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Background: MDM2 and p53 form a negative feedback loop in regulation.

Results: HBXIP up-regulates MDM2 by recruiting p300 to activate transcription factor p53.

Conclusion: HBXIP is involved in the MDM2/p53 feedback loop to promote the growth of breast cancer.

Significance: Our finding provides a new insight into the mechanism of MDM2/p53 circuit involved in HBXIP in the develop-

ment of breast cancer.

MDM2 and p53 form a negative feedback loop, in which
p53 as a transcription factor positively regulates MDM2 and
MDM2 negatively regulates tumor suppressor p53 through
promoting its degradation. However, the mechanism of the
feedback loop is poorly understood in cancers. We had
reported previously that the oncoprotein hepatitis B X-inter-
acting protein (HBXIP) is a key oncoprotein in the develop-
ment of cancer. Thus, we supposed that HBXIP might be
involved in the event. Here, we observed that the expression
levels of HBXIP were positively correlated to those of MDM2
in clinical breast cancer tissues. Interestingly, HBXIP was
able to up-regulate MDM2 at the levels of mRNA and protein
in MCEF-7 breast cancer cells. Mechanically, HBXIP increased
the promoter activities of MDM2 through directly binding to
p53 in the P2 promoter of MDM2. Strikingly, we identified
that the acetyltransferase p300 was recruited by HBXIP to
p53 in the promoter of MDMZ2. Moreover, we validated that
HBXIP enhanced the p53 degradation mediated by MDM2.
Functionally, the knockdown of HBXIP or/and p300 inhib-
ited the proliferation of breast cancer cells in vitro, and the
depletion of MDM2 or overexpression of p53 significantly
blocked the HBXIP-promoted growth of breast cancer in
vitro and in vivo. Thus, we concluded that highly expressed
HBXIP accelerates the MDM2-mediated degradation of p53
in breast cancer through modulating the feedback loop of
MDM2/p53, resulting in the fast growth of breast cancer
cells. Our findings provide new insights into the mechanism
of the acceleration of the MDM2/p53 feedback loop in the
development of cancer.
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Tumor suppressor p53, a transcription factor that activates
or represses the expression of multiple genes, has been docu-
mented in a large number of biological processes and plays a
critical role in cell cycle arrest, senescence, apoptosis, and
metabolism (1, 2). Activation of p53-dependent apoptosis can
lead to mitochondrial apoptotic changes through the intrinsic
and extrinsic pathways triggering cell death execution, most
notably by release of cytochrome ¢ and activation of the caspase
cascade (3).

MDM?2 is overexpressed in a variety of human cancers,
including melanoma, non-small cell lung cancer, breast cancer,
esophageal cancer, leukemia, non-Hodgkin lymphoma, and
sarcoma (4). MDM2 is able to negatively regulate the levels of
p53 in cells by acting as an E3 ligase for the proteasome degra-
dation of p53, which involves interaction with the N-terminal
hydrophobic pocket and the acidic domain of MDM2, to pro-
mote cancer growth (5-9). MDM2 can interfere with p53-me-
diated apoptosis and growth arrest of tumor; this is the major
oncogenic activity of MDM2 (10). The levels of MDM2 are
transcriptionally up-regulated in response to a variety of onco-
genic and tumor suppressor pathways and are closely related to
the degree of tumor malignancy in cancers (11). Many studies
have indicated that the MDM2 expression is elevated at mRNA
levels in a majority of tumor tissues (12), and the transcription
of MDM2 is controlled by two distinct promoters, P1 and P2
(13). It has been reported that p53 protein as a transcription
factor can up-regulate MDM2 at the transcription levels on the
P2 promoter (11, 14). However, the regulatory mechanism of
the MDM2/p53 feedback loop, especially the transcription of
MDM2 mediated by p53, remains undefined.

Hepatitis B X-interacting protein (HBXIP),®> a cellular
18-kDa protein originally identified by its interaction with the C
terminus of hepatitis B virus X protein (15), regulates centro-
some duplication in HeLa cells (16, 17) and may form a complex
with survivin, an antiapoptotic protein, resulting in the sup-
pression of cell apoptosis via the mitochondrial/cytochrome

3 The abbreviations used are: HBXIP, hepatitis B X-interacting protein; co-IP,
co-immunoprecipitation; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide.
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pathway (18). The current study demonstrates that HBXIP is
required for amino acid sensing by the mTORCI1 pathway in
cell growth (19). Our group has reported that HBXIP plays a
critical role in promoting the proliferation and migration of
breast cancer cells by acting as a co-activator of transcription
factors such as E2F1, TFIID, CREB (cAMP-response element-
binding protein), and Sp1 (20-25).

In this study, the role of HBXIP in modulating the MDM?2/
p53 pathway in breast cancer drew our attention. Interestingly,
we found that the oncoprotein HBXIP as a co-activator is
involved in the transcription of MDM2 mediated by p53, in
which the acetyltransferase p300 is recruited to p53 by HBXIP.
Moreover, HBXIP enhances MDM2-mediated p53 degrada-
tion, leading to the growth of breast cancer. Our finding pro-
vides a new insight into the mechanism by which the oncopro-
tein HBXIP joins the MDM2/p53 feedback loop in breast
cancer.

Experimental Procedures

Cell Culture and Treatment—Breast cancer cell lines MCF-7,
LM-MCEF-7 (a metastatic subclone of MCF-7 breast cancer cell
line), and MCF-7-HBXIP were cultured in RPMI 1640 (Gibco).
Human kidney epithelial (HEK) 293T cells and human colon
cancer cell lines HCT116 p53*/" and HCT116 p53 '~ were
maintained in Dulbecco’s modified Eagle’s medium (Gibco). All
cell lines were supplemented with heat-inactivated 10% FBS
(Gibco), 100 units/ml penicillin, and 100 mg/ml streptomycin
and grown at 5% CO, and 37°C. Cells were collected and seeded
in 6-, 24-, or 96-well plates for 24 h and then transfected with
plasmid or siRNA. All transfections were performed using
Lipofectamine 2000 reagent (Invitrogen) according to the man-
ufacturer’s protocol.

Immunohistochemistry Staining—A breast cancer tissue
array (C0048), comprising duplicates of 95 cases of infiltrating
duct carcinoma tissue samples, was purchased from Xi'an
Aomei Biotechnology (Xi'an, China). Immunohistochemistry
staining was performed using rabbit anti-HBXIP (or rabbit
anti-MDM2) antibody as described previously (18).

Total RNA Isolation, RT-PCR, and Real-time PCR—Total
RNA was isolated from cells using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. First-strand
cDNA was synthesized with the PrimeScript reverse transcrip-
tase kit (TaKaRa Bio, Shiga, Japan). RT-PCR and real-time PCR
were performed as described previously (23). The primers of
HBXIP, p53, MDM?2, p21, PUMA, and GAPDH cDNA used
were described previously (21, 23, 26 —28).

Plasmid Construction and Small Interfering RNA—RNA
(siRNA), pCMV-tag2B, pGL3-Basic, and pGL3-Control vec-
tors (Promega, Madison, WI) and pCMV-HBXIP were kept in
our laboratory. The complete human MDM2 (GenBank ™
accession number NG_016708.1) cDNA or p53 (GenBank™
accession number NG_017013.2) cDNA was subcloned into
the pCMV-tag2B vector to generate the pCMV-MDM2 or
pCMV-p53 construct, respectively. The nucleotide sequence of
the MDM2 promoter region with or without the p53-binding
site (29, 30) was cloned into the pGL3-Basic vector to generate
the pGL3-MDM2 (P1/P2) construct. Primers for pGL3-P2-mut
vector were 5'-GGG GTA CCG TGT TTA GGT TGA CTC
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AGC TTT-3' and 5'-CCC AAG CTT TCC GTT TTC ACA
GGT CTA CCC TCC A-3'. The nucleotide sequence of siRNA
for MDM2 was cloned into the pSilencer 3.1-H1 neo vector to
generate the pSilencer-MDM2 construct. The 2'-O-methyl in-
terfering RNAs directly against HBXIP 3'-UTR, p53, MDM2,
and p300 and the control siRNAs were purchased from the
Riobio Co. (Guangzhou, China). The sequences of siRNAs for
MDM2, HBXIP, p53, and p300 were described previously (16,
31-34).

Western Blot Analysis—Western blot analysis was carried out
with the standard protocols (18). Some of the results were
quantified by using Quantity One software (Bio-Rad). The pri-
mary antibodies used were rabbit anti-p53 (Proteintech
Group), rabbit anti-MDM2 (Wuhan Boster Biological Tech-
nology Ltd., Wuhan, China), anti-HBXIP antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-p21 (Proteintech
Group), rabbit anti-PUMA (Proteintech Group), rabbit anti-
ubiquitin (Proteintech Group), rabbit anti-p300 (Santa Cruz
Biotechnology), rabbit anti-acetylated lysine antibody (Cell Sig-
naling Technology, Beverly, MA), rabbit anti-histone H3 (Pro-
teintech Group), and mouse anti-B-actin (Sigma-Aldrich).

Luciferase Reporter Gene Assays—Adherent cells were
seeded into 24-well plates and co-transfected with pGL3-
MDM2 (P1/P2), pGL3-Basic, or pGL3-P2-mut and the pRL-TK
plasmid (Promega), which is used for internal normalization.
Cell extracts were harvested after 36 h and lysed using lysis
buffer (Promega). Luciferase reporter gene assays were imple-
mented using the Dual-Luciferase reporter gene assay system
(Promega) according to the manufacturer’s instructions. All
experiments were performed at least three times.

Co-immunoprecipitation Assays—The co-immunopre-
cipitation (co-IP) protocol was described in detail in previ-
ously published articles (35). The lysates harvested from
MCE-7 cells were incubated with antibodies and protein
G-conjugated agarose beads at 4 °C for 2 h. The precipitates
were washed eight times with ice-cold lysis buffer, resus-
pended in the PBS, and resolved by SDS-PAGE followed by
Western blot analysis.

GST Pulldown Assays—The cDNA of HBXIP was cloned into
the pGEX-4T1 expression vector (pGEX-HBXIP), and the
c¢DNA of p53 was cloned into the pET-28a expression vector
(pET-p53); the construct vectors pGEX-HBXIP, pGEX-4T1,
and pET-p53, were transformed into Escherichia coli strains
BL21(DE3). The detailed procedure was performed according
to published protocols (36). Glutathione beads were recovered
by a brief centrifugation and washed eight times with lysis
buffer. The final wash used PBS followed by resolution by SDS-
PAGE and detection by Western blot analysis using the anti-
p53 antibody.

Chromatin Immunoprecipitation (ChIP) Assays—The ChIP
assays were performed using an EpiQuikTM chromatin immu-
noprecipitation kit from Epigentek Group Inc. (Brooklyn, NY).
Protein-DNA complexes were immunoprecipitated with anti-
HBXIP or anti-p300 antibody. DNA from these samples was
then subjected to PCR analysis. Primers sets for the MDM2
promoter were 5'-GTGGGCAGGTTGACTCAG-3' and 5'-
GGTCTACCCTCCAATCGC-3’ followed by sequencing.
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Electrophoretic Mobility Shift Assays (EMSA)—Nuclear pro-
tein extracts were prepared from MCE-7 cells. Probes were gen-
erated by annealing single-strand oligonucleotides containing
the MDM2 or MDM2-mut promoter and labeling the ends
with [y-**P]JATP using T4 polynucleotide kinase (TaKaRa Bio).
Binding reactions were performed at 4 °C for 1 h in 10-ul mix-
tures containing 20 mm Hepes, 50 mm KCl, 0.05 mm DT'T, 0.05
mm EDTA, 1 mm MgCl,, 5% glycerol, 0.05 ug/ul poly(dI-dC),
0.05% Nonidet P-40, 50 ng of probe, and 1.5 ug of nuclear
extracts. The specificity of the HBXIP-DNA or p53-DNA inter-
action was confirmed by competition or supershift with HBXIP
or p53 antibody, respectively. For the antibody competitive or
supershift experiment, 1 ug of HBXIP or p53 antibody was
added into the reaction mixture and incubated at 4 °C for 30
min before the DNA probe was added. For the competitive
binding experiment, 500 ng of unlabeled DNA was added after
the initial incubation for an additional 30 min. The binding
mixtures were then resolved on a native 6% polyacrylamide gel
in 0.5X TBE at4 °C. The gel was dried and exposed to x-ray film
for autoradiography. An analogous experiment was repeated
with purified HBXIP and p53. The primers for the MDM2 pro-
moter DNA fragment were 5'-GTG GGC AGG TTG ACT
CAGCTT T-3" and 5'-TCC GTG CCC ACA GGT CTA CCC
TCC A-3’ and for the mutant MDM2 promoter fragment were
5-GTGTTTAGGTTGACT CAGCTTT-3"and 5-TCCGTT
TTC ACA GGT CTA CCCTCCA-3".

Preparation of Recombinant Proteins—The plasmid pET-
28a-HBXIP or pET-28a-p53 was used to express recombinant
His-HBXIP or His-p53 in E. coli strain BL21. The recombinant
proteins were expressed by induction with 0.5 mm isopropyl
B-D-1-thiogalactopyranoside at 16°C for 20 h and purified by
Ni**-nitrilotriacetic acid affinity chromatography according to
standard procedures.

In Vivo Ubiquitination Assays—HEK293T or MCEF-7 cells
were transfected as indicated and pretreated with 40 um
MG-132. Ten mm N-ethylmaleimide and 25 um MG-132 were
added into the lysis buffer. The ubiquitination level of p53 was
examined by co-IP and Western blot analysis.

MTT Assays—Cell proliferation was determined by MTT
(Sigma) assay as described previously (37).

Colony Formation Assays—For clonogenicity analysis, 48 h
after transfection, 1000 viable transfected cells were placed in
6-well plates and maintained in complete medium for 2 weeks.
Colonies were fixed with methanol and stained with methylene
blue.

Animal Transplantation—Four groups of 4-week-old female
BALB/c athymic nude mice (Experiment Animal Center of
Peking, China; each group, n = 5) were housed and treated
according to guidelines established by the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
According to the report (38), each nude mouse was implanted
each with 1.7 mg of a 173-estradiol pellet (90 days release; Bei-
jing Solarbio Science and Technology Co., China) to supple-
ment the estrogen requirements for MCF-7 proliferation. A
week after implantation of the 178B-estradiol pellet, MCF-7-
pCMV-shControl, MCEF-7-HBXIP-shControl, MCF-7-HBXIP-
shMDM2 (MCE-7-HBXIP cells were transfected with 7.5 ug of
pSilencer-MDM2), and MCEF-7-HBXIP-p53 (MCEF-7-HBXIP
SASBMB
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TABLE 1
Cross-tabulation analysis of HBXIP and MDM2 in breast cancer tissues
X = 74582, p < 0.001, n = 95.

MDM2
Breast cancer - + ++ Total
HBXIP — Count 15 2 0 17
% within MDM2 882 11.8 0 100
+ Count 5 33 8 46
% within MDM2 109 717 174 100
++ Count 2 8 22 32
% within MDM?2 6.2 25 68.8 100
Total Count 22 43 30 95

% within MDM2 231 453 31.6 100

cells were transfected with 7.5 ug of pCMV-p53) cells were
harvested, suspended at 5X 107 cells/ml with phosphate-buff-
ered saline, and then injected subcutaneously into mouse mam-
mary fat pads with 0.2 ml of the cell suspensions. Beginning 5
days after injection, the tumor growth was measured every 3
days. Tumor volume (V), monitored by measuring the length
(L) and width (W) with calipers, was calculated with the formula
(L X W?) X 0.5. After 30 days, four groups of the mice were
sacrificed, and the tumors were excised and measured.

Statistical Analysis—Each experiment was repeated at least
three times. Statistical significance, assessed by comparing
mean values = S.D. using a Student’s ¢ test for independent
groups, was assumed for p < 0.05 (*), p < 0.01 (**), and p <
0.001 (***). Pearson’s correlation coefficient was used to deter-
mine the expression correlation of genes in clinical breast can-
cer tissues. Statistical analysis of the tissue array was performed
with the chi-square test or Kruskal-Wallis test using the SPSS
software program (SPSS Inc., Chicago).

Results

The Expression Levels of HBXIP Are Positively Associated
with Those of MDM?2 in Clinical Breast Cancer Tissues, and
HBXIP Up-regulates MDM?2 in Breast Cancer Cells—Previ-
ously, we reported that a high level HBXIP is closely related to
carcinogenesis in breast cancer (22, 39). Many studies have
demonstrated that MDM2 is well characterized as an oncopro-
tein in breast cancer (40) that negatively regulates the levels of
p53 in the cells by acting as an E3 ligase for proteasome degra-
dation of p53 (7). Accordingly, we theorized that HBXIP might
be associated with MDM2 in carcinogenesis. Then, we exam-
ined the expression relationship between HBXIP and MDM?2
via immunohistochemistry staining using tissue arrays that
were from the same tissue paraffin block. Our data indicated
that the positive rate of HBXIP was 82.1% (78 of 95) in breast
cancer tissues, in which 2.1% were cytoplasm-positive, 13.7%
were nucleus-positive, and 66.3% were positive for both cyto-
plasm and nucleus. Also, the positive rate of MDM2 was 91% in
78 cases of HBXIP-positive samples of breast cancer. The cyto-
plasm-positive rate for MDM2 was 14.7%, the nucleus-positive
rate was 30.5%, and the positive rate for both cytoplasm and
nucleus was 31.6% (Table 1 and Fig. 14). Moreover, the expres-
sion relationship between HBXIP and MDM2 was validated by
real-time PCR at mRNA levels in 30 clinical breast cancer tissue
samples (Fig. 1B), indicating that the expression of HBXIP was
positively related to MDM2 in breast cancer. Our data further
showed that HBXIP was able to up-regulate the expression of

JOURNAL OF BIOLOGICAL CHEMISTRY 22651

020z ‘/ Yyore |\ uo 1senb Aq /610 og[-mmmy/:dny wody papeojumoq


http://www.jbc.org/

HBXIP Participates in the MDM2/p53 Circuit in Breast Cancer

A Negative control

Tumor Specimens

7
1 r=0.6401
3
1

:.?i\ - FEPORAE
SO et A
0 RS, A e

0.5
05 07 09 1.1 13 15
Relative mRNA of HBXIP

Cc D

MCF-7 LM-MCF-7
pCMV(ug) 1.0 0.5 0 Control siRNA(nmol) 100 50 0
pCMV-HBXIP(ug) 0 0.5 1.0 HBXIP siRNA(nmol) 0 50 100
HBXIP HBXIP

MDM2 MDM2

GAPDH GAPDH

HEXIP quees s o HEXIP | D S —

MDM2 | e oo e MDM2 D T e—

B-actin  e— E— — B-actin =~ —— e— —

FIGURE 1. The expression levels of HBXIP are positively associated with
those of MDM2 in breast cancer. A, the expression of HBXIP and MDM2 was
determined by immunohistochemical staining in breast cancer tissues using
tissue microarray. B, the relative expression levels of HBXIP and MDM2 were
detected by real-time PCR in 30 clinical breast cancer tissues (p < 0.01, r =
0.6401, Pearson'’s correlation). Cand D, the expression of HBXIP and MDM2 at
the levels of MRNA and protein was examined by RT-PCR and Western blot
analysis in MCF-7 and LM-MCF-7 cells, respectively. Each experiment was
repeated at least three times.

MDM2 at the levels of mRNA and protein in MCF-7 cells in a
dose-dependent manner as indicated by RT-PCR and Western
blot analysis (Fig. 1C). However, knockdown of HBXIP showed
the opposite results in LM-MCEF-7 cells, a metastatic subclone
of the MCE-7 breast cancer cell line expressing a high level of
HBXIP (22) (Fig. 1D). Then, the core regions of the MDM?2
promoter, P1 and P2 (41), were cloned into the pGL3-Basic
plasmid (Fig. 2A4). We determined that the promoter activities
of P2, rather than P1, were markedly increased by HBXIP in
MCE-7 cells (Fig. 2B); this was validated in a dose-dependent
manner in MCF-7 and 293T cells. The silencing of HBXIP
attenuated the activities of the P2 promoter in LM-MCE-7 cells
(Fig. 2, C—E). Thus, the above data suggest that the expression
levels of HBXIP are positively associated with those of MDM2
in clinical breast cancer tissues and HBXIP up-regulates
MDM2 through activating the P2 promoter activity of MDM?2
in breast cancer cells.

HBXIP Activates the MDM2 Promoter by Stimulating Tran-
scription Factor P53—Next, we sought to investigate the under-
lying mechanism by which HBXIP enhances MDM2. It has
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been reported that the P2 promoter is regulated by a variety of
transcription factors, including transcription factor p53 (11,
29). Therefore, we hypothesized that HBXIP might act as a
co-activator of p53 to stimulate the MDM?2 promoter in breast
cancer cells. Thus, we cloned the construct of P2 promoter with
a mutated p53 element (termed pGL3-P2-mut) (Fig. 34) and
observed that HBXIP failed to promote the activity of the
mutant P2 promoter (Fig. 3B). Moreover, p53 knockdown
markedly abolished the increased activities of P2 promoter
mediated by HBXIP (Fig. 3, C and D). Furthermore, luciferase
reporter gene assays showed that HBXIP increased P2 pro-
moter activity in HCT116 p53™'™" cells but failed to work in
HCT116 p53~/ cells (Fig. 3E). In addition, we observed that
overexpression of HBXIP or/and p53 increased P2 promoter
activities in MCF-7 and 293T cells (Fig. 3, F and G). These
results suggest that HBXIP may co-activate p53 to stimulate the
P2 promoter in breast cancer cells.

Next, co-IP assays revealed that HBXIP and p53 bound to
each other in MCF-7 cells (Fig. 4A4, left panel). GST pulldown
assays showed that the p53 protein with His tag could be pulled
down by GST-HBXIP but not by the control GST alone (Fig.
4A, right panel), suggesting that HBXIP directly bound to p53
protein in the cells. Importantly, ChIP assays revealed that
HBXIP was able to interact with the MDM2 promoter through
p53 (Fig. 4B). The interference efficiency of p53 siRNA was
validated by Western blot analysis in MCF-7 cells (Fig. 4C).
EMSAs demonstrated that the MDM2 promoter probe with a
mutated p53 binding site failed to interact with the nuclear
extracts. Moreover, the anti-p53 (or anti-HBXIP) antibody dis-
rupted the interaction between the complex of p53-HBXIP and
the MDM2 promoter (Fig. 4D). We further validated that the
purified p53 and HBXIP protein together resulted in a super-
shift compared with p53 protein only (Fig. 4E). The results
further support the idea that HBXIP is able to occupy the
MDM2 promoter through binding to p53. Luciferase
reporter gene assays validated that p53 and HBXIP depen-
dently activated the P2 promoter of MDM2 in breast cancer
cells (Fig. 4, F and G). Thus, we concluded that HBXIP acti-
vates the MDM2 promoter through binding to and activat-
ing transcription factor p53.

HBXIP Recruits P300 to Transcription Factor P53 in Activa-
tion of the MDM?2 Promoter—Given that p300 histone acetyla-
transferase acts as a co-activator of p53 to enhance the tran-
scription activity of p53 (42) and is able to promote the
acetylation of histone H3 (43), we questioned whether p300 was
involved in the MDM2 transcription induced by HBXIP. Lucif-
erase reporter gene assays showed that overexpression of p300
could increase the promoter activities of P2 in MCF-7 cells in a
dose-dependent manner, but p300 siRNA resulted in the
decrease of promoter activities of P2 in the cells (Fig. 5A4).
Moreover, we observed that p300 siRNA abolished the HBXIP-
enhanced promoter activities of P2 in MCF-7 cells in a dose-
dependent manner (Fig. 5B). Interestingly, HBXIP siRNA
impaired the p300-increased activities of P2 promoter in the
cells (Fig. 5C), suggesting that p300 was involved in the activa-
tion of P2 mediated by HBXIP. Furthermore, co-IP assays
showed that the silencing of HBXIP could attenuate the inter-
action of p300 with p53 in MCEF-7 cells, whereas the overex-
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FIGURE 2. HBXIP activates the P2 promoter of MDM2 in breast cancer cells. A, locations of P1 and P2 of the MDM2 promoter are shown. B, the promoter (P1
and P2) activities of MDM2 were examined by luciferase reporter gene assays in MCF-7 cells transfected with pCMV-HBXIP plasmids. NS, not significant. Cand
D, the promoter (P2) activities of MDM2 were examined by luciferase reporter gene assays in MCF-7 and HEK293T cells transfected with pCMV-HBXIP plasmids.
E, effect of HBXIP siRNA on promoter (P2) activities of MDM2 was detected by luciferase reporter gene assays in LM-MCF-7 cells. Each experiment was repeated

at least three times. Student’s t test; *, p < 0.05; **, p < 0.01.

pression of HBXIP enhanced the interaction of p300 with p53
in the cells (Fig. 5D). Meanwhile, ChIP assays confirmed that
HBXIP siRNA disrupted the interaction of p300 with MDM?2
promoter in MCEF-7 cells using p300 antibody (Fig. 5E), sug-
gesting that HBXIP could recruit p300 to the MDM2 promoter
in breast cancer cells. The interference efficiency of p300
siRNA was tested in MCF-7 cells (Fig. 5F). Moreover, our data
indicated that HBXIP siRNA abolished the p300-induced
acetylation of histone H3 (Fig. 5G), and silencing p300 also
blocked the effect of HBXIP in the cells (Fig. 5H), confirming
that HBXIP recruited p300 to the MDM2 promoter in breast
cancer cells, forming a transcriptional complex of HBXIP-p53-
p300. Taking these findings together, we concluded that HBXIP
recruits p300 to transcription factor p53 to activate the MDM?2
promoter.

HBXIP Up-regulates MDM?2, Leading to the Further Degra-
dation of P53—Growing evidence has revealed that MDM2 is a
negative regulator of tumor suppressor p53 and is able to reg-
ulate the level of p53 in cells by acting as an E3 ligase for the
ubiquitination and proteasomal degradation of p53 (5, 6, 11).
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Therefore, we further validated the effect of HBXIP on MDM2-
mediated p53 degradation. As expected, RT-PCR revealed that
the overexpression of HBXIP was able to down-regulate the
target genes of p53, such as p21 and PUMA, but not p53, at the
mRNA levels in MCEF-7 cells (Fig. 6A4). Also, the knockdown of
HBXIP by siRNA failed to influence p53 at the mRNA levels in
LM-MCE-7 cells (Fig. 6B). Moreover, Western blot analysis
indicated that the overexpression of HBXIP significantly
decreased the level of p53 and down-regulated its target genes
at the level of protein in MCF-7 cells in a dose-dependent man-
ner (Fig. 6C). The opposite results were observed in LM-MCE-7
cells mediated by HBXIP siRNA (Fig. 6D). Following treatment
with the proteasome inhibitor MG-132, we found that p53 had
significantly accumulated in MCE-7 cells, but no accumulation
of p53 was observed in the cells treated with siHBXIP (Fig. 6E).
The half-life assays demonstrated that the knockdown of
HBXIP could suppress the degradation of p53 and increase the
half-life of p53 from 39.3 to 82.6 min (Fig. 6F), suggesting that
HBXIP contributed to the degradation of p53 in breast cancer
cells. Furthermore, the in vivo ubiquitination assays validated
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FIGURE 3. HBXIP up-regulates MDM2 involving the p53 element in breast cancer cells. A, the mutation of the p53 element is shown in the P2 promoter of
MDM2. B, the luciferase activities were examined by luciferase reporter gene assays in the MDM2 promoter (P2) with wild type or mutant binding sites of p53
in MCF-7 cells. Cand D, the luciferase activities of the MDM2 promoter (P2) were detected by luciferase reporter gene assays in MCF-7 and HEK293T cells. The
efficiency of p53 siRNA was determined using Western blot analysis. E, the promoter (P2) activities of MDM2 were examined by luciferase reporter gene assays
in HCT116 p53~/~ and HCT116 p53™/* cells transfected with pCMV-HBXIP plasmids. NS, not significant. F and G, the promoter (P2) activities of MDM2 were
examined by luciferase reporter gene assays in MCF-7 and HEK293T cells transfected with pCMV-HBXIP and pCMV-p53 plasmids. Each experiment was

repeated at least three times. Student’s t test; ¥, p < 0.05, **, p < 0.01.

that HBXIP increased the ubiquitination levels of p53 (Fig. 6G),
whereas the siRNA of MDM2 abolished the ubiquitination lev-
els of p53 enhanced by HBXIP in MCF-7 cells (Fig. 6H). More-
over, the depletion of MDM2 abolished the degradation of p53
mediated by HBXIP in the cells (Fig. 6]). The above data show
that HBXIP enhances MDM2-mediated p53 degradation and
reduces the expression of p53 target genes. Therefore, we con-
cluded that HBXIP up-regulates MDM?2, leading to the further
degradation of p53 in breast cancer cells.

P300 Is Involved in HBXIP-modulated Tumorigenesis, and
HBXIP Enhances the Growth of Breast Cancer through Modu-
lating the MDM2/P53 Circuit—Next, we examined the effect of
HBXIP and p300 on cell proliferation. MTT assays and colony
formation assays revealed that the knockdown of HBXIP
or/and p300 could significantly inhibit the cell proliferation of
LM-MCE-7 cells (*, p < 0.05; **, p < 0.01, Student’s ¢ test; Fig. 7,
A and B), suggesting that p300 was involved in the HBXIP-
modulated tumorigenesis. Then we evaluated the effect of
HBXIP on the MDM2/p53 pathway in breast cancer cells in
vitro and in vivo. It has been reported that elevated MDM?2
protein levels or poor wild type p53 expression levels can pro-
mote the progression of breast cancer (44). Interestingly, we
observed by MTT assays that treatment with MDM2 siRNA or
the overexpression of p53 could abolish the HBXIP-enhanced
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proliferation of MCF-7 cells in a time course-dependent man-
ner (Fig. 7C), suggesting that HBXIP was involved in the
MDM2/p53 pathway in promoting the proliferation of breast
cancer cells. We further validated that MDM?2 knockdown or
overexpression of p53 significantly blocked the growth of MCE-
7-HBXIP cells in mice (Fig. 7, D-F, *, p < 0.01, Student’s £ test),
showing that HBXIP accelerated tumor growth by enhanc-
ing MDM2-mediated degradation of p53 in breast cancer
cells. Meanwhile, we confirmed the expression levels of
HBXIP, MDM2, and p53 by Western blot analysis in tumor
tissues from mice (Fig. 7G). Therefore, we concluded that
HBXIP enhances the growth of breast cancer through mod-
ulating the MDM2/p53 pathway in vitro and in vivo.

Discussion

MDM2 has proved to be a key player in human cancer and
thus an important target for therapeutic intervention (11, 40).
p53 and MDM2 form a negative feedback loop in which p53
positively regulates MDM2 by activating MDM?2 transcription
(45, 46) and MDM2 negatively regulates p53 by promoting its
ubiquitination and degradation (5, 7). The MDM2/p53 circuit
plays a crucial role in breast cancer (47, 48). Our findings show
that HBXIP, acting as a co-activator of transcription factors, is
an important oncoprotein (18, 20, 24, 49, 50). In our current
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study, we were interested in whether the oncoprotein HBXIP is In this study, our results showed that the expression of
involved in the regulation of the MDM2/p53 feedback loop in  HBXIP was significantly correlated with that of MDM2 in clin-
breast cancer. ical breast cancer tissues. In addition, HBXIP was able to up-
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repeated at least three times.

regulate MDM2 at the levels of mRNA, protein, and promoter in
breast cancer cells. It has been reported that p53 as a transcription
factor can up-regulate MDM2 at the level of transcription (29).
Because HBXIP acts as a co-activator of transcription factors, we
speculated that HBXIP might activate p53 to stimulate MDM2. As
expected, our data validated that HBXIP increased MDM2 pro-
moter activity through direct interaction with p53. The tran-

SEPTEMBER 11, 2015-VOLUME 290-NUMBER37  SASBMB

scription of MDM2 is controlled by a variety of transcription
factors, including AP-1, the Ets family, and Smad2/3, as well as
p53 (11). Here we found that HBXIP displaying a co-activator of
transcription factor p53 modulated the MDM2 transcription in
breast cancer cells. It has been reported that p53 is bound and
inactivated by large T-antigen in HEK293T cells (9). Indeed, we
validated that p53 knockdown alone did not affect P2 promoter
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activity in HEK293T cells (data not shown). Therefore, we con-
cluded that the reason for the increase in P2 promoter activity
mediated by p53 in the cells is related to HBXIP overexpression.

Thus, we aimed to detect the mechanism by which HBXIP
cooperated with p53 to activate the MDM2 promoter. The
highly conserved co-activator histone acetyltransferase p300
has been reported to interact with a number of DNA-binding
transcriptional activators to mediate the recruitment of basal
transcription machinery to the promoter (51, 52). Previous
studies report that the functions of p53 require the participa-
tion of p300 (53). However, it is elusive whether p300 is
required for the transcription of MDM2 mediated by p53.
Therefore, we were interested in whether HBXIP was involved
in the p53-p300 complex. Our results revealed that HBXIP was
able to enhance the MDM2 promoter activity coordinating
with p300. It has been reported that the histone can be acety-
lated by p300, which contributes to chromatin disassembly dur-
ing transcriptional activation (43, 54). Interestingly, our data
further demonstrated that HBXIP could recruit p300 to p53,
forming a transcriptional complex of HBXIP-p53-p300, to pro-
mote the acetylation level of histone H3 in breast cancer cells.
This event leads to the enhancement of transcription of the
MDM?2 gene. Therefore, we determined whether the recruit-
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ment of p300 by HBXIP also modulates other p300-dependent
H3 acetylation for multiple genes. We observed that HBXIP
was able to up-regulate other p300 target genes such as MMD,
NR4A1, EGRI, and TPM1I (55, 56) but not p300 (data not
shown). The p53 protein as a transcription factor has been
reported to enhance the transcription levels of MDM2 on the
P2 promoter (11), but the regulatory mechanism remains
unclear. In this study we report that HBXIP is required for the
activation of MDM2 mediated by transcription factor p53 to
recruit p300 in breast cancer.

Growing evidence has revealed that the oncoprotein MDM2,
which is an E3 ubiquitin ligase that targets p53 for proteasome-
dependent degradation, plays an essential yet non-redundant
role in the inactivation of tumor suppressor p53 protein levels
(5, 6). Because the above data have revealed that HBXIP has a
remarkable function in the up-regulation of MDM2, we further
validated the effect of HBXIP on p53 through up-regulating
MDM2 in the cells. As expected, HBXIP was able to decrease
the levels of p53 and its target genes at the level of protein in
breast cancer cells rather than at the level of mRNA. Treatment
with the proteasome inhibitor MG-132 and half-life assays fur-
ther showed that HBXIP was involved in the degradation of p53
in breast cancer cells. Thus, we identified that HBXIP could
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FIGURE 8. A model showing that HBXIP modulates the feedback loop of
MDM2/p53 in breast cancer. HBXIP acting as a co-activator up-regulates
MDM2 through binding to the promoter of MDM2 and activating transcrip-
tion factor p53. HBXIP recruits acetyltransferase p300 to p53 forming a tran-
scriptional complex of HBXIP-p53-p300. The HBXIP-enhanced MDM2 acceler-
ates the degradation of p53 in breast cancer cells. Thus, HBXIP promotes the
growth of breast cancer through modulation of the MDM2/p53 feedback
loop.

increase the ubiquitination levels of p53 and that the effect of
HBXIP on p53 was attenuated by MDM2 siRNA in the cells.
Many studies have demonstrated that the levels of p53 are
decreased by a variety of oncoproteins through up-regulating
MDM2 in cancers (57, 58). Here we found that HBXIP
enhanced the degradation of p53 through up-regulating
MDM2. Functionally, we validated that p300 was involved in
the HBXIP-modulated tumorigenesis. It has been reported that
elevated MDM2 protein levels or poor wild type p53 expression
levels are associated with the progression of breast cancer (44).
Next, we provided evidence that HBXIP promoted the growth
of breast cancer via MDM2 and MDM2-mediated p53 degra-
dation in vivo and in vitro. Therapeutically, HBXIP may serve as
a target in breast cancer.

The main mechanism for p53 stabilization in response to
stress signals is a reduction in its interaction with MDM2, caus-
ing an increase in p53 levels (59). However, little is known about
the mechanism of promoting p53 ubiquitination and protea-
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somal degradation in cancer. In this study, we presented a
model showing that highly expressed HBXIP can promote a
MDM2/p53 feedback loop and breast cancer growth through
accelerating the up-regulation of MDM2 to keep p53 at a lower
level in the development of breast cancer (shown in Fig. 8). Our
finding illuminates the concept that HBXIP up-regulates
MDM2 through activating transcription factor p53, in which
acetyltransferase p300 is recruited to p53 by HBXIP, forming a
transcriptional complex of HBXIP-p53-p300 in breast cancer
cells. Highly expressed HBXIP accelerates the MDM2-medi-
ated degradation of p53 in breast cancer cells through modu-
lating the feedback loop of MDM2/p53, resulting in the fast
growth of breast cancer cells. Thus, our finding provides new
insights into the MDM2/p53 feedback loop, especially the
mechanism by which p53 positively regulates MDM2 in breast
cancer.
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