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Background: Gambogic acid (GA) is the main active ingredient of resin gamboges and possesses
anti-cancer activity toward various human cancer cells. However, clinical application of GA
has been limited by its poor aqueous solubility and dose-limiting toxicities. Cell-penetrating
peptides (CPPs) are widely used to deliver anti-cancer drugs into cancer cells and to enhance
the water solubility of drugs.

Purpose: The object of this study was to synthesize peptide-drug conjugates in which the cell-
penetrating peptide TAT (trans-activator of transcription) was conjugated to GA and evaluated
the anti-cancer activity of this GA-CPP conjugate (GA-TAT) in EJ bladder cancer cells.
Methods: GA is built onto the TAT, and the GA-TAT conjugates are cleaved from the solid
support and purified via HPLC. The equilibrium solubility of GA-TAT was measured using
the shake-flask method. The effects of GA-TAT on EJ cell viability and proliferation were
determined by MTT assay, Edu assay and colony formation assay, respectively. After treated
with 1.0 uM GA-TAT for 24 h, the apoptosis rate of EJ cells were detected by Acridine orange/
ethidium bromide (AO/EB) assay and flow cytometry assay. The proteins of caspase-3 (pro-
cessing), caspase-9 (processing), Bel-2 and Bax were analyzed by Western blotting, and the
intracellular reactive oxygen species (ROS) production was evaluated by a reactive oxygen
species assay.

Results: In contrast to free GA, the solubility of GA-TAT in water was significantly improved.
Meanwhile, GA-TAT significantly increased EJ cellular uptake, toxicity and apoptosis. Mecha-
nistic analysis revealed that GA-TAT enhanced the anti-cancer effect of GA against EJ cells
through ROS-mediated apoptosis. The results were demonstrated that GA-TAT increased the
ROS level in EJ cells, and N-acetyl-L-cysteine (NAC; a well-known ROS scavenger) inhibited
GA-TAT-induced ROS generation and apoptosis. Additionally, GA-TAT activated caspase-3
and caspase-9 and down-regulated the Bcl-2/Bax ratio, but these effects were largely rescued
by NAC.

Conclusion: GA-TAT has outstanding potential for promoting tumor apoptosis and exhibits
promise for use in bladder cancer therapy.

Keywords: gambogic acid, cell-penetrating peptides, apoptosis, bladder cancer

Introduction

Bladder cancer is the most common type of malignant tumor in the urinary system.
Bladder cancer —with an increasing incidence and mortality —is the leading cause of death
in the elderly populations of China.' Currently, surgery combined with postoperative
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chemotherapy is the most important treatment for bladder
cancer.? Because bladder cancer has unique characteristics,
such as a multi-centric tumor origin, drug resistance, and
a tendency to recur, the postoperative recurrence rate in
patients with primary bladder cancer is still as high as 40%.
Moreover, the degree of tumor malignancy increases sig-
nificantly with tumor recurrence, which may develop into
a metastatic tumor.® Although chemotherapy is an effective
method for improving the survival rate of postoperative
patients and those with advanced bladder cancer, the clinical
application of chemotherapy is limited by drug resistance and
the side effects of anticancer drugs.* Therefore, identification
and development of new anticancer drugs for bladder cancer
would significantly improve treatment efficacy.

Natural plant ingredients have always been a major
source of chemotherapy drugs, and may reduce the adverse
effects of tumor therapies.®> Gambogic acid (GA) is a com-
pound extracted from natural resin gamboges and exhibits
anti-proliferative and pro-apoptotic effects on some tumors,
such as breast, prostate, and lung cancer cells.®* Moreover,
selective apoptosis induction by GA in cancer cells, compared
with normal cells, suggests that GA might be an effective
anticancer drug candidate with low toxicity to normal cells.’
Although GA has good anti-neoplastic activity, the clini-
cal application of this compound has been limited because
of its poor cell-penetrating ability, which is a result of its
hydrophobicity.!°

Cell-penetrating peptides (CPPs) are gaining interest
in anticancer drug research because they can be used as
very efficient tools for delivering drugs into cancer cells.!!
Some antitumor drugs, such as doxorubicin and gemcit-
abine, have been conjugated to CPPs, thereby enhancing
the drug’s anticancer effect.'>!* Most CPPs possess cationic
and amphipathic characteristics; conjugating CPPs to drugs
not only enhances drug transport into cancer cells but also
increases drug solubility in water. The trans-activator of
transcription (TAT; CYGRKKRRQRRR) — a part of the
HIV-1 virus regulator protein and the first CPP identified —
has been widely used as a tool for intracellular delivery of
macromolecules.'* Previously, GA was reported to inhibit
proliferation and promote apoptosis in bladder cancer cells;
however, the anticancer effect of GA-CPP conjugates (GA-
TAT) remains unclear.'?

In this study, a new GA-TAT conjugate was synthesized
for the efficient transduction of GA into bladder cancer EJ
cells. GA-TAT conjugates were evaluated for cell toxicity,
proliferation inhibition, cell apoptosis induction, and anti-
cancer efficacy, and these parameters were compared with
those of GA-treated EJ cells. Furthermore, we explored the

potential mechanisms underlying the antitumor effects of
GA-TAT in bladder cancer.

Materials and methods

Cell culture

The human bladder cancer EJ cell line was obtained from
the Institute of Biochemistry and Cell Biology of Chinese
Academy of Sciences (Shanghai, People’s Republic of
China). The human immortalized uroepithelium cell line
SV-HUC-1 was purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). EJ cells were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS; HyClone, Logan, UT, USA), 100 U/mL
penicillin, and 100 pg/mL streptomycin. SV-HUC-1 cells
were cultured in F-12K medium supplemented with 10%
FBS, 100 U/mL penicillin, and 100 pug/mL streptomycin.
Cells were maintained at 37°C in a humidified incubator
with 5% CO,.

Design and synthesis of GA-TAT
conjugates

GA (Sigma, St Louis, MO, USA) was prepared as a stock
solution at a concentration of 25 mmol/L in anhydrous
dimethyl sulfoxide (DMSO; Sigma), aliquoted, and
then stored at —20°C. GA-TAT conjugates were synthe-
sized by the Qiangyao Biological Technology Company
(Shanghai, People’s Republic of China). Briefly, the CPP-
TAT (CYGRKKRRQRRR) was mechanically assembled
onto the resin, and the GA component was coupled to
the N-terminal of the peptides (Figure 1A and B). The
GA-TAT constructs were cleaved from the solid phase.
The crude GA-TAT conjugate peptide was purified by
high-performance liquid chromatography (HPLC), and the
purified compounds were analyzed (Figure 1C and D) by
HPLC and mass spectrometry (MS). The purity of these
peptides was >95%.

Equilibrium solubility assay

The equilibrium solubility of GA-TAT was measured using
the shake-flask method. Briefly, 10 mL buffer solution
(distilled water, pH 7.0) and an excess of GA or GA-TAT
were mixed in a flask. Then, the samples were maintained in
an incubator shaker at 37°C and stirred at the indicated time
(0.5,1,2,4, 6,12, and 24 h) until a heterogeneous system was
obtained (comprising a saturated liquid and undissolved drug
solid). The saturated solution and precipitate were separated
by sedimentation and centrifugation. The supernatant was
collected, and the concentration of samples was determined
by UV spectrophotometry.
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Cellular uptake assay

EJ and SV-HUC-1 cells, at a concentration of 1x10° cells
per well, were seeded in six well plates and were incubated
overnight. After exposure to different concentrations of GA
or GA-TAT for 2 h, the cells were washed three times with

A

PBS. Then, the cells were scraped from the wells, transferred
to sterile Eppendorf tubes, and sonicated using a probe
sonicator (OMNI Sonic Ruptor 400, Kennesaw, GA, USA).
The cell solutions were centrifuged for 15 min at 8,000xg,
and the supernatant was removed and tested via HPLC.
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Figure | Characteristics of synthesized TAT-conjugated GA. (A) The amino acid sequence of TAT; (B) A schematic of GA conjugation to TAT. GA is built onto the
transport peptide, and the GA-TAT conjugates are cleaved from the solid support and purified via HPLC. The fraction was analyzed by HPLC and MS; (C and D) The fraction
was analyzed by HPLC (C) and MS (D); (E) Equilibrium solubility of GA-TAT in water. An excess of GA or GA-TAT was added to distilled water (pH 7.0), and the equilibrium
solubility of GA and GA-TAT was measured using the shake-flask method as described in the text. *P<<0.05 vs GA treatment group; “P<<0.05 vs GA-TA treatment for 0.5 h.
Data are representative images or are expressed as the mean * SD of triplicate measurements.

Abbreviations: TAT, trans-activator of transcription; GA, gambogic acid; GA-TAT, GA-CPP conjugate; HPLC, high-performance liquid chromatography; MS, mass
spectrometry; DMF, dimethylformamide; TFA, trifluoroacetic acid; TIS, triisopropylsilane; EDT, ethanedithiol; TEM, temperature; ESI, ElectroSpray lonization; MCA, multi-

channel analysis.

To further test the effect of incubation time on cellular uptake,
cells were treated with 2.5 UM GA or GA-TAT conjugates
for different durations, followed by the other experimental
procedures as described earlier.

Cell viability assay

Cell viability was measured with an MTT assay (Beyotime
Institute Biotechnology, Shanghai, People’s Republic of
China), according to the manufacturer’s instructions. Briefly,
EJ and SV-HUC-1 cells at a concentration of 5x10° cells per
well were seeded in a 96-well plate and treated with various
concentrations of GA or GA-TAT. After treatment for the
indicated times, 20 uL MTT reagent (5 mg/mL) was added
to each well and was incubated at 37°C for an additional 4 h.
Then, the cell supernatants were discarded. MTT crystals
were dissolved in DMSO, and the absorbance values were
detected at 570 nm by using a microplate reader (TECAN
ULTRA, Research Triangle Park, NC, USA). The relative
cell viability (%) was defined as the absorbance of the treated
samples versus that of the untreated control, and the untreated
control cells were designated as having 100% cell viability.
All experiments were repeated at least three times.

EdU incorporation assay

Cell proliferation was assessed by a 5-ethynyl-2’-deoxyuridine
(EdU) incorporation assay by using an EdU assay kit
(Ribobio, Guangzhou, People’s Republic of China) accord-
ing to the manufacturer’s instructions. Briefly, 5x10° EJ
cells per well were seeded into 96 well plates and treated
with 1.0 uM of either GA or GA-TAT for 24 h. Then, the

cells were washed twice with PBS, and 50 uM EdU was
added for 4 h at 37°C in the dark. The cells were fixed with
4% formaldehyde for 15 min at room temperature, and then
permeabilized with 0.5% Triton X-100 for 20 min. After
being washed with PBS three times, the cells were treated
with 100 UL Apollo reaction cocktail for 30 min. Subse-
quently, the DNA contents of the cells were stained with
100 uL Hoechst 33342 for 30 min and visualized under a
fluorescence microscope.

Colony-formation assay

Cells at 1x10° cells per well were seeded into six well plates
and treated with 1.0 uM of either GA or GA-TAT for 24 h.
Then, the EJ cells were harvested and were cultured at
5x10? cells per well in six well plates, and the medium was
replaced with fresh medium containing 10% FBS. Colonies
were allowed to grow for 10 days. Subsequently, colonies
were fixed, stained with 1% crystal violet (Sigma, St Louis,
MO, USA) in 10% methanol, and counted under a micro-

scope (Olympus, Tokyo, Japan).

Morphological assessment of apoptotic

cells

Acridine orange/ethidium bromide (AO/EB; Sigma, St Louis,
MO, USA) dual staining was done to detect the change in cell
morphology. After treatment with 1.0 UM of either GA or GA-
TAT for 24 h, the EJ cells were collected by trypsinization and
centrifugation. The cells were washed with PBS and stained with
100 pg/mL AO and 100 pg/mL EB at4°C in the dark for 10 min.
Morphological changes, including nuclear condensation and
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cell shrinkage, were assessed using a fluorescence microscope
(Olympus, Tokyo, Japan). The percentage of apoptotic cells
was calculated by the following formula: apoptotic rate (%) =
number of apoptotic cells/the total number of cells counted.

Quantitation of cell apoptosis rates by

flow cytometry

The apoptosis rates of cells were determined by Annexin
V-FITC and propidium iodide (PI) staining and flow cytom-
etry, using the Annexin V-FITC/PI Apoptosis Detection Kit
(KeyGen BioTECH, Nanjing, People’s Republic of China)
according to the manufacturer’s instructions. Briefly, EJ cells
at 1x10° cells per well were seeded into six well plates,
incubated overnight, and treated with 1.0 uM of either GA
or GA-TAT for 24 h. The cells were harvested and stained
with Annexin V-FITC (V-FITC) and PI. The apoptotic cells
were assessed using a FACScan flow cytometer (Becton
Dickinson, NJ, USA) and Cell Quest analysis software.

Western blotting analysis

EJ cells were harvested and lysed with RIPA buffer containing
protease inhibitor (Thermo Fisher Scientific, Waltham, MA,
USA). Proteins were quantified using a bicinchoninic acid
(BCA) protein assay kit (Beyotime Institute Biotechnology,
Shanghai, People’s Republic of China) according to the
manufacturer’s instructions. Equal amounts of protein lysate
(30 pg) were resolved by SDS-PAGE on 10%—12% polyacryl-
amide gels and electrotransferred to polyvinylidene difluoride
(PVDF) membranes (Millipore Bedford, MA, USA). After
being blocked with Tris-buffered saline (TBS) containing
0.1% Triton X-100 and 5% skimmed milk at room temperature
for 30 min, the membranes were incubated with primary
antibodies against caspase-3, caspase-9, Bcl-2, Bax (Cell
Signaling Technology, Beverly, MA, USA), and GAPDH
(Santa Cruz Biotechnology, CA, USA) overnight at 4°C. After
being washed, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Santa
Cruz Biotechnology, CA, USA) at room temperature for
1 h. Protein bands were detected using a chemiluminescence
method (ECL; Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instruction.

Caspase activity measurement

Caspase-3 and caspase-9 activities were analyzed using
the caspase-3 and caspase-9 activity assay kit (Beyotime
Institute Biotechnology, Shanghai, People’s Republic of
China) according to the manufacturer’s instructions and the
acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA)
and acetyl-Leu-Glu-His-Asp p-nitroanilide (Ac-LEHD-pNA)

substrates, respectively. Briefly, after treatment with 1.0 uM
of either GA or GA-TAT for 24 h (in some cases, cells were
pretreated for 2 h with a caspase inhibitor [Ac-DEVD-CHO
or Z-LEHD-FMK). Cell lysates (10 uL) were prepared and
mixed with buffer (80 UL) containing the caspase substrate
(10 pL, 2 mM) attached to pNA. Then, the lysates were
incubated at 37°C for 4 h in the dark. The release of pNA was
measured with a fluorescence plate reader at an absorbance
of 405 nm. Caspase activities were expressed as the ratio of
treated to non-manipulated control cells.

Intracellular reactive oxygen species

detection

Intracellular reactive oxygen species (ROS) production
was evaluated by a ROS assay with 2”7’-dichlorofluorescin
diacetate (DCFH-DA; Beyotime Institute Biotechnology,
Shanghai, People’s Republic of China). Briefly, after
treatment with 1.0 uM of either GA or GA-TAT for 24 h,
EJ cells were washed with PBS twice and incubated with
10 uM DCFH-DA for 30 min at 37°C. After washing with
PBS three times, cells were collected and observed under
a fluorescence microscope (Olympus, Tokyo, Japan). The
qualitative analysis of ROS production was conducted
using a fluorescence microplate reader (ReadMax 1800Plus,
Flash Spectrum Biological Technology, Shanghai, People’s
Republic of China) with excitation at 485 nm and emission at
520 nm. The values were determined as the mean absorbance
normalized to the percentage of the control.

Statistical analysis

All statistical analyses were conducted using SPSS 18.0
(SPSS Inc., Chicago, IL, USA). Data are presented as
the mean + SD of at least three independent experiments.
Statistical significance (P<<0.05) was determined by one-way
ANOVA or the Student—Newman—Keuls (SNK)-g test.

Results

Equilibrium solubility of GA-TAT

The equilibrium solubility of GA-TAT was tested using the
shake-flask method. As shown in Figure 1E, the measured
solubility of GA-TAT increased with increased stirring time.
This increased solubility of GA-TAT reached its peak at 4 h
after stirring, and stayed at this level for 624 h after stirring.
The results were consistent with a previous report that stated
GA was almost completely insoluble in water.!” Although the
solubility of GA-TAT in water was improved as compared
with GA, the solubility values of GA-TAT were much lower
than that of the standard sample, which was dissolved with
DMSO and diluted with water. Thus, both GA and GA-TAT

Drug Design, Development and Therapy 2018:12

submit your manuscript

747

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Lyu et al

Dove

stock solutions were prepared in DMSO (25 mmol/L) and
diluted with serum-free medium or PBS for experiments.

Cellular uptake assay

Either GA or GA-TAT was added at a final concentration of
0.25,1.0,2.5, or 5 uM to a six well plate, and the GA cellular
uptake was evaluated in EJ and SV-HUC-1 cells. The results
revealed that, as compared with GA-treated cells, the EJ and
SV-HUC-1 cells incubated with GA-TAT exhibited higher
cellular uptake of GA as compared with the GA-treated
cells (P<<0.05), regardless of the concentration (0.25, 1.0,
2.5, or 5 uM) (Figure 2A). Furthermore, the cellular GA
and GA-TAT uptake was increased in EJ and SV-HUC-1
cells with a prolonged incubation time. However, more
GA-TAT was internalized than GA (Figure 2B). These results
demonstrated the efficacy of peptide-mediated GA-TAT
internalization in EJ and SV-HUC-1 cells.

GA-TAT cytotoxicity on bladder cancer cells

The effect of a series of GA and GA-TAT concentrations
on cell viability was tested using the MTT assay. Moreover,
TAT peptides were used at the same concentration as GA
and GA-TAT to test CPP toxicity. As shown in Figure 2C
and D, the TAT peptide had no effect on the viability of
EJ and SV-HUC-1 cells. GA inhibited EJ cell viability in a
dose- and time-dependent manner, and the inhibitory effect of
GA-TAT conjugate compounds on cell viability was signifi-
cantly greater than that of the GA treatment. A low GA-TAT
(0.25 uM) concentration did induce clear cytotoxic effects on
EJ cells, whereas the equivalent dose of GA alone was insuf-
ficient. GA had to be used at 1.0 uM to attain a comparable
effect. The 50% inhibitory concentration (IC, ) of GA-TAT
at 24 h was 1.24 uM, which was lower than that of the GA
treatment (4.95 uM). Furthermore, the viability of the cultured
SV-HUC-1 cells was nearly unaffected by GA and GA-TAT,
which was consistent with previous evidence demonstrating
that normal cells are resistant to GA-mediated cytotoxicity.’

GA-TAT inhibited EJ cell proliferation

To compare the inhibitory functions of GA and GA-TAT on
EJ cell proliferation, we used the EAU incorporation assay —
a sensitive and specific method — in this study. The results
revealed that the number of EdU" cells was significantly
reduced in the 1.0 uM GAT or GA-TAT-treated groups
as compared with the TAT-treated and control groups
(Figure 3A). More importantly, the number of EAU" cells
was markedly less in the GA-TAT-treated groups than in
the GA-treated group. These results indicated that GA-TAT

inhibited EJ cell proliferation in vitro and that the inhibitory
effect of GA-TAT was much greater than that of GA alone.
To further determine whether GA-TAT enhances the long-
term inhibitory effect of GA on proliferation, a clonogenic
assay was conducted. Colony growth was significantly
decreased after the 1.0 uM GA treatment, and was further
reduced following the GA-TAT treatment (Figure 3B).
These results further demonstrated that GA-TAT conjugate
compounds are a promising candidate to sensitize tumor cells
to bladder cancer treatment.

GA-TAT induced EJ cell apoptosis

To investigate whether GA-TAT toxicity was due to the
induction of apoptosis, we examined the induced apoptosis
by the AO/EB dual staining assay and V-FITC/PI staining
flow cytometric method. First, cell apoptosis was analyzed
using AO/EB dual detection wherein apoptotic cells present
with orange chromatin fragments. As shown in Figure 4A,
compared with the control and TAT-treated cells, GA- and
GA-TAT-treated cells presented with characteristics of apop-
tosis. However, treating cells with GA-TAT further enhanced
apoptosis. The percentage of apoptotic cells in the GA-TAT
group was much greater than that in the GA treatment group
(42.15%%5.23% vs 19.18%+4.35%). The V-FITC/PI flow
cytometric staining was used to further quantify the number of
apoptotic cells. As shown in Figure 4B, GA induced apoptosis
in only 21.3%%2.27% of EJ cells. However, after treatment
with GA-TAT, the percentage of apoptotic cells was greatly
increased to 46.4%14.86%. The apoptosis-inducing effect of
GA-TAT on EJ cells was greater than that of GA alone.

Caspase activation in response to GA-TAT
treatment in EJ cells
To determine the association between cell apoptosis and
GA-TAT treatment in bladder cancer EJ cells, we examined
the proteolytic processing and activities of caspase-3 and
caspase-9, which are crucial for apoptosis signal transduction
via the caspase cascade. As shown in Figure 5A, caspase-9
and caspase-3 activities were increased in GA-treated cells as
compared with control and TAT-treated cells. Cells treated
with GA-TAT presented with a further enhanced processing
and activation of caspase-9 and caspase-3.

These results were further confirmed by Western blotting.
In contrast to GA treatment, GA-TAT substantially enhanced
the cleaved caspase-3, caspase-9, and Bax upregulation.
However, the Bcl-2 protein level was not affected by GA
but was downregulated after treatment with GA-TAT
(Figure 5B). We further determined the apoptotic rates of
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Abbreviations: TAT, trans-activator of transcription; GA, gambogic acid; GA-TAT, GA-CPP conjugate.
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Figure 3 Effect of GA-TAT on EJ cell proliferation. (A) E] cells were pretreated with 1.0 uM TAT, GA, or GA-TAT for 24 h and then exposed to EdU (50 uM) for 4 h,
followed by staining with Apollo reaction cocktail for 30 min. The EdU-labeled (red) replicative cells were detected under a fluorescence microscope (200x magnification).
(B) EJ cells were incubated with 1.0 uM TAT, GA, or GA-TAT for 24 h and allowed to grow for 10 days in fresh medium. The formed cell clones were counted in a blinded
manner (40x magnification). *P<<0.05 vs control group; “P<<0.05 vs GA treatment group. Data are representative images or are expressed as the mean * SD of triplicate

measurements.

Abbreviations: TAT, trans-activator of transcription; GA, gambogic acid; GA-TAT, GA-CPP conjugate; EdU, 5-ethynyl-2’-deoxyuridine.

EJ cells after the addition of a caspase inhibitor. The caspase
dependence of the apoptosis induced by GA or GA-TAT
treatment was confirmed with the use of a caspase-9—specific
inhibitor Z-LEHD-FMK and a caspase-3—specific inhibitor
z-DEVD-fmk. As shown in Figure 5C, Z-LEHD-FMK and
z-DEVD-fik completely suppressed apoptosis in GA-treated
cells but partially inhibited GA-TAT—induced apoptosis.

Role of ROS in GA-TAT—induced
apoptosis

To determine the mechanism involved in GA-TAT—induced
apoptosis, we examined ROS production in EJ cells. As
shown in Figure 6A, ROS production was substantially

increased in GA and GA-TAT-treated EJ cells compared
with control and TAT-treated cells and was significantly
higher in GA-TAT-treated cells than in cells treated with
GA (P<0.05). To further investigate the role of ROS in
GA-TAT-treated EJ cell apoptosis, an ROS inhibitor was
used. ROS accumulation was markedly abrogated when
cells were pretreated with the ROS scavenger N-acetyl-L-
cysteine (NAC), demonstrating the effective elimination
of GA and GA-TAT-induced ROS production by NAC
(Figure 6A). Moreover, inhibiting ROS generation by adding
NAC significantly blocked GA-TAT—induced caspase-3 and
caspase-9 activities. Meanwhile, NAC also attenuated the
GA-TAT-mediated upregulation of Bax protein expression
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Figure 4 GA-TAT induces apoptosis in E] cells. (A) EJ cells were exposed to 1.0 uM TAT, GA, or GA-TAT for 24 h and then collected and mixed with 200 uL of dye mixture
containing 100 pg/mL AO and EB. Cellular morphological changes were observed by using fluorescence microscopy (200x magnification). (B) After exposure to 1.0 uM TAT,
GA, or GA-TAT for 24 h, E] cells were harvested and stained with Annexin V-FITC and PI, followed by flow cytometric analysis of apoptosis. Arrows indicate apoptotic cells.
*P<<0.05 vs control group. 2P<<0.05 vs GA treatment group. Data are representative images or are expressed as the mean * SD of triplicate measurements.

Abbreviations: TAT, trans-activator of transcription; GA, gambogic acid; GA-TAT, GA-CPP conjugate; AO, Acridine orange; EB, ethidium bromide; Pl, propidium iodide.

and downregulation of Bcl-2 protein expression (Figure 6B
and C). Importantly, when cells were pretreated with NAC
for 2 h, followed by incubation with GA or GA-TAT for
an additional 24 h, the percentage of apoptotic EJ cells was
markedly reduced to 8.3%0.8% or 9.0%=*1.3%, respec-
tively. Thus, NAC treatment alone — in the absence of GA and
GA-TAT —did not significantly affect apoptosis (Figure 6D).

Discussion
The novel anticancer agent GA has significant anticancer
activity against human cancers. GA exhibits anticancer

effects via multiple mechanisms, including the promotion of
apoptosis, induction of cell-cycle arrest as well as inhibition
of telomerases, cell invasion, and angiogenesis.'®'® In this
study, we demonstrated that GA presented with dose- and
time-dependent anticancer activity in human bladder cancer
EJ cells at concentrations starting at 1.0 UM. Furthermore, our
study confirmed that cell viability was inhibited via the pro-
motion of apoptosis in bladder cancer EJ cells. These results
further indicated that GA is an attractive agent for cancer
therapy. However, the major obstacle to the clinical appli-
cation of GA is its poor cell-penetration ability, which is
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Figure 5 Effects of GA-TAT on caspase-3 and caspase-9 activation in EJ cells. EJ cells were incubated with 1.0 uM TAT, GA, or GA-TAT for 24 h; (A) the activities of
caspase-3 and caspase-9 were determined using caspase-3 and caspase-9 assay kits, respectively; and (B) Western blotting analysis of caspase-3 (processing), caspase-9
(processing), Bcl-2, and Bax was conducted. GAPDH was used as a loading control. (C) EJ cells were incubated with 1.0 uM TAT, GA, or GA-TAT for 24 h with or without
20 uM Ac-DEVD-CHO (caspase-3 inhibitor) or Z-LEHD-FMK (caspase-3 inhibitor); the percentage of apoptotic cells was detected by Annexin V-FITC and Pl staining flow
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Abbreviations: TAT, trans-activator of transcription; GA, gambogic acid; GA-TAT, GA-CPP conjugate; Pl, propidium iodide.
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Figure 6 Role of ROS in GA-TAT-induced apoptosis. EJ cells were pretreated with or without 5 mM NAC for 2 h and then were incubated with 1.0 uM TAT, GA, or GA-
TAT for 24 h; (A) the qualitative ROS production analysis was undertaken using a fluorescence microplate reader; (B) levels of caspase-3 (processing), caspase-9 (processing),
Bcl-2, and Bax protein were determined using Western blotting analysis, and GAPDH was used as a loading control; (C) caspase-3 and caspase-9 activity was determined using
caspase-3 and caspase-9 assay kits, respectively; and (D) the percentage of apoptotic cells was detected by Annexin V-FITC and Pl staining flow cytometry. *P<<0.05 vs control;
4P<0.05 vs GA treatment group. *P<<0.05 vs GA-TAT treatment group. Data are representative images or are expressed as the mean + SD of triplicate measurements.

Abbreviations: ROS, reactive oxygen species; TAT, trans-activator of transcription; GA, gambogic acid; GA-TAT, GA-CPP conjugate; NAC, N-acetyl-I-cysteine; PI,

propidium iodide.

caused by extremely poor water solubility.! To achieve an
effective concentration of GA intracellularly, a high dose of
GA was used to induce apoptosis. However, the relatively
high therapeutic dose of GA has inhibited the development
of GA for tumor therapy due to potential side effects, such
as vascular stimulation, neurotoxicity, hepatotoxicity, neph-
rotoxicity, and cardiotoxicity, which discourage its clinical
application.?

In recent years, an increasing amount of evidence has
suggested that CPPs are an improved vehicle for intracel-
lular delivery due to their low toxicity levels and inability
to promote an immune response. The greatest qualities of
CPPs are their ability to efficiently pass through cellular
membranes with low cytotoxicity, to carry a large variety
of cargo into the cell, and to enhance the water solubility of
drugs.?! With regard to research on CPP application, several
CPP drugs have been introduced in preclinical studies and
have shown some advantages in cancer treatment. In this
study, we have synthesized a novel CPP-GA conjugate

using the well-known CPP sequence, TAT — a short peptide
with amphipathic and cationic characteristics. TAT not only
enhances the water solubility of drugs but also shows a
high level of cellular uptake. TAT contains more than five
positively charged amino acids (arginine) that can create
hydrogen bonds with polar lipid groups, and the location of
arginines in the TAT sequence have been associated with
better uptake efficiency.?? In addition, macropinocytosis has
been shown to be involved in TAT uptake.” TAT has been
reported to have the ability to transport macromolecules
across the cell membrane of numerous cancer cells, such
as breast, lung, and liver cancer cells.?*?¢ The results of
the present study demonstrated that the solubility of GA-
TAT in water was improved as compared with that of GA.
In addition, our cellular uptake assays data showed that
GA-TAT enhanced the accumulation of GA in EJ cells as
compared with unconjugated GA, which confirmed that
TAT facilitates cargo uptake. More importantly, in EJ cells,
GA-TAT cytotoxicity was detectable by MTT assay at lower
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treatment concentrations than those required during treat-
ment with unconjugated GA. The results demonstrated that
the IC, value of GA-TAT (1.24 uM), as obtained by an
MTT assay, was lower than that of GA (4.95 uM). Mean-
while, GA-TAT treatment alone did not induce cell death
in the normal human uroepithelium cell line SV-HUC-1.
These results implied that GA-TAT may have therapeutic
potential in patients with bladder cancer if the lower doses
can be achieved clinically, thereby potentially reducing
nephrotoxicity and cardiotoxicity which are the main side
effects of chemotherapeutics. Next, we evaluated the effect
of GA-TAT on EJ cell proliferation by using EdU and
colony-formation assays. We found that, compared with GA
alone, the GA-TAT conjugates had a more potent inhibitory
effect on EJ cell proliferation in vitro. These results are
supported by a fewer number of EQU* cells and cell clones
being observed in the GA-TAT—treated groups than in the
GA treatment group.

The potential mechanisms underlying the anticancer
activity of GA-TAT in EJ cells were characterized by apopto-
sis induction. Apoptosis is characterized by a series of typical
morphological changes.?” In this work, we used AO/EB dual
staining to detect the morphological changes of EJ cells. After
24 h of treatment with GA, EJ cells presented with typical
apoptotic morphological changes: cell shrinkage, chromatin
condensation, nuclear fragmentation, and cell size and shape
alterations. Moreover, more of these morphological changes
were detected in the GA-TAT—treated group than in the GA
alone—treated group, indicating that treating cells with GA-
TAT further enhanced apoptosis. The V-FITC/PI staining
flow cytometric assay further confirmed our results that, in EJ
cells, the apoptosis-inducing effect of GA-TAT was greater
than that of GA alone.

The caspase family contains 12 cysteine aspartate-specific
proteases that play essential roles in cell apoptosis.?® Acti-
vated caspase-9 works as an initiating caspase by cleaving
and, thereby, activating the downstream executioner caspases,
such as caspase-3, that then trigger the rest of the caspase
cascade.” In the present study, we have demonstrated that
GA-TAT significantly increased apoptosis in bladder cancer
EJ cells, which was accompanied by increased caspase-9
and caspase-3 processing. However, the caspase-9 inhibitor
Z-LEHD-FMK and caspase-3 inhibitor Ac-DEVD-CHO
completely inhibited GA-induced apoptosis but only partially
suppressed the apoptosis in GA-TAT—treated cells. These
findings indicated that, in EJ cells, GA-induced apoptosis
occurred mainly through the caspase-dependent pathway;
however, other mechanisms are probably involved in
GA-TAT-induced apoptosis.

Intracellular ROS generation is an important cause of
apoptotic cell death and is also involved in the development
of bladder cancer.’® ROS has been shown to undertake
certain functions in early stages of apoptosis and to induce
mitochondrial membrane depolarization.’! We, therefore,
investigated whether GA-TAT induced ROS production. Our
results demonstrated that GA or GA-TAT treatment greatly
increased ROS production, which was blocked by NAC —an
ROS scavenger. Interestingly, NAC also completely inhib-
ited GA-TAT—induced caspase-3 and caspase-9 activation
and suppressed cell apoptosis. These findings suggest that
GA-TAT-induced EJ cell apoptosis is mediated via ROS
production. These results are consistent with a previous
study that ROS generation triggered apoptosis via caspase-
dependent pathway activation.*?

ROS have been shown to regulate the expression of Bcl-2
family members to activate the intrinsic apoptotic pathway.*
Therefore, we next focused on two members of this family:
pro-death protein Bax and pro-survival protein Bcl-2.
Bcl-2 and Bax protein form homo- and heterodimers that
regulate apoptosis susceptibility.>* An imbalance between
Bax/Bcl-2 leads to cytochrome C release, caspase activa-
tion, and subsequent cell apoptosis.’® In the present study,
GA or GA-TAT treatment in EJ cells upregulated the Bax
expression level. However, the Bcl-2 protein level was not
affected by GA alone, but rather, was downregulated after
GA-TAT treatment. These results indicated that, compared
with GA treatment, GA-TAT treatment induced a greater
decrease in the Bcl-2/Bax ratio, leading to increased EJ cell
apoptosis. This finding was consistent with previous stud-
ies wherein a lower Bcl-2/Bax ratio was associated with
increased caspase-3 levels and, consequently, cell apoptosis
susceptibility.*® Furthermore, the GA-TAT-mediated upreg-
ulation of Bax, downregulation of Bcl-2, and induction of
apoptosis were also attenuated by NAC treatment, suggesting
that GA-TAT enhances the pro-apoptotic effect of human
bladder cancer EJ cells partly through a ROS-mediated
decrease in the Bcl-2/Bax ratio.

In summary, we successfully synthesized a new
conjugate — GA-TAT — which is more efficient and induces
greater cell apoptosis than GA alone in bladder cancer EJ
cells. We offer the first evidence that the conjugation of GA
with a CPP enhances the pro-apoptotic effect. Our study
demonstrated that GA-TAT enhanced the pro-apoptotic
effect via increasing caspase-3 and caspase-9 processing and
activities and decreasing the Bcl-2/Bax ratio, which were
regulated by intracellular ROS. The results of this study
highlight the potential of GA-TAT as a promising clinical
therapeutic for the treatment of bladder cancer.
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