
MDM2 promotes cancer cell
survival through regulating the
expression of HIF-1α and pVHL in
retinoblastoma

Shouhua Zhang1, Hongyan Xu1, Weiming Li1, Jianfeng Ji2,
Qifang Jin3, Leifeng Chen3, Qiang Gan4, Qiang Tao1* and
Yong Chai4*
1Department of General Surgery, Jiangxi Provincial Children’s Hospital, Nanchang, Jiangxi, China,
2Department of Ultrasound, Joint Support Forces of the Chinese People’s Liberation Army
908 Hospital, Nanchang, Jiangxi, China, 3Department of General Surgery, Second Affiliated Hospital of
Nanchang University, Nanchang, Jiangxi, China, 4Department of Ophthalmology, Jiangxi Provincial
Children’s Hospital, Nanchang, Jiangxi, China

Hypoxia is an important tumor feature and hypoxia-inducible factor 1 (HIF-1) is a

master regulator of cell response to hypoxia. Mouse double minute 2 homolog

(MDM2) promotes cancer cell survival in retinoblastoma (RB), with the underlying

mechanism remaining elusive. In this study, we investigated the role ofMDM2 and its

relation to HIF-1α in RB. Expression analysis on primary human RB samples showed

that MDM2 expression was positively correlated with that of HIF-1αwhile negatively

correlated with von Hippel-Lindau protein (pVHL), the regulator of HIF-1α. In

agreement, RB cells with MDM2 overexpression showed increased expression of

HIF-1α and decreased expression of pVHL,while cells withMDM2 siRNA knockdown

or MDM2-specific inhibitor showed the opposite effect under hypoxia. Further

immuno-precipitation analysis revealed that MDM2 could directly interact with

pVHL and promotes its ubiquitination and degradation, which consequently led

to the increase of HIF-1α. Inhibition of MDM2 and/or HIF-1α with specific inhibitors

induced RB cell death and decreased the stem cell properties of primary RB cells.

Taken together, our study has shown that MDM2 promotes RB survival through

regulating the expression of pVHL and HIF-1α, and targeting MDM2 and/or HIF-1α
represents a potential effective approach for RB treatment.
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Introduction

Retinoblastoma (RB) is one of the most common childhood intraocular malignancies, with

approximately 8,000 new cases each year and a survival rate of less than 30% (1). Themajority of

the RB cases are caused by the biallelic loss of retinoblastoma gene (RB1) (2). Inactivation of

RB1 disrupts genomic stability in various forms, resulting in the dysregulation of gene expression

and pathway activation (3). The genome instability and dysregulated gene expression and

pathway activation accumulate and together promote tumorigenesis (4). So far, a long list of
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dysregulated genes has been identified in RB, however, their roles in

RB development remain largely unknown (5).

Mouse double minute 2 homolog (MDM2) is an oncogene,

which is overexpressed in various cancers and negatively regulates

the tumor suppressor p53 (6). However, MDM2 has also been

shown to promote cell survival in a p53-independent manner (7, 8).

In RB, MDM2-induced cancer survival is p53-independent but the

exact mechanism remains elusive (8, 9). Previous study has shown

that MDM2 can promote hypoxia-inducible factor-1 (HIF-1)

activation through a p53-independent pathway in colon

carcinoma cells during hypoxia (7). However, whether

MDM2 functions via HIF-1 in RB remains to be explored.

Hypoxia is an important tumor feature caused by an inadequate

supply of oxygen due to uncontrolled tumor cell growth (10). HIF-1, a

master regulator of cell response to hypoxia, contains 2 subunits, HIF-

1α andHIF-1β (7, 11).While HIF-1β is constitutively expressed, HIF-
1α is regulated by von Hippel-Lindau protein (pVHL), a E3 ubiquitin
ligase (12). During hypoxia, HIF-1α accumulates and forms

heterodimers with HIF-1β, which subsequently leads to the

activation of cell survival genes (7, 11). A clinicopathological study

has demonstrated that expression ofHIF-1αwas observed in 83% (35/

42) of RB tumors, which clearly shows that hypoxic pathway is

activated in majority of the RB tumors (13). A connection between

MDM2 and HIF-1 is still remained to established.

In this study, we aimed to investigate the expression and

activity of MDM2 in RB cell survival and its relation to HIF-1

pathway. Our data showed that MDM2 promoted RB cell

survival and such activity of MDM2 was through its ability to

increase HIF-1α expression by degrading pVHL under hypoxic

conditions.

Materials and methods

Ethical statement

All protocols involving human subjects and samples were

approved by the institute ethical review board (Approval No.

JXSETYY-YXKY-20180010) and performed according to the

Declaration of Helsinki. In addition, informed consent has

been obtained from the participants involved. The

clinicopathological data for the participated patients were

listed in Supplementary Table S1.

Cells, plasmids and siRNAs

The human retinoblastoma cell lines Y79 and WERI were

purchased from cell bank of Chinese Academy of Sciences,

and were cultured in RPMI1640 with 10% FBS. Plasmids

encoding human MDM2 (Cat. No. HG11206-UT) and Flag-

tagged human MDM2 (Cat. No. HG11206-NF) were both

purchased from SinoBiological. siRNA targeting MDM2

(Cat. No. AM51331) and negative control siRNA (Cat.

No. 4390844) were both purchased from ThermoFisher

Scientific.

Dissection and isolation of human primary
retinoblastoma cells

Primary RB cells were isolated as previously described

with modifications (14). In brief, fresh human RB tumor

samples were washed three times in ice-cold phosphate

buffer saline (PBS). Dissociation into single cells was

achieved by incubation in 0.25% trypsin-0.01% EDTA

(Invitrogen, ThermoFisher Scientific) at 37°C for 10 min

and gentle pipetting, then trypsin was neutralized with

addition of fetal bovine serum (FBS, Gibco ThermoFisher

Scientific). Dissociated cells were filtered with 70 μm cell

strainer (Corning) and centrifuged at 1,000 rpm for 5 min,

and followed by resuspension in serum free Dulbecco’s

modified Eagle’s medium (DMEM)/F12 medium (Gibco,

ThermoFisher Scientific) supplemented with 20 ng/mL

recombinant human leukemia inhibitory factor

(Chemicon). Isolated cells were maintained at 37°C, 5%

CO2 under a humidified atmosphere.

Cell treatments

For hypoxia treatment, cells were cultured in a hypoxia

chamber (Galaxy® 48 R CO2, Eppendorf) with conditions of

0.2% oxygen and 5% carbon dioxide at 37°C. For inhibitor

treatment, cells were treated with 1 µM MDM2 inhibitor SP-

141 (Cat. No. 5332; Tocris Bioscience), or 5 µM HIF-1α
inhibitor 2-MeOE2 (Cat. No. S1233; Selleck Chemicals) or

both for 48 h at 37°C.

Transfection

To overexpress MDM2, cells were transfected with

plasmid encoding either untagged or Flag-tagged human

MDM2 using Lipofectamine 2000 (Invitrogen,

ThermoFisher Scientific), according to the manufacturer’s

instructions. To knockdown MDM2 expression, cells were

transfected with MDM2 siRNA using Lipofectamine™
RNAiMAX (Invitrogen, ThermoFisher Scientific),

according to the manufacturer’s instructions.

pVHL stability analysis

The impact of MDM2 overexpression on pVHL half life

was assessed as previously described with modifications (15).
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In brief, cells were first transfected with MDM2 plasmid or

empty vector (control), and then cells were treated with

50 μg/mL cycloheximide (CHX) for 1, 2, 4, 6 and 8 h

under hypoxia. At these indicated time points, cells were

harvested and the expression of pVHL was analyzed by

western blot.

Co-immunoprecipitation (Co-IP)

Co-IP was performed as previously described with

modifications (16). In brief, cells were first transfected

with Flag-MDM2 plasmid or empty vector (control) for

24 h and then cells were lysed with IP Lysis Buffer (Pierce,

ThermoFisher Scientific) supplemented with Halt™ Protease

Inhibitor Cocktail (ThermoFisher Scientific). Cleared lysed

samples were then incubated with Dynabeads Protein G (Cat.

No. 10003D; Invitrogen, ThermoFisher Scientific) for 1 h at

room temperature to eliminate non-specific binding.

Subsequently, samples were incubated with Dynabeads

coating with anti-pVHL antibody (Cat. No. 24756-1-AP;

ProteinTech), or control IgG (Cat. No. 30000-0-AP;

ProteinTech) for 1 h at room temperature with end-to-end

rotation. Following incubation, the Dynabead-Ab-Ag

complex was then washed with PBST for 3 times and the

immunoprecipitated protein was then eluted with SDS-

PAGE loading buffer and heated at 90°C for 10 min.

Western blotting

Western blotting analysis was performed as previously described

with modifications (17). In brief, cells were first lysed with IP Lysis

buffer (Pierce, ThermoFisher Scientific) supplemented with Halt™
Protease Inhibitor Cocktail (ThermoFisher Scientific) and then

protein concentration was determined by BCA Protein Assay

(ThermoFisher Scientific) according to the manufacturer’s

instructions. Following quantification, 20 µg total protein was

mixed with SDS-PAGE loading buffer, heated at 90°C for 10 min

and separated by SDS-PAGE gel. For Co-IP samples, they were

directly loaded onto SDS-PAGE gel for separation. Resolved protein

was subsequently transferred onto an Immobilon-P PVDF

membrane (Millipore, Merck). After blocking with 5% nonfat milk

in PBST at room temperature for 1 h, the membrane was then

sequentially incubated with primary antibodies and HRP-

conjugated secondary antibodies. Primary antibody incubation was

performed at 4°C overnight, while secondary incubation was

performed at room temperature for 1 h. Following incubations, the

membrane was extensively washed with PBST and immunobands

were detected by LumiGLO reagent (Cell Signaling Technology). The

following primary antibodies were used: rabbit anti-human

MDM2 antibody (Cat. No. 27883-1-AP; ProteinTech), rabbit anti-

human HIF-1α antibody (Cat. No. 20960-1-AP; ProteinTech), rabbit

anti-pVHL antibody (Cat. No. 24756-1-AP; ProteinTech), rabbit anti-

human β-actin antibody (Cat. No. 81115-1-RR; ProteinTech), mouse

anti-Ubiquitin (P4D1) (Cat. No. 3936; Cell Signaling Technology),

mouse anti-Flag (DYKDDDDK) antibody (Cat. No. 66008-4-Ig;

ProteinTech). The following secondary antibodies were used:

mouse anti-rabbit IgG-HRP (Cat. No. sc-2357; Santa Cruz) and

HRP-conjugated Affinipure Goat Anti-Mouse IgG(H + L) (Cat.

No. SA00001-1; ProteinTech).

Real-time PCR

Total RNA was first extracted from cultured cells using the

RNeasy Mini Kit (Qiagen) and then transcribed into cDNA using

the iScript Select cDNA synthesis kit (Bio-Rad). The transcribed

cDNA was subsequently used as template to amplify target gene

sequences, using the iQ SYBR Green Supermix (Bio-Rad) on the

iCycler iQ Real-Time Detection System (Bio-Rad). The β-actin
mRNA was used as an internal control and the relative expression

of each target gene was calculated using the 2−ΔΔCt formula. The

following primer pairs were used in the current study: hif-1α: forward
primer: 5′-TATGAGCCAGAAGAACTTTTAGGC-3′ and reverse

primer: 5′-CACCTCTTTTGGCAAGCATCCTG-3′, mdm2:

forward primer: 5′-TGTTTGGCGTGCCAAGCTTCTC-3′ and

reverse primer: 5′-CACAGATGTACCTGAGTCCGATG-3′, VHL:
forward primer: 5′-GACACACGATGGGCTTCTGGTT-3′ and

reverse primer 5′-ACAACCTGGAGGCATCGCTCTT-3′, and β-
actin: forward primer: 5′-AAGCAGGAGTATGACGAGTCCG-3′,
and reverse primer 5′-GCCTTCATACATCTCAAGTTGG-3’. All
primers were purchased from OriGene.

Cell viability assay

Cell viability was assessed using a commercial CellTiter-Glo

Luminescent Cell Viability Assay Kit (Promega), according to the

manufacturer’s instructions. Briefly, cells pre-seeded at 1 × 104 cells/

well in 96-well plates were first treated with 1 µM MDM2 inhibitor

SP-141 (Cat. No. 5332; Tocris Bioscience), or 5 µM HIF-1α inhibitor
2-MeOE2 (Cat.No. S1233; SelleckChemicals) or both for 48 h at 37°C

under normoxic or hypoxic conditions. After treatment, equal volume

of CellTiter-Glo reagent was added to each well and the plate was

incubated for 2min on an orbital shaker to induce cell lysis. Then the

plate was kept at room temperature for 10 min to stabilize

luminescent signal and luminescence was subsequently recorded.

Cell viability was calculated with cells with mock treatment being

considered as 100% viable.

Apoptosis assay

Cell apoptosis was detected using a commercial Caspase-Glo 3/

7 Assay System (Promega), according to the manufacturer’s
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instructions. In brief, cells in 96-well plates were first treated as

detailed in the Cell viability assay above, and then equal volume of

Caspase-Glo 3/7 reagent was added to each well. The plate was then

mixed by gentle shaking on an orbital shaker for 30 s, followed by

incubation at room temperature for 30 min. Luminescencewas finally

recorded by a microplate reader.

RB cancer stem cell (CSC) culture

RB CSCs were generated and cultured as previously described

with modifications (14). In brief, primary RB cells from 5 patients

were pooled and cultured in serum-free CSC culture medium

(DMEM/F12 medium supplemented with 20 ng/mL recombinant

human EGF (R&D systems), 20 ng/mL recombinant human FGF2

(StemCell), 1x B27 Plus supplement (Gibco, ThermoFisher

Scientific), 1x Penicillin-Streptomycin-Glutamine (Gibco,

ThermoFisher Scientific), 5 μg/mL heparin (StemCell), and 20 ng/

mL recombinant human LIF (SinoBiological). Cells were

subcultured every 3 days until single cells died out and survived

cells formed CSC-like solid spheroids, a key characteristic of CSCs.

The volume of the spheroids was measured as previously described

using the formula: Volume � (mean diameter)3 × π
6 (18). The

mean diameter of the spheroids was defined as the mean value

of the longest and shortest diameters in this study.

Statistical analysis

Data were expressed as mean +/− standard deviation (SD) in the

current study and statistical analyses were performed with GraphPad

Prism (version 7.0.4, GraphPad). Simple linear regression was used to

assess the correlation between two variables. Mann-Whitney test was

used to compare the difference between two groups, while Kruskall-

Wallis test plus Dunn’s multiple comparisons test were used to

compare the difference among three or more groups. A p-value

less than 0.05 was considered statistically significant.

Results

The expression ofMDM2, HIF-1α and pVHL
in human primary RB cells

To investigate the expression profile of MDM2, HIF-1α and

pVHL in RB patients, primary RB cells from 13 RB patients were

harvested and the expression of these 3 proteins were determined

by Western blot. As shown in Figure 1A, all 3 proteins were

successfully detected in the primary RB cells. Correlation

analyses were performed to further explore the relation of the

3 proteins. Our data showed that MDM2 expression was

positively correlated with that of HIF-1α, while the expression

of MDM2 and pVHL, as well as that of HIF-1α and pVHL were

negatively correlated (Figures 1B–D). These results indicate a

correlation among MDM2, HIF-1α and pVHL.

MDM2 regulates the expression of HIF-1α
and pVHL under hypoxia

To investigate the impact of MDM2 on the expression of

HIF-1α and pVHL, RB cell lines Y79 and WERI were first

overexpressed with MDM2 under hypoxia, and then the

mRNA and protein levels of HIF-1α and pVHL were

determined by real time PCR and western blot, respectively.

Our results showed that MDM2 overexpression did not show

apparent impact on the mRNA levels of HIF-1α and pVHL in

either Y79 or WERI cells (Figure 2A). However, a considerable

increase of HIF-1αwhile a decrease of pVHL on protein level was

observed in the cells overexpressed with MDM2 (Figure 2B;

Supplementary Figure S1A). These data indicate that

MDM2 could regulate the expression of HIF-1α and pVHL

on the protein level, but not on the mRNA level.

To further confirm the regulatory role of MDM2 on HIF-1α and
pVHL, Y79 and WERI cells under hypoxia were treated with

MDM2 siRNA or a MDM2 specific inhibitor SP141. As shown in

Figure 2C and Supplementary Figure S1B, knockdown of

MDM2 with siRNA decreased the expression of HIF-1α while

increased the expression of pVHL in both Y79 and WERI cells. A

similar result was also observed in cells treatedwith SP141 (Figure 2D;

Supplementary Figure S1C). Namely, the MDM2-specific inhibitor

reduced MDM2 and HIF-1α expression while increased pVHL

expression (Figure 2D; Supplementary Figure S1C). Taken

together, our data here indicate that MDM2 may have a

regulatory effect on the expression of HIF-1α and pVHL, either

through direct or indirect mechanisms.

MDM2 directly interacts with pVHL and
promotes the ubiquitination of pVHL

Our data above showed that MDM2 expression was

correlated with both HIF-1α and pVHL. Given that HIF-

1α is regulated by pVHL, it is likely that MDM2 affected the

expression of HIF-1α via its regulation on pVHL expression

(12). Interaction between MDM2 and pVHL has been

previously described and we suspected if MDM2, with its

E3 ubiquitin ligase activity, could promote pVHL

degradation through ubiquitination (19). To test our

hypothesis, we first overexpressed MDM2 in Y79 cells and

examined the half-life of pVHL under hypoxia. Our data

showed that pVHL had an accelerated degradation pattern in

cells with MDM2 overexpression comparing to cells without

MDM2 overexpression (Figures 3A, B; Supplementary

Figures S2A, B). To further explore if there is direct

interaction between MDM2 and pVHL, endogenous pVHL
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was immunoprecipitated by anti-pVHL antibody in Y79 cells

and the presence of MDM2 in the immunoprecipitated

product was determined by western blot. As we suspected,

overexpressed MDM2 was co-precipitated with pVHL,

indicating a direct interaction between the 2 proteins

(Figure 3C; Supplementary Figure S2C). Moreover, the

blotting with an anti-Ub antibody further demonstrated

that the ubiquitination of pVHL was significantly

enhanced by MDM2 overexpression (Figure 3C;

Supplementary Figure S2C). To further confirm the causal

relationship between MDM2 overexpression-induced pVHL

ubiquitination and the increase of HIF-1α expression, we

generated a mutated version of MDM2, MDM2C462A. The

introduction of this mutation altered a structural-crucial

zinc coordinating cysteine in MDM2, and consequently

abolished the E3 ubiquitin ligase activity of MDM2 and its

ability to ubiquitinate its substrates like pVHL (20,21,22).

Our results showed that the expression of HIF-1α was

increased in cells transfected with wild type MDM2, but

such increase was not detected in cells transfected with

MDM2C462A, confirming that the ubiquitin ligase activity

of MDM2 on pVHL was involved in the regulation of

HIF-1α expression (Figures 3D, E). Taken together, these

results indicate that MDM2 regulated pVHL through

promoting ubiquitination of pVHL, which consequently

led to the upregulation of HIF-1α.

Inhibition of MDM2 and HIF-1α induces
apoptosis in RB cells under hypoxic
condition

To investigate the effect of MDM2 and HIF-1α on RB cell

viability under hypoxia, RB cells Y79 and WERI were treated

with MDM2-specific inhibitor SP141 and/or HIF-1α-specific
inhibitor 2-MeOE2 under normoxia or hypoxia. Under

normoxia, the proliferation of Y79 and WERI cells upon

SP141 treatment was dropped to 78.30% and 84.60%,

respectively (Figure 4A). However, under hypoxia, both cell

lines showed further decrease in cell proliferation after

SP141 treatment, with Y79 being 68.9% and WERI being

75.75% of control, respectively (Figure 4C). Treatment of 2-

MeOE2 did not show apparent impact on cell viability under

normoxia (Figure 4B), but significantly reduced cell viability

under hypoxia (Figure 4C). Moreover, a further reduction in cell

viability was observed when cells were treated with both

FIGURE 1
The expression of MDM2, HIF-1α and pVHL in human primary RB. (A) Primary RB cells were isolated from 13 patients and the levels of MDM2,
HIF-1α, and pVHL were evaluated by western blot. (B–D) The band intensity of the western blot was quantitated by ImageJ, and then the correlation
between (B)MDM2 and HIF-1α, (C)MDM2 and pVHL and (D) HIF-1α and pVHL was analyzed by simple linear regression. The goodness of fit, r and p
values, were shown in each correlation analysis.
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SP141 and 2-MeOE2 under hypoxia (Figure 4C). In accordance,

cell apoptosis, as indicated by Caspase-3/7 activity, was increased

when cells were treated with SP141 or 2-MeOE2, and similarly a

further increase was observed when a combination of SP141 and

2-MeOE2 was used (Figure 4D). Taken together, our data here

indicate that both MDM2 and HIF-1α are important for RB cell

survival under hypoxia and inhibition of these 2 proteins could

result in enhanced cell death.

Inhibition of MDM2 and HIF-1α decreases
the stem-cell properties of primary
retinoblastoma cells

Increasing evidence has confirmed that a subset of cells,

existed in many cancer types, exhibit capacity to rapidly

proliferate and self-renewal, now known as cancer stem cells

(CSCs) (23). CSCs are thought to play an important role in

cancer initiation and progression, which is relevant to tumor

persistence to treatment. Previous study has shown that

MDM2 is required for the efficient generation of induced

pluripotent stem cells (iPSCs) from murine embryonic

fibroblasts, in the absence of p53 (24). HIF activity is also

critical in maintenance of cancer stem cells as well as

differentiation and function of inflammatory cells (25).

Since inhibition of MDM2 and HIF-1α could induce

apoptosis in RB cells under hypoxia, next we sought to

analyze whether inhibition of MDM2 and HIF-1α could

regulate the stem-cell properties of RB.

Primary cells were isolated from fresh human RB tissues

after enucleation and cultured in serum-free conditions in

the presence of DMSO, MDM2 inhibitor SP 141 and/or HIF-

1α inhibitor 2-MeOE2 under hypoxia. As shown in

Figure 5A, cells from all treatment groups formed stem-

cell like spheroids, a characteristic morphology of CSCs.

However, the spheroid sizes were distinctively different

among treatments. In detail, the largest spheroids were

observed in the DMSO control group, while the size of

FIGURE 2
MDM2 regulates the expression of HIF-1α and pVHL under hypoxia. (A, B) MDM2 was first overexpressed in Y79 and WERI cells, and (A) the
mRNA and (B) protein levels of MDM2, HIF-1α, and pVHL in hypoxia were evaluated by RT-PCR and western blot, respectively. (A) Data shown are
mean +/− SD of 3 independent experiments. n.s, not statistically significant; ***p < 0.001. (B)One representative result is shown. (C)MDM2 was first
knocked down by siRNA in Y79 and WERI cells, and then the protein levels of MDM2, HIF-1α, and pVHL in hypoxia were evaluated by western
blot. One representative result is shown. (D) Y79 and WERI cells were first treated with MDM2 inhibitor SP 141 under hypoxia, and then the protein
levels of MDM2, HIF-1α, and pVHL were evaluated by western blot. One representative result out of 3 is shown.
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these spheroids were reduced by 70% in SP 141 and 2-MeOE2

treated groups (Figures 5A, B). Moreover, a further reduction

in size for the spheroids were seen in cells treated with both

SP 141 and 2-MeOE2, with the mean volume being only 15%

of those from the DMSO group (Figures 5A, B). The stemness

of the formed CSCs were also investigated by assessing the

expression of CSC markers OCT4, SOX2 and CD133.

Similarly, treatment with SP141 or 2-MeOE2 alone

reduced the expression of all 3 markers in comparison to

DMSO treatment, and the treatment with SP141 and 2-

MeOE2 together further reduced the expression of these

markers (Figure 5C). Collectively, these data showed

MDM2 and HIF-1α are of great importance in the

generation of CSCs in RB and inhibition of these

2 proteins could significantly decrease the stem-cell

properties of primary retinoblastoma cells.

Discussion

Hypoxia, a condition of oxygen deficiency, is a common

characteristic for all solid tumors and is also important hallmark

of tumor feature (26, 27). Hypoxia is involved in a wide range of

aspects in tumor biology, including cell proliferation, angiogenesis,

invasion, and metastasis (28). It is well documented that HIFs are the

master regulators of hypoxia in cells or tissue and that HIF-1α is

regulated by pVHL in response to oxygen level, with several possible

mechanisms being proposed (12, 29, 30). Recent studies have

indicated the involvement of PI3K/AKT pathway and PKA

pathway in HIF-1α phosphorylation and stabilization, and MAPK/

ERKpathway in the nuclear accumulation ofHIF-1α (31,32,33,34). In
addition, reactive oxygen species (ROS) is evidenced to increase HIF-

1α stability in some studies but to induceHIF-1α degradation through
the ubiquitin proteasome pathway in other studies (31,35,36,37). In

FIGURE 3
MDM2 directly interacts with pVHL and promotes the ubiquitination of pVHL. (A) Y79 cells with or without MDM2 overexpression was treated
with cycloheximide (CHX) for various time periods and then the level of pVHL in cells was evaluated by western blot. One representative result out of
3 is shown. (B) The western blot results were quantitated by ImageJ and plotted as mean +/− SD of 3 independent experiments. (C) Y79 cells were
first overexpressed with MDM2, and then cells were lysed and pVHL was immune-precipitated by pVHL antibody. MDM2, pVHL and
ubiquitinated pVHL in the complex were examined by western blot. One representative result out of 3 replicates is shown. IP: immunoprecipitation;
WCL: whole cell lysate; IB: immunoblotting. (D, E) Y79 cells were first overexpressed with wild type (WT) or mutated (C462A) MDM2 under hypoxia
and then cells were lysed and the expression of MDM2, HIF-1α, and pVHL was assessed by Western blot. (D) One representative result out of
3 replicates is shown. (E) The western blot results were quantitated by ImageJ and plotted as mean +/− SD of 3 independent experiments.
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the current study, we have demonstrated that HIF-1α could be

regulated by MDM2 through its regulatory role on the half-life of

pVHL. Although it was not addressed in our current study, it would

be interesting for further studies to investigate if one or more of the

previously identified pathways on HIF-1α is involved in MDM2-

mediated HIF-1α regulation.

CSCs are a type of poorly differentiated and highly tumorigenic

cells that can survivewithin regionswith extremehypoxia (23).Due to

their rapid proliferation rate and self-renewal, these cells have

enhanced tumor-initiating capability and are more resistant to

various anti-cancer therapies (26, 38). In our current study, we

have confirmed that RB cells could acquire CSC features under

hypoxia, and also that HIF-1α played a role in the establishment

of these features. Moreover, we have also shown that targeting

MDM2 and/or HIF-1α represents an effective approach in limiting

CSC growth. Although further studies are required, it is warranted to

investigate the anti-cancer value of drugs targeting MDM2 and/or

HIF-1α in RB or even other solid tumor types.

MDM2 is an oncogene that is highly expressed in various tumor

cells and it promotes cell survival mainly through the attenuation of

p53-mediated tumor surveillance. In some cases like RB, however, a

p53-independentmechanismhas also been evidenced.While the p53-

FIGURE 4
Inhibition of both MDM2 and HIF-1α induces apoptosis in RB cells under hypoxic conditions. (A, B) Y79 and WERI cells were treated by (A)
MDM2 inhibitor SP 141 or (B)HIF-1α-specific inhibitor 2-MeOE2 under normoxia, and cell viability was measured by CellTiter-Glo assay. Data shown
are mean +/− SD of 3 independent experiments. n.s, not statistically significant; *p < 0.05. (C, D) Y79 and WERI cells were first treated with
MDM2 inhibitor SP 141 and/or HIF-1α inhibitor 2-MeOE2 under hypoxia, and then cell viability was measured by (C) CellTiter-Glo assay and (D)
Caspase 3/7 activity, respectively. Data shown are mean +/- SD of 3 independent experiments. *p < 0.05; ***p < 0.001.
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dependent pathway is well characterized, the p53-independent one is

not yet fully studied. Increasing evidence has shown that MDM2 are

involved in various aspects of cellular processes, including cell

proliferation, differentiation, apoptosis and genome stability (39).

MDM2 achieves functions through a wide spectrum of

mechanisms, including ubiquitination of alternative targets,

stimulation of transcription factors and regulation of mRNA

stability (39). A previous study has revealed that MDM2 could

upregulate the transcription and translation of MYCN, an essential

component to RB cell growth and tumor formation (8). Another

study has indicated the involvement of HIF-1 in MDM2-induced

p53-independent cancer cell growth under hypoxia (7). In our study,

we have confirmed that the MDM2 could promote cancer survival

throughHIF-1. Our study has also shownmechanismof such activity.

Namely, MDM2 could directly bind to and ubiquitinate pVHL and

consequently cause the increase of HIF-1α.

Conclusion

In this present study, we have shown that MDM2 expression

is positively correlated to HIF-1αwhile negatively correlated with
pVHL in primary RB tissue. Under hypoxia, MDM2 binds to

pVHL and promotes the degradation of the latter through

ubiquitination, which leads to increased HIF-1α expression.

Both MDM2 and HIF-1α are important for RB cell survival

under hypoxia and inhibition of either one or both lead to

reduced RB cell survival and CSC formation. Our findings in

the current study not only provide a deeper understanding of

RB cell survival under hypoxia, but also offer potential treatment

targets for RB. As a result of our current work, new strategies

targeting MDM2 and HIF-1α could be developed that can be

used to treat RB in the future.
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