibitors, such as AMN107, dasatinib, INNO-406 and
PD166326, which have stronger affinities for the ATP-bind-
ing site of Bcr-Abl kinase than imatinib does, and thus are
effective for imatinib-resistant patients to some extent (32—
36). Although these novel inhibitors can effectively inhibit
the phosphorylation of the mutated Bcr-Abl (E255K,
M351T), they had little effect on Bcr-Abl-T3151. In addition,
Bcr-Abl cells are relatively resistant to apoptosis induced by
conventional cytotoxic agents (37, 38). All of these studies
find that, CML, being highly dependent on presence of Bcr-
ADbl], is one of the typical models of oncogene addiction. Ber-
Abl downregulation is the common effect and is likely the
major strategy inducing apoptosis in Bcr-Abl-expressing
cells.

Gambogic acid, the major active component in the tra-
ditional Chinese medicine gamboge, has antitumor activ-
ities in a broad range of human cancer cells, including K562
cells expressing a wild-type Bcr-Abl gene (39). In this study,
we reported that gambogic acid is highly effective in over-
coming imatinib-resistant cancer cells in vitro, ex vivo, and in
vivo. In the in vitro study, gambogic acid dose- and time-
dependently decreased cell viability, colony formation, and
induced cell death in both imatinib-sensitive and -resistant
cell lines; in the mononuclear cancer cells from either
imatinib-sensitive or -resistant patients with CML, gambo-
gic acid also had the same effects as in cultured cell lines
while it affected the normal peripheral monocytes to a
much less extent; in the in vivo experiment, both imati-
nib-sensitive and -resistant xenografted tumors were all
sensitive to gambogic acid treatment. We have reported
that gambogic acid acts as a prodrug of a proteasome
inhibitor and only gains proteasome-inhibitory function
after being metabolized by, for example, intracellular
CYP2E1 (24). As expression of CYP2E1 gene is high in
tumor tissues but low in some of the normal tissues,
gambogic acid could therefore produce tumor tissue-spe-
cific proteasome inhibition and tumor-specific toxicity,
which might have clinical significance for designing novel
strategies for cancer treatment (24). Our current results have
clearly demonstrated that gambogic acid could efficiently
induce cytotoxicity in imatinib-resistant CML cells. To our
knowledge, this is the first report to show that gambogic
acid is effective in vitro and in vivo against CML cells,
including those with the T315I mutation.

Proteasome inhibitors have been reported to be effective
in overcoming imatinib-resistant cancer cells via either

inhibiting Bcr-Abl expression (40), but the mechanism is
far from being understood. Recently, we have reported that
gambogic acid is a tissue-specific proteasome inhibitor,
with potency comparable with bortezomib but much less
toxicity (24). In the current study, we discovered a novel
pathway that gambogic acid-mediated proteasome inhibi-
tion and caspase activation is responsible for the down-
regulation of Bcr-Abl protein, resulting in overcoming ima-
tinib resistance. Like in other cancer cells (24), gambogic
acid induced typical proteasome inhibition not only in
wild-type Bcr-Abl or T3151-Bcr-Abl cell lines but also in
mononuclear cancer cells derived from CML patients,
including imatinib-resistant or -sensitive in wvitro. It was
confirmed that gambogic acid also inhibited proteasome
function in the xenografted tumor model bearing wild-type
Bcr-Abl or T3151-Bcr-Abl genes in vivo. We have reported
that proteasome inhibition-induced Bax accumulation
plays an important role in proteasome inhibition-mediated
caspase activation and cell apoptosis (41). We also found
that gambogic acid dose- and time-dependently induced
Bax accumulation while anti-apoptotic proteins such as Bcl-
2, XIAP, and Mcl-1 were dramatically decreased. The imbal-
ance between apoptotic versus antiapoptotic factors would
lead to the decrease of mitochondrial membrane integrity,
thus inducing the release of cytochrome C and AIF. The
released apoptotic factors either directly or by forming
caspase-9 complex, induced caspase activation. These pro-
cesses have been confirmed in our study. After caspase
activation, on one hand it induced PARP cleavage and then
apoptosis; on the other hand, it directly cleaved Bcr-Abl
protein, which has been confirmed by us (Fig. 4C) and other
authors (42).Ithas been reported that lysosome cathepsin B
also contributed to Bcr-Abl cleavage (43), but in this study
cathepsin B inhibitor did not affect gambogic acid-mediat-
ed Ber-Abl cleavage (Fig. 4C). It has been further confirmed
that gambogic acid-mediated proteasome inhibition is
responsible for the above processes by using a Co-C,o-
disrupted gambogic acid. The Co-C;o double bond is
responsible for gambogic acid-induced proteasome inhi-
bition (24), and consistently the lost function of protea-
some inhibition recovered all the changes of caspase acti-
vation, apoptosis induction, and Bcr-Abl downregulation
(Fig. 4D).

Bcr-Abl is a constitutively active tyrosine kinase that
phosphorylates several substrates, including Ras and Raf,
and activates multiple signal transduction pathways. The
downstream targets of STAT3 and STATS5 responsible for
enhanced survival of Bcr-Abl cells are involved the tran-
scription of Mcl-1, survivin, or Bcl-2 (44, 45). Treatment
with gambogic acid resulted in downregulation of Mcl-1,
Bcl-2, and XIAP (Fig. 2D). Even though gambogic acid may
impact multiple molecules, but downregulation of Bcr-Abl
is at least one of the major factors to induce apoptosis in
CML cells. Taken together, both caspase-induced apoptosis
and Bcr-Abl cleavage should contribute to gambogic acid-
induced cytotoxicity.

In the current study, a solid tumor model was used. The
synergistic effect of gambogic acid and imatinib was not
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observed either in vitro or in vivo, implying that gambogic
acid alone could be an effective agent in Bcr-Abl-sensitive
or -resistant CML. Considering the occurrence happened
in leukemia, a nonsolid tumor model (46) is better than
the solid-tumor model even though the solid tumor
model has also been used in some previous studies
(15). We have also further investigated changes in some
proteins related to proliferation (Ki67; 47), differentia-
tion (CD11b/c; ref. 48), adhesion, migration, and metas-
tasis (CXCR4 and MMP2; ref. 49). These results could
provide an explanation on the potential effects in CML to
some extent.

The prognosis of imatinib-resistant CML is poor (13),
and therefore, it is urgent to search for novel agents to
overcome imatinib-resistance in clinical treatments. On the
basis of present reports, most of the studies are mainly
involved in finding tyrosine kinase inhibitors to either
downregulate Bcr-Abl transcription or inhibit tyrosine
kinase activity (32-34). Here, we propose an alternative
strategy to enhance proteasome inhibition-induced Bcr-Abl
downregulation by activating the caspase system. Caspase-
dependent Bcr-Abl cleavage is effective both in the KBM5-
T315I cells and in the cancer cells from imatinib-resistant
patients with CML, indicating that this strategy has a great
promise in overcoming imatinib resistance.
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