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Gambogic acid (GA), the natural compound extracted from gamboges, has recently been
established as a potent anti-tumor agent. Although it was proved that GA enhances p53
protein level through inhibition of MDM2 in p53 wild-type cancer cells, the mechanisms
of MDM2 inhibition especially with the absence of p53 are not fully understood. Herein
we further studied the MDM2 regulation by GA and propose novel explanations of its
unrecognized mechanism. Regardless of p53 status, GA reduced MDM2 expression in a
concentration- and time-dependent manner. Moreover, the inhibitory effects were exhib-
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Gé;};;\fgggisc acid ited at both transcriptional and posttranslational levels. We found that P1 and P2 promoter
Anti-tumor of MDM2 were both responsive to GA, resulting in decreased Mdm2 RNA level. At the post-

MDM2 translational level, GA promoted the autoubiquitination of MDM2, followed by protea-
some-mediated degradation. Additionally, GA increased p21W3™/C1 expression in p53
null cancer cells, which was associated with GA-mediated impairing of the interaction
between MDM2 and p21Waf1/“®! Furthermore, the apoptosis, cytotoxicity and G2/M cell
cycle arrest induced by GA were detected in both p53 wild-type and p53 null cancer cells.
In vivo anti-tumor activity of GA was also confirmed in H1299 xenografts. It is concluded
that GA down-regulates the MDM2 oncogene and exerts the anti-tumor activity indepen-
dent of p53, and therefore provide more evidences for its therapeutic application.

© 2009 Elsevier Ireland Ltd. All rights reserved.

p53
p21 Waf1/CIP1

1. Introduction tein [1,2]. Overexpression of human homolog oncogene

MDM (also called HDM2) was also found in variety of human

The MDM2 gene was originally identified by virtue of its
abnormal amplification in spontaneously transformed
mouse BABL/c cell line. Subsequently, the MDM?2 protein
was observed to bind to both mutant and wild-type p53 pro-
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cancer cells, typically in approximate one third of osteosar-
comas with retained wild-type p53 [3]. The relationship be-
tween p53 and MDM2 has been extensively investigated.
Under the transcriptional control of p53, MDM2 acts as the
negative regulator of p53 in a feed-back auto-regulatory
loop, inactivating the apoptotic and cell cycle arrest func-
tions of p53 [4-6]. In the nucleus, MDM2 blocks p53-medi-
ated transactivation; in the cytoplasm, MDM2 functions as
an E3 ubiquitin ligase to degrade p53 protein [7].
Although MDM2 has been characterized as the regulator
of p53, there is considerable evidence that MDM2 has p53-
independent functions in cancer etiology and progression
[8]. MDM2 interacts with various cellular proteins,
including Rb, E2F1, p300, ARF, Numb, MTBP, and others,
which involve in cell cycle control, differentiation, basal
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transcription or cell fate determination [9-14]. It is also
demonstrated that MDM2 displays evident tumorigenesis
under the p53~/~ background in vivo [15]. So to inhibit the
oncogenetic functions of MDMZ2, a potential molecular tar-
get for cancer therapy, increasing studies are searching for
new therapeutic strategies and agents. Possibilities focus
on inhibiting the expression of cellular MDM2, repressing
MDM2-mediated ubiquitination, blocking the interactions
between MDM2 and its target proteins [16-18].

Gambogic acid (GA, C3gHy40s), a compound extracted
from natural resin gamboge, has been proved to own
potent anti-tumor effects on different types of cancer cells
[19,20]. Its in vitro andfor in vivo activities include
induction of apoptosis and cell cycle arrest, inhibition of
telomerase activities, antagonism of angiogenesis, and
suppression of invasion and metastasis [21-25]. Moreover,
transferring receptor (TfR or CD71) was considered as one
target, which mediated the pro-apoptotic activation in-
duced by GA [26]. Nevertheless, as a promising anti-tumor
agent, it also performs its anticancer effect under other
mechanisms which are not well detected. It has been dem-
onstrated that GA decreased the expression of MDM2 in
p53 wild-type cancer cells, resulting in the stabilization
of p53 followed by stimulating p53-dependent apoptosis
[27]. What remains to be addressed is whether the regula-
tion of MDM2 by GA is p53-dependent.

The results of the present study indicate that the cellular
level of MDM2 can be down-regulated by GA p53-indepen-
dently at both transcriptional and posttranslational levels,
which may contribute to the GA-mediated anti-tumor ef-
fects. We further established that GA elevated the expres-
sion of p21Wa/CP1 independent of p53 in vitro, associated
with GA-mediated inhibition on the binding of MDM2 to
p21Wafl/CIP1 " thys leading to G2/M cell cycle arrest. These
provide more mechanistic insights into GA’s anti-tumor
activities and render that GA could be served as a potential
therapeutic candidate for treatment of cancer.

2. Materials and methods
2.1. Medicine and reagents

GA was isolated and purified according to the estab-
lished methods [28]. The purity of GA used in all experi-
ments was 95% or higher [29]. It was dissolved in PBS
containing arginine to a concentration of 10 mM as the pri-
mary stock solution and stored at —20 °C. 3-(4, 5-dimeth-
ylthiazol-2-yl)-2, 5-diphenyltetrazol-iumbromide (MTT),
Cycloheximide (CHX), and N-benzoyloxycarbonyl(Z)-Leu-
Leu-Leu-al complex (MG132) were purchased from Sigma
(USA). All drugs were diluted in the corresponding culture
medium to desired concentrations before use.

2.2. Cell culture

Human breast cancer cell MCF-7 was obtained from Cell
Bank of Shanghai Institute of Biochemistry and Cell Biol-
ogy, and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) contained 10% fetal bovine serum (FBS). Human
non-small cell lung cancer H1299 cell line was a generous

gift from Dr. Cai-Cun Zhou (Shanghai Pulmonary Hospital,
Shanghai, China), which was cultured in RPMI-1640 med-
ium contained 10% calf serum (CS). All culture media was
added with 100 U/mL penicillin, and 100 mg/L streptomy-
cin. All the cells were incubated in a stable environment
with 5% CO, at 37 °C in a humidified incubator (Thermo,
Forma Scientific, Inc., USA).

2.3. Plasmids and transfection

The Plasmids pCMV-Neo-Bam containing the complete
Mdm2 cDNA sequence was kindly gifted from Professor
Moshe Oren (The Weiamann Institute of Science, Rehovot,
Israel). The Mdm2 cDNA insert was subcloned into
pcDNA3.1 His/HA at sites of Kpnl and Xhol and confirmed
by sequencing as reported before [27]. The Mdm2 P1 pro-
moter reporter was provided by Dr. Wang Meilin (Nanjing
Medical University, China). To construct the Mdm2 P2 pro-
moter reporter, a genetic fragment covering —599 to +220
sites of P2 promotor amplified from genome of human can-
cer cells was cloned into pGL3-basic plasmid as usual clon-
ing protocol. And the plasmid pcDNA3-His-Ubi for
expression of human ubiquitin was provided by Professor
Chang Zhijie (Tsinghua University, China). The p53 siRNA
was purchased from Santa Cruz Biotechnology, Inc. Both
transient plasmid and siRNA transfections were performed
according to the manuals of Lipofectamine™ 2000 regent
(Invitrogen, Carlsbad, CA).

2.4. Reverse transcription PCR

Total RNA was extracted using the Trizol reagent from
Invitrogen, quantified by UV spectrophotometry, and used
to create cDNA with the RT-PCR kit from Takara (Dalian,
China). The amplification program included an initial dena-
turation step at 94 °C for 3 min, followed by denaturation
at 94 °C for 30 s, annealing for 20 s at 55 °C and extension
at 72 °C for 45 s, for 30 cycles. The primers for cDNA frag-
ment amplification were: Mdm2, 5 CTTGATGCTGG-
TGTAAGT3' (forward), and 5'GTTGATGGCTGAGAATAG3'
(reverse); p21Wafl/ICP1 5,cCCGTGAGCGATGGAACT3' (for-
ward), and 5CGAGGCACAAGGGTACAAGA3’' (reverse),
beta-Actin, 5'CTGTCCCTGTATGCCTCTG3' (forward), and
5'ATGTCACGCACGATTTCC3' (reverse).

2.5. Luciferase reporter assay

Cells were cotransfected with Mdm2 P1/P2 promoter
vectors with Renilla luciferase reporter (as internal con-
trol) for 40 h followed by incubation with various concen-
trations of GA for 6 h. The luciferase activity of cell lysate
was determined with the Dual-Luciferase Reporter kit
(Beyotime, China) according to the provided protocol.
Luciferase signals were collected by Dual-Luciferase Assay
system (Thermo, USA) and all assays were repeated at least
three times.

2.6. Western blotting

Protein extraction from cell cultures or tumor homoge-
nates was performed as standard protocols. For western
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blotting assay, equal amounts of total cellular protein
(60 pg) were denatured in 2x sample buffer and subjected
to SDS-PAGE. The separated proteins were transferred to
nitrocellulose membranes followed by blocking with 5%
nonfat milk powder (w/v) in TBS (10 mM Tris, 100 mM
NaCl, and 0.1% Tween 20) for 1 h at room temperature.
Then membranes were, respectively, incubated with anti-
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Fig. 1. GA induces apoptosis and cell cycle arrest regardless of p53 status. (A) GA inhibits cell growth independent of p53. H1299 cells (p53 null) and MCF-7
cells (p53 WT) were treated with various concentrations of GA as indicated for 24 h and cell viability was determined by MTT assay. The IC50 was calculated
by Logit method. (B) GA induces apoptosis independent of p53. H1299 cells and MCF-7 cells were treated as described above. According to the manual of the
Annexin V-FITC apoptosis detection kit, apoptotic cells were identified by dual staining with recombinant FITC-conjugated Annexin-V and PI. Bars, #SD. (C)
GA induces cell cycle arrest in G2/M phase independent of p53. H1299 and MCF-7 cells treated with GA as above for 24 h. Cell cycle distribution was
determined by PI staining. The cell population in each cell cycle phase is the mean percentage of the total events counted. All assays were done in triplicate.
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2.7. Immunofluorescence

Cells were inoculated onto glass coverslips in a 6-well
plate and cultured overnight. Then they were exposed to
diverse concentrations of GA for 6 h. Immunofluorescent
assay was carried out according to the protocol described
previously [30] with anti-MDM?2 antibody followed by
incubation with anti-rabbit IgG-FITC (BD Biosciences, San
Diego, CA) at 1:200 dilution. Cell nucleus was stained by
4, 6'-Diamidino-2-phenylindole (DAPI, Sigma). Images
were observed and captured by fluorescence microscope
(Olympus, JP).

2.8. Immunoprecipitation (IP)

Cells were treated with diverse concentrations of GA for
6 h before harvest in all IP assays. For ubiquitination detec-
tion, H1299 cells were cotransfected with pcDNA3-His-Ubi
and pCMV-Neo-Bam-Mdm2 for 40 h, followed by incuba-
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tion with 25 mM MG132 for 8 h. The cell lysate was centri-
fuged and the supernatant was wused directly for
immunoprecipitation. Proteins were precipitated from
the supernatant by addition of anti-MDM2 antibody for
4h at 4°C. Protein A/G plus-agarose beads (20 pL per
group) (Santa Cruz) were then added for a further incuba-
tion at 4 °C overnight. The beads-antigen complexes were
collected by centrifugation at 5000xg for 10 min. Anti-
p21 or anti-ubiquitin antibody was used as secondary anti-
body and Western blotting detection was operated as de-
scribed above.

2.9. Assays for cell viability, apoptosis, and cell cycle
distribution

Cells viabilities were measured by a colorimetric assay
using MTT as described previously [20]. Triplicate experi-
ments were performed in a parallel manner for each con-
centration of GA used and the results were presented as
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Fig. 2. GA inhibits MDM2 expression independent of p53. (A) MDM2 protein levels were decreased by GA concentration-dependently. H1299 cells (p53
null), MCF-7 (p53 WT) and MCF-7 cells (p53 KD) were treated with various concentrations (0, 1, 2.5, and 5 uM) of GA for 6 h. Cells were lysed, normalized
for protein sample, and subjected to western blotting assay with anti-MDM2 antibody. Cellular p53 was knocked down in MCF-7 cells, named with MCF-7
(KD), via transient transfection with p53 siRNA for 40 h, followed by GA treatment for another 6 h. (B) GA down-regulates MDM2 expressing in a time-
dependent manner. H1299 and MCF-7 cells were treated with 5 uM GA for various hours as indicated, and protein were extracted from cell cultures. Protein

levels of MDM2 and p53 were detected by western blotting.
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means + SD. Vitality Index (%) was calculated using the fol-
lowing equation: Vitality Index (%) = (A treatment/A con-
trol) x 100%. Apoptotic cells were assayed according to
the method described in a previous report [31]. Apoptotic
or necrotic cells were identified by dual staining with re-
combinant fluorescein isothiocyanate (FITC)-conjugated
with Annexin-V and propidium iodide (PI) (Sigma). The
experiment was carried out according to manufacturer’s
instructions (Becton Dickinson, USA). For cell cycle distri-
bution assay, cells were trypsinized, washed with PBS,
and fixed in 1.5 mL 95% ethanol at 4 °C overnight followed
by incubation with RNase and staining by propidium io-
dide (PI). Data acquisition was performed with a Becton
Dickinson FACS Calibur flow cytometer.

2.10. Xenograft model

Male BALB/cA nude mice, 35-40 days old with body
weight of 18-22 g were supplied by Shanghai Institute of
Materia Medica, Chinese Academy of Sciences. Cultured
H1299 cells were washed with and resuspended in ser-
um-free medium. Portions of the suspension (5 x 10° cells
in 0.2 mL/mouse) were then injected into the right flank
region of each mouse. When tumor size increased to
100-200 mm?>, the mice were randomly divided into five
groups, with six mice each. Each group was treated with
20 mg/kg Cyclophosphamide (CTX), 2, 4, and 8 mg/kg GA,
and 0.9% NaCl (vehicle), respectively. The drugs or equal
volumes of the vehicle were administered by tail veil injec-
tion (i.v.) once every 2 days, whereas tumor size was mea-
sured and converted to tumor volume using the formula:
a x b x b/2, where a and b refer to the length (a) and width
(b) of the solid tumor (a > b). Relative tumor volume was
calculated as V,/Vp (V;, tumor volume at n days after treat-
ment; Vp, tumor volume at initiation).

3. Results

3.1. GA induces apoptosis and cell cycle arrest regardless of p53 status

Our previous study has revealed that GA induced apoptosis and
growth inhibition in a panel of cells expressing wild-type p53 [27], and
here we investigated whether GA promoted apoptosis in cells not
expressing p53. H1299 cells (p53 null), accompanied with MCF-7 cells
(p53 WT) were employed to test the cytotoxic and proapoptotic effects
of GA. Results of the MTT uptake method showed that GA exhibited cyto-
toxic effect in a concentration-dependent manner, with ICso value of
3.5 uM in H1299 cells similar to that obtained in MCF-7 cells (Fig. 1A).
According to the results of AnnexinV-PI dual staining, GA concentration
dependently promoted the apoptosis in H1299 cells from 5% to 55%,
and from 6% to 40% in MCF-7 cells (Fig. 1B). Little difference was observed
between the sensitivity of H1299 cells (p53 null) and MCF-7 cells (p53
WT) when treated with GA.

In addition, the cell cycle distribution of MCF-7 and H1299 cells were
analyzed by PI staining. As shown in Fig. 1C, in both MCF-7 (p53 WT) and
H1299 (p53 null) cells, the population of G2/M phase cells was increased
by over 20% after the treatment of GA. These results together indicated
that GA exerts apoptosis and cell cycle arrest inducing effects regardless
of the p53 status.

3.2. GA inhibits MDM_2 expression independent of p53

We have reported that GA stimulates the activation of p53 via sup-
pressing the negative regulator MDM2 in cells expressing wild-type

p53; furthermore, whether GA-mediated the inhibitory effect of MDM2
occurs p53-independently was tested. To study the direct effect of GA
on MDM2 regulation, the endogenous expression of p53 in MCF-7 cells
was knocked down by transient transfecting with p53 siRNA. H1299
(p53 null), MCF-7 (p53 WT), and MCF-7 (p53 KD) cells were, respectively,
treated with different doses of GA for 6 h, and subjected to western blot-
ting with anti-MDM2 antibody. As shown in Fig. 2A, there was a striking
concentration-dependent decrease in the amount of MDM2 protein,
regardless of p53 status. Similar results were observed time-dependently,
when cells were treated with 5 uM GA for various time (Fig. 2B). As early
as 6 h after treatment, GA caused 2-fold decrease of MDM2 levels in
H1299 cells, compared with control. These results consist with our
previous reports that MDM2 oncoprotein could be down-regulated by
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Fig. 3. GA down-regulates MDM2 expression at transcriptional level.
(A) MDM2 RNA level was decreased by GA. H1299 cells were treated
with various concentrations of GA for 6h followed by extraction of
total RNA. cDNA fragments of Mdm2 was amplified by RT-PCR, using
the primers indicated in material. (B) GA down-regulates MDM2
expression at transcriptional level via P1/P2 promoters. H1299 cells
were cotransfected with the MDM2 reporter pGL3-Mdm2-P1 or pGL3-
Mdm2-P2 and corresponding empty vector (pGL3-Basic) for 40h
followed by incubation with various concentrations of GA for an
additional 6 h, before luciferase activities were quantified. Data were
shown as means +SD. 'P<0.05; ~P<0.01. Each group was repeated for
at least three times.
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GA, and importantly, these data are the first to show this inhibitory effect
is independent of p53.

3.3. GA down-regulates MDM?2 expression at transcriptional level

Based on the results shown above, it was of great interest to further
explore the underlying mechanism of MDM2 inhibition by GA. Firstly,
we focused on the possible regulation at transcriptional level, by examin-
ing the effect of GA on the expression of MDM2 mRNA levels. H1299 cells

A CHX

were treated with various concentrations of GA for 6 h, and there was an
evident GA-induced decrease in MDM2 mRNA levels in a concentration-
dependent way, as shown in Fig. 3A.

To verify the results above, we further performed luciferase reporter
assay in the cells. As well known, there are two promoters regulating
the transcription of MDM2 gene, so we, respectively, transfected
MDM2-P1 and MDM2-P2 into H1299 cells for 40 h and then detected
the reporter activity following GA treatment for another 6 h. The lucifer-
ase activity of the MDM2-P1 reporter was dramatically decreased by over
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Fig. 4. GA down-regulates MDM2 expression at posttranslational level. (A) GA accelerates the degradation of MDM2. MDM2 and p21 protein levels in
H1299 cells, treated with or without 5 uM GA for 6 h, were detected by western blotting at different time points after the protein synthesis inhibitor
cycloheximide (10 pg/mL) was added. The quantification of data showed as bottom was carried out by Photoshop grey value analysis. (B) GA promotes the
autoubiquitination of MDM2. H1299 cells were cotransfected with pCMV-Mdm2 and a ubiquitin expressing plasmid pcDNA3-Ubi for 40 h, and then were
treated with various concentrations of GA and MG132 (25 pumol/L) for 6 h. Cells were lysed and the lysates were subjected to immunoprecipitation with
anti-MDM2 antibody. Ubiquitinated MDM2 was detected by anti-ubiquitin antibody. (C) GA mainly promotes the degradation of cytoplastic MDM2. H1299
cells or MCF-7 cells were inoculated in 6-well plate overnight and then exposed to various concentrations of GA for 6 h. Cells were incubated with
monoclonal anti-MDM2 antibody followed by incubation of anti-rabbit IgG-FITC. The cell nucleus was stained with DAPIL. Images were observed and

captured using fluorescence microscope.



108 J.-J. Rong et al./Cancer Letters 284 (2009) 102-112

GA (uM)

IP:MDM2
IB:Ubi

IgG

Lysis

IB:MDM2 | —= == ——

IB:B-Actin | === w—— ==

H1299

MCF7

MDM2 DAPI

o &

Control

1pM

MERGE

MDM2 DAPI MERGE

Fig. 4. (continued)

70% when cells were treated with 5 pM GA; meanwhile there were no
apparent changes in the cells transfected with the corresponding empty
vector reporter (Fig. 3B). In comparison, the luciferase activity of the
MDM2-P2 reporter was not so vital in H1299 cells, whereas still dropped
down by around 50% (Fig. 3B). Overall, these data clearly showed that the
decrease in MDM2 protein was partially due to GA-induced inhibition of
the transcriptional activation of gene MDM2.

3.4. GA down-regulates MDM?2 expression at posttranslational level

MDM2 functions as an E3 ubiquitin ligase responsible for the ubiqui-
tination of many targets followed by proteome-mediated degradation,
including MDM2 itself. Therefore we proceeded to test whether GA pro-
motes the degradation of MDM2 protein independent of p53 at posttrans-
lational level. The degradation rate of MDM2 protein in H1299 cells was
determined at different time points after the protein synthesis inhibitor
cycloheximide (CHX) (10 pg/mL) was added. After 3-h exposure to CHX,
the amount of celluar MDM2 protein was decreased by ~40% with the
treatment of GA, versus only ~70% decrease in the absence of GA (Fig. 3A).

Furthermore, H1299 cells were cotransfected with pCMV-Mdm2 and a
plasmid expressing human ubiquitin, and then exposed to GA plus the
proteasome inhibitor MG132 (25 uM) for total 6h. Ubiquitinated
MDM2 protein from cell lysates was isolated by immunoprecipitation
with anti-MDM2 antibody, followed by western blotting assay with
anti-ubiquitin antibody. As shown in Fig. 4B, GA promoted the ubiquitina-
tion of exogenous MDM2 concentration-dependently, providing another
envidence for GA-induced degradation of MDM2.

Moreover, since the degradation of MDM2 was considered to take
place in both cellular cytoplasm and nucleus, we further carried out
immunofluorescent assay to test where GA-mediated MDM2 degradation
mainly occurs. Treatment of both H1299 and MCF-7 cells with GA dra-
matically decreased the amount of MDM2 in cytoplasm as shown in
Fig. 4C. According to our previous work, GA stabilized cytoplasmic p53
[27], consistent with the result of reducing MDM2 expression in cyto-
plasm observed here. These results taken together support the hypothesis
that the inhibition of MDM2 by GA at posttranslational level is through
acceleration of MDM2 degradation via autoubiquitination pathway.

3.5. GA elevates expressing of p21"V¥"/“""! independent of p53 but not mRNA
level

As described above, GA induces G2/M cell cycle arrest p53 indepen-
dently; the other hand, GA has been shown previously to cause cell cycle
arrest triggered by p21Waf/"1 activation, a crucial CDK inhibitor in cell cy-
cle regulation [22]. Thus, whether the activation of p21W3/“"1 by GA in-
volves with MDM2 inhibition was investigated here. Firstly, MCF-7 (p53
WT), MCF-7 (p53 KD), and H1299 (p53 null) cells were treated with GA
as above, and employed to test the protein level of p21Wf!/C"1 in different
context of p53 expressing by western blotting. As shown in Fig. 5A, regard-
less of cellular p53 status, GA increases the protein level of p21Waf/ciP1
concentration dependently, as well as time dependently (Fig. 5B).

Nevertheless, in the RT-PCR assay, the mRNA level of p21Wafl/CiP1 jp
H1299 cells was not affected by the treatment of GA (Fig. 5C). In addition,
the degradation rate of protein p21W2f/“"! was indeed decreased by GA
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in our tests (Fig. 4A). These results suggest that GA-induced up-regulation
of p21Wafl/CIP1 jn H1299 cells may happen at posttranscriptional level.

3.6. GA attenuates the physical interaction between MDM2 and p21W¥/cP1

It is proved that MDM2 mediates the proteolytic degradation of
p21Wafl/CP1 “thys reducing p21Waf/SP! protein stability [41]. Thereby,
considering the results above, we next tested whether GA-mediated
MDM2 inhibition affects the interaction between MDM2 and
p21Waft/CIP1 - After H1299 cells treated with GA as described above, we
performed immunoprecipitation isolation using anti-MDM2 antibody,
followed by immumoblotting assay with anti-p21 antibody. As shown
in Fig. 6, the interaction between MDM2 and p21W¥f//“"! was impaired
by GA, as the amount of endogenous p21W1/®"! binding to MDM2 was
remarkably decreased in a concentration-dependent manner, while the
expression of p21Waf1/“I"1 in cell lysate was increased. The results suggest
that GA-mediated the inhibition of MDM2 weakens the access of MDM2
to p21Wa/CP1 contributing to the p21WaM/C"1 stabilization.

3.7. GA inhibits tumor growth and MDM2 expression in vivo

As we have identified p53-independent anti-tumor effects of GA
in vitro, H1299 xenograft model was constructed to determine the
in vivo effect of GA on tumor growth with the absence of p53. Mice were
given GA i.v. at 2, 4, and 8 mg/kg once every 2 days for total 18 days be-
fore sacrifice. Cyclophosphamide (CTX) has been shown to inhibit tumor
inhibition in variety of xenografts and therefore used as positive control.
As shown in Fig. 7A, 8 mg/kg of GA did not substantially inhibit tumor
growth until 8 days of treatment similar to that of 20 mg/kg of CTX. At
the end of the experiment, approximately 60% reduction in tumor volume
was observed in mice treated with GA at 4 mg/kg, and 75% reduction in
mice treated with GA at 8 mg/kg.

Tumor tissues were retrieved after the final administration of GA and
analyzed by western blotting to determine the change in MDM2 and
p21Wafl/CIPT protein levels. Administration of 4 mg/kg GA produced
remarkable inhibition of MDM2 and induction of p21Wf/“"! compared
with vehicle control, whereas little change was observed in the CTX treat-
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Fig. 5. GA elevates expressing of p21V2f!/“"! independent of p53 but not mRNA level. (A) Protein level of p21V3f/“"! was increased by GA. H1299 (p53
null), MCF-7 (p53 WT), and MCF-7 cells (p53 KD) were treated with various concentrations (0, 1, 2.5, and 5 uM) of GA for 6 h, and protein p21Waf!/CIP1 yas
detected by western blotting. (B) GA elevates p21WaM/C"! expressing time-dependently. H1299 and MCF-7 cells were treated with 5 uM GA for different
time as indicated above, and then protein p21Wf//c" Jevels were determined by western blotting. (C) GA has little effect on p21"V3f/“I"! expressing at RNA
level. H1299 cells were treated with various concentrations of GA for 6 h followed by extraction of total RNA. cDNA fragments of p21Wa/“" was amplified

by RT-PCR.
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Fig. 6. GA attenuates the physical interaction between MDM2 and
p21Wafl/CP1 11299 cells were treated with various concentrations of
GA for 6 h. Cells were lysed and the lysates were subjected to immuno-
precipitation with anti-MDM2 antibody. Endogenous p21W2f//“"! binding
with MDM2 was detected by anti-p21 antibody.
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Fig. 7. GA inhibits tumor growth and MDM2 expression in vivo (A) anti-
tumor activity of GA is confirmed in H1299 xenografts. H1299 cells were
inoculated in the right flank region of BALB/cA nude mice. Each group was
treated with 20 mg/kg CTX, 2, 4, and 8 mg/kg GA and 0.9% NaCl (vehicle),
respectively, by i.v. once every 2 days for 3 weeks. Tumor volumes were
measured as described in methods. (B) GA inhibits MDM2 expressing
while elevates p21Wafl/C"! expressing in H1299 xenografts. At the end of
treatment, tumor xenografts were removed and proteins of tumor tissue
homogenates were analyzed by western blotting with anti-MDM2 and
anti-p21WaM/CP1 aptibodies.

ment group (Fig. 7B). These results showed in vivo anti-tumor activity of
GA, potentially through modulation of MDM2 and p21Waf/ciP1,

4. Discussion

The purpose of this study is to determine whether GA
affects the expression of the oncoprotein MDM2 p53-
dependently and reveal the underlying mechanisms. There
are three novel results presented here. Firstly, we proved
that GA down-regulates MDM2 expression at both tran-
scriptional and posttranslational levels. Both P1 and P2
promoters of MDM2 are responsive to GA-mediated
down-regulation of MDM2 at transcriptional level. Further
evidence of GA promoting autoubiquitination of MDM2
provides another possibility for regulatory mechanism
at posttranslational level. Secondly, we found that
p21Wafl/CIP1 \yas up-regulated by GA independent of p53,
probably due to alleviating the binding of MDM2 to
p21Wafl/CP1 and stabilizing tumor suppressor p21Wafl/cIP1,
Lastly, GA exerts anti-tumor effects, including cell growth
inhibition and inducing apoptosis as well cell cycle arrest,
in cancer cells not expressing functional p53, as well as in
inhibiting tumor growth in mice xenograft model, possibly
through down-regulating MDM2.

It is well known that MDM2 expression is controlled by
two different promoters, generating alternatively spliced
transcripts [32]. The second promoter of MDM2 P2 was
more extensively studied than P1 promoter, considering
that p53 binds to the two p53-responsive elements in in-
tron 1 and contributes to the major biological function of
MDM?2 [33,34]. Nevertheless, there are numbers of p53-
independent response elements in MDM2 promoters,
especially P1 promoter, regulated by different transcrip-
tional factors, such as AP1, ETS, PTEN, and others factors
[35,36]. Our results of RT-PCR and luciferase reporter assay
supported that P1 promoter, accompanied by P2 promoter,
was responsive to GA-mediated transcriptional inhibition
of MDM2. It was reported that the ratio of the two
MDM?2 protein products, p90 to p76, was determined by
the relative abundance of transcription initiated by P1 pro-
moter which predominantly gives rise to p90 [37]. As in
our observation, GA mainly affected the expression of
MDM2-p90 whereas slightly regulated MDM2-p76 (data
not shown). What still needs to be addressed, however, is
which signaling effectors binding to the MDM2 promoter
blocked by GA, leading to the suppression of MDM2 tran-
scription. Moreover, MDM2 is the major regulator for p53
degradation mediated by 26S proteasome pathway, depen-
dent on the E3 ubiquitin ligase activity of a RING finger do-
main located in the C terminus of MDM2 [7]. Meanwhile, it
facilitates its own ubiquitination under certain conditions,
consequently resulting in the destabilization of MDM2 it-
self [38]. The mechanism of controlling the switch between
substrate ubiquitination and autoubiquitination of MDM2
is still not clear [17]. Here we showed that GA could pro-
mote the autoubiquitination of MDM2 at posttranslational
level, which means GA may attenuate the stability of
MDM?2 to access its targets. We have proved that GA in-
duced p53 stabilization in cytoplasm by means of sup-
pressing the expression of MDM2 [27]. Consistently, the
cytoplasmic MDM2 expression was observed to decline
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in H1299 cells after the treatment of GA, even though
MDM?2 is known for its shuttle between cytoplasm and nu-
cleus [39]. Still, whether GA affects cellular translocation of
MDM2 needs to be investigated in future. More evidence
has suggested that PI3K/AKT pathway plays an important
role in MDM2 modification at posttranslational level [40].
And our previous work indeed identified the link between
tyrosine kinase inhibition and GA’s anti-tumor effects,
which provided the possibility for elucidating GA’s regula-
tion of MDM2 in detail.

Beyond our initial expectations, the expression of
p21Wafl/CIP1 5 typical transactivation target of p53, was en-
hanced at protein level by GA without p53 presence, which
could be resulted from the inhibition of MDMZ2. This is a
consensus that MDM2 contributes to the proteasome-
mediated degradation of p21Waf/CIP1 [41,42]. We also ob-
served that there was indeed a physical interaction be-
tween MDM2 and p21W/CP1 and  comparatively
endogenous p21Waf/CP1 \as released from the complex
followed by adding of GA. Thereby GA may stabilize
p21Wafl/CIP1 5t posttranslational level, indicating an under-
lying connection between GA’s anti-tumor effects and p53-
independent activation of p21Wafl/“™™1_ Nevertheless, the
regulation of p21Waf/“P! js more complicated than previ-
ous thoughts. There are many signaling molecules that reg-
ulate the transactivation and degradation of p21Waf/CIP1
via different pathways [43,44]. So whether there exist
crosstalk between other factors and p21V3/“! pharma-
cologically induced by GA, such as Rb family, will be dis-
cussed in the future work.

In conclusion, our study provides further insight into
the molecular mechanisms of GA: in the presence of p53,
GA activates p53 via suppressing of MDM2; however, in
the absence of p53, MDM2 inhibition still contributes to
GA-mediated anti-tumor effects. Moreover, we found that
GA could inhibit cell growth, induce apoptosis and cell cy-
cle arrest in G2/M phase in cancer cells with or without
functional p53. This novel finding provides implication
for clinical application of GA, as p53 is genetically mutated
in over 50% of human cancers. According to our previous
studies, GA selectively inhibited tumor growth while
showed lower toxic effects in normal cells, which raised
the comparative advantages of GA [45]. It has been found
that high MDM2 levels are associated with poor prognosis
and resistance to chemotherapy [15]. Further research and
trials are required to identify the role of MDM?2 inhibitory
action on the therapeutic uses of GA.
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