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The G309 allele of SNPs in the mouse double minute (MDM2)
promoter locus is associated with a higher risk of cancer and
proliferative vitreoretinopathy (PVR), but whether SNP G309
contributes to the pathogenesis of PVR is to date unknown. The
clustered regularly interspaced short palindromic repeats
(CRISPR)-associated endonuclease (Cas) 9 from Streptococcus
pyogenes (SpCas9) can be harnessed to manipulate a single or
multiple nucleotides in mammalian cells. Here we delivered
SpCas9 and guide RNAs using dual adeno-associated virus-de-
rived vectors to target the MDM2 genomic locus together with a
homologous repair template for creating the mutation of
MDM2 T309G in human primary retinal pigment epithelial
(hPRPE) cells whose genotype is MDM2 T309T. The next-gen-
eration sequencing results indicated that there was 42.51%
MDM2 G309 in the edited hPRPE cells using adeno-associated
viral CRISPR/Cas9. Our data showed that vitreous induced an
increase in MDM2 and subsequent attenuation of p53 expres-
sion in MDM2 T309G hPRPE cells. Furthermore, our experi-
mental results demonstrated that MDM2 T309G in hPRPE cells
enhanced vitreous-induced cell proliferation and survival, sug-
gesting that this SNP contributes to the pathogenesis of PVR.

Proliferative vitreoretinopathy (PVR)3 is a vision-threaten-
ing disease resulting from surgical correction of rhegmatog-
enous retinal detachment and open ocular injury (1), and it is
characterized by the formation of preretinal or epiretinal mem-
branes (2). The epiretinal membranes consist of extracellular

matrix proteins and cells, including retinal pigment epithelial
(RPE) cells, retinal glial cells, fibroblasts, and macrophages.
PVR occurs in 8 –10% of patients who have undergone a surgi-
cal repair of rhegmatogenous retinal detachment and accounts
for �75% of all primary failures following the surgery (2– 8).

The oncogene protein murine double minute 2 (MDM2) is an
E3 ubiquitin protein ligase whose human homologue (also
called Hdm2) is an important negative regulator of the p53
tumor suppressor (9 –11). The phenotype of murine embryonic
lethality of MDM2 null can be prevented by knocking out the
p53 gene (12, 13). Vitreous from experimental rabbits prefer-
entially activates platelet-derived growth factor receptor
(PDGFR). This activation in turn triggers the downstream sig-
naling pathway of PI3K/Akt, which phosphorylates MDM2,
thereby enhancing p53 degradation (14). Blocking MDM2
binding to p53 with a small molecule, Nutlin-3, protects rabbits
against retinal detachment in a PVR rabbit model (3).

Intriguingly, the G allele of SNPs (rs2279744) in the MDM2
promoter locus has subsequently been found to be associated
with a higher risk of PVR for rhegmatogenous retinal detach-
ment patients (2, 15). This SNP is also associated with an
increased risk of carcinogenesis (15–21). The SNP T309G (a
T-to-G change at the 309th nucleotide) at the MDM2 first
intron promoter locus enhances the affinity of the transcrip-
tional activator specificity protein 1 (Sp1), leading to a height-
ened expression of MDM2 and the subsequent attenuation of
p53 expression in cancer cells (15). However, whether or not
this SNP contributes to the pathogenesis of PVR has not been
explored.

The system of clustered regularly interspaced short palin-
dromic repeats (CRISPR) and CRISPR-associated nucleases
(Cas) in bacteria and archaea provides adaptive immunity
against viruses and plasmids when their CRISPR RNAs
(crRNAs) are used to guide the Cas cleavage of foreign nucleic
acids (22–24). In Streptococcus pyogenes (Sp), the Cas9
(SpCas9) contains two nuclease domains, RuvC and HNH, each
of which can cleave one strand of the double-stranded target
DNA when directed by the crRNA and transactivating crRNA
(24, 25). This SpCas9 can be reprogrammed to target specific
genomic loci in mammalian cells using the processed single
guide (sg) RNAs that consist of crRNA and transactivating
crRNA (24). The double-stranded DNA breaks at the specific
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genomic loci produced by CRISPR/Cas9 can be repaired by
endogenous repair machinery for either non-homologous end
joining (NHEJ) or homology-directed repair (HDR), which
depends on the cell state and presence of a repair template (26,
27). NHEJ and HDR are two distinct competent repair path-
ways in cells. NHEJ can introduce unpredictable insertions and
deletions, and it may repair the lesion by simply rejoining the
two double-stranded DNA break ends (26). HDR can use an
exogenous single- or double-stranded DNA template with the
desired changes to make mutations in the genomic loci (26).
However, HDR is less frequently used than NHEJ because it
occurs only during S and G2 phases, whereas NHEJ can be
found throughout the cell cycle (26, 28). The CRISPR/Cas9
technology has recently been used in a variety of genome-edit-
ing applications in eukaryotic cells and mice (26, 29 –32), and it
provides a unique opportunity to demonstrate whether MDM2
T309G contributes to the pathogenesis of PVR.

Here we generated the mutation of T309G in the MDM2
genomic locus in human primary retina pigment epithelial
(hPRPE) cells using CRISPR/Cas9 technology. We demon-
strated that the vitreous from experimental rabbits (RV)
increased expression of MDM2 and subsequent attenuation of
p53 expression in hPRPE cells with MDM2 T309G. Further-
more, we found that MDM2 T309G in hPRPE cells promoted
RV-induced cell proliferation and survival, which are intrinsic
to the development of PVR.

Results

Creation of MDM2 T309G in the Genomic Locus Using
CRISPR/Cas9 —The SNP MDM2 T309G is associated with a
higher risk of PVR (2); however, it is not known whether this
SNP contributes to PVR. Because RPE cells are believed to be
the major cell type in PVR membranes that causes retinal
detachment in the development of PVR (2, 5–7), we attempted
to create this SNP in hPRPE cells using CRISPR/Cas9 technol-
ogy. Because the ultimate goal of this research is to explore a
novel therapeutic approach to PVR, and AAVs do not cause any
disease (33), we chose AAV-derived viral vectors to deliver
CRISPR/Cas9 into our target cells. However, because of the
packaging size limitation of the AAV-derived vectors, we had to
adapt a dual vector system that packages SpCas9 and sgRNA
expression cassettes (SpGuide) in two separate viral vectors,
pAAV-SpCas9 and pAAV-SpGuide, respectively (30). To sep-
arate hPRPE cells transduced by pAAV-SpGuide, we replaced
the GFP promoter hSyn (30) with the promoter of CMV (Fig.
1A). There are four types of cells in the PVR membrane, includ-
ing RPE cells. Therefore, we substituted the promoter pMecp2
(30) for the promoter of the RSV to drive expression of SpCas9
(34) (Fig. 1B).

The SpCas9 contains two conserved nuclease domains, HNH
and RuvC, which cleave the target DNA strand complementary
and non-complementary to the guide RNA, respectively. A
mutation of aspartate to alanine (D10A) in the RuvC cata-
lytic domain can convert SpCas9 into the DNA nickase
(SpCas9D10A). Two SpCas9 D10A-nicking enzymes
directed by a pair of sgRNAs targeting opposite strands of a
target locus can mediate double DNA strand breaks while
minimizing off-target activity because single-strand nicks

are preferentially repaired by the high-fidelity base excision
repair pathway (35). Thus, the SpCas9 in the AAV vector was
mutated to SpCas9 D10A with an in situ mutagenesis kit
(Fig. 1B). To test the effectiveness of the DNA constructs, we
transfected these two vectors separately into 293T cells.
Western blotting analysis showed that the SpCas9 and
SpCas9 D10A were successfully expressed in the transfected
293T cells (Fig. 1C).

We next sought to test the efficiency of SpCas9-mediated
editing of the genomic MDM2 locus around the SNP in RPE
cells. To identify RPE cells that were suitable for our experi-
mental purpose, we isolated the genomic DNA from hPRPE
cells, PCR-amplified a region around the MDM2 SNP for
Sanger DNA sequencing, and found that there was T309T in
the MDM2 SNP in hPRPE cells, as shown in Fig. 2A. These cells
were then used to introduce MDM2 T309G in the genomic
locus. In synthesizing sgRNAs, the two 20-nt targeted
sequences (30, 36 –38) (Fig. 2B) were cloned into the pAAV-
SpGuide backbone (Fig. 1A), and the clones were verified by
DNA sequencing.

To edit the genomic MDM2 locus, we transfected hPRPE
cells with the dual vectors of pAAV-SpCas9 plus pAAV-
MDM2-sgRNA1 or 2 using electroporation. pAAV-LacZ-
sgRNA was used as a control. The transduction efficiency was
about 60%, as estimated by immunofluorescence. To determine
whether any insertions and deletions were mediated by the
CRISPR/Cas9 system, we isolated genomic DNA from the
transfected hPRPE cells and amplified the region around
the MDM2 SNP using a high-fidelity Herculase II fusion poly-

FIGURE 1. Schematic of the AAV-SpGuide and AAV-SpCas9 vectors. A,
schematic of the AAV-SpGuide vector. ITR, inverted terminal repeat; U6, poly-
merase III promoter; phSyn, human synapsin 1 gene promoter for GFP expres-
sion in the vector from Addgene (catalog no. 60958); SapI, a restriction endo-
nuclease for cloning the 20-nt targeted sequence into the AAV-derived
vector backbone. CMV-GFP replacement of phSyn-GFP was achieved by XbaI/
EcoRI. B, schematic of the AAV-SpCas9 vector. pMecp2, neuron-specific
Mecp2 promoter. RSV promoter replacement of pMecp2 was accomplished
by XbaI/AgeI. The 60957 vector was purchased from Addgene. C, 293T cells
were transfected with plasmids of pAAV-SpCas9 or pAAV-SpCas9D10A. After
48-h of transfection, the transfected cells were lysed, and the lysates were
subjected to Western blotting analysis with the indicated antibodies. Non-
transfected 293T cell lysates were used as negative controls. This is represen-
tative of three independent experiments.
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merase. The amplified DNA fragments were then subjected to
Sanger DNA sequencing (39). As shown in Fig. 2C, there were
mutations in front of protospacer-adjacent motifs (MDM2-
sgNRA1, CGG; MDM2-sgRNA2, AGG) from the PCR products
derived from the transduced hPRPE cells with SpCas9 plus
MDM2-sgRNA1 or 2 but not from those with LacZ-sgRNA.
These results demonstrate that the two MDM2 sgRNAs effi-
ciently guided the SpCas9 to induce insertions and deletions in
hPRPE cells.

To create the SNP MDM2 T309G in the genome of hPRPE
cells, we chose to use SpCas9D10A nickase activity, as there was
no off-target DNA sequence found for the pair of sgRNA1 and
2 based on the double nickase design tool. Thus, U6-sgRNA2
was PCR-amplified and cloned into the pAAV-U6-sgRNA1
vector. pAAV-SpCas9D10A, pAAV-MDM2-sgRNA1 and 2,
and ssHRT (Fig. 3A) together were transfected into the hPRPE
cells by electroporation. The HDR donor template consisted of
a single-strand, 96-bp genomic sequence homologous to a
region encompassing the SNP with a G309 replacement of
T309. However, the mutagenesis efficiency using this HDR
strategy is very low (only 0.5–20%) (26, 28, 40, 41). To increase
the efficiency of HDR-mediated genome editing, we immedi-
ately treated the post-transfected cells with 0.5 �M Scr7, which
can inhibit NHEJ, a competent HDR pathway (26). On the third
day after transfection, the GFP-expressing hPRPE cells were
sorted by FACS, and the genomic DNA fragments around the
SNP from some of the sorted cells were amplified by PCR using
high-fidelity Herculase II DNA polymerase. The Surveyor
nuclease assay of the PCR products indicated that there was a
DNA fragment (about 100 bp) released (Fig. 3B) in MDM2-
sgRNA-transfected cells, but there was none in control LacZ-
sgRNA-transfected cells, suggesting that there were insertions
and deletions in the middle of the PCR fragment (about 200 bp).

Sanger DNA sequencing (Fig. 3C) confirmed that there were
heterozygous MDM2 T309 and G309 in the selected hPRPE
cells transduced with the SpCas9 and MDM2-sgRNA. Next-
generation sequencing analysis indicated that there were
42.51% MDM2 G309 and 57.19% MDM2 T309 in GFP-positive
hPRPE cells transfected with SpCas9D10A, MDM2-sgRNA1
and 2, and the HDR template (Fig. 3D). Some of the transduced
cells were sorted into PCR tubes (one cell per tube), and the
genomic DNA from single cells was subjected to PCR amplifi-
cation of the fragment around the SNP for Sanger DNA
sequencing. The sequencing results indicate that, in the 309
position, there were 20% (2 of 10) cells containing T/T, 70% (7
of 10) cells with T/G, and 10% (1 of 10) cells with G/G (Fig. 3E).
These results demonstrate that the genomic MDM2 T309G
was successfully created in hPRPE cells using CRISPR/Cas9
technology.

MDM2 T309G Promotion of Vitreous Stimulated an Increase
in MDM2 and a Decrease in p53—The MDM2 intron promoter
region SNP T309G (rs2279744) has been shown to increase the
affinity of the transcriptional activator Sp1, resulting in elevated
expression of MDM2 in some cancer cell lines (15). In addition,
this SNP is associated with a higher risk of PVR (2). Therefore,
we tested whether the CRISPR/Cas9-created MDM2 T309G
would elevate the expression of MDM2 in hPRPE cells and
whether RV would influence this change in MDM2 and p53
between hPRPE cells with the MDM2 T309G SNP and WT
T309T (WT). Unexpectedly, the SNP failed to enhance MDM2
expression in MDM2 T309G hRPE cells in comparison with
that in WT cells (Fig. 4A). However, the vitreous enhanced the
expression of MDM2 and effected a decrease in p53 in hPRPE
cells with the SNP compared with the WT (Fig. 4A). These
results suggested that RV induced Sp1 association with the
MDM2 promoter motif with the SNP and thus enhanced

FIGURE 2. Identification of MDM2-sgRNAs. A, the genomic DNA was isolated from hPRPE cells and subjected to PCR amplification of a region around the
MDM2 SNP 309. The PCR products were purified from a 2% agarose gel for DNA sequencing. B, graphic representation of the MDM2-targeted loci. 20-nt target
1 (612– 631) and target 2 (583– 675) in the human genomic MDM2 loci (NC_000012.12) are indicated by a green arrow for nicking at sites (red arrows) by
SpCas9D10A. The protospacer-adjacent motifs (PAM) are marked in blue. C, genomic DNA was extracted from transfected cells using the QuickExtract DNA
extraction solution system following the protocol of the manufacturer for amplification of a region around MDM2 SNP 309. The gel-purified PCR products were
subjected to DNA sequencing analysis. MDM2-sgRNA1 or 2 or LacZ-sgRNA, partial sequencing from the DNA extracted from the transfected cells with pAAV-
SpCas9 and pAAV-MDM2-sgRNA1 or 2 (or LacZ-sgRNA)-CMV-GFP. Arrows indicate the expected SpCas9 cleavage sites.
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expression of MDM2 and subsequent suppression of p53. If this
prediction was correct, blocking the association between
MDM2 and p53 should recover the p53 loss. Thus, we treated

hPRPE cells for 16 h with both RV and Nutlin-3. Western blot-
ting analysis of the treated cell lysates (Fig. 4A) indicated that
Nutlin-3 prevented RV-induced reduction in p53 in the MDM2
T309G hPRPE cells. This result indicates that the vitreous-in-
duced decrease in p53 was due to vitreous-stimulated interac-
tion between MDM2 and p53.

To examine whether the vitreous-induced increase in
MDM2 was due to the vitreous-stimulated association of Sp1
with the MDM2 GC-rich promoter, we treated hPRPE cells
with a Sp1 inhibitor, mithramycin A, an aurelic antibiotic that
has been shown to selectively inhibit Sp1 transcription factor-
mediated transcriptional activation by blocking Sp1 binding to
the GC-rich promoter motif. As shown in Fig. 4B, treatment
with mithramycin A blunted an RV-stimulated increase in
MDM2 and a decrease in p53 in hPRPE cells with MDM2
T309G, suggesting that RV enhanced Sp1 association with the
MDM2 GC-rich promoter.

Next, we asked how the vitreous could induce the Sp1-de-
pendent increase in MDM2. Because Erk can phosphorylate
Sp1 at Thr-936 (42), thereby enhancing its transcriptional
activity, we hypothesized that vitreous could induce Erk phos-
phorylation of Sp1, which would increase the Sp1 association
with the GC-rich motif and promote its target expression. As
predicted, treatment of hPRPE cells with an Erk inhibitor,
PD98059, for 16 h blocked the vitreous-stimulated phosphory-
lation of Erk and Sp1 and prevented the vitreous-induced
increase in MDM2 in PRPE cells with the SNP (Fig. 4B). These
results demonstrate that the MDM2 T309G in PRPE cells leads
to an enhanced RV-induced, Erk/Sp1-dependent increase in
MDM2 and a decrease in p53. These biochemical reactions
could promote vitreous-induced cellular responses intrinsic to
PVR.

MDM2 T309G Enhancement of RV-induced Cell Prolifera-
tion and Survival—Increased MDM2 leads to a decrease in p53
and thus promotes cell proliferation and survival against apo-
ptosis (15, 43). RV stimulated an increase in MDM2 in hPRPE
cells with MDM2 T309G but not with the WT (Fig. 5). There-
fore, we suspected that, after surgical attachment of the retina,
RPE cells enter the vitreous and that the RPE cells with T309G
or G309G will survive better than those with WT cells in the
MDM2 intron promoter locus. To test this, we treated hPRPE
cells with RV for 3 days and analyzed them for apoptosis. As
shown in Fig. 5, with RV treatment, hPRPE cells with MDM2
T309G underwent less apoptosis than those with the WT. In
addition, hPRPE cells with the SNP proliferated more in
response to vitreous than those with WT cells (Fig. 6).

Discussion

In this article, we demonstrate that MDM2 T309G in hPRPE
cells enhances an RV-stimulated increase in MDM2 concomi-
tant with a decrease in p53 as well as a cellular responses intrin-
sic to PVR compared with the WT. These results are consistent
with a two-hit hypothesis (44). Although the polymorphisms of
T or G alleles (rs2279744) in the MDM2 309 position did not
influence MDM2 expression, they did lead to a differential
response to the vitreous stimulation. Notably, MDM2 G309
enhances Sp1-dependent expression of MDM2 in cancer cells
in comparison with MDM2 T309 (15). Taken together, our

FIGURE 3. Creation of the genomic MDM2 T309G mutation. A, transfection of
hPRPEs with dual AAV vectors and an ssHRT. The dual vectors of pAAV-
SpCas9D10A plus pAAV-MDM2-sgRNA1 and 2 or pAAV-LacZ-sgRNA and the
ssHRT were transfected into hPRPE cells by electroporation as described under
“Experimental Procedures.” Subsequently, the cells were treated with Scr7 (5�M).
After transfection for 16 h, the cells were photographed under a fluorescence
microscope. Scale bar � 200 �m. This is representative of three independent
experiments. B, genomic DNA extracted from the transfected cells was used to
amplify the region containing MDM2 SNP 309. The gel-purified PCR products
were subjected to a Surveyor nuclease assay. This is representative of two inde-
pendent experiments. C, the purified PCR products in B were also subjected to
Sanger DNA sequencing. The top and bottom panels were from hPRPE cells trans-
fected with LacZ-sgRNA and MDM2-sgRNA1 and 2, respectively. D, the purified
PCR products from B were also analyzed by next-generation sequencing. The
results showed that there was 57.19% MDM2 T309 and 42.51% MDM2 G309 in
transduced cells with SpCas9D10A plus MDM2-sgRNA1 and 2 and ssHRT. E, single
cells from transduced cells (B) were sorted by FACS into PCR tubes containing 5�l
of QuickExtract DNA extraction buffer, and the genomic DNA was isolated for
PCR amplification of DNA fragments around the SNP. The purified DNA frag-
ments from the 10 single cells were subjected to Sanger DNA sequencing. There
were two 309T/T cells (20%), seven 309T/G cells (70%), and one 309G/G cell (10%)
in the 10 sorted single cells.
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results and clinical findings of MDM2 SNP association with
PVR (2) suggest that this SNP contributes to the development
of PVR.

We speculate that MDM2 G309 RPE cells respond to vitre-
ous with increased survival, proliferation, and elevated expres-
sion of fibrotic proteins (e.g. fibronectin and collagen). We
found that the inhibitors of Sp1 and Erk did not completely
block the vitreous-induced p53 decrease, suggesting that vitre-
ous may activate another pathway to suppress p53 expression.
The vitreous could activate Akt (Fig. 7A) (14), which could phos-
phorylate MDM2, enhancing its association with p53 and pro-
moting its degradation (Fig. 7) (45, 46).

In this study, our efforts in raising the percentage of the
hPRPE cells with the mutant MDM2 T309G in the whole pop-
ulation were made in two ways. One was the treatment of AAV-

CRISPR/Cas9-transduced cells with the drug Scr7, which tar-
gets the DNA binding domain of DNA ligase IV for inhibiting
the ligase IV-dependent NHEJ and enhancing the frequency of
HDR (26). The CRISPR/Cas9 system we used is a repro-
grammed one from microbial type II CRISPR systems and has
been harnessed to facilitate facile genetic manipulations in a
variety of cell types and organisms (29). The reprogrammed
Cas9 can be guided to generate targeted double-stranded DNA
breaks that stimulate genome editing via one of the two DNA
damage repair pathways: NHEJ, resulting in insertions and
deletions, or HDR, resulting in precise sequence substitution in
the presence of a repair template (26). SpCas9 D10A, the
mutant form of SpCas9, has been shown previously to facilitate
HDR at on-target sites (47), but its efficiency is substantially
lower than that of WT Cas9. In our research, we have utilized

FIGURE 4. Vitreous induction of an increase in MDM2 in MDM2 T309G hPRPE cells. A, hPRPE cells (with MDM2 T309 only: T/T or MDM2 T309 plus G309: T/G)
that had been serum-starved overnight were treated with RV and Nutlin-3 (10 �M) for 16 h. The cell lysates were then Western-blotted using the indicated
antibodies. Fold was calculated by first normalizing to the level of �-Actin and then calculating the ratio of the stimulated over the basal (i.e. unstimulated cells).
This is representative of three independent experiments. B, hPRPE cells (described above), serum-starved overnight, were subsequently treated with RV,
mithramycin A (200 nM), or PD98059 (50 �M) for 16 h. The cell lysates were then subjected to Western blotting analysis using the antibodies indicated. Fold was
calculated by first normalizing to the level of either �-Actin or Erk or Sp1 and then calculating the ratio of the stimulated over the basal (i.e. unstimulated). This
is representative of three independent experiments.
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the double-nicking strategy, which maintains a high on-target
efficiency while reducing off-target modifications to back-
ground levels. Even so, the HDR efficiency might be still low.
Thus, the drug Scr7 was subjected to our research for increasing
the HDR rate. The other strategy was to sort out the transduced
hPRPE cells by FACS because, in the pAAV-SpGuide vector,
there was a CMV-GFP expression cassette. Importantly, hPRPE
cells could continuously grow and proliferate after cell sorting.
In summary, we have shown that the CRISPR/Cas9-created
MDM2 T309G in hPRPE cells enhanced vitreous-induced
expression of MDM2 and cell proliferation and survival.

Experimental Procedures

Major Reagents—The antibodies against Cas9, Erk, phospho
(p)-Erk, Sp1, p-Sp1 (Thr-739), Akt, p-Akt (Ser-473), cleaved
Caspase 3, p-MDM2 (Ser-166), and p53 were purchased from
Cell Signaling Technology (Danvers, MA). The antibody
against MDM2 was from Abgent (San Diego, CA). The primary
antibodies against �-Actin and the secondary antibodies of the

HRP-conjugated goat anti-rabbit IgG and anti-mouse IgG were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Enhanced chemiluminescent substrate for the detection of
HRP was from Pierce Protein Research Products. Carbenicillin
was purchased from Sigma, and Scr7 was from Xcessbio Biosci-
ences, Inc. (San Diego, CA). Mithramycin A and Nutlin-3 were
from Cayman (Ann Arbor, Michigan), and PD98059 was from
Cell Signaling Technology.

DNA Constructs—To generate single guide RNAs (sgRNAs)
for SpCas9 targets, we used the CRISPR design tool to select the
two 20-nt target sequences preceding a 5�-NGG of a proto-
spacer-adjacent motif sequence around the MDM2 SNP309 in
the MDM2 genomic locus (Rs2279744, NC_000012.12) (30).
The target sequences used were target 1 (5�-CGGGAGGTCC-
GGATGATCGC-3�) and target 2 (5�-CGAAGCGGCCCCGC-
AGCCCC-3�). The control sgRNA sequence was designed
to target the LacZ gene from Escherichia coli (target
sequence, 5�-TGCGAATACGCCCACGCGATGGG-3�) (30).
The annealed oligos were cloned into the pAAV-U6-sgRNA-

FIGURE 6. MDM2 T309G promotion of RV-induced cell proliferation.
hPRPE cells were seeded into a 24-well plate at a density of 3 � 10e4 cells/well
in DMEM/F12 plus 10% FBS. After the cells had attached to the plates, the
medium was changed to either DMEM/F12 or RV (diluted 1:2 in DMEM/F12)
with or without Nutlin-3 (10 �M). The media were replaced every day. Cells
were counted with a hemocytometer under a light microscope on day 3.
Mean � S.D. of three independent experiments is shown. *, p � 0.05,
unpaired t test.

FIGURE 7. Potential RV-induced signaling pathways that trigger cellular
responses. A, serum-starved hPRPE cells were treated with RV for 16 h, and
then the cell lysates were subjected to Western blotting analysis using the
antibodies indicated. Fold was calculated by first normalizing to the level of
either Akt, MDM2, or �-Actin and then calculating the ratio of stimulated over
basal (i.e. unstimulated) cells. This is representative of three independent
experiments. B, pathway 1 indicates that vitreous stimulation leads to the
activation of Erk, which phosphorylates Sp1, enhancing its association with
the GC-rich motif in the MDM2 promoter. Pathway 2 indicates that vitreous
stimulation leads to the activation of Akt and phosphorylation of MDM2, lead-
ing, in turn, to an increased association between MDM2 and p53. Both path-
ways resulted in degradation of p53, thereby enhancing cell proliferation and
survival.

FIGURE 5. MDM2 T309G enhancement of RV-induced cell survival against
apoptosis. A, hPRPE cells, as described in Fig. 3, were seeded into 60-mm
dishes at a density of 100,000 cells/dish in DMEM/F12 plus 10% FBS. After the
cells attached to the dishes (about 8 h), the medium was changed to either
DMEM/F12 or RV (diluted to 1:2 in DMEM/F12). The media were replaced
every day. On day 3, the cells were stained with FITC-conjugated annexin V
and propidium iodide in an apoptosis assay kit following the instructions of
the manufacturer. Cells that were stained with annexin V and/or propidium
iodide were detected and quantified by flow cytometry in a Coulter Beckman
XL instrument. The mean � S.D. of three independent experiments is shown.
One example of the experimental raw data is shown below the bar graphs. B,
the lysates of the cells treated as in A were subjected to Western blotting with
the antibodies indicated. Fold was calculated by first normalizing to the level
of �-Actin and then calculating the ratio of the stimulated over the basal (i.e.
unstimulated) cells. This is representative of three independent experiments.
*, p � 0.05, unpaired t test.
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CMV-GFP vector (V1) by SapI. All clones were confirmed by
DNA sequencing using a primer (5�-GGACTATCATATG-
CTTACCG-3�) from the sequence of the U6 promoter, which
drives the expression of sgRNAs.

hSyn-GFP in an AAV vector (Addgene, catalog no. 60958,
Cambridge, MA) (30) was replaced with the PCR-amplified
CMV-GFP from the pEGFP-C1 vector (Clontech, Mountain
View, CA, catalog no. 6084-1,) using Xbal/EcoRI. The PCR
primers for this amplification were as follows: forward, 5�-
CGTCTAGAgGGTACCgGGGCCCgGTCGACTAGTTATTAA-
TAGTAATCAATTACGG-3�; reverse 5�-CAGAATTCGCTGC-
AGGTTATCGAGATCTGAGTCCGGACTTGTA-3�. pAAV-
RSV-SpCas9 (V2) was derived from an AAV vector (Addgene,
catalog no. 60957) by replacing the promoter pMecp2 with the
PCR-amplified Rous sarcoma virus (RSV) from a pLKO.1-
shMDM2 vector (GE Dharmacon, Lafayette, CO) using XbaI/
AgeI. The PCR primers for this amplification were as follows:
forward, 5�-CGGTCTAGAAATGTAGTC TTATGCAATAC-
3�; reverse, 5�-CGGA CCGGTTTTATGTATCGAGCTAGG-
CAC-3�. The SpCas9 mutation (D10A) was generated in the
vector V2 using the following set of mutagenic primers:
5�-CAGCATCGGCCTGGCCATCGGCACCAACT-3� and its
complimentary oligonucleotide according to instructions pro-
vided with the QuikChange XL site-directed mutagenesis kit
(Stratagene, La Jolla, CA). To express SpGuides in hPRPE cells,
the top oligos: 5�-ACCG-20 nt (target MDM2 DNA sequences
1, 2 or LacZ sgRNA sequence) and bottom oligos: 5�-AAC-20
nt-C (20 nt: complimentary target MDM2 DNA sequences or
LacZ sgRNA sequence) were annealed and cloned into the V1
vector, respectively, and sequencing of PCR products, clones,
and mutations was done by the Massachusetts General
Hospital DNA Core Facility (Cambridge, MA).

Cell Culture and Transfection—hPRPE cells were purchased
from Lonza (Walkersville, MD) and cultured in DMEM: nutri-
ent mixture F-12 medium (F12) (Invitrogen) supplemented
with 10% FBS and 1% penicillin/streptomycin. HEK293T cells
(293 cells containing SV40 T-antigen) from Dana-Farber Can-
cer Institute/Harvard Medical School (Boston, MA) were cul-
tured in DMEM (high-glucose, 4.5g/ml) supplemented with
10% FBS. All cells were cultured at 37 °C in a humidified incu-
bator with 5% CO2 (4).

The constructs of pAAV-RSV-SpCas9 and pAAV-RSV-
SpCas9D10A were transfected into 293T cells using Lipo-
fectamine. Briefly, during transfection, Lipofectamine 2000
(Invitrogen) (3 �l) was mixed with the plasmid (1 �g) and incu-
bated at room temperature for 30 min. The transfection mix-
ture was then transferred to 293T cells that were �70% conflu-
ent. After 48 h, the resulting lysates were subjected to Western
blotting analysis using antibodies against Cas9 and �-Actin (4).

Western Blotting Analysis—Cells at 90% confluence in either
a 24- or 48-well plate were deprived of serum for 24 h under
continuous incubation and were then treated with or without
RV (diluted 1:2 in DMEM/F12) for 16 h. After the cells were
washed twice with ice-cold PBS, they were lysed in 1� sample
buffer, which was diluted with extraction buffer (10 mM Tris-
HCl (pH 7.4), 5 mM EDTA, 50 mM NaCl, 50 mM NaF, 1% Triton
X-100, 20 �g/ml aprotinin, 2 mM Na3VO4, and 1 mM phenyl-
methylsulfonyl fluoride) from 5� protein sample buffer (25 mM

EDTA (pH 7.0), 10% SDS, 500 mM dithiothreitol, 50% sucrose,
500 mM Tris HCl (pH 6.8), and 0.5% bromphenol blue). The
samples were boiled for 5 min and then centrifuged for 5 min at
13,000 � g. Proteins in the centrifuged and heated samples were
separated by 10% SDS-PAGE, transferred to PVDF membranes,
and subjected to Western blotting analysis using the appropri-
ate antibodies. Signal intensity was determined by densitome-
try using National Institutes of Health ImageJ software (4).

Transfection of hPRPE Cells—hPRPE cells were transfected
with pAAV-SpCas9D10A and pAAV-SpGuide (MDM2-
sgRNAs or LacZ-sgRNA) supplemented with a single-strand
homology repair template (ssHRT) (5�-GGAGTTCAGG-
GTAA AGGTCACG GG GGCCGGGGGCTGCGGGGCCG-
CTGCG GCGCGGGAGGTCCGGATGATCGCAGGTGCC-
TGTCGGGTCACTAG-3�, Integrated DNA Technologies,
Coralville, IA) using electroporation (Amaxa Biosystems).
Briefly, 5 � 105 cells were centrifuged at 100 � g for 10 min at
room temperature, and the cell pellet was carefully resus-
pended in 100 �l of room temperature Nucleofector solution
(Lonza). The cell solution was mixed with 2 �g of pAAV-
SpCas9D10A, 2 �g of pAAV-SpGuide vector, and 0.2 �g of
ssHRT and then transferred into a certified cuvette placed in
the nucleofector cuvette holder. The transfection was then
started in a predetermined program. Subsequently, 500 �l of
the pre-equilibrated culture medium was added into the
cuvette, and then transfected cells were transferred to one well
of a 6-well plate for continuous culture, supplemented with
Scr7 (5 �M). At 72 h post-transfection, GFP-positive hPRPE
cells were sorted by FACS to enrich the population of trans-
duced cells or into PCR tubes (one cell per tube with 5 �l of
QuickExtract DNA extraction solution (Epicenter Biotechnol-
ogies, Madison, WI) (33).

Surveyor Nuclease Assay and DNA Sequencing—During cul-
ture, some cells were pelleted for genomic DNA extraction
using QuickExtract DNA extraction solution (Epicenter Bio-
technologies) following the protocol of the manufacturer. In
brief, the pelleted cells were resuspended in QuickExtract DNA
extraction solution, vortexed for 15 s, at 65 °C for 6 min, vor-
texed for 15 s, and then at 98 °C for 5 min. The genomic region
on either side of the MDM2 SNP309 site was PCR-amplified
with high-fidelity Herculase II DNA polymerases (Agilent
Technologies, Santa Clara, CA). The PCR primers (forward, 5�-
GGGCGGGATTTCGGACGGC; reverse, 5�-CCACTGAAC-
CGGCCCAATC) were synthesized by the Massachusetts
General Hospital DNA core facility. The PCR products were
separated in 2% agarose gel and purified with a GeneJET gel
extraction kit (Thermo Scientific, Carlsbad, CA) for Sanger
DNA sequencing and next-generation sequencing performed
by the Massachusetts General Hospital DNA core facility and a
Surveyor nuclease assay performed according to the instruc-
tions of the manufacturer (IDT). Briefly, PCR products (300 ng)
from the agarose gel were incubated with the Surveyor nuclease
and Surveyor Enhancer S with an additional 1/10 MgCl2 (0.15
M) for 30 min at 42 °C, following the protocol recommended by
the manufacturer (IDT) (35).

Cell Proliferation Assay—hPRPE cells with MDM2 T309G or
WT cells were seeded into 24-well plates at a density of 30,000
cells/well in DMEM/F12 (Invitrogen) supplemented with 10%
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FBS. After the cells had attached to the plates (�8 h), the
medium was aspirated. The cells were then rinsed twice with
PBS and cultured in serum-free DMEM/F12 or RV (1:2 dilution
in DMEM/F12) with or without Nutlin-3 (10 �M). Next, the
cells were counted in a hemocytometer on day 3, and a mini-
mum of three independent experiments were performed (4).

Apoptosis Assay—hPRPE cells with MDM2 T309G or WT
cells were plated into 6-cm dishes at a density of 1 � 105 cells/
dish in DMEM/F12 with 10% FBS. After the cells had attached,
they were cultured on serum-free DMEM/F12 or RV (1:2 dilu-
tion in DMEM/F12) in the dishes. On day 3, the cells were
harvested and stained with FITC-conjugated annexin V and
propidium iodide according to the instructions provided with
the apoptosis kit (BD Biosciences, Palo Alto, CA). The cells
were analyzed by flow cytometry in a Coulter Beckman XL
instrument (4).

Statistics—The data from the three independent experiments
were analyzed using an unpaired t test in Prism 6 software. p Val-
ues of less than 0.05 were considered statistically significant.
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