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Gambogic acid (GA) is an anticancer agent in phase IIb
clinical trial in China. In HeLa cells, GA inhibited cell pro-
liferation, induced cell cycle arrest at G2/M phase and
apoptosis, as showed by results of MTT assay and flow
cytometric analysis. Possible target-related proteins of
GA were searched using comparative proteomic analysis
(2-DE) and nine proteins at early (3 h) stage together with
nine proteins at late (24 h) stage were found. Vimentin was
the only target-related protein found at both early and late
stage. Results of both 2-DE analysis and Western blotting
assay suggested cleavage of vimentin induced by GA.
MS/MS analysis of cleaved vimentin peptides indicated
possible cleavage sites of vimentin at or near ser51 and
glu425. Results of targeted proteomic analysis showed
that GA induced change in phosphorylation state of the
vimentin head domain (aa51–64). Caspase inhibitors
could not abrogate GA-induced cleavage of vimentin.
Over-expression of vimentin ameliorated cytotoxicity of
GA in HeLa cells. The GA-activated signal transduction,
from p38 MAPK, heat shock protein 27 (HSP27), vimentin,
dysfunction of cytoskeleton, to cell death, was predicted
and then confirmed. Results of animal study showed that
GA treatment inhibited tumor growth in HeLa tumor-bear-
ing mice and cleavage of vimentin could be observed in
tumor xenografts of GA-treated animals. Results of im-
munohistochemical staining also showed down-regulated
vimentin level in tumor xenografts of GA-treated animals.
Furthermore, compared with cytotoxicity of GA in HeLa
cells, cytotoxicity of GA in MCF-7 cells with low level of
vimentin was weaker whereas cytotoxicity of GA in MG-63
cells with high level of vimentin was stronger. These re-
sults indicated the important role of vimentin in the cyto-

toxicity of GA. The effects of GA on vimentin and other
epithelial-to-mesenchymal transition (EMT) markers
provided suggestion for better usage of GA in
clinic. Molecular & Cellular Proteomics 15: 10.1074/
mcp.M115.053272, 26–44, 2016.

Presently, targeted anticancer therapies using monoclonal
antibodies or synthetic protein kinase inhibitors are still defi-
cient to meet the large and urgent need for novel cancer
therapy agents, especially for solid tumors. Therefore, natural
products continue to be attractive sources of new drug de-
velopment. Gambogic acid (GA)1 is a natural product isolated
from Garcinia hanburyi tree grown in Southeast Asia. The
structure of GA (C38H44O8, molecular mass 628) (as shown in
Fig. 1A) was elucidated by detailed NMR spectroscopic anal-
ysis and confirmed by x-ray crystallographic studies (1).
Crude extract containing GA had been used in cancer therapy
for a long time in China. In January 2004, GA was granted
permission by State Food and Drug Administration of China
for testing in clinical trial as a wide spectrum antitumor can-
didate. Up to now, the phase I and IIa trials of GA have
finished and the IIb trial is undergoing to check the efficacy of
GA in treatment of nonsmall cell lung, renal and colon can-
cers. However, the anticancer mechanism of GA had not been
fully clarified. Lots of possible target-related proteins of GA
such as p38 MAPK (2, 3), transferrin receptor (4), kir2.1 K�

channel (5), caspases (6), Bax and Bcl-2 (7), nucleophosmin
and nucleoporins (8), NF-kappa B pathway (9) etc., had been
reported. But, it was still not clear which target or signal
pathway played critical role in the anticancer effects of GA.

Development of systems biology shed new light on the
mechanism study of natural products. Systems pharmacol-
ogy appeared as a new branch of pharmacology, which in-
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volved the application of systems biology approaches to the
study of drugs, drug targets, and drug effects (10). In the
present study, after checking the effects of GA on HeLa cells,
proteomic methods including comparative proteomic method
(2-DE analysis) and targeted proteomic method (nanoHPLC-
ESI MS/MS analysis) were used to study important target-
related proteins of GA. 2-DE analysis was used to unbiasedly
search possible target-related proteins of GA at early stage (3
h) and late stage (24 h) of treatment. After finding vimentin as
a possible important target-related protein of GA, cleavage of
vimentin and phosphorylation of vimentin in GA-treated cells
were further studied. The influence of increased expression of
vimentin (by plasmid transfection) or decreased expression of
vimentin (by siRNA transfection) on the cytotoxicity of GA was
checked. Possible GA-activated p38 MAPK-HSP27-vimentin-
cytoskeleton signal cascade pathway, which included pub-
lished targets of GA such as p38 MAPK (2, 3) and cytoskel-
eton proteins (2) and new targets found in the present study
such as HSP27 and vimentin, was predicted and then con-
firmed. In vivo effects of GA on tumor growth and vimentin
expression in HeLa tumor-bearing mice were also observed.
To confirm the role of vimentin in cytotoxicity of GA, cytotox-
icity of GA in MCF-7 cells with low expression level of vimentin
or in MG-63 cells with high expression level of vimentin was
checked and compared with that in HeLa cells. Furthermore,
because cellular vimentin was closely related to EMT, effects
of GA on other EMT makers fibronectin, �-catenin, and E-
cadherin were also checked.

EXPERIMENTAL PROCEDURES

Chemicals—GA with a purity of more than 97% was purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO). GA was dissolved
in dimethyl sulfoxide (DMSO) to the concentration of 0.1 M as stock
solution and kept at �20 °C. It was then diluted in the culture medium
to the final concentration indicated in every experiment. All reagents
used in proteomic analysis were purchased from Bio-Rad Laborato-
ries (Hercules, CA) and other chemical reagents, except where spe-
cially noted, were purchased from Sigma-Aldrich.

Cell Culture and MTT Assay—The human cervical carcinoma cell
line HeLa (CCL-2), the human breast adenocarcinoma cell line MCF-7
(HTB-22) and the human osteosarcoma cell line MG-63 (CRL-1407)
were obtained from the American Type Culture Collection (ATCC,
Rockville, MD). HeLa cells were cultured in minimum essential me-
dium supplemented with 10% fetal bovine serum, 100 U/ML penicil-
lin, and 100 mg/L streptomycin (Invitrogen). MCF-7 cells and MG-63
cells were cultured in Eagle’s minimum essential medium supple-
mented with 10% fetal bovine serum, 100 U/ML penicillin, and 100
mg/L streptomycin (Invitrogen).

Cell viability of cells with or without GA treatment was measured by
MTT assay as described in our previous report (11). Briefly, cells were
plated at a density of 9 � 102 cells/well in a 96-well plate and let to
grow overnight. Then, the media were changed into fresh media
containing various amount of GA for 24, 48, or 72 h. Control cells were
treated with 0.1% DMSO (dose of GA at 0 �M). Cell viability of
GA-treated cells was presented as % of control. Each experiment
was performed in triplicate and results of three independent experi-
ments were used for statistical analysis. Half-maximal inhibitory con-
centration (IC50 value) was calculated by the Logit method.

Flow Cytometric Analysis of Cell Cycle—Flow cytometric analysis
of cell cycle was also carried out as reported before (11). Briefly, after
treatment, both adherent and detached cells were collected, washed
with PBS and then fixed in ice-cold 70% ethanol overnight at 4 °C.
After centrifugation at 100 � g for 2 min, fixed cells were resuspended
in hypotonic propidium iodide staining solution (0.1% Triton X-100, 10
�g/ml DNase-free RNase A, 50 �g/ml propidium iodide in PBS) for 30
min in dark. The stained cells were analyzed using a Becton Dickinson
FACSCalibur Flow Cytometer and the percentage of cells in each
phase of the cell cycle was quantitated using the ModFit software.

Flow Cytometric Analysis of Apoptosis—Apoptotic cells were
quantified by using the apoptosis detection kit (Calbiochem,
Gibbstown, NJ) as reported before (12). Briefly, after treatment, cells
were collected, washed with PBS and then resuspended in binding
buffer (2.5 mM CaCl2, 10 mM HEPES, and 140 mM NaCl, pH 7.5). Cells
were let to incubate with Annexin V-FITC and propidium iodide for 10
min in the dark and then flow cytometric analysis was conducted.
Data acquisition and analysis were performed in a FACSCalibur Flow
Cytometer with CellQuest software.

2-DE Analysis and MS/MS Identification—For sample preparation,
HeLa cells were cultured in 75 cm2 flasks at a density of 4 � 105 cells
per flask. Cells were let to grow overnight and then treated with
medium containing 2 �M GA (about the IC50 value) or 0.1% DMSO
(solvent control). After incubation with GA for 3 h or 24 h, cells were
washed three times with ice cold PBS and then scraped off with a cell
scraper. After centrifugation for 5 min at 1500 � g, the supernatant
was discarded and the cell pellet was resuspended in 200 �l lysis
buffer containing 7 M urea, 2 M thiourea, 2% CHAPS, 1% DTT, 0.8%
Pharmalyte, and a mixture of Protease inhibitors (all from Bio-Rad,
Hercules, CA). Homogenization of the cells was achieved on ice by
ultrasonication (10 strokes, low amplitude). The lysed cells were cen-
trifuged at 15,000 � g for 30 min at 4 °C and the supernatant con-
taining the solubilized proteins was used immediately or stored at
�80 °C. Protein concentration of samples was determined using the
Bio-Rad protein assay. Protein samples from three independent ex-
periments were harvested for 2-DE assay. And, for each pair of
protein samples (control and GA-treated), triplicate electrophoreses
were performed to ensure reproducibility. 2-DE analysis and MS/MS
identification were conducted similar to our previous reports (12–16).

2-DE was conducted with isoelectric focusing (IEF) and electro-
phoresis units (Bio-Rad). For the first dimensional separation, whole
cell protein lysates (150 �g), mixed with rehydration buffer (8 M urea,
2% CHAPS, 65 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
and 0.2% pI 3–10 ampholytes) to a final volume of 300 �l, were
applied on 17 cm immobilized pH 4 to 7 linear gradient strips (Bio-
Rad) and focused. It was possible that proteins with pI�7 might be
also involved in the effects of GA. Although, because most cellular
proteins were acidic to natural proteins, pH 4 to 7 linear gradient
strips were used in the present study. IEF protocol was performed
using the following conditions: 250V, linear, 30 min; 1000V, rapid, 1 h;
10000V, linear, 5 h; 10,000V, rapid, 60,000 Vh. After IEF, pH gradient
strips were subjected to a two-step equilibration in equilibration buffer
(50 mM Tris-HCL, 30% glycerol; 7 M urea, 2% SDS, pH 8.8) with 1%
dithiothreitol (the first step) and 4% iodoacetamide (the second step)
for 15 min, respectively. For the second dimensional separation (SDS-
PAGE), strips were transferred onto 1.0 mm-thick 12% polyacryl-
amide gels in a Bio-Rad PROTEAN II xi Cell system for electropho-
resis at room temperature. All protein spots in the gels were visualized
using Coomassie blue staining.

Stained gels were then scanned with a Densitometer GS-800 (Bio-
Rad) and protein spots were quantified using the PDQuest 7.4.1
software (Bio-Rad). Paired (control and GA-treated) protein samples
from three independent experiments were analyzed by 2-DE. And for
each pair of protein samples, triplicate electrophoreses were per-
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formed to ensure reproducibility. Comparisons were made between
gel images of protein profiles obtained from the GA-treated group and
control group. Spot detection and matching between pairs of gels
(control and GA-treated) were performed automatically, followed by
manual matching. The individual protein spot quantity was normalized
as follows: the raw quantity of each spot in a member gel was divided
by the total quantity of the valid spots in the gel, and normalized spot
intensities were expressed in ppm. A two-tailed Student’s t test was
performed to perform quantitative analysis between protein gels from
control and GA-treated group. The significantly differentially ex-
pressed protein spots (p � 0.05) with 1.5 fold or more increased or
decreased intensity between control and GA-treated group were
punched out of the gels and used for further identification by MALDI-
TOF MS/MS. Proteins of interest were excised from the gels with an
EXQuest spot cutter (Bio-Rad) and placed into a 96-well microtiter
plate.

MALDI-TOF MS/MS analysis was conducted with an Applied Bio-
systems 4700 Proteomics Analyzer (Framingham, MA) using the pa-
rameters as described in our previous report published in Molecular
Cellular Proteomics (16). Briefly, the protein spots of interest were
destained in a 1:1 solution of 100 mM sodium thiosulfate and 30 mM

potassium ferricyanide for 2 min at room temperature and equili-
brated in 50 mM ammonium bicarbonate to pH 8.0. After dehydrating
with acetonitrile and drying in a SpeedVac, the spots were rehydrated
in a minimal volume of trypsin solution (10 �g/ml in 25 mM ammonium
bicarbonate) and incubated overnight at 37 °C. The supernatant con-
taining extracted peptides was directly applied onto the sample plate
with equal amounts of MALDI matrix (5 mg/ml CHCA diluted in 0.1%
TFA/50% ACN) and spotted onto the 192-well stainless steel MALDI
target plates after dried under the protection of N2.

MS measurements were carried out on an ABI 4700 Proteomics
Analyzer with delayed ion extraction (Applied Biosystems, Fredrick,
MD) in the Institutes of Biomedical Sciences, Fudan University,
Shanghai, China. Instrument parameters were set using the 4000
Series Explorer software (Applied Biosystems). MS analysis was con-
ducted using a Mass spectra and obtained in a mass range of
700–3200 Da by using a laser (355 nm, 200 Hz) as desorption ioni-
zation source. The accelerated voltage was operated at 20 kV, and
the positive ion mass spectra were recorded. MS accuracy was
internally calibrated with trypsin-digested peptides of horse myoglo-
bin. The first five precursor ions with highest intensity were selected
for fragmentation, excluding the trypsin autolysis peptides, human
keratin peaks, and the matrix ion signals. For one main MS spectrum
25 subspectra with 125 shots per subspectrum were accumulated
using a random search pattern. In MS/MS positive ion mode, for one
main MS spectrum 50 subspectra with 50 shots per subspectrum
were accumulated using a random search pattern. Collision energy
was 1kV, collision gas was air and default calibration was set. Using
the individual PMF spectra, peptides exceeding a signal-to-noise
ratio of 20 that passed through a mass exclusion filter were submitted
to fragmentation analysis. Total shots for each MS spectrum were
2000 whereas for MS/MS 3000 shots. MS/MS accuracy was cali-
brated against the MS/MS fragments of m/z 1606.85, which is one of
the peaks generated in myoglobin PMF. Combined peptide mass
fingerprinting PMF and MS/MS queries were performed by using the
MASCOT search engine 2.2 (Matrix Science, London, United King-
dom) embedded into GPS-Explorer Software 3.6 (Applied Biosys-
tems) on the NCBI database. Peptide differential modifications al-
lowed during the search were oxidation of methionines and
carbamidomethylation of cysteines. The maximum number of missed
cleavages was set to 1 with trypsin as the protease. Peptide mass
tolerance set was 100 ppm and fragment mass tolerance set was 0.4
Da. The database search was carried out by using the MASCOT
search engine 2.2 (Matrix Science, London, United Kingdom) to

screen the NCBI protein sequence database (updated on June 27,
2007, with 4182491 sequences and 1439956234 residues) restricted
to human taxonomy. Protein homology identification of the top hit
(first rank) with a relative score exceeding 95% probability and addi-
tional hits (second rank or more) with a relative score exceeding 98%
probability threshold were retained. The probability-based protein
score had to be more than 64 when submitting PMF data to the
database and be more than 30 for individual peptide ions when
submitting peptide sequence spectra, assuming that the observed
match is significant (p � 0.05). Proteins that belonged to a protein
family with multiple members were singled out based on the identifi-
cation of unique and diagnostic peptides.

Western Blotting Analysis—Western blotting assay was conducted
as described before (16). After treatment, cells were washed three
times with cold TBS, harvested using a cell scraper, and lysed in 10
volume of cold lysis buffer (50 mM Tris-HCl, pH 7.2, 250 mM NaCl,
0.1% Nonidet P-40, 2 mM EDTA, 10% glycerol, 1 mM PMSF, 5 �g/ml
Aprotinin, 5 �g/ml Leupeptin) on ice. The concentration of protein
samples was quantified using the Bio-Rad protein assay. Lysates
were centrifuged and then the supernatant protein was denatured by
mixing with equal volume of 2� sample loading buffer and then
boiling at 100 °C for 5 min. Equal amounts of protein samples (50 �g)
were subjected to electrophoresis on 12% SDS-polyacrylamide gel
and transferred to a nitrocellulose membrane (Bio-Rad). After the
nitrocellulose membrane was incubated with TBST buffer (TBS con-
taining 0.1% Tween-20) and 10% nonfat milk for 1 h at 37 °C to block
nonspecific protein binding, the membrane was incubated with pri-
mary antibodies overnight at 4 °C. The primary antibodies used were
rabbit antiphospho(Thr180/Tyr182)-p38 MAPK monoclonal antibody
(1:500), rabbit antiphospho(Thr334)-MAPKAPK 2 monoclonal anti-
body (1:500), rabbit antiphospho(Ser82)-HSP27 polyclonal antibody
(1:500), mouse anti-HSP27 monoclonal antibody (1:500), mouse anti-
vimentin (5G3F10) monoclonal antibody (1:500), rabbit anti-�-catenin
polyclonal antibody (1:1000), rabbit anti-E-cadherin polyclonal anti-
body (1:600), all bought from Cell Signaling, Boston, MA. The primary
antibody for fibronectin was rabbit anti-fibronectin polyclonal anti-
body (1:200), which was bought from Santa Cruz Biotechnology,
Dallas, TX. The blots were washed three times with TBST and then
incubated with HRP-conjugated goat anti-rabbit IgG (1:2000, Cell
Signaling) or goat anti-mouse IgG (1:2000, Cell Signaling) for 1 h at
37 °C and then visualized using chemiluminescence (Pierce Biotech-
nology, Waltham, MA). All blots were stripped and reprobed with
rabbit anti-GAPDH polyclonal antibody (1:1000, Cell Signaling, USA)
to ascertain equal loading of protein.

MS/MS Analysis of the Protein Bands Detected in Western Blotting
Assay as Vimentin—The protein bands identified as vimentin in West-
ern blotting assay were cut and analyzed using MS/MS. Briefly, the
1-D gel protein bands of interest were cut into cubes (ca. 1 � 1 mm)
and washed twice with 400 �l of 100 mM NH4HCO3/ACN (30%v/v).
The Cys residues were firstly reduced by 100 �l of 10 mM DTT at
56 °C for 1 h and then alkylated by 100 �l of 60 mM iodoacetamide at
room temperature for 20 min. After dehydration of the gel bands with
ACN, the proteins were digested in gel overnight with 10 �l of 10 ng/�l
trypsin (Promega) in 50 mM NH4HCO3 at room temperature. The
generated peptides were extracted with 60% v/v ACN in 0.1% v/v
formic acid. Afterward, the samples were completely dried in a vac-
uum centrifuge and then reconstituted in 0.1% formic acid. The
nanoHPLC-ESI MS/MS analysis was carried out using a Tempo nano-
MDLC System coupled to a 4000 Q TRAP system (AB Sciex Inc.,
Baltimore, MD). Each sample (5 �l) was loaded onto a trap column
(PepMap™ 100, 300 �m x 5 mm), washed for 20 min, then eluted
onto a C18 reversed phase column (PepMap100 C18, 75 �m x 5
�m � 15 cm) at a flow rate of 300 nL/min. Peptides were separated
using a 120 min gradient ranging from 5% to 50% mobile phase B

Role of Vimentin in Anticancer Effects of Gambogic Acid

28 Molecular & Cellular Proteomics 15.1



(mobile phase A: 2% acetonitrile, 0.1% formic acid; mobile phase B:
98% acetonitrile, 0.1% formic acid). The MS analysis was performed
on the 4000 Q TRAP system in information dependent acquisition
(IDA) mode with setting parameters: ion spray voltage: 2300 V; curtain
gas: 20; ion source gas: 15; and heated interface: 150 °C. Tandem
mass spectra were acquired over the mass range m/z 375–1500 using
rolling collision energy for optimum peptide fragmentation. The mass
spectrometry data files were then processed by ProteinPilot 3.0 (AB
Sciex) using the Paragon algorithm. The mass spectrometry data
were searched against all the protein sequence Homo sapiens of
Uniprot_sprot_20100309 database. For ProteinPilot Paragon, Iodo-
acetamide was selected as the cysteine modification agent, trypsin as
the digestion enzyme, “biological modifications” were selected as the
“ID focus” and a “Thorough ID Search Effort” was selected. False
discovery rate (FDR) analysis was performed using reversed protein
sequences and was used to calculate the number of false positive
proteins expected at a 95% confidence level. Peptides that passed a
1% FDR threshold were considered for protein identification.

MS/MS Analysis of the Phosphorylation State of Vimentin—For
sample preparation, protein samples were extracted from control and
GA-treated cells (2 �M GA for 3 h) using the same method as that of
2-DE analysis. The phosphorylation state of vimentin was checked
using nanoHPLC-ESI MS/MS after enrichment of phosphopeptides.
Phosphopeptides were enriched using TiO2 (17) and the nanoHPLC-
ESI MS/MS analysis was performed with a TripleTOF 5600 system
(AB Sciex) as reported before (18). Briefly, 1 mg protein sample was
reduced with 100 mM ammonium bicarbonate and 100 mM dithiothre-
itol in a reaction volume of 250 �l by heating at 56 °C for 60 min. After
cooling to room temperature, alkylation was induced by adding 200
mM iodoacetamide (250 �l) to each vial to get a final concentration of
100 mM and incubating for 20 min at room temperature. After alkyl-
ation, 1 �g/�l trypsin (10 �l) was added to each vial and digestion was
allowed to occur at 37 °C overnight. Then, the sample was dried by
evaporation at room temperature in a vacuum centrifuge and recon-
stituted to 30 �l with 0.1% formic acid in water and stored at 4 °C until
analysis. �-casein was used as the internal standard for calibrating
the phosphopeptide enrichment procedure. Briefly, 1 mg tryptic di-
gested cell protein sample was mixed with 15 �g tryptic digested
�-casein and then acidified by 0.1% trifluoroacetic acid followed by
completely dried in a vacuum centrifuge. The samples were then
reconstituted with loading buffer (35% glutamic acid saturated solu-
tion, 65% acetonitrile, 2% trifluoroacetic acid) to a total volume of 400
�l and incubated with 2 mg of TiO2 beads (5 �m) rotating (1000 rpm)
at room temperature for 30 min. The peptide-loaded TiO2 beads were
first washed in washing buffer containing 65% acetonitrile and 0.5%
trifluoroacetic acid for three times and second washed in washing
buffer containing 65% acetonitrile and 1% TFA for three times to
remove unbound peptides. Then, the phosphopeptides were eluted
from the TiO2 beads with ACN/water (1:1, v/v) solution containing 300
mM NH4OH. The eluent (200 �l) were completely dried in a vacuum
centrifuge and then reconstituted in 30 �l 0.1% formic acid containing
50 fM digested �-galactosidase, the internal standard used for cali-
brating the MS analysis procedure. The nanoHPLC-ESI MS/MS anal-
ysis was carried out using an Eksigent cHiPLC-nanoflex system
coupled to a quadrupole time-of-flight TripleTOF 5600 mass spec-
trometer (AB Sciex) equipped with an AB NanoSpray source and
heated interface (AB Sciex). Each sample (5 �l) was loaded onto a
trap column (Eksigent ChromXP C18-ClP, 200 �m � 0.5 mm, 3 �m,
120 Å) at a flow rate of 4 �l/min for 5 min. Peptide separation was
carried out using a C18 column Eksigent ChromXP C18-Cl, 75 �m
�15 cm, 3 �m, 120 Å) at a flow rate of 300 nL/min. Phosphopeptides
were separated with a 60 min gradient ranging from 5% to 50% B
(mobile phase A/2% acetonitrile, 0.1% formic acid; mobile phase
B/98% acetonitrile, 0.1% formic acid). The MS analysis was per-

formed with the TripleTOF 5600 system. MS analysis was performed
in positive ion mode over the mass range m/z 350–1250 with a 0.5 s
accumulation time. The ionspray voltage was set to 2200 V, the
curtain gas was set to 30, the nebulizer gas to 3 and the heated
interface temperature was set to 150 °C. Tandem mass spectra were
acquired over the mass range m/z 100–1500 using rolling collision
energy for optimum peptide fragmentation.

An IDA mass spectrometry approach was utilized to identify vimen-
tin phosphopeptides and �-casein phosphopeptides. In an IDA pro-
tocol, a full scan spectrum (TOF MS) was performed on the accurate
mass, high-resolution 5600Triple TOF mass analyzer for precise mass
measurement followed by collision-induced dissociation (CID) mass
spectra. The IDA acquisition methods trigger MS/MS fragmentation
enabled the identification of peptide species and modification such as
phosphorylation. For localization of sites of phosphorylation, the
mass spectrometry data files were processed by ProteinPilot 4.0
(AB/Sciex) using the Paragon algorithm. Ions in the parent list were
only fragmented if they were detected above a specified minimum
intensity (700 cps). From this initial analysis, a list of potential phos-
phorylated peptides was generated based on detected serine/threo-
nine containing peptides of vimentin. The peptide identification was
scored, formed into false and true positive distributions, and subse-
quently filtered to retain only the highest scoring identifications (Pro-
teinpilot). The peptide sequences were compared with protein se-
quence databases (Swiss-Prot protein sequence databases) and the
phosphorylation sites were suggested by the phosphate moiety in
the peptides. Invalid and redundant peptides were removed and the
PhosphoSTY probabilities above 75% were additionally set to further
select for unique phosphopeptides, according to standard practices.

Normalization and quantification of phosphopeptides were con-
ducted using method similar to previous study (19). Quantification of
phosphopeptides was conducted using label-free quantification
method with a high resolution TOF-MS survey scan followed by
product Ion scans. Protein samples from three independent experi-
ments were used for quantification of vimentin phosphopeptides in
control and GA-treated group. And, for each pair of protein samples
(control and GA-treated), triplicate technological repeats were per-
formed to ensure reproducibility. Briefly, targeted ions were frag-
mented in each product ion segment with a maximum accumulation
time of 0.1 ms. The parent ion list and the charge states of peptides
were selected from the prominent ions observed in the IDA tandem
mass spectrometry analysis. The relative amounts of vimentin phos-
phopeptides in control and GA-treated samples were normalized. The
raw peaks were processed, and extracted ion chromatograms (XIC)
were generated from the full-scan MS using MultiQuant™ software
(AB SCIEX). Peak areas of vimentin phosphopeptides were then
normalized by peak areas of tryptic digested peptides of internal
standards, �-casein and �-galactosidase. The three �-casein phos-
phopeptides used as internal standard were FQS[Pho]EEQQQT-
EDELQDK (687.9/3�), FQS[Pho]EEQQQTEDELQDKIHPF (852.7/3�)
and IEKFQS[Pho]EEQQQTEDELQDK (811.4/3�). The three �-galac-
tosidase peptides used as internal standard were YSQQQLMETSHR
(503.2/3�), VDEDQPFPAVPK (671.3/2�) and APLDNDIGVSEATR
(729.4/2�). The normalized phosphorylation rate was calculated as
(area of vimentin phosphopeptides/area of the average of three �-
casein phosphopeptides) or (area of vimentin phosphopeptides/area
of the average of three �-galactosidase peptides).

Caspase-3 Activity in GA-treated Cells and Influence of Caspases
Inhibitors on Vimentin Cleavage—After treated with 2 �M GA or 0.1%
DMSO (solvent control) for 24 h, cells were collected and the cellular
caspase-3 activities were assayed using the colorimetric caspase-3
assay kit (Sigma) according to the manufacturer’s protocol. Briefly,
after treated with 2 �M GA or 0.1% DMSO (solvent control) for 24 h,
cells were collected, washed with PBS and then lysed in 200 �l of the
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lysis buffer containing 50 mM HEPES (pH 7.5), 5 mM EDTA, 10 mM

dithiothreitol, 10 �g/ml proteinase K, 100 �g/ml phenylmethysulfonyl
fluoride, 10 �g/ml leupeptin, and 10 �g/ml pepstatin. Cells in lysis
solution were kept in �80 °C and 4 °C in turn for four times until cells
were lysed. After centrifugation at 12,000 � g for 30 min at 4 °C, the
supernatant was collected and used for caspase-3 activity assay. The
protein concentration of each sample was measured using Bradford
method. Two hundred micro grams cellular protein sample was incu-
bated with 2 X reaction buffer containing 100 �M Ac-DEVD- pNA
(substrate of caspase-3) for 2 h at 37 °C. The OD of the reaction
mixture was observed at an absorbance wavelength of 405 nm. To
confirm the credibility of caspase-3 activity assay, a group of cells
was pretreated with 100 �M caspase-3 inhibitor Ac-DEVD-CHO for
4 h before GA treatment and caspase-3 activity in these cells was
checked. Furthermore, to study whether vimentin cleavage was me-
diated by caspases or not, vimentin cleavage in GA-treated cells (2
�M for 24 h) with or without pretreatment of pan-caspases inhibitor
z-DEVD-FMK (100 �M for 4 h) or caspase-3 inhibitor Ac-DEVD-CHO
(100 �M for 4 h) was checked using Western blotting assay as de-
scribed above.

Influence of Overexpression of Vimentin on Cytotoxicity of GA—
Cells with over-expression of vimentin were obtained by transfection
with a pcDNA3.1 (�) plasmid encoding full-length human vimentin
cDNA as described before (11). Plasmid encoding full-length human
vimentin cDNA (pCMV-SPORT6 plasmid, Catalog No. MHS4768–
99609365, Clone ID. 2985712) was purchased from Thermo Fisher
Scientific, Inc. After cut down by restriction enzyme, the KpnI-NotI
fragment of the vimentin was subcloned into pcDNA3.1 (�) plasmid.
Negative control cells were transfected with empty pcDNA3.1 (�)
plasmid. For plasmid transfection, 5 � 104 cells were seeded into
each well of a six-well plate until the cells reached �80% confluence
after cultured for 24 h. Eight micrograms plasmid DNA was diluted in
400 �l serum-free medium and then incubated for 20 min at room
temperature with a mixture of 10 �l Lipofectamine 2000 (Invitrogen)
and 400 �l serum-free medium. The resultant complex mixture was
then added to each well of the cell culture plate. After 6 h incubation,
the complex medium was replaced with fresh minimum essential
medium supplemented with 10% (v/v) FBS and let to grow overnight.
Then, G418 (Merck) was added to the medium to reach a final
concentration equal to the minimum fatal dose (200 �g/ml). The cells
were allowed to grow and passage in the presence of G418 for over
2 weeks. Expression level of vimentin in the transfected cells was
checked using Western blotting assay and compared with that of
wild-type cells. The cytotoxicity of GA on cells with overexpression of
vimentin was then checked and compared with that of negative
control cells using MTT assay and flow cytometric analysis as de-
scribed above.

Immunofluorescence Staining of Cytoskeleton Proteins—HeLa
cells were inoculated onto glass cover slips coated with poly-L-lysine
in six-well plates and cultured overnight. Cells were exposed to 2 �M

GA for 3 h or 24 h. Then, cells were stained with fluorescence labeled
antibody against vimentin, F-actin or �-tubulin and then observed
using immunofluorescence laser scanning confocal microscopy
(Olympus, Japan). Briefly, after treatment, cells were gently rinsed
with PBS and fixed with 4% paraformaldehyde for 15 min at 4 °C.
After washing with PBS, cells were permeabilized by incubation with
0.1% Triton X-100 in PBS at room temperature for 15 min. Nonspe-
cific antibody binding was inhibited by incubation of cells in blocking
buffer containing 3% BSA at room temperature for 30 min. Vimentin
in cell cytoskeleton was stained by incubating cells with primary
rabbit antivimentin antibody in blocking buffer overnight at 4 °C and
then followed by incubation with Alexa Flour 488 labeled anti-rabbit
IgG (1:500, Cell Signaling) at room temperature for 2 h. F-actin in
cytoskeleton was stained by incubating cells with Alexa Flour 546

labeled phalloidin (1:200, Cell Signaling) in blocking buffer at room
temperature for 2 h. �-tubulin in cytoskeleton was stained by incu-
bating cells with Alexa Flour 488 labeled anti-�-tubulin (1:100, Cell
Signaling) in blocking buffer at room temperature for 2 h. DAPI fluo-
rescent dye (final concentration: 1 �g/ml, Sigma), used for staining of
nucleic DNA, was added to the cover slips at 5 min before the end of
incubation. Cover slips were then washed twice with PBS and
mounted onto microscope slides with glycerol gelatin (Sigma) con-
taining 0.1 M N-propyl gallate (Sigma) to prevent bleaching. Obser-
vation was made under the immunofluorescence laser scanning con-
focal microscopy (Olympus, Japan). Fluorescence images were
collected using excitation wavelengths of 488 nm (green), 555 nm
(red) and 405 nm (blue) and emission wavelengths at 520 nm (green),
618 nm (red), and 461 nm (blue), respectively.

Influence of siRNA Knock-down of p38, HSP27, or Vimentin on
Cytotoxicity of GA—To confirm the role of p38, HSP27 and vimentin
in the effects of GA, cytotoxicity of GA was checked in cells treated
with siRNAs against p38, HSP27 or vimentin. Cells treated with
scrambled siRNA were used as negative control. The siRNAs against
p38 (Cat. #6564) and HSP27 (Cat. #6356) were bought from Cell
Signaling Technology Company. The vimentin siRNA (SMARTpool:
ON-TARGETplus VIM siRNA, Cat. L-003551–00-0005) and scramble
siRNA (ON-TARGETplus Nontargeting Control siRNAs, Cat.
D-001810–0X) were bought from Thermo Fisher Scientific, Inc. For
siRNA treatment, 2 � 105/well HeLa cells were seeded into each well
of a six-well plate in complete MEM medium without antibiotics. After
cultured overnight, cells were transfected in MEM with 40 pM siRNA
for 24 h using Lipofectamine RNAiMAX according to the manufactu-
rer’s instructions. After siRNA treatment, the expression level of p38,
HSP27 or vimentin in siRNA-treated cells was checked using Western
blotting assay to ensure the efficiency of siRNA treatment. The cyto-
toxicity of GA on cells treated with siRNA against p38, HSP27 or
vimentin was then checked using flow cytometric analysis as de-
scribed above.

In Vivo Tumor Model Using Nude Mice—Male athymic nude mice
(BALB/cA nu/nu) aged between 4 and 6 weeks were obtained from
the Shanghai Institute of Materia Medica (Shanghai, China) and all
experiments were performed according to institutional ethical guide-
lines on animal care. HeLa cells (8 � 106 cells in 0.2 ml of sterile saline
solution) were subcutaneously inoculated into the right flank of each
mouse. As the tumor volume reached �300 mm3, the mice were
randomly assigned into control and GA-treated groups (five mice/
group). The mice were injected intraperitoneal with 2 mg/kg/day GA
(GA-treated group) or vehicle control (control group). The tumor size
was measured in three dimensions with calipers every 3–4 days, and
tumor volume was calculated using the following formula: tumor
volume (mm3) � length � (width)2/2. 36 days after inoculation, ani-
mals were euthanized and the weight of tumor xenografts was meas-
ured. Then, for each tumor xenograft, half of the tissue was used for
Western blotting assay and the other half of the tissue was used for
immunohistochemical staining. Western blotting assay of vimentin in
the tumor xenografts was conducted as described above. For immu-
nohistochemical staining, tumor tissues were fixed with 10% neutral
formalin, desiccated and embedded in paraffin. After stained with
hematoxylin and eosin or anti-vimentin antibody (1:80, rabbit anti-
vimentin(R28) polyclonal antibody, Cell signaling, CST#3932), tissue
sections (4 �m) were examined under a light microscope. The anti-
vimentin antibody could only detect the head domain of vimentin,
which exists in un-cleaved vimentin protein. The images were ac-
quired under a Leica DM 4000B fluorescence microscope equipped
with a digital camera. For the quantitative analysis, a Histo score (H
score) was calculated based on the staining intensity and percentage
of stained cells. The intensity score was defined as follows: 0, no
appreciable staining in cells; 1, weak staining in cells comparable with
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stromal cells; 2, intermediate staining; 3, strong staining. The fraction
of positive cells was scored as 0–100%. The H score was calculated
by multiplying the intensity score and the fraction score, producing a
total range of 0–300. A cutoff of 30 was used for vimentin positivity.
Tissue sections were examined and scored separately by two inde-
pendent investigators blinded to the clinicopathologic data.

Cytotoxicity of GA in MCF-7 Cells with Low Level of Vimentin
Expression—The expression level of vimentin in MCF-7 was checked
using Western blotting assay and compared with that of HeLa cells.
Cytotoxicity of GA in MCF-7 cells was checked using MTT assay as
described above and compared with cytotoxicity of GA in HeLa cells.

Effects of GA on EMT Markers and Cytotoxicity of GA in MG-63
Cells With High Level of Vimentin Expression—The effects of GA on
EMT markers including fibronectin, �-catenin and E-cadherin in HeLa
cells and MG-63 cells, human osteoblast-like cells of tumor origin,
were checked using Western blotting assay as described above. And,
the expression level of vimentin in MG-63 was also checked using
Western blotting assay. Cytotoxicity of GA in MG-63 cells was
checked using MTT assay as described above and compared with
cytotoxicity of GA in HeLa cells.

Statistical Analysis—Values were expressed as mean 	 S.E., ex-
cept where specially noted. The statistical significance of differences
between control and treated groups was evaluated by a nonpaired
two-tailed Student’s t test (GraphPadPrism). All comparisons are
made relative to untreated controls and p � 0.05 was considered
statistically significant. For each variable three independent experi-
ments were carried out unless otherwise indicated.

RESULTS

GA Exhibited Cytotoxicity on HeLa Cells—As shown in Fig.
1B, MTT assay results suggested that proliferation of HeLa
cells was inhibited in a time- and dose-dependent manner by
treatment with different concentrations (0.3125, 0.625, 1.25,
2.5, 5, 10 �M) of GA for 24, 48, or 72 h. The IC50 value of GA
was 4.17 	 0.30, 2.19 	 0.11, and 1.59 	 0.05 �M for 24, 48,
and 72 h treatment, respectively. Results of flow cytometric
analysis of cell cycle were shown in Fig. 1C (representative
results) and Fig. 1D (statistical results). As shown in Fig. 1C
and Fig. 1D, GA treatment dose-dependently induced an
increase in the number of cells at G2/M phase. Representative
result of AnnexinV-FITC/PI double-labeled flow cytometry
analysis of apoptosis was shown in Fig. 1E (representative
results) and Fig. 1F (statistical results). Statistical analysis
results indicated that, in cells treated with GA at 2 �M or 4 �M

for 24 h, the early apoptosis rate was 6.37 	 1.05% and
11.47 	 1.09%, respectively, which were statistically different
from the control (2.64 	 0.61%) with p value of 0.037 and
0.006, respectively. The late apoptosis rate was 5.36 	 0.84%
and 26.25 	 4.89%, respectively, which were statistically
different from the control (2.32 	 0.25%) with p value of 0.026
and 0.013, respectively. These results demonstrated that GA
induced apoptosis of HeLa cells in a dose-dependent
manner.

Comparative Proteomic Analysis Results of Control and
GA-treated HeLa Cells at Different Time Points—Represent-
ative 2-DE images for control and GA-treated cells were
shown in Fig. 2. The gel pair showed in Fig. 2A was repre-
sentative gel pair of nine replicate gel pairs collected from

three independent experiments. Differentially expressed
spots were shown by the arrows. Enlarged 2-DE images in
Fig. 2A were also provided as supplemental Fig. S1–S4. Fig.
2B showed the expanded region of differentially expressed
protein spots. The proteins within the circles were the differ-
entially expressed proteins. Eighteen significantly differently
expressed protein spots (the MS and MS/MS spectra are
listed in supplemental Table S1) were found including 9 pro-
tein spots (spots 1–9) at 3 h treatment and another nine
protein spots (spots 10–18) at 24 h treatment. The average
intensity values and standard errors of the spots, the statisti-
cal assay results, and the fold differences between control
and GA-treated group were shown in Table I. The fold differ-
ence was represented by the ratio of the mean intensity value
of GA-treated group to the mean value of the control group.
Results of MS/MS identification of the spots were summa-
rized in Table II. The protein name, protein score, coverage,
number of identified peptides and best ion score of each spot
were all shown in Table II. The result of MALDI-TOF MS/MS
analysis of spot 1 was shown in supplemental Fig. S5 as an
example. To be noted, spot 3 and spot 11 were both identified
as the same protein, vimentin. The molecular weight value of
the two spots (spot 3 at 50–60 kDa and spot 11 at 30–40
kDa) suggested that spot 3 might be the intact form of vimen-
tin (57 kDa) whereas spot 11 might be a cleaved form of
vimentin. The result that GA treatment caused decrease in the
level of spot 3 (intact vimentin) and increase in the level of spot
11 (cleaved vimentin) suggested that GA might induce cleav-
age of vimentin.

GA Induced Vimentin Cleavage and Caspase-3 Activation—
Results of Western blotting assay (Fig. 3A) showed that GA
induced considerable vimentin cleavage in cultured HeLa
cells at both 3 h treatment and 24 h treatment. The protein
bands exhibited molecular weights of about 57 kDa, 50 kDa,
45 kDa, and 38 kDa. The result was consistent with the 2-DE
analysis result in which a cleaved vimentin protein (spot 11)
with molecular weight of 30–40 kDa was found to be in-
creased by GA treatment. Furthermore, as shown in Fig. 3B,
caspase-3 activity was significantly increased in GA-treated
cells. Caspase-3 inhibitor Ac-DEVD-CHO could inhibit both
the caspase-3 activity in control cells and in GA-treated cells.
The results suggested the involvement of caspase activation
in apoptosis induced by GA. Although the cytotoxicity of GA
could be ameliorated in cells with pre-treatment of caspases
inhibitor z-DEVD-FMK or caspase-3 inhibitor Ac-DEVD-CHO
before GA treatment (as shown in supplemental Fig. S6),
interestingly, GA-induced cleavage of vimentin could not be
significantly inhibited by caspase-3 inhibitor Ac-DEVD-CHO
or pan-caspases inhibitor z-DEVD-FMK (Fig. 3C). The results
indicated that caspases might not be the critical protease in
the cleavage of vimentin.

MS/MS analysis results of protein bands that were detected
in Western blotting assay were showed in supplemental Table
S2 and the coverage of the identified peptides in the whole
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sequence of vimentin were showed in Fig. 3D. Protein bands
with molecular weight of about 57 kDa, 50 kDa, and 45 kDa
were successfully identified. Although, maybe because of low

level of protein amount, MS analysis results of protein band
with molecular weight of 38 kDa exhibited low confidence rate
and were not included in the report. As showed in Fig. 3D, in

FIG. 1. GA exhibited cytotoxicity on HeLa cells. A, Chemical structure of gambogic acid (GA). B, Effects of GA on viability of HeLa cells. Cells
were treated with 0.3125, 0.625, 1.25, 2.5, 5 and 10 �M GA for 24, 48, or 72 h and cell viability was determined by MTT assay. Data were statistical
results of three independent experiments (n � 3, mean 	 S.E.). C, GA induced G2/M cell cycle arrest in HeLa cells after 24 h treatment.
Representative DNA histograms of HeLa cells obtained by flow cytometry analysis. D, Statistical analysis results of percentage of HeLa cells in
different cell cycle phases after treated with GA at different doses for 24 h (n � 3, mean 	 S.E.). E, GA induced apoptosis in HeLa cells after 24 h
treatment. Apoptotic cells were quantified by double supravital staining with Annexin V-FITC and PI. Images were representative results of flow
cytometry analysis. F, Statistical analysis results of percentage of apoptotic cells after treated with GA at different doses for 24 h (n � 3, mean 	 S.E.).
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FIG. 2. Comparative proteomic anal-
ysis results of control and GA-treated
HeLa cells at different time points. A,
The representative 2-DE images of con-
trol HeLa cells and cells treated with 2
�M GA for 3 or 24 h. The gel pair showed
here was representative gel pair of nine
replicate gel pairs collected from three
independent experiments. Differentially
expressed spots were shown by the ar-
rows. B, The expanded region of differ-
entially expressed protein spots. The
proteins within the circles were the dif-
ferentially expressed proteins.
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MS analysis of the protein band with molecular weight of
about 57 kDa, identified peptides were almost covered full
sequence of vimentin. The results suggested that the protein
might be the intact form of vimentin. On the contrary, in
proteins with molecular weight of about 50 kDa and 45 kDa,
sequences before ser51 and/or after arg424 were not identi-
fied. The results suggested possible cleavage sites of vimen-
tin at or near ser51 and glu425. As shown in Fig. 3E, calcu-
lated molecular weight values of vimentin peptides cleaved at
or near ser51 and glu425 were consistent with the molecular
weight values of protein bands detected in Western blotting
assay.

Change in Phosphorylation State of Vimentin in GA-treated
HeLa Cells—The MS data files were processed by Protein-
Pilot 4.0 (AB/Sciex) using the Paragon algorithm. The MS data
were searched against all the Homo sapiens protein sequence
of Uniprot_sprot_201105 database. For ProteinPilot Paragon,
iodoacetamide was selected as the cysteine modification
agent, trypsin as the digestion enzyme, “biological modifica-
tions” were selected as the “ID focus” and a “Thorough ID
Search Effort” was selected. FDR analysis was performed
using reversed protein sequences and was used to calculate
the number of false positive proteins expected at a 95%
confidence level. Peptides that passed a 1% FDR threshold
were considered for protein identification. Vimentin phospho-
peptides with phosphorylation at ser55, ser56, ser412,
ser419, ser420 were identified and verified by MS/MS. The
vimentin phosphopeptides were listed in supplemental Table
S3 and the CID-MS/MS product ion spectrums of the vimentin
phosphopeptides, which indicated the phosphorylation sites,
were shown in supplemental Fig. S7. The parent ion list and

the charge states of the internal standards, three phosphory-
lated �-casein peptides and the three �-galactosidase pep-
tides, were selected from the prominent ions observed in the
IDA tandem mass spectrometry analysis as listed in supple-
mental Table S4. The peak area transitions for each phospho-
peptides were obtained by integration of the appropriate
reconstructed ion chromatograms. Peak areas for three phos-
phorylated �-casein peptides and three �-galactosidase pep-
tides were also determined. The average of peak areas of
three phosphorylated �-casein peptides and three �-galacto-
sidase peptides was used for normalization of peak areas of
vimentin phosphopeptides. The normalized peak areas of
vimentin phosphopeptides were shown in Table III. No matter
normalized with phosphorylated �-casein peptides or normal-
ized with�-galactosidase peptides (as shown in Table III), the
normalized peak areas of vimentin peptide SLYASSPG-
GVYATR (aa51–64) with phosphorylation at ser55 or ser56 in
GA-treated cells were significantly lower than that of control
cells. On the contrary, no significant difference was observed
between the peak areas of vimentin peptide ISLPLPNF-
SSLNLR (aa411–424) with phosphorylation at ser412, ser419
or ser420 in GA-treated cells and that in control cells.

Cytotoxicity of GA on HeLa Cells With Overexpression of
Vimentin—Cytotoxicity of GA was checked in HeLa cells
transfected with plasmid encoding vimentin. The levels of
vimentin expression in wild-type cells, negative control cells
(cells transfected with pcDNA3.1(�) plasmid without vimentin
cDNA) and cells with over-expression of vimentin (cells trans-
fected with pcDNA3.1(�) plasmid encoding vimentin cDNA)
were checked using Western blotting (Fig. 4A). The cytotox-
icity of GA in HeLa cells with over-expression of vimentin was

TABLE II
The results of protein identifications of differentially expressed proteins using MALDI-TOF MS/MS

Spot Target protein NCBI accession
number

Theoretical
molecular mass

(kDa)/pI

Protein
score

Sequence
coverage (%)

Number of peptides
matched/unmatched

Best ion
score/unique

peptides

1 Heat shock 27kDa protein 1 4504517 22.8/5.98 269 41 9/17 104/2
2 Calumenin 49456627 37.1/4.48 193 24 6/13 65/3
3 Vimentin 37852 53.7/5.06 518 58 23/15 80/4
4 Eukaryotic translation elongation factor 1

beta 2
4503477 24.7/4.50 112 24 13/47 30/2

5 DJ-1 protein 42543006 19.8/6.33 197 68 18/50 80/2
6 BAG 2 49065418 23.8/6.02 140 32 16/68 47/2
7 Chaperonin containing TCP1, subunit 3

(gamma)
14124984 60.4/6.10 153 31 18/22 41/2

8 Nucleosome assembly protein 1-like 4 5174613 42.8/4.60 113 29 12/84 38/2
9 Transaldolase 1 48257056 37.4/6.35 136 45 18/47 65/2
10 Ribosomal protein, large, P0 12654583 34.3/5.42 301 47 16/16 54/2
11 Vimentin 340234 35.0/4.70 106 26 21/18 38/2
12 Nascent-polypeptide-associated

complex alpha polypeptide
5031931 23.3/4.52 287 30 8/10 70/4

13 Gelsolin-like capping protein 63252913 38.5/5.82 154 29 7/10 78/2
14 Keratin 18 30311 47.3/5.27 206 25 12/29 48/2
15 Eukaryotic translation elongation factor 1

delta isoform 2
25453472 31.1/4.90 208 37 10/17 48/2

16 Beta actin 15277503 40.2/5.55 334 49 19/69 69/3
17 Tubulin alpha 6 14389309 49.9/4.96 156 39 14/67 47/2
18 Keratin 8 4504919 53.7/5.52 170 36 13/3 50/2
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shown in Fig. 4B and Fig. 4C. As shown in Fig. 4B, overex-
pression of vimentin ameliorated the inhibitive effects of GA
on viability of HeLa cells. And, overexpression of vimentin also
decreased the apoptosis rate of HeLa cells treated by GA
(Fig. 4C).

Prediction and Confirmation of Possible Signal Pathway
Activated by GA—Based on the results of 2-DE analysis and
previous reports of GA, the possible signal pathway activated
by GA in cancer cells was predicted (as shown in Fig. 5A). In
our proteomic study, vimentin was the only protein whose

FIG. 3. GA induced vimentin cleavage and caspase-3 activation. A, Western blotting assay of vimentin in HeLa cells treated with 2 �M GA
for 3 h or 24 h. B, Caspase-3 activity in cells treated for 24 h with solvent control, 2 �M GA, 100 �M caspase-3 inhibitor CHO, or 2 �M GA with
pretreatment of CHO (100 �M for 4 h). C, Western blotting assay of vimentin in HeLa cells treated for 24 h with solvent control, 2 �M GA, 2 �M

GA with pretreatment of caspases inhibitor FMK (100 �M for 4 h) or 2 �M GA with pretreatment of CHO (100 �M for 4 h). D, Illustration of
sequence coverage in MS/MS identification of the protein bands detected as vimentin in Western blotting assay. Identified amino acids in
MS/MS analysis were highlighted in red. E, A map of vimentin protein showing possible cleavage sites and calculated molecular weight values
of the possible cleaved vimentin fragments.
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expression was found to be significantly regulated both at
early stage (3 h) and late stage (24 h) of GA treatment. These
results suggested that vimentin might play an important role in
the effects of GA. Furthermore, HSPB1 (heat shock 27 kDa
protein 1), also called as HSP27, was the only target-related
protein activated by GA at early stage (3 h treatment), which
had been reported to have direct connections with vimentin
(detailed information was provided in Discussion section).
And, activation of HSP27 could be regulated by MAPKAPK2
(mitogen-activated protein kinase-activated protein kinase 2),
which belonged to p38 MAPK pathway. Therefore, the signal
pathway from p38-MAPK, HSP27 to vimentin was predicted
to be the pathway through which GA exhibited regulative

effects on vimentin. Then, change in vimentin might cause
cytoskeleton dysfunction, which finally induced cell death.

Western blotting assay was employed to assess the acti-
vation of p38-MAPK pathway and regulation of HSP27 and
vimentin level by GA. Primary antibodies used were antibod-
ies against phospho(Thr180/Tyr182)-p38, phospho(Thr334)-
MAPKAPK2, phospho(Ser82)-HSP27, HSP27, vimentin, and
GAPDH. As shown in Fig. 5B, after incubation with 2 �M GA
for 3 h, the phosphorylation level of p38 MAPK and MAP-
KAPK2 was markedly elevated. As shown in Fig. 5C, 3 h GA
treatment also induced increase in phosphorylation of HSP27
and decrease in the total protein level of HSP27. Furthermore,
the effects of GA on HSP27 could be ameliorated by

TABLE III
Normalized peak areas of vimentin phosphopeptides SLYASSPGGVYATR and ISLPLPNFSSLNLR

Vimentin phosphoSTY probabilities (%)
Normalized to �-casein phosphopeptides

(Mean 	 S.E.)
Normalized to �-galactosidase non-

phosphopeptides (Mean 	 S.E.)

Control GA-treated P value Control GA-treated P value

SLYAS[4.7%]S[95.3%]PGGVYATR 0.265 	 0.076 0.197 	 0.024 0.009* 1.314 	 0.328 0.963 	 0.086 0.016*
IS[90.5%]LPLPNFS[2.1%]S[7.4%]LNLR 0.010 	 0.005 0.007 	 0.004 0.218 0.049 	 0.028 0.034 	 0.018 0.117

FIG. 4. Cytotoxicity of GA on HeLa cells with over-expression of vimentin. A, Western blotting assay results of expression levels of
vimentin in wild type cells, negative control cells (cells transfected with empty plasmid) and cells transfected with plasmid encoding vimentin.
B, Effects of GA on viability of negative control cells or cells transfected with plasmid encoding vimentin. Cells were treated with 0.25, 0.5, 1,
2, or 4 �M GA for 72 h and cell viability was determined by MTT assay. Data were statistical results of three independent experiments (n � 3,
mean 	 S.E.). C, Induction of apoptosis by 24 h treatment of GA in negative control cells or cells transfected with plasmid encoding vimentin.
Apoptotic cells were quantified by supravital double staining with Annexin V-FITC and PI. Showed were representative results of three
independent experiments.
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SB203580, an inhibitor of p38 MAPK. The results confirmed
the activation of signal cascade from p38 MAPK to HSP27 in
GA-treated HeLa cells. The full length images of Western
blotting assay of phospho (Thr180/Tyr182)-p38, phospho-
(Thr334)-MAPKAPK2, and phospho (Ser82)-HSP27 were pro-
vided as supplemental Fig. S8.

The effects of GA (3 h and 24 h treatment) on cytoskeleton
configuration of HeLa cells were shown in Fig. 5D (vimentin
and F-actin) and Fig. 5E (�-tubulin and F-actin). Results of
immunofluorescence staining of vimentin (intermediate fila-
ments), actin (microfilaments) and tubulin (microtubules)
showed that, after GA treatment, cells rounded up and exhib-
ited change in distribution of cytoskeleton proteins. GA treat-
ment induced faint and reorganized intermediate filaments
(vimentin) network. And, GA treatment also induced re-ar-
rangement of microtubules and microfilaments.

Influence of siRNA Knock-down of p38, HSP27 or Vimentin
on Cytotoxicity of GA—As shown in Fig. 6A, siRNAs against
p38, HSP27, or vimentin could effectively decrease the ex-
pression levels of p38, HSP27, or vimentin. Results of FCM
analysis of apoptosis were shown in Fig. 6B. As shown in Fig.
6B, siRNA treatments exhibited cytotoxicity on cells and the
increase in cell apoptosis, including both early apoptosis and
late apoptosis. The increase in apoptosis rate was significant
for knock-down of p38 and vimentin. For cells treated with 2
�M GA, pretreatment of siRNAs for p38, HSP27, or vimentin
increased the cytotoxicity of GA and the increase was signif-
icant for knock-down of p38. These results suggested the
important roles of p38, HSP27, and vimentin in cell growth
and death. Interestingly, in cells treated with 4 �M GA, pre-
treatment of siRNA for vimentin significantly decreased the
apoptosis rate of GA-treated cells. The results suggested the
critical role of vimentin in the cytotoxicity of GA.

Effects of GA on In Vivo Tumor Growth and Induction of
Vimentin Cleavage—As shown in Fig. 7A and Fig. 7B, GA
treatment inhibited tumor growth (both tumor volume and
tumor weight) in nude mice inoculated with HeLa cells. Im-
portantly, GA treatment also induced vimentin cleavage in
vivo. As shown in Fig. 7C, though some extent of vimentin
cleavage could be observed in the tumor tissues of control
group, the cleavage of vimentin was more obvious in GA-
treated group. Moreover, H&E staining of tumor xenografts
(Fig. 7D) also indicated that, in control group, the tumor cells
were irregular and had large and deformity nuclei, abundant
cytoplasm and high nucleocytoplasmic ratio. Mitotic and am-
phinucleolus could be observed in control group. However, in
GA-treated group, mitotic and amphinucleolus was rarely and

FIG. 5. Prediction and confirmation of possible signal pathway
activated by GA. A, Predicted signal pathway activated by GA. B,
Western blotting assay of levels of phosphorylated p38 (Thr334),
phosphorylated MAPKAPK2 (Thr180/Tyr182) in HeLa cells treated
with 2 �M GA for 3 h. Each blot was the representative result of three
independent experiments (n � 3, mean 	 S.E.). C, Western blotting
assay of levels of phosphorylated HSP27 (Ser82) and HSP27 in HeLa
cells treated with 2 �M GA for 3 h. The influence of p38 MAPK inhibitor
SB203580 on the effects of GA was also checked. Each blot was the
representative result of three independent experiments. D, Repre-
sentative images of observation of intermediate filament (vimentin,
stained with Alexa Fluor 488 conjugated antibody, green), microfila-
ments (actin, stained with Alexa Fluor 546 phalloidin, red) and nuclear
chromatin (stained with DAPI, blue) in HeLa cells treated with 2 �M GA
for 3 or 24 h. The intermiediate filaments network was faint and
reorganized in GA-treated HeLa cells. E, Representative images of
observation of microtubules (tubulin, stained with Alexa Fluor 488

conjugated antibody, green), microfilaments (actin, stained with Alexa
Fluor 546 phalloidin, red) and nuclear chromatin (stained with DAPI,
blue) in HeLa cells treated with 2 �M GA for 3 or 24 h. The microtu-
bules and microfilaments were re-arranged in GA-treated HeLa cells.
Scale bar � 30 �m. Showed were representative results of three
independent experiments.
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the nucleolus was smaller and more regular (Fig. 7D). In
addition, the immunohistochemical staining of vimentin (Fig.
7E) showed that, the levels of vimentin (uncleaved form) in
GA-treated group were lower than that of control group. As
shown in Fig. 7F, the Histo score (H score) of vimentin ex-
pression from the GA-treated group was 94.50 	 11.77,
which were statistically different from the control group
(199.50 	 10.82) with p value � 0.05.

Cytotoxicity of GA in MCF-7 Cells with Low Vimentin Ex-
pression—Results of Western blotting assay of vimentin levels
in MCF-7 cells and HeLa cells with or without GA treatment (2
�M GA for 3 h or 24 h) were shown in Fig. 8. As shown in Fig.
8A, if we used the same Western blotting assay parameters as

that for detection of vimentin in HeLa cells, vimentin expres-
sion in MCF-7 cells was almost undetectable. The results
indicated that vimentin level in MCF-7 cells was much lower
than that of HeLa cells. Although, if we increased the time of
exposure, weak expression of vimentin could be detected in
MCF-7 cells (Fig. 8B). Comparison of the cytotoxicity of GA in
the two kinds of cells (Fig. 8C) suggested that GA exhibited
weaker cytotoxicity in MCF-7 cells compared with in HeLa
cells.

FIG. 7. Effects of GA on in vivo tumor growth and induction of vimentin cleavage. A, Tumor growth in nude mice treated with vehicle
control or 2 mg/kg GA. B, Weight of tumor xenograts in nude mice treated with vehicle control or 2 mg/kg GA. n � 5, mean 	 S.E., *p � 0.05
compared with that of control. C, Western blotting assay results of vimentin in tumor grafts of nude mice treated with vehicle control or 2 mg/kg
GA. D, H&E staining analysis results of tumor xenografts of nude mice treated with vehicle control or 2 mg/kg GA. E, Immunohistochemical
analysis results of vimentin expression in tumor xenografts of nude mice treated with vehicle control or 2 mg/kg GA. Showed were
representative results. F, Statistical analysis results of vimentin expression in immunohistochemical staining of tumor xenografts of nude mice
treated with vehicle control or 2 mg/kg GA (n � 5, mean 	 S.E.).

FIG. 6. Influence of siRNA knock-down of p38, HSP27 or vimen-
tin on cytotoxicity of GA. A, Western blotting assay of levels of p38,
HSP27 or vimentin in cells treated with siRNA against p38, HSP27 or
vimentin. Cells treated with scrambled siRNA were used as negative
control. B, Apoptosis of cells treated for 24 h by GA (at 2 or 4 �M) with
or without pretreatment of siRNAs. siRNAs used were scrambled
siRNA or siRNA against p38, HSP27 or vimentin. Apoptotic cells were
quantified by supravital double staining with Annexin V-FITC and PI.
Showed were representative results of three independent experi-
ments. *p � 0.05 versus control cells. ‡p � 0.05 versus cells treated
with 2 �M GA. #p � 0.05 versus cells treated with 4 �M GA.

FIG. 8. Cytotoxicity of GA in MCF-7 cells with low vimentin
expression. A, Western blotting assay of levels of vimentin in HeLa
cells and MCF-7 cells with or without GA treatment (2 �M GA for 3 h
or 24 h). B, Western blotting assay with increased exposure time to
detect vimentin in MCF-7 cells with or without GA treatment (2 �M GA
for 3 h). C, Effects of GA on viability of HeLa cells or MCF-7 cells. Cells
were treated with different doses of GA for 72 h and cell viability was
determined by MTT assay. Data were statistical results of three inde-
pendent experiments (n � 3, mean 	 S.E.).
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Effects of GA on EMT Markers and Cytotoxicity of GA in
MG-63 Cells—Results of Western blotting assay of levels of
EMT makers such as fibronectin, �-catenin and E-cadherin in
HeLa cells with or without GA treatment (2 �M GA for 24 h)
were shown in Fig. 9A. As shown in Fig. 9A, GA treatment
decreased the level of fibronectin and �-catenin and in-
creased the level of E-cadherin in HeLa cells. The results
indicated that GA exhibited inhibitive effects on EMT. Similar

results (Fig. 9B) could be observed in MG-63 cells, human
osteoblast-like cells of tumor origin. Notably, as shown in Fig.
9B, MG-63 cells exhibited high level of vimentin expression
whereas GA treatment could induce cleavage of vimentin.
MTT assay results of comparing cytotoxicity of GA in HeLa
cells and in MG-63 cells (Fig. 9C) showed that GA exhibited
stronger cytotoxicity on MG-63 cells than on HeLa cells,
especially at doses of 1.25 and 2.5 �M.

DISCUSSION

In the present study, anticancer effects of GA, a natural
product in phase IIb trial in China, were checked in HeLa cells.
Our results indicated that GA inhibited proliferation, induced
G2/M cell cycle arrest and apoptosis in HeLa cells. These
results were consistent with previous reports of GA (2, 20–22).
By comparing the protein expression profile of GA-treated
cells with that of control cells, 18 significantly differentially
expressed proteins (possible target-related proteins of GA)
were found including 9 proteins found at early stage of GA
treatment (3 h) and nine proteins found at late stage of
GA treatment (24 h). To be noted, the most interesting finding in
the present study was the observation of the role of vimentin
in the effects of GA. Among these possible target-related
proteins of GA, vimentin was the only protein that was differ-
entially expressed both at early stage and later stage of GA
treatment. Vimentin, a 57-kDa protein, is a member of the type
III intermediate filament protein family. As one of the key
components of the cellular cytoskeleton, vimentin played an
important role in maintaining cell shape and integrity and was
also involved in cytoskeletal interactions such as adhesion
and migration (23). Importantly, vimentin intermediate filament
network is able to serve as platforms/scaffolds for signaling
molecules therefore vimentin could participate in various cel-
lular functions by interacting with a large number of signaling
proteins (24). Lots of reports had shown that vimentin was
overexpressed in different cancer cell lines/tissues (25). Ac-
cordingly, vimentin was considered as a possible biomarker
of cancer (26, 27). In the present study, cleavage of vimentin
induced by GA was suggested by 2-DE analysis results and
confirmed by Western blotting assay results. In 2-DE analysis,
two spots (spot 3 and spot 11) were both identified as vimen-
tin whereas GA induced decrease in vimentin with high mo-
lecular weight (spot 3) and increase in vimentin with low
molecular weight (spot 11). Results of Western blotting assay
clearly showed that there was only one protein band of vi-
mentin (at about 57 kDa) in control cells whereas four protein
bands (at about 57, 50, 45, 38 kDa) were detected as protein
bands of vimentin in GA-treated cells. To be noted, because
of low level of protein at 38 kDa, sometimes only three protein
bands of vimentin (at about 57, 50, 45 kDa) could be observed
in Western blotting assay. MS/MS analysis results of vimentin
protein bands further confirmed the cleavage of vimentin in-
duced by GA and suggested possible cleavage sites at or
near ser51 and glu425. Our results were consistent with pre-

FIG. 9. Effects of GA on EMT markers and cytotoxicity of GA in
MG-63 cells. A, Western blotting assay of levels of fibronectin,
�-catenin and E-cadherin in HeLa cells with or without GA treatment
(2 �M GA for 24 h). B, Western blotting assay of levels of vimentin,
fibronectin, �-catenin and E-cadherin in MG-63 cells with or without
GA treatment (2 �M GA for 24 h). C, Effects of GA on viability of HeLa
cells or MG-63 cells. Cells were treated with different doses of GA for
72 h and cell viability was determined by MTT assay. Data were
statistical results of three independent experiments (n � 3, mean 	
S.E.).
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vious report that found cleavage sites of human recombinant
vimentin at or near ser51 and asn422 (28).

Vimentin cleavage could be conducted by caspases (29) or
by other proteases such as calpain (30) or cathepsin (31).
Activation of caspase-3 was observed in GA-treated HeLa
cells in the present study. Although, the results that both
pan-caspases inhibitor and caspase-3 inhibitor could not
abolish GA-induced vimentin cleavage suggested that
caspases might not be the critical protease in vimentin cleav-
age. Our efforts of trying to find proteases responsible for
GA-induced cleavage of vimentin using several inhibitors of
calpain or cathepsin exhibited ambiguous results (data not
shown). Further study is necessary to clarify the cleavage
process of vimentin in GA-treated cells. Although, the very
early appearance of vimentin cleavage after only 3 h of GA
treatment suggested the important role of vimentin cleavage
in the effects of GA.

Importantly, site-specific phosphorylation of intermediate
filament proteins including vimentin could affect assembly
and disposition of the intermediate filament structure and also
played major roles in regulating the connection between in-
termediate filament and its associated proteins (32). The
phosphorylation state of vimentin was an important factor in
the functions of vimentin (32–34). Our results in the present
study showed that, GA treatment induced significant de-
crease in phosphorylation of vimentin peptide SLYASSPG-
GVYATR (aa51–64) but exhibited no influence on phosphor-
ylation of vimentin peptide ISLPLPNFSSLNLR (aa411–424).
The structure of intermediate filament proteins included a
conserved tripartite domain structure consisting of a large
�-helical central rod domain flanked by head and tail domains
(35). Peptide of aa51–64 was at the head domain (1–94) of
vimentin whereas aa411–412 was at the tail domain (407–
466) of vimentin. Our results showed GA induced change in
phosphorylation of head domain (aa51–64) but not tail do-
main (aa411–424) were consistent with previous finding that
vimentin head domain was the major site of phosphorylation
involved in important functions such as disassembly and re-
organization of cytoskeleton in mitosis (36). Interestingly, aa51
(ser51) was also suggested in the present study to be a
possible site of vimentin cleavage induced by GA. Previous
report showed that phosphorylation of vimentin peptide pre-
vented its hydrolysis (28). It might be possible that GA-in-
duced decrease in phosphorylation of vimentin peptide
aa51–64 contributed to the cleavage of vimentin at amino
acid 51.

To confirm the role of vimentin in the effects of GA, HeLa
cells with overexpression of vimentin (by plasmid transfection)
were used in the present study. Effects of GA were checked in
these cells and were compared with that of control. The fact
that overexpression of vimentin by plasmid transfection could
ameliorate the cytotoxicity of GA confirmed the role of vimen-
tin in the effects of GA. Based on the results of present study
and previous studies, which reported GA-induced p38-MAPK

activation and cytoskeleton change (2, 3), signal pathway
from p38-MAPK, HSP27, vimentin, other cytoskeleton pro-
teins and then to induction of cell death (as shown in Fig. 5A)
was predicted to be the possible signal pathway activated by
GA. HSP27, a small stress protein, was an ATP-independent
chaperone crucial for the maintenance of cellular integrity and
played diverse roles as regulators of protein folding, cell mo-
tility, cytoskeletal stability, cellular stress, and cell death (37,
38). In the present study, HSP27 was found to be a target-
related protein of GA at early stage (3 h) of treatment. HSP27
could be regulated by p38 MAPK pathway (39) and could
interact directly with vimentin (40, 41). Results of Western
blotting assay confirmed that GA treatment induced increase
in phosphorylation of p38 and MAPKAPK2, the kinase that
could phosphorylate HSP27 after activation of p38 MAPK
pathway (42). And, GA treatment also induced increase in
phosphorylation of HSP27 and decrease in the total protein
level of HSP27. Furthermore, SB203580, an inhibitor of p38
MAPK, ameliorated the regulative effects of GA on HSP27.
The results confirmed the activation of signal cascade from
p38 MAPK to HSP27 by GA. In the present study, efforts were
also devoted to check the roles of p38, HSP27, and vimentin
in effects of GA using cells with siRNA knock-down of these
genes. Unfortunately, great influence of knock-down of these
genes to cell viability made it difficult to detect possible dif-
ference between the effects of GA in siRNA knock-down cells
and the effects of GA in control cells. Only siRNA knock-down
of vimentin showed ameliorating effect on cytotoxicity of 4 �M

GA. The result confirmed the involvement of vimentin in ef-
fects of GA.

Notably, among the target-related proteins of GA found in
late stage (24 h) of treatment in our proteomic analysis, seven
proteins including vimentin were cytoskeleton-related pro-
teins. The other six cytoskeleton-related proteins, besides
vimentin, were �-actin, tubulin �6, keratin 8, keratin 18, gelso-
lin-like capping protein, and calumenin. �-actin and gelsolin-
like capping protein were related to microfilaments. Gelsolin-
like capping protein was a member of the actin-binding
protein, which was crucial for the organization of the actin
cytoskeleton. Evidence indicated that gelsolin-like capping
protein was involved in the control of cell migration or invasion
(43). Tubulin �6 was microtubule-related protein whereas vi-
mentin, keratin 8, and keratin 18 were intermediate filament-
related proteins. Calumenin was involved in regulation of in-
tracellular calcium level and thus organization of cytoskeleton
and carcinoma metastasis (44). Finding these cytoskeleton-
related proteins as target-related proteins of GA was consis-
tent with the previous reports that showed the regulative
effects of GA on cytoskeleton structure (2). In our study,
influence of GA on cytoskeleton structure of HeLa cells was
confirmed.

Our in vivo study results showed that GA treatment inhib-
ited tumor growth in nude mice inoculated with HeLa cells and
also induced cleavage of vimentin in tumor tissues by West-
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ern blotting assay and immunohistochemical staining analy-
sis. Furthermore, effects of GA on MCF-7 cells with low ex-
pression level of vimentin and MG-63 cells with high
expression level of vimentin were also checked in the present
study. The fact that GA exhibited weaker cytotoxicity in
MCF-7 cells than in HeLa cells and stronger cytotoxicity in
MG-63 cells than in HeLa cells further confirmed the critical
role of vimentin in effects of GA. And, Western blotting assay
results of EMT markers in GA-treated cells showed the inhib-
itive effect of GA on EMT.

In all, in the present study, vimentin was found to play an
important role in the anticancer effects of GA. The pathway
including p38 MAPK, HSP27, vimentin, and dysfunction of
cytoskeleton was suggested to be activated by GA. Clarifying
the important role of vimentin in the anticancer effects of GA
might contribute to better use of GA in clinic. Up to now,
results of phase I clinical study of GA had displayed that GA
showed a good safety profile and tolerance in cancer patients.
The maximum tolerance dose of intravenous GA was esti-
mated to be 55 mg/m2 and the dose-restrictive toxicities
included pain and liver damage occurred at 70 mg/m2 (45). In
phase IIa clinical study, intravenous GA at 45 mg/m2 showed
anticancer activities against advanced malignant cancers
such as nonsmall cell lung, renal and colon cancers (46).
Results of the present study showing the important role of
vimentin in effects of GA suggested possible promising usage
of GA in treatment of tumors with high level of vimentin such
as osteosarcoma. Although, it has to be mentioned that other
targets of GA also had to be considered in the use of GA. For
example, MT1, a metabolite of GA, could bind proteasomal �5
subunit and exhibit proteasome-inhibiting effects (47). Further
study clarifying the anticancer mechanisms of GA and more
results of clinical use of GA might be necessary for successful
development of GA as a new anticancer agent.
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