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Abstract
Epithelial to mesenchymal transition (EMT) plays an important role in the pathogenesis of proliferative vitreoretinopathy
(PVR). We aimed to demonstrate the role of mouse double minute 2 (MDM2) in transforming growth factor-beta 2 (TGF-
β2)-induced EMT in human retinal pigment epithelial cells (RPEs). Immunofluorescence was used to assess MDM2
expression in epiretinal membranes (ERMs) from patients with PVR. A single guide (sg)RNA targeting the second promoter
of MDM2 was cloned into a mutant lentiviral Clustered Regularly Interspaced Short Palindromic Repeats (lentiCRISPR) v2
(D10A and H840A) vector for expressing nuclease dead Cas9 (dCas9)/MDM2-sgRNA in RPEs. In addition, MDM2-sgRNA
was also cloned into a pLV-sgRNA-dCas9-Kruppel associated box (KRAB) vector for expressing dCas9 fused with a
transcriptional repressor KRAB/MDM2-sgRNA. TGF-β2-induced expression of MDM2 and EMT biomarkers were assessed
by quantitative polymerase chain reaction (q-PCR), western blot, or immunofluorescence. Wound-healing and proliferation
assays were used to evaluate the role of MDM2 in TGF-β2-induced responses in RPEs. As a result, we found that MDM2
was expressed obviously in ERMs, and that TGF-β2-induced expression of MDM2 and EMT biomarkers Fibronectin,
N-cadherin and Vimentin in RPEs. Importantly, we discovered that the dCas9/MDM2-sgRNA blocked TGF-β2-induced
expression of MDM2 and the EMT biomarkers without affecting their basal expression, whereas the dCas9-KRAB/MDM2-
sgRNA suppressed basal MDM2 expression in RPEs. These cells could not be maintained continuously because their
viability was greatly reduced. Next, we found that Nutlin-3, a small molecule blocking the interaction of MDM2 with p53,
inhibited TGF-β2-induced expression of Fibronectin and N-cadherin but not Vimentin in RPEs, indicating that MDM2
functions in both p53-dependent and -independent pathways. Finally, our experimental data demonstrated that dCas9/
MDM2-sgRNA suppressed TGF-β2-dependent cell proliferation and migration without disturbing the unstimulated basal
activity. In conclusion, the CRISPR/dCas9 capability for blocking TGF-β2-induced expression of MDM2 and EMT
biomarkers can be exploited for a therapeutic approach to PVR.

Introduction

Proliferative vitreoretinopathy (PVR) is vision-threatening
ocular fundus complication, characterized by formation and

contraction of fibrotic membranes in the vitreous cavity, and
epiretinal and subretinal spaces [1, 2]. It can occur in long-
term primary retinal detachment (RD) or open-globe injury
[2, 3]. PVR is primary reason for re-detachment of retinas
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following correction of RD surgery, and develops in ~8–10%
of postoperative patients [4–6]. A surgical strategy is still the
most important treatment for PVR. Although great advances
have been achieved in vitreoretinal surgical techniques in the
past 20 years, the postoperative incidences of PVR still have
not declined [7–9]. Therefore, novel medications targeting
the specific pathogenesis are highly anticipated for more
effective prevention and treatment of PVR.

Retinal pigment epithelial cells (RPEs) comprise the
majority cell components of the fibrotic membranes in PVR
patients [10]. Under the stimulation of growth factors and
cytokines such as transforming growth factor-beta 2 (TGF-
β2), epidermal growth factor (EGF), fibroblast growth fac-
tor 2 (FGF-2), platelet-derived growth factor (PDGF), and
tumor necrosis factor-alpha (TNF-α) in vitreous, RPEs
undergo epithelial to mesenchymal transition (EMT), one of
the key contributors in the development of PVR [11, 12].
Subsequently, RPEs gain an enhanced ability to proliferate
and migrate, and faciliate to form fibrotic membranes.

EMT was originally studied in many tumor types;
therefore, some tumor-related molecular mechanisms have
been widely explored for their relationship to EMT [13–15].
Mouse double minute 2 (MDM2) is an oncogene protein
acting as an E3-ubiquitin ligase of the p53 tumor suppressor
[16, 17], and plays an important role in EMT in cancer
biology through both p53-dependent and -independent
pathways [18–21]. However, the role of MDM2 in EMT
related to the pathogenesis of PVR remains elusive. There
are two promoters in the MDM2 gene. The first promoter
(P1) is considered the housekeeping promoter, while the
second promoter (P2), located in intron 1, can be activated
by a variety of transcription factors including the small
mothers against decapentaplegic (Smad) complex [22] and
specificity protein (Sp)1 [23] in response to various stimuli
(e.g., TGF-β). Increased MDM2 expression is associated
with risk of both cancer and PVR from RD, due to the
elevated affinity for Sp1 with the 309 G allele of single-
nucleotide polymorphism (SNP) (rs2279744) in P2 [5, 23].
Specifically, a change from a T to G allele in the MDM2
SNP309 in primary human RPEs enhances PVR potential
in vivo and in vitro [24, 25]. Therefore, suppression of P2-
driven MDM2 expression to prevent PVR pathogenesis
appears to be an attractive strategy.

The technology of clustered regular interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein
(Cas)9 is a powerful genetic-editing tool with high speci-
ficity for targeting eukaryotic genomes [26, 27]. In addition,
a nuclease dead Cas9 (dCas9) with two mutations (D10A,
H840A) can be harnessed for the interference of gene
expression by blocking transcriptional elongation, RNA
polymerase, or transcription factor binding. Under the gui-
dance of a single guide (sg)RNA, this dCas9 can bind to a
specific promoter without causing a DNA break for

suppressing gene expression [28, 29]. Our pilot experiments
indicated that suppression of MDM2 by short-hairpin RNA
greatly reduced cell viability probably due to an increased
p53 level; therefore, we explored if dCas9 could serve as an
alternative approach. To accomplish this goal, dCas9 gui-
ded by an MDM2-sgRNA targeting P2 was applied to
suppress MDM2 expression induced by a variety of vitreal
factors (e.g., TGF-β2). In addition, a transcriptional
repressor named Kruppel associated box (KRAB) domain
linked to dCas9 silences the noncoding RNAs more effi-
ciently than does dCas9 alone [30]. Thus, dCas9-KRAB
with the MDM2-sgRNA was also transduced into cells for
comparing the efficacy of an MDM2 blockade. Overall, in
this report we examined the role of MDM2 in PVR
pathogenesis in vitro using CRISPR/dCas9 system, further
exploring a potential therapeutic approach to PVR.

Materials and methods

Major reagents

TGF-β2 and TNF-α were purchased from R&D Systems
(Minneapolis, MN, USA). EGF and FGF-2 were obtained
from Peprotech, Inc (Rocky Hill, NJ, USA). Nutlin-3 was
purchased from Cayman Chemical (Ann Arbor, Michigan,
USA). Antibodies against N-cadherin, Vimentin, Cytoker-
atin (Catalog #4545), and MDM2 were purchased from Cell
Signaling Technology (Danvers, MA, USA). The antibody
against Fibronectin was from Abcam (Cambridge, MA,
USA). Antibodies against β-actin and p53 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Secondary antibodies of IRDye 800CW goat anti-rabbit IgG
and IRDye 680RD goat anti-mouse IgG were obtained from
Li-cor Biotechnology (Lincoln, NE, USA). Secondary
antibodies of DyLight 549 goat anti-rabbit and DyLight 488
anti-mouse IgG were purchased from Vector Lab (Burlin-
game, CA, USA).

Epiretinal membrane (ERM) from PVR patients

ERMs were harvested from PVR patients in Vancouver
Hospital (British Columbia, Canada). All cases included
were Grade C PVR (1983 Retinal Society classification)
and the surgeries were conducted by one senior ophthal-
mologist. The University of British Columbia Clinical
Research Ethics Board approved the study protocol. Its
policies complied with Tri Council Policy and Good Clin-
ical Practice Guidelines, which originated with the ethical
principles in the Declaration of Helsinki. Written informed
consent was obtained from all patients [25].

After being harvested, ERMs were set in Optimal
Cutting Temperature compound (Sakura Finetek USA,
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Torrance, CA, USA) and stored at −80 °C. Before sec-
tioning the membranes, each block was warmed to −20 °C
and then maintained at this temperature throughout sec-
tioning. Then, ERMs were cut into 6-µm sections by Fri-
gocut 2800 N Cryostat and mounted on slides. All sections
were fixed by 4% paraformaldehyde (PFA) at room tem-
perature for 30 min and stored at −20 °C before further
processing [25].

DNA constructs

We used the CRISPR sgRNA designing tool to select a 20-
nt target sequence preceding a 5-NGG of a protospacer-
adjacent motif sequence on the P2 of MDM2 in the geno-
mic locus (Rs2279744, NC_000012.12) [24]. The target
sequence selected (5′- CGGGAGGTCCGGATGATCGC
AGG-3′) was located at P2 from 315 to 334 sites down-
stream of SNP309 and upstream of the Smad complex
binding site (343–455) [22, 31]. A sequence of the lacZ
gene from Escherichia coli was used as a control target (5′-
TGCGAATACGCCCACGCGATGGG-3′). dCas9 was
generated from a lentiCRISPR v2 (Addgene: 52961, Cam-
bridge, MA, USA) with two mutations (D10A mutagenic
primer: 5′-CAGCATCGGCCTGGCCATCGGCACCAA
CT-3′ and H840A primer: 5′-CTGTCCGACTACGATGTG
GACGCCATCGTGCCTCAGAG CTTTCTG-3′) [27, 28].
dCas9-KRAB plasmid was purchased from Addgene
(71236). Next, the annealed oligos were cloned into the
modified vector dCas9 and dCas9-KRAB, and the clones
were confirmed by Sanger DNA sequencing (Massachusetts
General Hospital DNA core, Boston, MA, USA) using a
primer (5′-GGACTATCATATGCTTACCG-3′) of the U6
promoter.

Cell culture

ARPE-19 cells from the American Type Culture Collection
(Manassas, VA, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; VWR, Radnor, PA, USA) with
10% bovine calf serum (BCS; Lonza, Walkersville, MD). All
ARPE-19 cells used in our experiments were passage 5.
Human embryonic kidney (HEK) 293 T cells (HEK 293,
containing SV40 T-antigen) from the Dana-Farber Cancer
Institute, Harvard Medical School (Boston, MA, USA) were
cultured in DMEM with 10% BCS. The medium to produce
lentivirus by 293 T cells was DMEM supplemented with 30%
fetal bovine serum (FBS; Lonza). All cells were cultured at
37 °C in a humidified 5% CO2 atmosphere.

Production of the lentivirus

The procedure for lentivirus production was described in
detail in our previous publication [32]. In brief, the

successfully cloned sgRNA-lentiCRISPR vector (2000 ng),
the packaging plasmid psPAX2 (Addgene: 12260) (900 ng),
and the envelope plasmid VSV-G (Addgene: 8454)
(100 ng) were mixed with 6 μl lipofectamine 3000 (Thermo
Fisher Scientific, Waltham, MA, USA) in 90 μl OPTI-MEM
(Thermo Fisher Scientific). Then the mixture was added to
293 T cells for producing lentivirus for 4 days. The har-
vested lentivirus was used to infect ARPE-19 cells sup-
plemented with 8 μg/mL polybrene (Sigma-Aldrich Corp.,
St. Louis, MO, USA). Finally, the infected cells were
selected in media containing 4 μg/ml puromycin (Sigma-
Aldrich Corp.) for 4 weeks and subjected to western blot
analysis for confirmation of the expression of MDM2 under
TGF-β2 stimulation.

Chromatin immunoprecipitation (ChIP) assay for
potential off-targets

Potential off-targets of our designed MDM2-sgRNA were
found in the CRISPR designing tool (https://chopchop.cbu.
uib.no/). Two off-targets were indicated, located at chr12:
57941706 (5′-CGGGAGCTCCGGACGAGCGCCGG-3′)
and chr20: 62323274 (5′-CGGGAGGACCGGATCATA
GCGGG-3′). Primers for polymerase chain reaction (PCR)
were designed as follows: chr12: 57941706 (OF1F:5′-
TTACCTTTCCCAGTCTCGCTCT-3′, OF1R:5′-TGGTG
AAGAAGCT GGAGAAGAA-3′) and chr20: 62323274
(OF2F:5′-TTGTAGTAGGG AGAAAGGGT-3′, OF2R:5′-
TAAGTAGGCTGTGTGCCTGAT-3′). The ChIP assay
was conducted to detect the binding of dCas9 to target sites
and/or potential off-targets according to a simplified pro-
tocol [33]. In brief, the cross-link of protein-DNA com-
plexes was performed by adding 37% PFA diluted to a 1%
final concentration and cells were incubated at room tem-
perature for 15 min. Glycine (125 mM) was applied for
quenching the fixation. Five hundred microliters lysis buffer
(10 μg/mL leupeptin, 10 μg/mL aprotinin, and 1 mM phe-
nylmethylsulfonyl fluoride (PMSF)) was added per 5 × 106

cells for resuspension. Cell lysates were sonicated to shear
chromatin to an average length of ~1 kb. After being cen-
trifuged at 12,000 × g, the supernatant was collected.
Agarose beads were incubated with 5 μg anti-Cas9 pri-
mary antibody at 4 °C on a rotating device for 2 h for a
better combination. Then the prepared samples were
added to the beads and incubated at 4 °C overnight. The
following day, beads were collected after centrifugation
and washed four times. One hundred microliters Tris-
EDTA buffer was added to the sample and boiled for
10 min. Finally, samples were centrifuged for 1 min at
12,000× g and supernatant was collected into a clean
tube. The ChIP sample was amplified by PCR with the
above primers and subjected to gel analysis to detect the
dCas9 binding site.
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Western blot analysis

After being serum-starved and treated by TGF-β2, com-
bined EGF and FGF-2, or TNF-α. ARPE-19 cells were
washed twice in ice-cold PBS; cell lysates were harvested in
extraction buffer (10 mM Tris-HCl [pH 7.4], 5 mM EDTA,
50 mM NaCl, 50 mM NaF, 1% Triton X-100, 20 μg/ml
aprotinin, 2 mM Na3VO4, and 1 mM PMSF), and 5× protein
loading buffer (25 mM EDTA [pH= 7.0], 10% SDS, 500
mM dithiothreitol, 50% sucrose, 500 mM Tris-HCl [pH=
6.8], and 0.5% bromophenol blue) was added for the final
concentration as 1× in protein samples. Samples were
boiled for 5 min and then centrifuged for 5 min. Proteins
were separated by SDS-PAGE, transferred to poly-
vinylidene difluoride membranes, and subjected to western
blot analyses using the primary antibodies (1:10000 for β-
actin, 1:1000 for others). All experiments were repeated a
minimum of three times. Signal intensity was determined by
densitometry using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Immunofluorescence (IF)

Cells were seeded on 13-mm coverslips in 24-well plates.
After being starved and treated with TGF-β2, the cells on
the coverslips were washed twice in PBS, fixed in 4% PFA
at room temperature for 30 min and then permeabilized in
0.3% Triton X-100 for 30 min. Blocking buffer with 5%
normal goat serum in 0.3% Triton X-100 was applied to the
cells for 30 min to reduce non-specific staining, and cells
were incubated with primary antibodies (1:200) at 4 °C
overnight. Primary antibodies were omitted in the negative
controls. The following day, the cells were incubated with
fluorescent secondary antibodies for 30 min at room tem-
perature. Finally, all coverslips were taken out and mounted
in mounting solution with DAPI on the slides. Cell mor-
phology was photographed by EVOS FL Auto microscope
(Thermo Fisher Scientific), and fluorescence from cells was
imaged using a Fluorescent Microscope Axioscope 2MOT
Plus (Zeiss, Oberkochen, Germany). For ERMs, all slides
were removed from −20 °C and dried at room temperature.
The following procedures were in accordance with IF
on cells.

RNA extraction and quantitative PCR (q-PCR)

After cells were treated with TGF-β2, total RNA was
extracted using an RNeasy Mini Kit (Qiagen, Hilden,
Germany). Next, reverse transcription was conducted in an
RNase-free environment using an iScript cDNA synthesis
kit (Bio-rad Laboratories, Hercules, CA). Finally, 5 μl 2 ×
SYBR Green Master (Roche Diagnostics, Mannheim,
Germany) was added in a 10 μl reaction system containing

0.5 μl forward primer (10 μM), 0.5 μl reverse primer
(10 μM), 1 μl cDNA, and 4 μl H2O on a LightCycler 480
instrument (Roche Diagnostics). The MDM2 primers used
in this study were designed as follows: Forward: 5′-G
TGCATTTCCAATAGTCAGCTAA-3′, Reverse: 5′-AGA
AGGACAAGAACTCTCAGATG-3′.

Wound-healing assay

A wound-healing assay was performed as previously
described [32]. ARPE-19 cells were seeded in 24-well
plates. After reaching confluence, they were starved for 24 h
and then the cell monolayers were scraped with a 200 μl
sterile pipette tip. The cells were washed three times in PBS
to remove detached cells and then treated with TGF-β2 (10
ng/ml) in serum-free medium. The wound was photo-
graphed at 0 and 24 h with the EVOS FL Auto microscope
after scraping. Quantification was conducted by measuring
the number of pixels in the wound area using ImageJ
software.

Proliferation assay

ARPE-19 cells were seeded into 24-well plates at a density
of 30,000 per well in DMEM medium. After being starved
for 24 h, TGF-β2 (10 ng/ml) was added to the cells in a
serum-free condition and the same concentration of TGF-β2
treatment was repeated daily. After 48 h, the cells were
trypsinized and counted using a hemocytometer under a
light microscope. Two counts were performed for each of
the three replicates in one experiment, and a total of three
independent experiments were performed.

Results

MDM2 expression in ERMs from PVR patients

ERMs were harvested from Grade C PVR patients and
subjected to IF staining for MDM2 expression. Cytokeratin
was applied as the biomarker of RPEs. As shown in Fig. 1,
MDM2 (in red) was highly expressed in the ERMs, and co-
staining of MDM2 with Cytokeratin (in green) suggests that
MDM2 was expressed in RPEs in the ERMs.

TGF-β2-induced MDM2 expression in ARPE-19 cells

TGF-β2 is elevated in the vitreous of PVR patients and
experimental animals, playing a critical role in EMT
[34, 35]. Moreover, MDM2 was highly expressed in the
ERMs from patients with PVR (Fig. 1); therefore, we
examined if TGF-β2 could induce the expression of MDM2
in human RPEs, namely, ARPE-19 cells. To answer this
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question, ARPE-19 cells were seeded in 24-well plates,
starved in serum-free medium for 24 h, and then treated
with TGF-β2 (10 ng/ml) for 24, 48, and 72 h, respectively.
Our western blot results demonstrated that MDM2 expres-
sion had elevated significantly at 24 h (MD= 1.01, 95% CI:
0.57–1.45, P= 0.0004) and 48 h (MD= 0.86, 95% CI:
0.41–1.30, P= 0.0012) (Fig. 2).

TGF-β2-induced EMT in ARPE-19 cells

Our goal in this project was to explore the role of MDM2
in EMT in human RPEs as related to PVR pathogenesis;
therefore, we first established the best condition to induce
EMT. Cells were seeded in plates for western blot analysis
and on coverslips for IF. To induce EMT, TGF-β2 (10 ng/
ml) was added for 24, 48, and 72 h, respectively, after
cells were starved for 24 h. Fibronectin, N-cadherin, and
Vimentin were used as EMT biomarkers. As a result,
western blot analysis showed the expression of Fibro-
nectin (MD= 0.45, 95% CI: 0.02–0.87, P= 0.036), N-
cadherin (MD= 0.53, 95% CI: 0.11–0.96, P= 0.010),
and Vimentin (MD= 0.44, 95% CI: 0.01–0.86, P=
0.041) had increased significantly after 48 h (Fig. 3a). The
morphology of ARPE-19 cells changed from hexagonal to
spindle-shaped, and the staining of all three biomarkers
were enhanced with the stimulation of TGF-β2 (Fig. 3b),
which were in accord with the changes observed by
western blotting.

dCas9/MDM2-sgRNA blocked TGF-β2-induced MDM2
expression

To express dCas9, we induced two mutations (D10A and
H840A) in a purchased lenti-CRISPR/Cas9 vector (Fig. 4a).
A 20-nt target sequence targeting P2 was cloned into the
mutant lenti-CRISPR/dCas9 vector [31] (Fig. 4a, b). The
successful cloning was determined using Sanger sequencing
(Fig. 4b). This mutant lentiviral vector with an MDM2-
sgRNA was transfected into 293 T cells to produce the
lentivirus, which was used to infect the ARPE-19 cells for
selection by puromycin.

To test the efficacy of MDM2 suppression, cells were
treated with TGF-β2 (10 ng/ml) for 24 h. Cell lysates were
subjected to western blot analysis and q-PCR. Our results
showed that TGF-β2-induced MDM2 expression and dCas9
directed by MDM2-sgRNA targeting P2 significantly
blocked TGF-β2-stimulated expression of MDM2 (Fig. 4c,
western blot: MD= 0.46, 95% CI: 0.37–0.55, P= 0.0008;
Fig. 4d, q-PCR: MD= 2.09, 95% CI: 1.52–2.67, P <
0.0001).

Potential off-targets were determined by a ChIP assay.
DNA fragments from the ChIP assay using an antibody
against Cas9 were subjected to PCR with three pairs of
primers, whose products were expected to cover both the
target site and the two most potential off-targets. As
shown in Fig. 4e, two potential off-targets were shown
with three mismatches in each. The PCR results revealed

Fig. 1 MDM2 expression in
ERMs from PVR patients.
ERMs were harvested from
Grade C PVR patients.
Immunofluorescent staining was
conducted for expression of
MDM2 (red) and Cytokeratin
(green). No primary antibodies
were applied to the negative
controls. MDM2 mouse double
minute 2, ERM epiretinal
membrane, PVR proliferative
vitreoretinopathy. Scale
bar, 100 μm
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a PCR product from the primers for the target site
(~400-bp as expected); however, no PCR products
appeared from the primers covering the potential two off-
targets, suggesting that there were no off-target effects
for this dCas9/MDM2-sgRNA. In addition, three PCR
products were revealed by using total genomic DNA
isolated from ARPE-19 cells using three pairs of primers,
demonstrating that no systemic problem existed in the
PCR procedure.

dCas9-KRAB/MDM2-sgRNA attenuated basal
expression of MDM2

To compare the efficacy of dCas9 with dCas9-KRAB, the
same target sequence at P2 was cloned into the pLV-sgRNA-
dCas9-KRAB vector and the cloning was determined by
Sanger DNA sequencing (Fig. 5a). The confirmed lentiviral
vector was used to transfect 293 T cells for producing the

lentivirus, that was used to infect the ARPE-19 cells. Next,
western blot analysis and wound-healing assays were per-
formed to evaluate the effect of dCas9-KRAB/MDM2-
sgRNA-mediated MDM2 suppression. Compared with
dCas9/MDM2-sgRNA, dCas9-KRAB/MDM2-sgRNA not
only blocked TGF-β2-induced expression of MDM2, but also
suppressed the basal expression of MDM2 in the unstimulated
condition (Fig. 5b, TGF-β2 treated: MD= 2.53, 95% CI:
1.18–3.88, P= 0.0014; TGF-β2 untreated: MD= 1.40, 95%
CI: 0.05–2.74, P= 0.04). Similarly, the cells with dCas9-
KRAB/MDM2-sgRNA showed less migration ability, whe-
ther they were TGF-β2 treated (MD= 40.90, 95% CI:
31.20–50.59, P < 0.0001) or untreated (MD= 24.37, 95% CI:
14.67–34.06, P= 0.0003), than did cells with lacZ controls
(Fig. 5c, d). Because dCas9-KRAB/MDM2-sgRNA sup-
pressed basal MDM2 expression, their transduced cells could
not survive for a long time. Finally, we chose dCas9/MDM2-
sgRNA for the following experiments.

Fig. 3 TGF-β2 induces EMT in ARPE-19 cells. a Western blot ana-
lysis of EMT biomarkers Fibronectin, N-cadherin and Vimentin in
ARPE-19 cells after TGF-β2 (10 ng/ml) stimulation for 24, 48, and
72 h; b IF for the above EMT biomarkers in ARPE-19 cells treated

with TGF-β2 at the specific time points. Scale bar, 100 μm (phase),
20μm (Fluorescence); EMT epithelial to mesenchymal transition,
TGF-β2 transforming growth factor-beta 2, IF immunofluorescence.
*P < 0.05; **P < 0.01

Fig. 2 TGF-β2 promotes MDM2
expression in ARPE-19 cells.
Western blot analysis of MDM2
expression under TGF-β2
(10 ng/ml) stimulation for 24,
48, and 72 h. MDM2 mouse
double minute 2, TGF-β2
transforming growth factor-beta
2. **P < 0.01; ***P < 0.001
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Fig. 4 dCas9/MDM2-sgRNA blocks TGF-β2-induced MDM2 expres-
sion. a Schematic diagram of the construction of lenti-CRISPR/dCas9
vector; b Sanger sequencing of the successful cloning of MDM2 target
into the dCas9 vector; c Western blot analysis of MDM2 expression in
lacZ-sgRNA- and MDM2-sgRNA- transduced ARPE-19 cells under
TGF-β2 (10 ng/ml) stimulation for 24 h; d q-PCR analysis of MDM2
expression in lacZ-sgRNA- and MDM2-sgRNA-transduced ARPE-19
cells under TGF-β2 (10 ng/ml) stimulation for 24 h. e dCas9 binding to

target sites and/or off-targets were determined by ChIP assay. DNA
samples from ChIP were subjected to PCR and gel analysis. Genomic
DNA from wild-type ARPE-19 cells served as controls. TGF-β2
transforming growth factor-beta 2, MDM2 mouse double minute 2,
CRISPR clustered, regularly interspaced, short palindromic repeats,
dCas9 inactive CRISPR-associated endonuclease 9, sgRNA small-
guide RNA, ChIP chromatin immunoprecipitation. ***P < 0.001;
****P < 0.0001
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dCas9/MDM2-sgRNA blocked EMT induced by TGF-
β2 and MDM2 expression induced by EGF, FGF-2,
and TNF-α

TGF-β2-induced expression of MDM2 was successfully
suppressed by the dCas9/MDM2-sgRNA in ARPE-19 cells.
To investigate the role of MDM2 in EMT, we examined the
expression of TGF-β2-induced EMT biomarkers (Fibro-
nectin, N-cadherin and Vimentin) in dCas9/MDM2-sgRNA-
transduced cells, which were treated with TGF-β2 (10 ng/
ml) for 48 h. LacZ-sgRNA-transduced ARPE-19 cells were
used as a control. Western blot analysis showed that the
TGF-β2-stimulated expression of Fibronectin, N-cadherin,
and Vimentin in MDM2-sgRNA-transduced cells was

significantly less than those in controls (Fig. 6a, Fibro-
nectin: MD= 1.13, 95% CI: 0.77–1.49, P= 0.0053; N-
cadherin: MD= 0.58, 95% CI: 0.35–0.81, P= 0.0002;
Vimentin: MD= 0.49, 95% CI: 0.23–0.75, P= 0.0082). In
addition, under TGF-β2 stimulation there were fewer
changes observed in the morphology of MDM2-sgRNA-
transduced ARPE-19 cells than in controls, and less of an
increase in expression of EMT biomarkers than in cells with
lacZ-sgRNA control (Fig. 6b).

Furthermore, we expanded our above findings to
examine if other growth factors could induce MDM2
expression and if dCas9/MDM2-sgRNA could block this
change. We selected combined EGF and FGF or TGF-α to
stimulate cells, because these growth factors or cytokines

Fig. 5 dCas9-KRAB/MDM2-
sgRNA attenuates basal
expression of MDM2.
a Schematic diagram of dCas9-
KRAB structure and Sanger
sequencing of the target
sequences cloned into the
vector; b Western blot analysis
of MDM2 expression in lacZ-
sgRNA- and MDM2-sgRNA
(KRAB)-transduced ARPE-19
cells under TGF-β2 (10 ng/ml)
stimulation for 24 h;
c Quantitative results of the
wound-healing assay (images in
d) in lacZ-sgRNA- and MDM2-
sgRNA (KRAB)-transduced
ARPE-19 cells after TGF-β2
(10 ng/ml) stimulation for 24 h.
d Representative images of the
wound-healing assay described
in Fig. 3. Scale bar, 400 μm.
TGF-β2 transforming growth
factor-beta 2, KRAB Kruppel
associated box, dCas9 inactive
CRISPR-associated
endonuclease 9, sgRNA small-
guide RNA. ***P < 0.001;
****P < 0.0001
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have been proven to be rich in PVR vitreous and to play a
role in RPE cells’ EMT and migration [35, 36]. Also, in our
previous work, these growth factors were found to activate
MDM2/p53 via PDGF-receptor alpha [37]. Therefore, cells
with dCas9/MDM2-sgRNA or lacZ-sgRNA were treated
with a combination of EGF (10 ng/ml) with FGF-2 (10 ng/
ml), or with TNF-α (30 ng/ml) alone for 24 h. As a result,
dCas9/MDM2-sgRNA significantly blocked MDM2
expression induced by a combination of EGF and FGF-2
(Fig. 6c, MD= 0.78, 95% CI: 0.64–0.92, P= 0.004) and
TNF-α stimulation (Fig. 6d, MD= 0.53, 95% CI:
0.33–0.73, P= 0.008); in addition, there was less of an
increase in Fibronectin in cells with dCas9/MDM2-sgRNA
than in those with lacZ-sgRNA (EGF+ FGF-2: MD=
0.58, 95% CI: 0.35–0.81, P= 0.0002; TNF-α: MD= 0.76,

95% CI: 0.69–0.84, P < 0.0001). These outcomes demon-
strated that dCas9/MDM2-sgRNA could also block com-
bined EGF and FGF-2- or TNF-α-induced expression of
MDM2 in ARPE-19 cells.

Blocking the MDM2-p53 interaction by Nutlin-3
inhibited TGF-β2-induced EMT

Nutlin-3 is a small-molecule MDM2 inhibitor blocking the
interaction of MDM2 and p53. To explore if the modulation
of EMT by MDM2 is p53-dependent, we applied 10 μM
Nutlin-3 to ARPE-19 cells; this concentration was based on
previous publications [38, 39]. After serum-starvation, cells
were pretreated with Nutlin-3 for 30 min, and then treated
with TGF-β2 for additional 48 h. Western blot analysis

Fig. 6 dCas9/MDM2-sgRNA blocks vitreal factors-induced MDM2
expression and TGF-β2-induced EMT. a Western blot analysis of
EMT biomarkers Fibronectin, N-cadherin, and Vimentin in lacZ-
sgRNA- and MDM2-sgRNA-transduced ARPE-19 cells after TGF-β2
(10 ng/ml) stimulation for 48 h; b IF for the above EMT biomarkers in
ARPE-19 cells treated with TGF-β2 at the specific time points. c.
Western blot analysis of MDM2 and EMT marker Fibronectin in lacZ-
sgRNA- and MDM2-sgRNA-transduced ARPE-19 cells after com-
bined EGF (10 ng/ml) and FGF-2 (10 ng/ml) stimulation for 24 h.

d Western blot analysis of MDM2 and EMT marker Fibronectin in
lacZ-sgRNA- and MDM2-sgRNA-transduced ARPE-19 cells after
TNF-α (30 ng/ml) stimulation for 24 h. Scale bar, 100μm (phase),
20μm (Fluorescence); MDM2 mouse double minute 2, EMT epithelial
to mesenchymal transition, TGF-β2 transforming growth factor-beta 2,
EGF epidermal growth factor, FGF-2 fibroblast growth factor, TNF-α
tumor necrosis factor-alpha, IF immunofluorescence, sgRNA small-
guide RNA, NS no significance. **P < 0.01; ***P < 0.001; ****P <
0.0001
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showed that Nutin-3 suppressed a TGF-β2-induced increase
in Fibronectin and N-cadherin; however, Nutlin-3 had little
impact on TGF-β-induced expression of Vimentin (Fig. 7a,
Fibronectin: MD= 1.18, 95% CI: 0.90–1.33, P < 0.0001;
N-cadherin: MD= 0.67, 95% CI: 0.45–0.89, P= 0.0004;
Vimentin: MD= 0.05, 95% CI: −0.23–0.36, P= 0.98).
Results of IF showed similar tendencies (Fig. 7b).

dCas9/MDM2-sgRNA prevented TGF-β2-induced
motility of ARPE-19 cells

In PVR, RPEs gain a better ability to migrate and proliferate
under the stimulation of growth factors. To examine cells’
motility, migration and proliferation assays were performed
on dCas9/MDM2-sgRNA-transduced ARPE-19 cells. Cells
with dCas9/lacZ-sgRNA were used as controls. Migration
was measured by a wound-healing assay and proliferation
was determined by cell counting using a hemocytometer.
Consequently, we found that dCas9/MDM2-sgRNA atte-
nuated TGF-β2-induced cell migration (Fig. 8a, b, MD=
20.03, 95% CI: 17.00–23.05, P < 0.0001) and proliferation
(Fig. 8c, MD= 1.73, 95% CI: 0.65–2.81, P= 0.005).

Discussion

In this study, dCas9/MDM2-sgRNA was employed to block
P2-driven MDM2 expression and TGF-β2-induced MDM2-

dependent EMT in ARPE-19 cells. The protospacer of this
sgRNA was located downstream of the MDM2 SNP309,
that is, independently of this SNP. Consequently, TGF-β2-
induced expression of MDM2 and EMT biomarkers was
indeed blocked by dCas9/MDM2-sgRNA. In addition,
TGF-β2-induced motility of cells was also attenuated by
dCas9/MDM2-sgRNA. In the original CRISPR/Cas9 sys-
tem, an sgRNA was introduced to target genomic DNA for
a specific double-strand DNA break [40]. We generated two
mutations (D10A and H840A) in Cas9 to yield a dCas9,
which lost its nuclease activity but kept its ability to bind a
specific sequence guided by sgRNA instead of breaking it
[28, 29, 41]. dCas9 has been confirmed to silence the target
gene. Our MDM2-sgRNA targets P2, thus the basal
expression of MDM2 was retained without interference, to
maintain the cells’ viability.

MDM2, as an oncogene protein, has been widely
researched in cancers. Overexpression of MDM2 is found in
~7% of human cancers containing more than 4000 samples
[42, 43]. The pathogenesis of high MDM2 level resulting in
cancers includes SNP, enhanced transcription, and
increased translation [23, 44]. P1 of MDM2 regulates the
basal level expression, while the P2 located in the first
intron is responsible for the inducible MDM2 expression
[45]. Bougeard et al. first discovered MDM2 SNP309 to be
related to tumor onset [46]. In Pastor-Idoate et al.’s study,
555 European PVR cases were included for genotyping the
MDM2 SNP309 polymorphism. They finally found that the

Fig. 7 Blocking the MDM2-p53 interaction by Nutlin-3 inhibits TGF-
β2-induced EMT. a Western blot analysis of EMT biomarkers Fibro-
nectin, N-cadherin and Vimentin in ARPE-19 cells after TGF-β2 (10 ng/
ml) stimulation for 48 h with or without Nutlin-3 (10 μM); b IF for the

above EMT biomarkers in ARPE-19 cells at the specific time points.
Scale bar, 100 μm (phase), 20 μm (Fluorescence); EMT epithelial to
mesenchymal transition, TGF-β2 transforming growth factor-beta 2, IF
immunofluorescence, NS no significance. ***P < 0.001; ****P < 0.0001
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G allele was associated with a higher risk of PVR among
patients having a previous history of RD [5]. Subsequently,
in former studies published by our group, we created the
T309G mutation in primary fetal RPEs by CRISPR/Cas9,
reaching the conclusion that the G allele increased vitreous-
induced expression of MDM2 and promoted proliferation of
cells [24, 25].

However, 23.8% patients in the PVR group did not have
the G allele of MDM2 SNP309 [5]. Therefore, in this project
our goal was to block P2-driven MDM2 expression inde-
pendently of SNP309. Moreover, ARPE-19 cells carry a
heterozygous genotype MDM2SNP309T/G with 55.3% having
the 309G allele analyzed by next generation sequencing. To
block P2-driven MDM2 expression, we selected MDM2-
sgRNA, which targets P2 from 315 to 335 downstream of
the SNP309. P2 contains a variety of transcriptional factor
binding sites including Smad 3/4 [31]. dCas9-KRAB was
considered to have a higher efficiency for suppressing gene
expression [30], and similar results to those we found in our
above-described experiment (Fig. 5). However, we dis-
covered that the basal expression of MDM2 was suppressed
by dCas9-KRAB/MDM2-sgRNA even without TGF-β2 sti-
mulation. We assumed that dCas9-KRAB had a stronger
affinity with the target site than dCas9 did, leading to a
reduction basal MDM2 expression, thus cells could undergo
apoptosis several days after expressing the dCas9-KRAB/

MDM2-sgRNA. Therefore, we chose dCas9/MDM2-sgRNA-
transduced cells in the rest of our experiments, without
interference to the cells’ normal survival and motility.

Our results not only demonstrated TGF-β2-induced
MDM2 expression blocked by dCas9/MDM2-sgRNA, but
also indicated that this blockade was accomplished when
cells were stimulated by combined EGF and FGF-2, or
TNF-α alone. These cytokines have been found to be ele-
vated in PVR patients and animals, and to participate in the
pathogenesis of PVR [35–37]. Moreover, they were used to
induce EMT and migration in RPE cells in vitro according
to published literature [47, 48]. In addition, in our previous
work, the combined growth factors-induced MDM2
expression in RPE cells via indirect activation of the PDGF-
receptor alpha [37]. We expanded the efficacy of dCas9 to
involve several kinds of growth factors or cytokines-
induced MDM2 increase, further enhancing our conclu-
sions and promoting the potential application of dCas9
vectors.

Nutlin-3 is a small-molecule inhibitor that blocks the
interaction between MDM2 and p53, thus it has been con-
sidered in anti-cancer medications [49]. However, it resulted
in serious adverse events [50]. Our aim was to block
P2-driven expression of MDM2, whose function is depen-
dent or independent of p53. We pretreated ARPE-19 cells
with Nutlin-3 when TGF-β2 was added and found that

Fig. 8 Motility of ARPE-cells
decreases after the expression of
MDM2 is attenuated
a Representative images of
wound-healing assay in lacZ-
sgRNA and MDM2-sgRNA-
transduced ARPE-19 cells after
TGF-β2 (10 ng/ml) stimulation
for 24 h. b Quantitative results
of a wound-healing assay
described in a. c Proliferation
assay of lacZ-sgRNA- and
MDM2-sgRNA-transduced
ARPE-19 cells after TGF-β2
(10 ng/ml) stimulation for 24 h.
Scale bar, 400μm; MDM2
mouse double minute 2, TGF-β2
transforming growth factor-beta
2, sgRNA small-guide RNA.
**P < 0.01; ****P < 0.0001
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expression of two EMT biomarkers (Fibronectin and
N-cadherin) decreased. Therefore, MDM2 can function as a
proinflammatory and oncogenic protein via p53-independent
pathways, including pRb [20] and NF-κB [51]. TGF-β2-
induced expression of Vimentin was not blocked by Nutlin-
3 but was prevented by the dCas9/MDM2-sgRNA, probably
through the p53-indepentent pathway.

Based on our results, MDM2 expression induced by a
variety of growth factors and cytokines related to PVR can
be suppressed by dCas9/MDM2-sgRNA. TGF-β2- stimu-
lated expression of MDM2 and EMT biomarkers was
blocked by the dCas9/MDM2-sgRNA in human RPEs.
Therefore, CRISPR/dCas9 is a promising novel therapy for
PVR that does not interfere with cellular basal gene
expression and function. Further studies with primary RPEs
on the mechanisms by which MDM2 modulates EMT are
warranted to provide more evidence for our hypothesis.
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