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Tumor suppressor p53 is one of the most frequently mutated genes in cancer, with almost 50% of all types of cancer
expressing a mutant form of p53. p53 transactivates the expression of its primary negative regulator, HDM2. HDM2 is a
ubiquitin ligase, which initiates the proteasomal degradation of p53 following ubiquitination. Proteasome inhibitors, by
targeting the ubiquitin proteasome pathway inhibit the degradation of the majority of cellular proteins including wild-
type p53. In contrast, in this study we found that the protein expression of mutant p53 was suppressed following
treatment with established or novel proteasome inhibitors. Furthermore, for the first time we demonstrated that
Arsenic trioxide, which was previously shown to suppress mutant p53 protein level, exhibits proteasome inhibitory
activity. Proteasome inhibitor-mediated suppression of mutant p53 was partially rescued by the knockdown of HDM2,
suggesting that the stabilization of HDM2 by proteasome inhibitors might be responsible for mutant p53 suppression
to some extent. This study suggests that suppression of mutant p53 is a general property of proteasome inhibitors and
it provides additional rationale to use proteasome inhibitors for the treatment of tumors with mutant p53.

Introduction

The tumor suppressor gene p53 is a transcription factor that
regulates many critical cellular processes such as maintenance of
genomic stability, senescence, cell cycle arrest and apoptosis
(reviewed in).1,2 The main function of p53 as a tumor suppressor
is carried out by its role as a sequence specific transcription factor
that regulates the expression of genes. p53 accumulates in the
nucleus following stress induction and binds to its receptive genes
and promotes their activation.3,4 Some of the genes that are acti-
vated following p53 transactivation include p21, PUMA,
Gadd45, Bcl-2 family genes such as Bax, which can cause cell
cycle arrest or apoptosis.5-7 In addition to direct activation of its
target genes, p53 is also involved in the repression of certain
genes. The genes that get suppressed by p53 include Bcl-2,
Bcl-xL, survivin, cyclin B1, FOXM1 etc.8-10 It has been demon-
strated that nearly 80% of p53 responsive genes are suppressed
by this transcription factor.11 p53 also activates the expression of
HDM2, (MDM2 in mouse), which is the main negative regula-
tor of p53. HDM2 is an E3 ubiquitin ligase that ubiquitinates
the C terminus of p53 and targets p53 for proteasomal degrada-
tion,12 (reviewed in).13 Therefore, a negative feedback loop
between HDM2 and p53 results in low level of wild-type p53 in
normal cells (reviewed in).14

The significance of p53 is underscored by the observation that
p53 is the most commonly mutated gene in human malignancies,
with more that 50% of all human cancers expressing mutated
form of p53.15,16 The mutations in p53 result in the loss of tran-
scriptional activity of p53 causing p53 to lose its tumor suppres-
sor function. Furthermore, in addition to the loss of
transcriptional activity, gain of function is observed in the
mutant form of p53 resulting in oncogenic functionality.17 The
mutant form of p53 is overexpressed in many types of human
cancers because of its longer half-life as opposed to wild-type
p53, which has a half-life of 10–30 minutes.18 As a result, the
oncogenic function of the mutant form of p53 has been identi-
fied as a target for development of novel anti-cancer therapeutics
(reviewed in).19,20 The rationale for these potential drugs is to
suppress the activity of mutant p53 by degradation or by revert-
ing the mutant p53 back to its wild-type conformation.21

Proteasome inhibitors are a novel class of anti-cancer thera-
peutics targeting the activity of the proteasome, which is involved
in targeted degradation of proteins.22,23 Inhibition of the protea-
some complex results in the stabilization of proteins that induce
cell cycle arrest and apoptosis, including wild-type p53.24 In this
study, however, we observed that in cells carrying the mutant
form of p53 the level of mutant p53 is suppressed after treatment
with proteasome inhibitors. Knockdown of HDM2 by siRNA
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rescues in part the suppression of mutant p53 following treat-
ment with proteasome inhibitors, suggesting that HDM2 stabili-
zation by proteasome inhibitors leads to the degradation of
mutant p53. Therefore, proteasome inhibitors could be used to
target the oncogenic activity of mutant p53.

Results

Proteasome inhibitors suppress mutant p53 protein level
Based on our initial observations that in contrast to wild-type

p53 proteasome inhibitors suppress mutant p53, we decided to
compare the effect of different proteasome inhibitors on wild-
type and mutant p53 protein. We utilized MCF7 and U2OS
cells expressing wild-type p53, and MDA-MB-231 (R280K),25

MIA-PaCa-2 (R248W)26 and DU145 (P223L, V274F)27 cells

carrying mutant p53. The
cells were treated with
known proteasome inhibi-
tors MG132, bortezomib,
carfilzomib28 and thio-
strepton.29 As expected, a
concentration dependent
induction of wild-type 53
level was found following
treatment with the protea-
some inhibitors in the
wild-type p53 expressing
cells U2OS and MCF7
(Fig. 1A and B). However,
we observed a concentra-
tion dependent inhibition

of p53 level following treatment with the proteasome inhibitors
in cells expressing the mutant form of p53, such as MDA-MB-
231, MIA-PaCa-2 and DU145 (Fig. 2A-C). Taken together,
though treatment with proteasome inhibitors leads to an increase
in the level of p21, wild-type p53 and HDM2, mutant p53 is
suppressed by proteasome inhibitors.

Arsenic trioxide is a proteasome inhibitor
Arsenic trioxide is an anti-cancer drug, which has been shown

to suppress the expression of mutant p53 in various cancer
cells.30 Because several proteasome inhibitors down-regulate
mutant p53 levels according to our current data, we hypothesized
that Arsenic trioxide might exhibit proteasome inhibitory activ-
ity. First, we evaluated the effect of Arsenic trioxide on FOXM1
transcriptional activity because proteasome inhibitors universally

inhibit the transcriptional activ-
ity of FOXM1.29 We observed a
significant inhibition of FOXM1
transcriptional activity and pro-
tein expression in different
human cancer cell lines follow-
ing Arsenic trioxide treatment
(Fig. 3). We further observed
that Arsenic trioxide stabilized
the expression of a number of
proteins, which are targets of
proteasome-dependent degrada-
tion including HDM2, Mcl-1
and p21 (Fig. 3B-D). The pro-
teasome inhibitory activity of
Arsenic trioxide was also demon-
strated by the formation of ubiq-
uitin conjugates following
treatment in MIA PaCa-2 cells
(Fig. 3B). In addition, we found
that Arsenic trioxide suppressed
mutant p53 expression (Fig. 3C)
in agreement with previously
published data.30 Altogether,

Figure 1. Wild-type p53 is stabilized by proteasome inhibitors. (A and B) U2OS osteosarcoma cells and MCF7 breast
cancer cells were treated with the indicated concentrations of proteasome inhibitors MG132, bortezomib (Bor),
carfilzomib (Car) or thiostrepton (Thio). Immunoblotting was performed for HDM2, p53, p21. b-actin was used as the
loading control.

Figure 2. Mutant p53 is suppressed by proteasome inhibitors. (A–C) MDA-MB-231 breast, MIA PaCa-2 pancre-
atic and DU145 prostate cancer cells were treated with the indicated concentrations of proteasome inhibitors
MG132, bortezomib (Bor), carfilzomib (Car) or thiostrepton (Thio). Immunoblot analysis of HDM2, p53, p21 and
b-actin as the loading control was carried out after treatment.
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these data suggest that Arsenic
trioxide acts as a typical protea-
some inhibitor.

RNAi-mediated knockdown
of HDM2 partially rescues
the suppression of mutant p53
following proteasome inhibitor
treatment

In cells with mutant p53
HDM2 level is low because its
transcription is not up-regulated
by p5331 and consequently
mutant p53 level is high. To test
the hypothesis that the strong
up-regulation of HDM2 by pro-
teasome inhibitors is responsible
for targeting mutant p53 for deg-
radation, MIA PaCa-2 pancreatic
and MDA-MB-231 breast cancer
cells were transfected with anti-
HDM2 siRNA. The transfection
of anti-HDM2 siRNA was fol-
lowed by treatment with protea-
some inhibitors MG132 and
bortezomib. In cells that were
transfected with control-siRNA
(non specific to HDM2), the
level of p53 decreased on treat-
ment with the proteasome inhib-
itors (Fig. 4A-C). However, in
cells transfected with anti-
HDM2 siRNA, suppression of
mutant p53 after treatment with
the proteasome inhibitors was
alleviated (Fig. 4A-C). These
data suggest that following treat-
ment with proteasome inhibitors,
the stabilization of HDM2 is
partially responsible for the sup-
pression of mutant p53.

Discussion

In this paper, in agreement
with previous observations32,33

we showed that proteasome
inhibitors suppress mutant, but
not wild-type p53. More impor-
tantly, we demonstrated by
RNA interference that mutant
p53 suppression by proteasome
inhibitors was modulated by
HDM2 (Fig. 4). In addition, for
the first time we showed that

Figure 3. Arsenic trioxide acts as a proteasome inhibitor. (A) C3-luc cells were treated as indicated for over-
night and luciferase activity was measured using the Luciferase Assay System kit from Promega. Graph shows
mean § SEM of 2 independent experiments. (B–D) MIA PaCa-2, DU145 and U2OS cells were treated as
indicated. Immunoblotting was performed with antibodies specific for FOXM1, HDM2, p53, Mcl-1, p21 and
ubiquitin. b-actin was used as the loading control.

Figure 4. Proteasome inhibitor-associated suppression of mutant p53 is partially rescued by HDM2 knock-
down. (A–C) MIA PaCa-2 and MDA-MB-231 cells were transfected with either control or HDM2 specific siRNA.
Following a 72-hour transfection cells were treated as indicated. Cell lysates were immunoblotted for HDM2,
p53, p21 and b-actin as the loading control.
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Arsenic trioxide exhibits proteasome inhibitory activity. It is a
significant finding because this drug has been used against acute
promyelocytic leukemia (APL)34 and it is important to under-
stand the mechanism of its action. Furthermore, we showed pre-
viously that proteasome inhibitors suppress FOXM129

potentially via the stabilization of a negative regulator of
FOXM1 (NRFM) that inhibits the transcriptional activity of
FOXM1 on its own promoter,35 because of the FOXM1 auto-
regulation loop.36 Similarly, in this paper we demonstrated that
suppression of mutant p53 is also a general feature of proteasome
inhibitors. However, the mechanisms of suppression of mutant
p53 or FOXM1 are unrelated. Suppression of FOXM1 by pro-
teasome inhibitors is based on the FOXM1 autoregulatory
loop.35,36 On the other hand, suppression of mutant p53 is
linked to the stabilization of the low cellular level of HDM2 by
proteasome inhibitors, leading to the degradation of mutant p53
(Fig. 5). Mutations occur mainly in the DNA-binding domain
of p53 resulting in a transcriptionally inactive protein, which
cannot up-regulate HDM2, its negative regulator. Consequently,
we can assume that in cells with p53 mutations following treat-
ment with proteasome inhibitors mutant p53 protein level will

decrease because HDM2 level will significantly increase and will
target mutant p53 for proteasomal degradation.

Mutant p53 is known to contribute to malignant function by
acquisition of activities that include increased ability of prolifera-
tion, invasion and anti-cancer therapy resistance of tumor cells.17

Consequently, our findings greatly support the use of proteasome
inhibitors in the treatment of tumors harboring mutant p53.
Additional experiments are needed to determine whether mutant
p53 is one of the critical targets of proteasome inhibitors in
cancer.

Materials and Methods

Cell culture and chemical compounds
MIA PaCa-2 pancreatic, DU145 prostate cancer cell lines

(ATCC), U2OS osteosarcoma and osteosarcoma-derived C3-luc
cells37 were grown in DMEM medium (10–017-CV; Cellgro).
MDA-MB-231 and MCF7 (ATCC) breast cancer cell lines were
grown in RPMI medium (10–040-CV; Cellgro). The media
were supplemented with 10% fetal bovine serum (S11550;
Atlanta Biologicals) and 1% penicillin-streptomycin (15140;
GIBCO). All the cells were maintained at 37�C in 5% CO2. Bor-
tezomib (Velcade; Millenium Pharmaceuticals), MG132
(474791; Calbiochem), thiostrepton (T8902; Sigma) and Carfil-
zomib (A1098; Active Biochemicals) were dissolved in dimethyl
sulfoxide (DMSO) (BP231; Fisher Scientific), Arsenic trioxide
(202673; Sigma) in NaOH and Doxycycline (D5897; LKT
Laboratories) in phosphate buffered saline (PBS).

Immunoblot analysis
Treated cells were harvested and lysed by using IP buffer

(20mM HEPES, 1% Triton X-100, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 100mM NaF, 10 mM Na4P2O7, 1 mM
sodium orthovanadate, 0.2 mM PMSF supplemented with pro-
tease inhibitor tablet (11836153001; Roche Applied Sciences)).
Protein concentration was determined by the Bio-Rad Protein
Assay reagent (500–0006; BIO-RAD). Isolated proteins were
separated on SDS-PAGE and transferred to PVDF membrane
(Millipore). Immunoblotting was carried out with antibodies
specific for HDM2 (sc-813; Santa Cruz), p53 (sc-126; Santa
Cruz), Mcl-1 (MS-683-P0; Lab Vision), ubiquitin (sc-271289;
Santa Cruz), FOXM1 (the rabbit polyclonal antibody against
FOXM1 was described previously),38 p21 (556431; BD-
PharMingen) and b-actin (A5441; Sigma).

Luciferase assay
Cells were treated with the combination of 1mg/ml Doxycy-

cline and the indicated concentrations of the drugs for overnight.
The luciferase activity was determined by the Luciferase Assay
System (E1500; Promega) according to the recommendations of
the manufacturer. The data were normalized on the amount of
protein in the samples.

Figure 5. Model of the HDM2-mediated suppression of mutant p53 after
treatment with proteasome inhibitors. (A) The basal level of wild-type
p53 is low because HDM2, its transcriptional target and negative regula-
tor marks it for proteasomal degradation. After treatment with protea-
some inhibitors both wild-type p53 and HDM2 are stabilized. Though
HDM2 continues to degrade wild-type p53, but its overall level increases
because its degradation by HDM2 is overridden by its stabilization by
proteasome inhibitors. (B) The basal level of mutant p53 is high because
it cannot transactivate its negative regulator HDM2. Following protea-
some inhibitor treatment both mutant p53 and HDM2 are stabilized, but
the overall level of mutant p53 decreases because the increased amount
of HDM2 efficiently targets it for degradation, thus its stabilization by
proteasome inhibitors is overridden by its HDM2-mediated degradation.
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Transfection and siRNA
Control (universal negative control #1) small interfering

RNA (siRNA) and siRNA specific to HDM2 (AGGCAAAU
GUGCAAUACCA) were synthesized by Sigma. 50nM of
siRNA duplexes were transfected into cells using Lipofect-
amine 2000 (11668–019; Invitrogen) according to the man-
ufacturer’s recommendation. Cells were treated 72 hours after
transfection.
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