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ABSTRACT
Plasticity of cancer cells, manifested by transitions between epithelial and 

mesenchymal phenotypes, represents a challenging issue in the treatment of 
neoplasias. Both epithelial-mesenchymal transition (EMT) and mesenchymal-
epithelial transition (MET) are implicated in the processes of metastasis formation 
and acquisition of stem cell-like properties. Mouse double minute (MDM) 2 and 
MDMX are important players in cancer progression, as they act as regulators 
of p53, but their function in EMT and metastasis may be contradictory. Here, we 
show that the EMT phenotype in multiple cellular models and in clinical prostate 
and breast cancer samples is associated with a decrease in MDM2 and increase in 
MDMX expression. Modulation of EMT-accompanying changes in MDM2 expression in 
benign and transformed prostate epithelial cells influences their migration capacity 
and sensitivity to docetaxel. Analysis of putative mechanisms of MDM2 expression 
control demonstrates that in the context of defective p53 function, MDM2 expression is 
regulated by EMT-inducing transcription factors Slug and Twist. These results provide 
an alternative context-specific role of MDM2 in EMT, cell migration, metastasis, and 
therapy resistance.

INTRODUCTION

The metastatic process is a serious aspect of cancer 
disease that is tightly linked to cancer cell plasticity, 
epithelial-mesenchymal transition (EMT), mesenchymal-
epithelial transition (MET), and acquisition of a stem-like 
cell phenotype, resulting in cancer cell dissemination and 
resistance to therapy [1]. EMT and MET are reversible 
processes that enable cell detachment from the primary 

tumor, penetration and survival in the circulation, 
and formation of metastasis at a distant site [2]. Both 
transitions are regulated by cooperation between multiple 
transcription factors and microRNAs whose functions may 
be overlapping, and effect of individual molecules in these 
processes can be time- and/or context-dependent [3]. We 
have previously shown that SNAI2/Slug is an early factor 
upregulated in transforming growth factor (TGF)-β-induced 
EMT of benign prostate epithelial cells, which is later 
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accompanied by induction of zinc finger E-box binding 
homeobox (ZEB)1 and ZEB2 and deregulation of the miR-
200 family of microRNAs [4]. Twist cooperation with Slug 
is necessary for EMT induction in mammary epithelial cells 
[5], while deregulation of miR-200c and miR-205 leads to 
EMT that is associated with clinically relevant insensitivity 
to docetaxel in prostate cells [6].

Stimuli that induce the EMT process include 
activation of signaling pathways by cytokines, oncogenes, 
or tumor microenvironment-associated molecules [3]. 
Importantly, EMT can also result from defects in a 
crucial tumor suppressor, p53. Both gain-of-function p53 
mutations and p53 loss have been associated with EMT  
[7–9], while intact p53 function is important for 
maintenance of the epithelial phenotype [10, 11]. To 
ensure appropriate protection from DNA damage by 
inducing repair or cell death, p53 expression and activity 
is tightly regulated by mouse double minute homolog 
(MDM) 2 and its homolog MDMX. MDM2 controls p53 
functions via several mechanisms, such as direct binding 
and occlusion of the transactivation domain, ubiquitination 
and degradation by the proteasome, and control of 
subcellular localization. MDMX lacks the E3 ubiquitin 
ligase activity of MDM2, but can regulate localization, 
stability, and function of both p53 and MDM2 [12, 13]. 
Inhibition of MDM2 was shown to sensitize various cancer 
cell lines to chemotherapy and the therapeutic strategy of 
p53 reactivation by MDM2 inhibitors and antagonists is 
being investigated in several clinical trials [14, 15].

Multiple p53-independent functions of MDM2 
and MDMX were reported, which include effects on 
tumor cell proliferation, apoptosis, or invasion, in a 
background of p53 dysfunction [12, 16, 17]. In the 
context of clinical cancer metastasis, different outcomes 
of MDM2 expression were reported in various tissues. In 
colon cancer, MDM2 amplification or higher transcript 
abundance is associated with lower metastasis occurrence 
rates [18, 19], while in prostate and breast cancer, elevated 
MDM2 expression correlates with poor outcome [20, 21].

Different mechanisms by which MDM2 positively 
or negatively regulates EMT and metastasis have been 
proposed. On the one hand, MDM2 can promote cell 
motility and invasiveness by regulating E-cadherin 
degradation via its E3 ubiquitin ligase activity [22]. On the 
other hand, MDM2 can serve as an effector of wild-type 
(wt) p53 function in negative regulation of Slug, thereby 
preventing EMT and metastasis [11].

Our present study shows data supporting a 
context-dependent EMT-associated role of MDM2, in 
the regulation of cell migration. We show that in several 
cellular models and clinical tissue samples, the epithelial 
phenotype is associated with high expression of MDM2 
and low expression of MDMX. Our data also show that 
EMT-inducing transcription factors Slug and Twist can 
regulate MDM2 expression, which, in turn, affects cell 
migration and sensitivity to chemotherapy.

RESULTS

EMT in prostate and breast cancer cell lines is 
associated with changes in MDM2 and MDMX 
expression pattern

Multiple components of the tumor microenviron-
ment, particularly factors secreted by stromal cells, 
activate cytokine- or oncogene-driven signaling pathways 
regulating cancer transformation and EMT. For instance, 
in immortalized BPH-1 cells derived from human benign 
prostate hyperplasia tissue [23], cancer transformation 
in vivo in the presence of cancer-associated fibroblasts 
gave rise to independent tumorigenic clones CAFTD01 
and CAFTD03 with increased expression of markers of 
the mesenchymal phenotype [4, 24]. Our results show that 
the changes in the expression of epithelial (E-cadherin) 
and mesenchymal markers (vimentin, N-cadherin) are 
associated with enhanced migration potential (Figure 1A–1C, 
Supplementary Figure S1A). Notably, both CAFTD clones 
exhibiting the partial EMT phenotype showed decreased 
expression of MDM2 and increased expression of MDMX 
(Figure 1A, 1D, Supplementary Figure S1B–S1C). Besides 
the promotion of cellular migration, EMT is associated with 
increased resistance to chemotherapy [6]. We observed that 
compared to epithelial BPH-1 cells, tumorigenic CAFTD03 
cells, whose phenotype is shifted towards mesenchymal cells, 
were less sensitive to docetaxel, a microtubule inhibitor used 
in standard chemotherapy of metastatic CaP (Figure 1E).

Cancer transformation by the Ras oncogene is 
accompanied by EMT promoting effects [25, 26]. An 
EMT-associated switch in MDM2 and MDMX expression 
was observed in benign and K-Ras-transformed MCF10A 
human breast cells (Figure 2A–2D, Supplementary 
Figure S2A) [27]. Mouse CaP cell lines with biallelic 
PTEN deletion represent another model of epithelial and 
mesenchymal cells with similar genetic background (Figure 
2E–2H) [28]. Cell lines E2 and E4 expressing mesenchymal 
markers were derived from androgen-dependent primary 
tumors in mice, while cell lines cE1 and cE2, manifesting 
epithelial characteristics, were isolated from recurrent 
tumors after castration. The epithelial phenotype was again 
accompanied by increased expression of MDM2.

The TGF-β cytokine is one of the most potent 
inducers of EMT in cell culture. Consistent with our 
findings in benign and transformed prostate cell lines 
(BPH-1, CAFTD01, CAFTD03, and RWPE-1) as 
well as in breast cell lines (MCF10A), treatment of 
cells with TGF-β1 for 96 h induced downregulation 
of E-cadherin, upregulation of mesenchymal markers, 
and downregulation of MDM2 (Supplementary Figure 
S2B–S2C). Concomitant upregulation of MDMX was 
not observed, suggesting that MDM2 and MDMX are 
regulated independently under EMT-inducing conditions.

EMT is a reversible process; therefore, we tested 
the reversibility of MDM2 regulation by TGF-β1. 
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Figure 1: Tumorigenic prostate cell lines with mesenchymal characteristics and increased resistance to docetaxel are 
characterized by downregulation of MDM2 and upregulation of MDMX. Western blotting and qRT-PCR analysis of MDM2, 
MDMX, epithelial and mesenchymal markers, and cell migration of human benign prostate BPH-1 cells and two independent tumorigenic 
clones, CAFTD01 and CAFTD03. A. Images of representative blots are shown; the full length MDM2 protein product is marked by an 
arrow, a faster-migrating product is marked by an asterisk (Supplementary Figure S1B). Relative protein expression was evaluated by 
measuring optical density (OD). B–C. PCR data represent mean ± SEM. (B) **P < 1.10−3 to BPH-1 cells, n = 3 (C) *P < 0.05, **P < 
1.10−6 to BPH-1 cells, n = 7. D. Migration results through an uncoated 8 μm-pore transwell represent the average number (mean ± SD) of 
migrating cells in five independent viewing fields after 6 h of migration, from 3 independent experiments in technical duplicate; *P < 0.01 
to BPH-1 cells. Photographs show results of a representative experiment at 40× magnification. E. Viability of BPH-1 and CAFTD03 cells 
treated with docetaxel for 72 h was analyzed using a luminescence-based ATP assay. Graphs show data from a representative experiment 
in technical triplicate. IC50 values were calculated from 3 independent experiments.

BPH-1 cells were cultured in the presence or absence 
of TGF-β1 for 96 h, which led to the upregulation of 
mesenchymal markers and downregulation of MDM2 
and E-cadherin. The cells were subsequently re-seeded 
and cultured in the absence of TGF-β1 for another 96 
h, which led to reversion of changes in the expression 
of EMT markers and MDM2 (Figure 2I). On the other 
hand, prolonged cultivation with TGF-β1 for another 4 
d further downregulated both E-cadherin and MDM2 
expression. These data show that both TGF-β1-induced 
downregulation of MDM2 and TGF-β1-induced 
EMT are reversible phenomena and suggest a mutual 
association.

EMT/MET phenotype is associated with changes 
in MDM2 and MDMX expression in clinical 
prostate and breast cancer samples

To evaluate MDM2 and MDMX expression with 
EMT in clinical cancer samples, we analyzed archived 
formalin-fixed paraffin-embedded tissue specimens from 
a cohort of prostate cancer (CaP) and breast cancer (BrCa) 
patients who underwent surgical resection of the primary 
tumor and its lymph node (LN) metastases. The specimens 
therefore represent clinical material from different stages 
of disease in individual patients, allowing relevant 
evaluation of cancer progression and cellular plasticity.
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Figure 2: Decreased MDM2 expression is observed in prostate and breast cell lines with mesenchymal characteristics 
and in TGF-β-induced EMT. Western blotting and qRT-PCR analysis of MDM2, MDMX, epithelial and mesenchymal markers, and 
cell migration in A–D. human breast MCF10A cells stably transfected with empty vector (EV) or oncogenic K-RasV12; E–H. murine 
prostate cancer cell lines; and I. BPH-1 cells. (A, E, I) In representative blots, the full-length MDM2 protein product is marked by an 
arrow, a faster-migrating product observed in human cells is marked by an asterisk; relative protein expression was evaluated by measuring 
OD. (B-C, F-G) PCR data represent mean ± SEM. (B–C) *P < 0.05; **P < 1.10−3 to MCF10A EV, n = 4; (F–G) **P < 1.10−3 to cE2 cells,  
n = 4. (D, H) Migration results through an uncoated 8 μm-pore transwell represent the average number (mean ± SD) of migrating cells in 
five independent viewing fields after 6 h of migration, from 3 independent experiments in technical duplicate; *P < 0.01. Photographs show 
results of a representative experiment at 40× magnification. (I) Both TGF-β1-induced EMT and MDM2 downregulation are reversible. 
Cells were treated with vehicle or TGF-β1 for 96 h, passaged and cultivated in the presence or absence of TGF-β1 for another 96 h. The 
graph shows the fold-over control of normalized protein expression quantified by measuring the OD, *P < 1.10−2 to untreated cells, n = 3.
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In CaP patients, 13 of 16 LN metastases were 
characterized by MET-like transition, demonstrated by 
increased expression of epithelial markers (E-cadherin) and 
lower expression of mesenchymal markers (Slug and vimentin 
localized in the cytosol of cells with epithelial morphology) 
(Supplementary Figure S3A). Based on the same markers, 
most tumor disseminations into seminal vesicles (SV) did 
not exhibit clear EMT or MET pattern. In LN metastases, 
MDM2 expression was slightly increased, while MDMX 
was significantly decreased (Figure 3A, Supplementary 
Figure S3A). Analysis of paired tumor - metastasis samples 
from individual patients indicated that MDM2 overexpression 
or MDMX underexpression was associated with the epithelial 
phenotype in 50 and 75% of CaP - LN pairs, respectively 
(Table 1). p53 manifested a positive correlation with MDM2 
and MDMX expression (Supplementary Table S1). However, 
high positivity of p53 expression (>20% of cell nuclei) in 
34% of prostate samples indicated defects in p53 function, 
suggesting that in a proportion of patients, MDM2 and 
MDMX expression can be regulated independently of p53.

In 18 BrCa patients, both EMT- and MET-like changes 
were evenly represented in the cohort (Figure 3B–3C).  
High p53 positivity was observed in 37% of samples. 
Increased MDMX expression was again associated with the 
mesenchymal phenotype in 61% of pairs, while decreased 
MDM2 expression correlated with EMT-like changes in 
33% of pairs (Table 1). Moreover, a positive correlation 
between MDMX and vimentin expression was found 
in both prostate and breast cohorts, further supporting 
an association of elevated MDMX expression with the 
mesenchymal phenotype (Supplementary Table S1).

Altogether, data obtained from clinical specimens 
show that in CaP and BrCa patients, EMT and MET-
like changes accompany the formation of LN metastasis 
and that overexpression of MDM2 and underexpression 
of MDMX together with the prevalence of epithelial 
phenotype in metastatic lesions is the most frequently 
observed phenomenon.

Modulation of MDM2 expression affects 
migration of BPH-1 and CAFTD03 cells

As decreased MDM2 expression in CAFTD cells 
compared to the parental BPH-1 cell line correlates with a 
shift of cell phenotype towards EMT, we analyzed the effect of 
downregulation or overexpression of MDM2 on chemotactic 
migration of cells through 8 μm-pore membranes. Even 
low migration potential of epithelial BPH-1 cells could be 
measured using label free kinetic analysis of transmembrane 
migration on an xCELLigence system. Transient or stable 
MDM2 silencing in BPH-1 cells slightly enhanced cell 
migration potential (Figure 4A–4B), while overexpression of 
MDM2 in the CAFTD03 tumorigenic clone led to a moderate 
inhibition of cell migration (Figure 4C). Interestingly, 
expression of the ubiquitin ligase-defective MDM2 C464A 
mutant, which is expressed at higher levels than wt or GFP-

tagged MDM2 due to a lack of self-ubiquitination, inhibited 
CAFTD03 migration more efficiently than wt MDM2 
(Figure 4C). On the contrary, MDM2 overexpression induced 
migration in DU-145 cells bearing a p53 mutation; this 
effect was partially dependent on MDM2 E3 ligase activity 
(Supplementary Figure S4A) and suggests that effects of 
MDM2 modulation on cellular motility are cell type and 
context specific. No effect of MDMX overexpression on 
cell migration was observed in CAFTD03 (Figure 4D) or 
BPH-1 cells (Supplementary Figure S4B). Modulation of 
MDM2 or MDMX expression did not significantly affect 
cell proliferation (Supplementary Figure S4C–S4D) and 
expression of epithelial and mesenchymal markers or EMT 
regulators at the protein level (data not shown). However, 
we confirmed an association between lower expression of 
MDM2, EMT and lower sensitivity to docetaxel observed 
in Figure 1E in a functional experiment, showing that stable 
knockdown of MDM2 in BPH-1 cells desensitized them to 
docetaxel treatment (Figure 4E). These data demonstrate that 
expression of MDM2 influences important characteristics of 
cancer cells undergoing EMT.

MDM2 expression in BPH-1 and CAFTD clones 
is regulated dominantly from the MDM2 P2 
promoter

As modulation of MDM2 and not MDMX expression 
affected cell migration, we studied potential mechanisms of 
MDM2 regulation in BPH-1 and CAFTD clones. Decreased 
MDM2 mRNA expression in cells expressing mesenchymal 
markers or after TGF-β1 treatment suggests that transcriptional 
control is involved in the downregulation of MDM2 
accompanying EMT (Figure 1D, Supplementary Figure S2C).

Transcripts of human MDM2 can be initiated either 
at the constitutive P1 promoter, or at the p53-responsive 
P2 promoter, both of which are eventually translated to 
generate a full-length MDM2 protein. In P1 transcripts, 
exon 2 is removed by splicing, while P2 transcripts contain 
exon 2, but lack exon 1. Quantitative reverse transcription 
polymerase chain reaction (RT-PCR) with primers that 
detect both transcripts (exon boundary 6–7) showed a more 
pronounced decrease of MDM2 mRNA in CAFTD clones, 
compared to parental cells, than primers designed to detect 
only the P1 product (exon boundary 1–3) (Figure 5A). 
Semi-quantitative RT-PCR analysis using primers that 
discriminate between the P1 and P2 products also suggests 
a more robust difference in transcription from P2 between 
BPH-1 cells and CAFTD clones (Figure 5B). Moreover, 
the luciferase activity of a reporter construct encompassing 
the P2 promoter was significantly decreased in both 
CAFTD clones (Figure 5C). Analysis of mRNA stability 
after inhibition of translation by actinomycin D did not 
reveal any differences in the stability of MDM2 or MDMX 
transcripts between the clones (Supplementary Figure S5A).

Decreased MDM2 expression in CAFTD clones 
cannot be attributed to decreased protein stability, because 
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Figure 3: Changes in MDM2 and MDMX protein expression correlate with EMT in a proportion of paired patient 
prostate and breast tumors and metastases. Paired patient samples from primary tumors and LN metastases were stained with 
the indicated antibodies. LN metastases of CaP A. exhibit a more epithelial phenotype compared to the primary tumor from the same 
patient. Arrows show cytosolic vimentin staining indicating EMT; asterisk shows vimentin positivity in the stroma. LN metastases of BrCa 
demonstrate both MET-like B. and EMT-like C. transitions. Magnification: 20×; dashed boxes indicate region in insets at 40× magnification.
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the half-life of MDM2 in CAFTD01 and CAFTD03 clones 
(75 and 90 min, respectively) was even higher than that 
in BPH-1 cells (35 min) (Supplementary Figure S5B). 
Inhibition of proteasomal degradation by MG-132 did not 
reveal any significant differences in the MDM2 degradation 
rates between the cell lines (Supplementary Figure S5C). 
These results suggest that decreased MDM2 expression 
in the CAFTD clones results from altered transcriptional 
regulation, mainly from the P2 promoter.

The MDM2 P2 promoter contains p53 binding sites, 
which prompted us to address the question of p53 expression 
and function in our in vitro models. Two p53 target 
genes were selected for expression analysis, p21Cip1/Waf1 
which is implicated in the inhibition of cell cycle 
progression [29], and a TGF-β family cytokine, GDF-15, 
which exerts multiple roles in the stress response and was 
proposed as a marker of p53 pathway activation [30] [31]. 
MDM2 levels correlated with expression of p53 and its 
downstream targets in p53 wt MCF10A cells and in murine 
cell lines E2, E4, cE1 and cE2 (Supplementary Figure S6B–
S6C). However, in SV40-transformed cells BPH-1 and 
CAFTD, trends in MDM2 expression did not correspond 
with the expression of p53, p21 or GDF-15 (Supplementary 
Figure S6A).

p53 mutations were not detected in BPH-1 or 
CAFTD03 cells using a functional screening approach (data 
not shown) [32]. However, due to SV40 T-large antigen 

immortalization, the ability of p53 to induce its transcriptional 
target, CDKN1A, encoding the p21Cip1/Waf1 protein upon DNA 
damage by gemcitabine, was attenuated in BPH-1 and 
CAFTD03 cells, compared to the effects on wt p53-containing 
MCF10A cells (Supplementary Figure S6D–S6E). On the 
other hand, co-immunoprecipitation analysis indicated that the 
physical interaction between p53 and MDM2 was preserved 
in CAFTD03 cells (Supplementary Figure S6F). The fact 
that MDM2 modulation accompanying EMT is observed 
in cellular models with both normal and immortalization-
affected p53 suggests that the regulation of MDM2 basal 
levels does not require intact p53 function.

Intact p53 function is dispensable for regulation 
of MDM2 expression by Slug and Twist in 
CAFTD03 cells

MDM2 was reported to cooperate with p53 as a 
negative regulator of the EMT-inducing transcription factor 
Slug [11]. In both sets of prostate cell lines, expression 
of Slug was increased in cells expressing mesenchymal 
markers (Figure 6A–6B, Supplementary Figure S7A). 
In all sets of cell lines, expression of mesenchymal 
markers correlated with increased expression of the 
transcription factors Twist1 or Twist2, ZEB1, and ZEB2, 
which suggests that multiple transcription factors may 
participate in the induction and maintenance of the EMT 

Table 1: Changes in MDM2 and MDMX expression clustered by changes in E-cadherin expression 
in paired CaP and BrCa samples and respective LN metastases
CaP – LN pairs ↓ E-cadherin in metastasis 

# of pairs
↑ E-cadherin in metastasis 

# of pairs
Total  

# of pairs

Total 3 13 16

↑ MDM2 in metastasis 1 7 8

↓ MDM2 in metastasis 1 4 5

→ MDM2 in metastasis 1 2 3

↑ MDMX in metastasis 0 0 0

↓ MDMX in metastasis 3 12 * 15

→ MDMX in metastasis 0 1 1

BrCa - LN pairs

Total 9 9 18

↑ MDM2 in metastasis 3 3 6

↓ MDM2 in metastasis 3 2 5

→ MDM2 in metastasis 3 4 7

↑ MDMX in metastasis 6 1 7

↓ MDMX in metastasis 3 5 8

→ MDMX in metastasis 0 3 3

The table summarizes numbers of cases in specified categories; *, P < 0.0005 by Cochran’s Q test. Cases in grey boxes 
correlate with in vitro observations
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Figure 4: MDM2 expression affects migration and docetaxel sensitivity of prostate epithelial cells. A. BPH-1 cells were 
transiently transfected with control or MDM2-specific siRNA and cell migration was evaluated by monitoring the impedance signal using 
a fibronectin-coated CIM module on an xCELLigence DP system. The graph shows the average Cell Index values (mean ± SD) from 
three independent experiments, *P < 0.05. B. Migration results through an uncoated 8 μm-pore transwell from three independent BPH-1 
clones stably transfected with control or MDM2-specific shRNA. C, D. Transwell migration of a pool of CAFTD03 cells transiently 
overexpressing (C) wt, GFP-tagged or the C464A mutant of MDM2 or (D) MDMX. Graphs represent the relative numbers of migrating 
cells (mean ± SD) from 3 independent experiments in technical duplicate; *P < 0.05; n.s., P > 0.05. EV, empty vector. E. Viability of stable 
shRNA-expressing clones from BPH-1 cells treated with docetaxel for 72 h was analyzed using a luminescence-based ATP assay. Graphs 
show the mean ± SD from 3 independent experiments; IC50 values were calculated from 3 independent experiments.
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Figure 5: Downregulation of MDM2 in CAFTD clones is driven by transcriptional regulation of two MDM2 
promoters. A. qRT-PCR analysis of MDM2 transcripts from untreated BPH-1 cells and two independent CAFTD clones. The assay 
design represented by black bars detects mRNA products originating from both P1 and P2 promoters, while the assay design represented 
by grey bars detects only the product of the P1 promoter. **P < 1.10−3 to BPH-1 cells, n = 4 B. Expression of MDM2 transcripts from the 
P1 and P2 promoter in BPH-1 cells and tumorigenic CAFTD clones was analyzed by semi-quantitative RT-PCR. Sizes of the PCR products 
are 452 bp for Exon 1-Exon 6 of MDM2, 398 bp for Exon2-Exon 6 of MDM2, and 372 bp for GAPDH, an internal normalization control. 
The number of amplification cycles is indicated at the bottom of the gel. The graph represents average relative amounts of respective 
MDM2 transcripts normalized to GAPDH from four independent experiments. C.01 and C.03 refer to the CAFTD clones. C. The activity 
of the MDM2 P2 promoter was evaluated using a luciferase reporter assay. The cells were transfected with a construct bearing the MDM2 
P2 promoter sequence upstream of the firefly luciferase gene, along with a Renilla luciferase internal control (pCIneo RL). The graph 
represents the mean ± SD of normalized luciferase activity, **P < 1.10−4 to BPH-1 cells, n = 5.

phenotype in these cellular cancer models (Figure 6A–6C, 
Supplementary Figure S7A–S7B).

Analysis of Slug protein stability by cycloheximide 
treatment showed a slower degradation rate of Slug 
in CAFTD clones, compared to that in BPH-1 cells 
(Supplementary Figure S7C), while proteasome inhibition 
led to a more pronounced stabilization of Slug in BPH-1 
cells (Supplementary Figure S7D). These data suggest that 
Slug expression is controlled at the level of both transcription 
(Figure 6B) and protein stability (Supplementary Figure 
S7D), implicating a putative role of the ubiquitin-proteasome 
pathway in the regulation of Slug. However, downregulation 
of MDM2 in BPH-1 cells or overexpression of MDM2 in 

CAFTD03 cells did not induce any changes in expression 
of Slug, Twist (Figure 6D–6E), or epithelial/mesenchymal 
markers (data not shown). On the other hand, MDM2 
silencing in MCF10A cells upregulated both Slug and Twist, 
and MDM2 overexpression downregulated Slug and Twist in 
these cells (Figure 6D–6E). These data confirm that proper 
p53 function is crucial for MDM2-mediated ubiquitination 
of Slug and show that Slug stability is not affected by 
MDM2 in immortalized cells with wt p53 expression, but 
compromised p53 transcriptional response (Supplementary 
Figure S6D–S6E).

Based on abundant and differential expression of 
Slug and Twist in BPH-1 cells and tumorigenic CAFTD 
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clones (Figure 6A–6B), we hypothesized that these 
EMT-inducing transcription factors can regulate MDM2 
expression. Individual or combined silencing of Slug and 
Twist using siRNA-mediated methods induced MDM2 
expression in CAFTD03 cells. This effect was observed 
both at the protein and mRNA level, confirming a role 
of transcription repressors in the regulation of MDM2 
(Figure 6F–6G, Supplementary Figure S7E). Importantly, 
individual and combined silencing of Slug and Twist 
significantly inhibited cell migration (Figure 6H, 
Supplementary Figure S7F). Therefore, Slug and Twist 
are implicated not only in the regulation of cell motility, 
but can also function as regulators of MDM2 expression, 
thereby linking the regulation of MDM2 expression to 
EMT in tumorigenic prostate epithelial cells.

DISCUSSION

In this study, we showed that in the context of certain 
CaP and BrCa subtypes and in multiple in vitro models, 
downregulation of MDM2 and upregulation of MDMX 
accompany EMT-like changes and that modulation of 
MDM2 affects cell migration. The association of MDM2 
with cellular motility and the fact that reciprocal changes 
in MDMX expression were not observed in all in vitro 
models prompted us to concentrate on the mechanisms of 
MDM2 expression control.

MDM2 expression and stability can be affected by 
multiple previously published mechanisms [33, 34]. In 
case of BPH-1 and CAFTD cells, we can rule out an effect 
of epitope masking by phosphorylation [33], as MDM2 
protein can be detected by several phosphorylation-
insensitive monoclonal antibodies (Supplementary 
Figure S1C–S1D). From the comparable stability of 
MDM2 protein in BPH-1 cells and CAFTD clones and 
the increased activation of the Akt signaling pathway in 
CAFTD clones (Supplementary Figure S2D, [24]), we 
surmised that Akt-phosphorylation-mediated MDM2 
stabilization via decreased ubiquitination [34] is unlikely 
to contribute to the mechanism of MDM2 regulation in 
our cancer models. On the contrary, we found that MDM2 
levels are controlled at the transcriptional level, implicating 
the role of transcription regulators in MDM2 expression.

As an alternative model of EMT induction, we 
show that TGF-β-induced downregulation of MDM2 
is reversible, its kinetics correlates with E-cadherin 
downregulation (data not shown), and it is mirrored in 
the downregulation of the MDM2 transcript. Our model 
does not recapitulate findings from other reports that 
correlate MDM2 expression with enhanced activation of 
TGF-β signaling pathway or propose an MDM2-based 
mechanism of TGF-β resistance [35, 36]. On the contrary, 
lower MDM2 expression in CAFTD clones is associated 
with increased phosphorylation of Smad2 (Supplementary 
Figure S2D) and resistance to antiproliferative effects of 
TGF-β [24].

The observation that the increased protein level 
of MDMX by CAFTD03 compared to BPH-1 is not 
proportional to the RNA level (Figure 1A, 1D) suggests that 
elevated MDMX level in CAFTD03 cells can result from 
a decrease in MDM2 E3 ligase activity towards MDMX 
[37]. MDMX itself does not have any significant effect 
on migration of BPH-1 or CAFTD cells, while MDM2 
can modulate cell migration independently of its E3 ligase 
activity. Although MDMX did not influence cell motility in 
our model, it can exert other pro-tumorigenic activities such 
as promotion of cell proliferation and tumor growth [38].

Our analysis of paired samples from primary 
tumor and metastases from the same patient represents 
a unique opportunity for delineating the EMT pattern 
during cancer progression, due to the fact that analysis 
of EMT-associated changes in pooled patient cohorts 
may not necessarily yield reliable data (the effects can 
be partial, transient, or occur at specific tumor locations 
such as the invasive front) [2]. In order to obtain sufficient 
information, the EMT pattern was evaluated based on 
multiple markers; besides E-cadherin we also analyzed 
membrane-bound β-catenin as an epithelial marker and 
vimentin and Slug as mesenchymal markers. Changes 
in these auxiliary parameters mostly correlated with the 
trends in E-cadherin expression.

Our finding, MDM2 downregulation in EMT, is 
corroborated by the fact that MDM2 expression negatively 
correlates with Twist in liposarcoma [39] and with Slug in 
a proportion of lung tumors [11]. In a study by Yang et al., 
a pattern of MDM2 expression intensity corresponding 
to E-cadherin expression was observed in 46% of breast 
cancer patients [22]. Furthermore, in colorectal cancer, the 
presence of liver metastasis was significantly associated 
with low MDM2 mRNA expression in the primary tumor 
[18], and MDM2 amplification negatively correlated 
with occurrence of distant metastases [19]. On the other 
hand, an extensive study in CaP patients observed a 
significant association between combined MDM2 and 
Ki-67 expression and distant metastases [20]. In spite 
of shorter disease-free survival of invasive ductal breast 
carcinoma patients with MDM2-expressing tumors, these 
tumors were significantly smaller and fewer patients 
with the MDM2-expressing tumors presented with LN 
metastases [21]. These findings suggest that the effects of 
MDM2 on invasiveness or metastasis can be tissue- and/or 
site-specific and the use of MDM2 as a prognostic marker 
should be combined with other parameters.

Our observation of MDM2 downregulation in EMT 
differs from that described in other studies, which showed 
that MDM2 promotes EMT and cell motility [22, 35, 40]. 
Nevertheless, our data confirm the migration-promoting 
effects of MDM2 in DU145 cells, which is consistent 
with the EMT-associated induction of MDM2 in DU145 
cells [41]. These data suggest that the role of MDM2 in 
BPH-1 and CAFTD03 cells could be strictly cell type- and 
context-specific. Importantly, we confirm the association 
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Figure 6: Regulation of Slug by MDM2 requires intact p53 function, while downregulation of Slug or Twist in CAFTD03 
cells upregulates MDM2 and inhibits cell migration. A–C. Western blotting (A) and qRT-PCR (B–C) analysis of EMT-driving 
transcription factors in BPH-1 and CAFTD cells. PCR data represent mean ± SEM of at least three independent experiments, *P < 0.05 
to BPH-1 cells. D–E. BPH-1 and MCF10A cells were transfected with (D) MDM2-specific siRNA or (E) increasing concentrations of 
MDM2 overexpressing plasmid and expression of MDM2, Slug and Twist was evaluated by western blotting 48 h after transfection. 
F–H. CAFTD03 cells were transfected with siRNA against Slug, Twist, or both. Protein expression was evaluated by (F) western blotting 
and (G) mRNA expression by qRT-PCR 48 h after transfection. The full-length MDM2 protein product is marked by an arrow; a faster-
migrating product is marked by an asterisk. (H) Transwell migration of CAFTD03 cells transfected with 20 nM siRNA. Bars show the mean 
± SD values for relative cell migration of three independent experiments, *P < 0.05; **P < 0.01.
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of EMT phenotype and lower MDM2 expression with a 
clinically important decrease in sensitivity to docetaxel 
(Figure 1E, 4E) [6].

We show that higher basal expression of MDM2 
in BPH-1 cells can result from the activity of the P2 
promoter, which contains elements mediating both p53-
dependent and p53-independent effects [42]. Even though 
Slug or Twist binding sites could not be identified in the 
MDM2 promoter using bioinformatics tools, Twist may 
act as a part of hetero-complexes with other transcription 
factors of the basic helix-loop-helix family interacting 
with the MDM2 locus [43, 44]. Increased MDM2 
expression could also result from higher copy numbers of 
chromosome 12 fragments fused to other chromosomal 
fragments in BPH-1 cells, compared to the copy numbers 
in CAFTD clones [45].

Among multiple EMT-inducing transcription 
factors, we concentrated on Slug and Twist due to their 
abundant expression and rapid induction under EMT-
inducing conditions in prostate epithelial cells [4]. 
Although the expression levels of MDM2 in BPH-1 cells 
and CAFTD clones correlate with the stabilization of 
Slug, which we described as an early factor responsible 
for TGF-β-induced EMT in this model [4], we did not 
find evidence supporting a physical interaction between 
Slug and MDM2 (data not shown) or direct regulation 
of Slug by MDM2 E3 ligase activity. Defects in p53 
function, induced by p53 protein stabilization in a 
transcriptionally inactive form may be responsible for 
a lack of MDM2-mediated regulation of Slug in our in 
vitro model, which is in accordance with a previously 
reported mechanism of Slug regulation by a fully-active 
p53-MDM2 complex [11].

Consistent with previous studies, our data show 
that downregulation of Slug or Twist can suppress cell 
motility and invasiveness [46]. Notably, we show that 
these effects of Slug and Twist are accompanied by 
induction of MDM2 in tumorigenic prostate epithelial 
cells, which provides a potential link between the 
regulation of MDM2 and EMT-inducing transcription 
factors (Figure 7). This phenomenon was observed in 
the context of defective p53 function, characterized by 
stabilized p53 that maintains the capacity to interact with 
MDM2 and MDMX, but its ability to transactivate target 
genes upon DNA damage is limited. In this specific 
context, stabilized MDM2 can suppress cell migration 
and, importantly, may have clinical impact by affecting 
cell susceptibility to the cytostatic effects of docetaxel, 
a chemotherapeutic agent routinely used in the treatment 
of advanced CaP. Our findings may therefore help to 
elucidate several unexpected observations in clinical 
cancer samples and propose an alternative context-
specific role of MDM2 in EMT, tumor progression, and 
sensitivity to chemotherapy in cells with defective p53 
function.

MATERIALS AND METHODS

Cell culture, treatments and transfections

BPH-1 cells [23] and BPH-1-derived tumorigenic 
clones CAFTD01 and CAFTD03, isolated from tumors 
obtained from coinjection of BPH-1 cells and human prostatic 
carcinoma-associated fibroblasts into nude mice [47], were 
obtained from S.W.Hayward, Vanderbildt University, TN, 
USA. MCF10A LXSN and LXSN V12 cells [27] were a 
kind gift from B.H. Park, Johns Hopkins University, MD, 
USA. All cells were maintained under standard conditions as 
described previously [4, 48]. The AmpFLSTR® Identifiler® 
PCR Amplification Kit (Life Technologies) was used to verify 
the origin of cell lines. TGF-β1 (Millipore, Billerica, MA) 
was dissolved in PBS containing 2 mg/ml BSA. Docetaxel 
(Cell Signaling) was dissolved in DMSO and further diluted 
in PBS. Gemcitabine was dissolved in water and cells were 
treated with 16.7 nM drug for 24 h. For analysis of mRNA 
and protein stability, cells were treated with 0.3125 μM 
actinomycin D, 1 μM cycloheximide or 1 μM MG-132.

A custom synthesized MDM2-specific siRNA 
(5′ AGG AAU UUA GAC AAC CUG AA dTdT 3′) was 
obtained from VBC-Biotech. siRNAs targeting Slug 
(sc-38398) and Twist (sc-38604) were from Santa Cruz 
Biotechnology. Transient transfection using the X-treme 
GENE siRNA Transfection Reagent (Roche, 20 nM 
siRNA) was performed as described previously [4]. BPH-1 
cells stably knocked down for MDM2 were generated 
after transduction with lentiviruses expressing shRNA 
against MDM2 (sc-29394-V, Santa Cruz Biotechnology), 
1 μg/ml puromycin selection, and single-cell cloning.

Plasmids coding for human wt MDM2 
(pCHDM1A), MDM2 C464A mutant, Myc-tagged 
MDMX, and MDM2 P2 promoter luciferase reporter 
construct (pGL2-MDM2-luc) have been described 
previously [49–52]. Transfections were performed using 
the Neon® Transfection System (Life Technologies) 
according to the manufacturer’s recommendations.

Electrophoresis and western blotting

Preparation of cell lysates and western blotting was 
performed as described previously [4]. Cell extracts for 
immunoprecipitation were prepared by scraping cells in 
monolayer in lysis buffer containing 1% Triton X-100, 
25 mM HEPES pH 7.4, 60 mM NaCl, 1 mM EDTA, 1.5 
mM MgCl2 and protease inhibitors. Immunoprecipitation 
with antibodies specified in Supplementary Table S2 
was performed using standard procedures. Primary and 
secondary antibodies are specified in Supplementary 
Table S2. The specificity of MDM2 2A10 antibody was 
verified by knockdown and overexpression experiments 
(Supplementary Figure S1B). Analysis of optical density 
was performed using ImageJ software.
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RNA isolation, RT-PCR, and promoter activity assay

Total RNA was isolated using a High Pure RNA 
Isolation Kit (Roche) and equal amounts of RNA were 
reverse transcribed using a High Capacity RNA-to-cDNA 
Kit (Life Technologies). Quantitative RT-PCR was carried 
out as described previously [48] using TaqMan assays with 
primers and conditions specified in Supplementary Table 
S3. Relative changes in gene expression were calculated 
using the E-method based on real efficiency values obtained 
from calibration curves [53, 54]. MDM2 promoter-specific 
PCR was performed as described previously [55] and the 
obtained products were analyzed semi-quantitatively after 
resolution on a 1% agarose gel. Activity of the MDM2 P2 
promoter was evaluated 48 h after electroporation of cells 
with a 49:1 mixture of pGL2mdm2-luc [52] and pCI-neo-
hRL using the Dual luciferase assay kit (Promega).

Cell migration assays

The cells were starved overnight in serum-free 
medium containing 0.1% bovine serum albumin and 
seeded on uncoated 8 μm-pore Transwell chambers (BD 
Biosciences) or on CIM plates (Roche) coated with 20 μg/mL 
fibronectin. Human foreskin fibroblasts (HFF-1 cells; ATCC, 
SCRC-1041™) conditioned serum-free medium was used as 
a chemoattractant. Transwell chambers were fixed after 4–6 h 
in 4% paraformaldehyde and stained with 0.1% crystal violet. 
Non-migrating cells were removed using a cotton swab and 
images in five standardized view fields were documented 
using an Olympus IX70 microscope with an UPLanFl 
N 4×/0.13 objective. Migrating cells were counted and 
analyzed using ImageJ software. Alternatively, cell migration 

was monitored in real-time based on measurement of 
impedance on an xCELLigence RTCA DP System (Roche). 
Short intervals of cell migration (less than 6 h) and no 
significant differences in cell numbers between experimental 
groups at the moment of transwell seeding rule out off-target 
effects of proliferation in migration experiments.

Cell viability assay

Cells plated in 96-well plates were treated with 0.015–
100 ng/mL docetaxel and the number of viable cells in 
culture was quantified by measuring the ATP present after 72 
hours using CellTiter-Glo® One Solution Assay (Promega).

Immunostaining of clinical CaP and BrCa samples

Archival tissue samples of 105 CaPs, 16 lymph 
node (LN) metastases, 35 tumor outgrowths into seminal 
vesicles (SV), 33 tumor-adjacent benign prostatic 
hyperplasias (BPH), and 18 BrCa samples and respective 
LN metastases were obtained from patients who 
underwent surgery between the years 1998 and 2011 in 
the University Hospital Olomouc. The study was approved 
by the Ethics Committee of the University Hospital and 
Medical Faculty of Palacky University in Olomouc.

Immunostaining was performed using routine 
immunostaining procedures with validated antibodies 
specified in Supplementary Table S2. Specimens were 
assessed semi-quantitatively using the histoscore (H-score) 
method (percentage positivity in 10% increments, 
multiplied by staining intensity [categorized as: 0, absent; 
1, weak; 2, moderate; and 3, strong], resulting in a final 
H-score between 0 [minimum] and 300 [maximum]).

Figure 7: Crosstalk between MDM2, Slug and Twist in EMT. A. In case of intact p53 function, MDM2 cooperates with 
p53 in the degradation of Slug, thereby preserving the epithelial phenotype. B. When p53 function is impaired, elevated expression of 
MDM2 correlates with the epithelial phenotype. Slug and Twist inhibit expression of MDM2 and promote EMT, which is associated with 
upregulated expression of MDMX. Solid lines delineate direct effects, dotted lines represent indirect mechanisms.
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For antibody validation, control cells from in vitro 
culture were homogeneously distributed in an agarose gel 
matrix, creating an artificial tissue, and then formalin-
fixed and paraffin-embedded and stained with MDM2 
2A9 antibody using standard immunohistochemical 
procedures (Supplementary Figure S3B) [56]. Moreover, 
the MDM2 2A9 and MDMX/MDM4 antibodies were 
validated previously for staining of human cancer tissues 
[57–59].

The EMT pattern was compared between primary 
tumors and their respective LN disseminations based on 
the difference in the H-score of E-cadherin. Membrane-
bound β-catenin, cytosolic vimentin and, in case of 
CaP, Slug were used as auxiliary parameters, showing 
appropriate positive or negative correlation with 
E-cadherin in CaP-LN and BrCa-LN pairs.

Statistical analysis

The data were analyzed in STATISTICA for 
Windows (StatSoft) using appropriate statistical tests 
based on data homogeneity: One-way Analysis of 
Variance, Student’s t-test, or Mann-Whitney U-test. Data 
from clinical samples were analyzed by Spearman’s 
correlation, Cochran’s Q test and Kruskal-Wallis test. The 
IC50 values from the viability assays were analyzed using 
the Extra sum of squares F test.

ACKNOWLEDGMENTS AND FUNDING

The authors thank Prof. J. Šmardová for 
evaluation of p53 mutation status in BPH-1 cells, Dr. 
Stjepan Uldrijan for valuable discussions, Dr. Petra 
Ovesná for statistical analysis, Iva Lišková, Martina 
Urbánková, Jaromíra Netíková, and Kateřina Svobodová 
for excellent technical assistance and the following 
investigators for their generous gifts of cell lines and 
reagents: Prof. S. W. Hayward, for BPH-1 parental and 
CAFTD cells; Prof. B. H. Park for MCF10A LXSN 
and LXSN V12 cell lines; Prof. Pradip Roy-Burman 
for E2, E4, cE1, and cE2 cells; Prof. B. Vojtěšek for 
MDM2 2A9 and 2A10 antibodies; and Dr. S. Uldrijan 
for MDM2 expression plasmids.

This work was supported by grants GA CR 
P301/12/P407 (to ES), IGA MZD NT13573-4/2012 (to 
KS and JB), AV ČR PIPPMS M 200041203 (to KS), 
NPU I LO1304 (to GK and JB), by the following projects 
of the European Regional Development Fund - project 
FNUSA-ICRC (CZ.1.05/1.1.00/02.0123; to KS, ES and 
NS), project HistoPARK (CZ.1.07/2.3.00/20.0185; to KS 
and ZP), project CELLBIOL (CZ.1.07/2.3.00/30.0030; 
to TS) and by European Union - project ICRC- 
ERA-HumanBridge a.k.a. “REGPOT” (Grant agreement 
no. 316 345; to ZC and ZP). Institutional support was 
provided by the Academy of Sciences of the Czech 
Republic.

CONFLICTS OF INTEREST

The authors declare that they have no competing 
interests.

REFERENCES

1. Oskarsson T, Batlle E, Massague J. Metastatic stem cells: 
sources, niches, and vital pathways. Cell Stem Cell. 2014; 
14:306–321.

2. Brabletz T. To differentiate or not—routes towards metas-
tasis. Nat Rev Cancer. 2012; 12:425–436.

3. Lamouille S, Xu J, Derynck R. Molecular mechanisms of 
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol. 
2014; 15:178–196.

4. Slabakova E, Pernicova Z, Slavickova E, Starsichova A, 
Kozubik A, Soucek K. TGF-beta1-induced EMT of non-
transformed prostate hyperplasia cells is characterized by 
early induction of SNAI2/Slug. Prostate. 2011.

5. Casas E, Kim J, Bendesky A, Ohno-Machado L, Wolfe CJ, 
Yang J. Snail2 is an Essential Mediator of Twist1-Induced 
Epithelial Mesenchymal Transition and Metastasis. Cancer 
Res. 2011; 71:245–254.

6. Puhr M, Hoefer J, Schafer G, Erb HH, Oh SJ, Klocker H, 
Heidegger I, Neuwirt H, Culig Z. Epithelial-to-mesenchymal 
transition leads to docetaxel resistance in prostate cancer 
and is mediated by reduced expression of miR-200c and 
miR-205. Am J Pathol. 2012; 181:2188–2201.

7. Muller PA, Vousden KH, Norman JC. p53 and its mutants 
in tumor cell migration and invasion. J Cell Biol. 2011; 
192:209–218.

8. Kogan-Sakin I, Tabach Y, Buganim Y, Molchadsky A, 
Solomon H, Madar S, Kamer I, Stambolsky P, Shelly A, 
Goldfinger N, Valsesia-Wittmann S, Puisieux A, 
Zundelevich A, Gal-Yam EN, Avivi C, Barshack I, et al. 
Mutant p53(R175H) upregulates Twist1 expression and 
promotes epithelial-mesenchymal transition in immortal-
ized prostate cells. Cell Death Differ. 2011; 18:271–281.

9. Wang Y, Zhang YX, Kong CZ, Zhang Z, Zhu YY. Loss of 
P53 facilitates invasion and metastasis of prostate cancer 
cells. Mol Cell Biochem. 2013; 384:121–127.

10. Kim T, Veronese A, Pichiorri F, Lee TJ, Jeon YJ, Volinia S, 
Pineau P, Marchio A, Palatini J, Suh SS, Alder H, Liu CG, 
Dejean A, Croce CM. p53 regulates epithelial-mesenchymal 
transition through microRNAs targeting ZEB1 and ZEB2.  
J Exp Med. 2011; 208:875–883.

11. Wang SP, Wang WL, Chang YL, Wu CT, Chao YC, Kao SH, 
Yuan A, Lin CW, Yang SC, Chan WK, Li KC, Hong TM, Yang 
PC. p53 controls cancer cell invasion by inducing the MDM2-
mediated degradation of Slug. Nat Cell Biol. 2009; 11:694–704.

12. Wade M, Li YC, Wahl GM. MDM2, MDMX and p53 in 
oncogenesis and cancer therapy. Nat Rev Cancer. 2013; 
13:83–96.



Oncotarget36170www.impactjournals.com/oncotarget

13. Migliorini D, Danovi D, Colombo E, Carbone R, Pelicci 
PG, Marine J-C. Hdmx Recruitment into the Nucleus by 
Hdm2 Is Essential for Its Ability to Regulate p53 Stability 
and Transactivation. Journal of Biological Chemistry. 2002; 
277:7318–7323.

14. Bianco R, Ciardiello F, Tortora G. Chemosensitization by 
antisense oligonucleotides targeting MDM2. Curr Cancer 
Drug Targets. 2005; 5:51–56.

15. Zak K, Pecak A, Rys B, Wladyka B, Domling A, Weber L, 
Holak TA, Dubin G. Mdm2 and MdmX inhibitors for the 
treatment of cancer: a patent review (2011-present). Expert 
Opin Ther Pat. 2013; 23:425–448.

16. Ganguli G, Wasylyk B. p53-independent functions of 
MDM2. Mol Cancer Res. 2003; 1:1027–1035.

17. Berberich SJ. Mdm2 and MdmX Involvement in Human 
Cancer. Subcell Biochem. 2014; 85:263–280.

18. Kondo I, Iida S, Takagi Y, Sugihara K. MDM2 mRNA 
expression in the p53 pathway may predict the potential of 
invasion and liver metastasis in colorectal cancer. Dis Colon 
Rectum. 2008; 51:1395–1402.

19. Sugano N, Suda T, Godai TI, Tsuchida K, Shiozawa M, 
Sekiguchi H, Yoshihara M, Matsukuma S, Sakuma Y, 
Tsuchiya E, Kameda Y, Akaike M, Miyagi Y. MDM2 gene 
amplification in colorectal cancer is associated with disease 
progression at the primary site, but inversely correlated 
with distant metastasis. Genes Chromosomes Cancer. 2010; 
49:620–629.

20. Khor LY, Bae K, Paulus R, Al-Saleem T, Hammond ME, 
Grignon DJ, Che M, Venkatesan V, Byhardt RW, Rotman 
M, Hanks GE, Sandler HM, Pollack A. MDM2 and Ki-67 
 predict for distant metastasis and mortality in men treated 
with radiotherapy and androgen deprivation for prostate 
 cancer: RTOG 92-02. J Clin Oncol. 2009; 27:3177–3184.

21. Chen X, Qiu J, Yang D, Lu J, Yan C, Zha X, Yin Y. MDM2 
promotes invasion and metastasis in invasive ductal breast 
carcinoma by inducing matrix metalloproteinase-9. PLoS 
One. 2013; 8:e78794.

22. Yang JY, Zong CS, Xia W, Wei Y, Ali-Seyed M, Li Z, 
Broglio K, Berry DA, Hung MC. MDM2 promotes cell 
motility and invasiveness by regulating E-cadherin degra-
dation. Mol Cell Biol. 2006; 26:7269–7282.

23. Hayward SW, Dahiya R, Cunha GR, Bartek J, Deshpande N, 
Narayan P. Establishment and characterization of an immor-
talized but non-transformed human prostate epithelial cell 
line: BPH-1. In Vitro Cell Dev Biol Anim. 1995; 31:14–24.

24. Ao M, Williams K, Bhowmick NA, Hayward SW. 
Transforming Growth Factor-{beta} Promotes Invasion in 
Tumorigenic but not in Nontumorigenic Human Prostatic 
Epithelial Cells. Cancer Res. 2006; 66:8007–8016.

25. Mulholland DJ, Kobayashi N, Ruscetti M, Zhi A, Tran LM, 
Huang J, Gleave M, Wu H. Pten loss and RAS/MAPK acti-
vation cooperate to promote EMT and metastasis initiated 
from prostate cancer stem/progenitor cells. Cancer Res. 
2012; 72:1878–1889.

26. Horiguchi K, Shirakihara T, Nakano A, Imamura T, 
Miyazono K, Saitoh M. Role of Ras signaling in the induc-
tion of snail by transforming growth factor-beta. J Biol 
Chem. 2009; 284:245–253.

27. Konishi H, Karakas B, Abukhdeir AM, Lauring J, Gustin JP, 
Garay JP, Konishi Y, Gallmeier E, Bachman KE, Park BH. 
Knock-in of Mutant K-ras in Nontumorigenic Human 
Epithelial Cells as a New Model for Studying K-ras-Mediated 
Transformation. Cancer Research. 2007; 67:8460–8467.

28. Liao CP, Liang M, Cohen MB, Flesken-Nikitin A, Jeong JH, 
Nikitin AY, Roy-Burman P. Mouse prostate  cancer cell 
lines established from primary and post- castration recurrent 
tumors. Horm Cancer. 2010; 1:44–54.

29. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. 
The p21 Cdk-interacting protein Cip1 is a potent inhibitor 
of G1 cyclin-dependent kinases. Cell. 1993; 75:805–816.

30. Vanhara P, Hampl A, Kozubik A, Soucek K. Growth/ 
differentiation factor-15: prostate cancer suppressor or pro-
moter?. Prostate Cancer Prostatic Dis. 2012; 15:320–328.

31. Yang H, Filipovic Z, Brown D, Breit SN, Vassilev LT. 
Macrophage inhibitory cytokine-1: A novel biomarker for 
p53 pathway activation. Molecular Cancer Therapeutics. 
2003; 2:1023–1029.

32. Smardova J. FASAY: a simple functional assay in yeast 
for identification of p53 mutation in tumors. Neoplasma. 
1999; 46:80–88.

33. Cheng Q, Chen J. The phenotype of MDM2 auto- 
degradation after DNA damage is due to epitope masking 
by phosphorylation. Cell Cycle. 2011; 10:1162–1166.

34. Feng J, Tamaskovic R, Yang Z, Brazil DP, Merlo A, Hess D, 
Hemmings BA. Stabilization of Mdm2 via decreased ubiqui-
tination is mediated by protein kinase B/Akt-dependent phos-
phorylation. J Biol Chem. 2004; 279:35510–35517.

35. Araki S, Eitel JA, Batuello CN, Bijangi-Vishehsaraei K, Xie XJ, 
Danielpour D, Pollok KE, Boothman DA, Mayo LD. TGF-
beta1-induced expression of human Mdm2 correlates with 
late-stage metastatic breast cancer. J Clin Invest. 2010; 
120:290–302.

36. Kannemeier C, Liao R, Sun P. The RING finger domain of 
MDM2 is essential for MDM2-mediated TGF-beta resis-
tance. Mol Biol Cell. 2007; 18:2367–2377.

37. Pan Y, Chen J. MDM2 promotes ubiquitination and deg-
radation of MDMX. Mol Cell Biol. 2003; 23:5113–5121.

38. Lenos K, de Lange J, Teunisse AF, Lodder K, Verlaan-de 
Vries M, Wiercinska E, van der Burg MJ, Szuhai K, 
Jochemsen AG. Oncogenic functions of hMDMX in in vitro 
transformation of primary human fibroblasts and embryonic 
retinoblasts. Mol Cancer. 2011; 10:111.

39. Piccinin S, Tonin E, Sessa S, Demontis S, Rossi S, 
Pecciarini L, Zanatta L, Pivetta F, Grizzo A, Sonego M, 
Rosano C, Tos Angelo Paolo D, Doglioni C, Maestro R. 
A Twist box Code of p53 Inactivation: Twist box:p53 
Interaction Promotes p53 Degradation. Cancer Cell. 2012; 
22:404–415.



Oncotarget36171www.impactjournals.com/oncotarget

40. Polanski R, Warburton HE, Ray-Sinha A, Devling T, 
Pakula H, Rubbi CP, Vlatkovic N, Boyd MT. MDM2 pro-
motes cell motility and invasiveness through a RING-finger 
independent mechanism. FEBS Lett. 2010; 584:4695–4702.

41. Chang HY, Kao MC, Way TD, Ho CT, Fu E. Diosgenin 
suppresses hepatocyte growth factor (HGF)-induced 
 epithelial-mesenchymal transition by down-regulation of 
Mdm2 and vimentin. J Agric Food Chem. 2011; 59:5357–5363.

42. Dimitriadi M, Poulogiannis G, Liu L, Backlund LM, 
Pearson DM, Ichimura K, Collins VP. p53-independent 
mechanisms regulate the P2-MDM2 promoter in adult 
astrocytic tumours. Br J Cancer. 2008; 99:1144–1152.

43. Teng Y, Li X. The roles of HLH transcription factors in 
epithelial mesenchymal transition and multiple molecular 
mechanisms. Clin Exp Metastasis. 2013; 31:367–377.

44. Kophengnavong T, Michnowicz JE, Blackwell TK. 
Establishment of distinct MyoD, E2A, and twist DNA bind-
ing specificities by different basic region-DNA conforma-
tions. Mol Cell Biol. 2000; 20:261–272.

45. Phillips JL, Hayward SW, Wang Y, Vasselli J, Pavlovich C, 
Padilla-Nash H, Pezullo JR, Ghadimi BM, Grossfeld GD, 
Rivera A, Linehan WM, Cunha GR, Ried T. The conse-
quences of chromosomal aneuploidy on gene expression 
profiles in a cell line model for prostate carcinogenesis. 
Cancer Res. 2001; 61:8143–8149.

46. Cheng GZ, Zhang W, Wang LH. Regulation of cancer cell 
survival, migration, and invasion by Twist: AKT2 comes to 
interplay. Cancer Res. 2008; 68:957–960.

47. Hayward SW, Wang Y, Cao M, Hom YK, Zhang B, 
Grossfeld GD, Sudilovsky D, Cunha GR. Malignant trans-
formation in a nontumorigenic human prostatic epithelial 
cell line. Cancer Res. 2001; 61:8135–8142.

48. Pernicova Z, Slabakova E, Fedr R, Simeckova S, Jaros J, 
Suchankova T, Bouchal J, Kharaishvili G, Kral M, 
Kozubik A, Soucek K. The role of high cell density in the 
promotion of neuroendocrine transdifferentiation of prostate 
cancer cells. Mol Cancer. 2014; 13:113.

49. Oliner JD, Kinzler KW, Meltzer PS, George DL, Vogelstein B. 
Amplification of a gene encoding a p53- associated  protein in 
human sarcomas. Nature. 1992; 358:80–83.

50. Kubbutat MHG, Ludwig RL, Levine AJ, Vousden KH. 
Analysis of the Degradation Function of Mdm2. Cell 
Growth Differ. 1999; 10:87–92.

51. Sharp DA, Kratowicz SA, Sank MJ, George DL. 
Stabilization of the MDM2 Oncoprotein by Interaction 
with the Structurally Related MDMX Protein. Journal of 
Biological Chemistry. 1999; 274:38189–38196.

52. Juven T, Barak Y, Zauberman A, George DL, Oren M. Wild 
type p53 can mediate sequence-specific transactivation of 
an internal promoter within the mdm2 gene. Oncogene. 
1993; 8:3411–3416.

53. Tellman G. The E-Method: a highly accurate technique for 
gene-expression analysis. Nature Methods. 2006; i–ii.

54. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by 
the comparative C(T) method. Nat Protoc. 2008; 3:1101–1108.

55. Cheng TH, Cohen SN. Human MDM2 isoforms trans-
lated differentially on constitutive versus p53-regulated 
transcripts have distinct functions in the p53/MDM2 and 
TSG101/MDM2 feedback control loops. Mol Cell Biol. 
2007; 27:111–119.

56. Andersson AC, Stromberg S, Backvall H, Kampf C, 
Uhlen M, Wester K, Ponten F. Analysis of protein expression 
in cell microarrays: a tool for antibody-based proteomics.  
J Histochem Cytochem. 2006; 54:1413–1423.

57. Nenutil R, Smardova J, Pavlova S, Hanzelkova Z, Muller P, 
Fabian P, Hrstka R, Janotova P, Radina M, Lane DP, 
Coates PJ, Vojtesek B. Discriminating functional and 
non-functional p53 in human tumours by p53 and MDM2 
 immunohistochemistry. J Pathol. 2005; 207:251–259.

58. Veerakumarasivam A, Scott HE, Chin SF, Warren A, 
Wallard MJ, Grimmer D, Ichimura K, Caldas C, Collins VP, 
Neal DE, Kelly JD. High-resolution array-based comparative 
genomic hybridization of bladder cancers identifies mouse 
double minute 4 (MDM4) as an amplification target exclusive 
of MDM2 and TP53. Clin Cancer Res. 2008; 14:2527–2534.

59. Abdel-Fatah TM, Powe DG, Agboola J, Adamowicz-Brice M, 
Blamey RW, Lopez-Garcia MA, Green AR, Reis-Filho JS, 
Ellis IO. The biological, clinical and prognostic implications 
of p53 transcriptional pathways in breast cancers. J Pathol. 
2010; 220:419–434.


