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Mutations in genes in the retinal pigment epithelium (RPE) cause or contribute to debilitating ocular diseases,
including Leber’s congenital amaurosis (LCA). Genetic therapies, particularly adeno-associated viruses
(AAVs), are a popular choice for monogenic diseases; however, the limited payload capacity of AAVs com-
bined with the large number of retinal disease genes exceeding that capacity make the development of alter-
native delivery methods critical. Here, we test the ability of compacted DNA nanoparticles (NPs) containing a
plasmid with a scaffold matrix attachment region (S/MAR) and vitelliform macular dystrophy 2 (VMD2) pro-
moter to target the RPE, drive long-term, tissue-specific gene expression and mediate proof-of-principle
rescue in the rpe652/2 model of LCA. We show that the S/MAR-containing plasmid exhibited reporter gene
expression levels several fold higher than plasmid or NPs without S/MARs. Importantly, this expression
was highly persistent, lasting up to 2 years (last timepoint studied). We therefore selected this plasmid for
testing in the rpe652/2 mouse model and observe that NP or plasmid VMD2-hRPE65-S/MAR led to structural
and functional improvements in the LCA disease phenotype. These results indicate that the non-viral delivery
of hRPE65 vectors can result in persistent, therapeutically efficacious gene expression in the RPE.

INTRODUCTION

Mutations in many genes expressed in the retinal pigment epi-
thelium (RPE) cause debilitating degenerative diseases, in-
cluding Leber’s congenital amaurosis (LCA), Best’s disease,
retinitis pigmentosa and age-related macular degeneration
(1,2). Although adeno-associated virus (AAV)-based vectors
have been successful for ocular gene therapy (3–5), they are
limited by their payload capacity which is ,5 kb (6). Many
therapeutic expression cassettes exceed this size, making the
development of alternative therapeutic strategies extremely
important. As a result, we have developed nanoparticles
(NPs) comprising plasmid DNA compacted with lysine pep-
tides conjugated to polyethylene glycol (CK30PEG) for gene
delivery. These NPs can successfully incorporate DNA up to
at least 20 kb (7) without a significant decrease in their trans-
duction efficiency. We have shown that these NPs efficiently
transfect both photoreceptors (8–10) and RPE cells (9,11)
and can improve the disease phenotype in the rds+/2 model
of retinitis pigmentosa (8,10). They have been successfully

used in the lung and the brain (12–17) and result in no
toxic effects in the eye, even after repeated injections
(10,18,19). Although our initial studies in the RPE demon-
strated robust early NP-based gene expression, at longer time-
points, we observed a significant reduction in expression levels
and a drop in the number of transduced RPE cells (11). To
address this, we explored several genetic elements that have
been used to improve the levels and the duration of exogenous
gene expression in an effort to identify an improved plasmid
vector for RPE targeting. Scaffold/matrix attachment regions
(S/MARs) are one such element. S/MARs contain �70%
AT-rich regions (20) and have a high affinity for the nuclear
matrix (21). When located directly the downstream of the
expression cassette, S/MARs can help sustain enhanced gene
expression in some systems (22). This is thought to occur by
several mechanisms including transcriptional augmentation
(23), episomal maintenance of plasmid DNA associated with
the S/MAR (22) and insulator-like functions (23). These fea-
tures make S/MAR elements attractive for the long-term
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expression of non-viral vectors in RPE cells for which the per-
sistence of gene expression is an ongoing challenge.

Here, we assessed the ability of an S/MAR-containing
vector to generate persistent expression in RPE cells and the
ability of this vector to mediate phenotypic improvement in
the rpe652/2 model of LCA. We show that S/MAR-
containing vectors, either NP-compacted or -uncompacted,
can promote long-term (up to 2 years) elevated reporter
gene expression in the RPE of wild-type (WT) mice. Further-
more, we show that this vector can be used to deliver the
hRPE65 gene and promote improvement in the LCA pheno-
type of rpe652/2 mice. These data suggest that vectors and
NPs carrying S/MARs may provide a valuable non-viral ap-
proach for the genetic treatment of RPE-based diseases.

RESULTS

An S/MAR-containing vector exhibits enhances transgene
expression levels in the RPE

We previously observed that expression from NP-VMD2
(vitelliform macular dystrophy 2)-eGFP peaked at post-
injection day (PI)-2 and decreased up to PI-30, the longest
timepoint studied (11). Our goal is persistent expression
without a significant decrease over time, so we asked
whether a different vector might yield improved persistence
of expression. We chose to evaluate the pEPI vector (24–26),
which contains an S/MAR. We generated constructs carrying
the eGFP reporter gene under the control of the RPE-specific
VMD2 promoter in either the peGFP backbone (11) or the
pEPI backbone (with or without an S/MAR). The S/MAR in
the pEPI vector is from the 5′ region of the human b-interferon
gene and has been previously shown to enhance gene expres-
sion in CHO cells (22), hematopoietic stem cells in vitro (27)
and liver tissue in vivo (28). After compacting the vectors into
NPs, animals were subretinally injected in the superior central
region with either 1 ml of NP (NP-VMD2-eGFP or NP-
VMD2-eGFP-S/MAR; Supplementary Material, Fig. S1) or
uncompacted naked DNA (VMD2-eGFP or VMD2-eGFP-S/
MAR), at a concentration of 4.3 mg/ml. This concentration
and volume has been previously shown to drive efficient
retinal gene expression without causing toxicity (8–11,19).
Control animals were either uninjected or vehicle (saline)
injected.

We assessed gene expression at PI-2, PI-7, PI-30 and
PI-120. The decrease in expression we previously observed
for VMD2-eGFP (NPs and naked DNA) up to PI-30 (11) con-
tinued at PI-120: eGFP levels in NP-VMD2-eGFP-treated eyes
at PI-120 were significantly reduced by 75% compared with
levels at PI-2 (P , 0.01, by two-way analysis of variance
(ANOVA) time/treatment, Fig. 1A). In contrast, there was
no significant decrease in levels of expression from PI-2 to
PI-120 in naked or NP-VMD2-eGFP-S/MAR-treated eyes (al-
though means in NP-VMD2-eGFP-S/MAR were 25% lower at
PI-120 than PI-2). Although there was no significant differ-
ence in expression between NP-VMD2-eGFP and
NP-VMD2-eGFP-S/MAR at PI-2, the temporal decrease in
eGFP expression in NP-VMD2-eGFP-treated eyes without a
concomitant decrease in NP-VMD2-eGFP-S/MAR-treated

eyes resulted in PI-120 levels which were 3.5-fold higher in
NP-VMD2-eGFP-S/MAR- than NP-VMD2-eGFP-treated
eyes (Fig. 1A). A similar trend was observed for naked
VMD2-eGFP versus naked VMD2-eGFP-S/MAR: PI-120
levels were reduced by 87% (compared with PI-2) in
VMD2-eGFP-treated eyes, but only reduced by 28% in
VMD2-eGFP-S/MAR-treated eyes. NP-VMD2-eGFP-treated
eyes exhibited eGFP levels significantly higher than
VMD2-eGFP naked DNA-treated eyes at PI-2, but levels
were not significantly different in NP-VMD2-eGFP-S/MAR
versus VMD2-eGFP-S/MAR at any timepoint (although
means were always lower in naked DNA-treated eyes than
NP-treated eyes).

As expected, eGFP expression was limited to the RPE layer
(Fig. 1B–E) after treatment with any vector/NP.
Co-localization is detected between eGFP and the RPE cell
marker RPE65 (red, Fig. 1D), but not between eGFP and the
photoreceptor marker RDS (red, Fig. 1C) in all groups
(Fig. 1B–D shows a naked VMD2-eGFP-S/MAR-treated
eye, all groups shown in Fig. 1E).

We next assessed the extent to which eGFP was distributed
throughout the retina at PI-120. eGFP-positive cells were
detected in all cohorts except saline via in vivo fundus
imaging (Fig. 1F), and the examination of RPE whole
mounts (Fig. 1G). Fundus images suggested that expression
from S/MAR-containing vectors was more widely distributed
than that from non-S/MAR vectors and that the retinal distri-
bution is enhanced for NPs compared with naked DNA.
Next, a blinded observer scored the percentage of cells expres-
sing eGFP in RPE whole mounts. eGFP-expressing cells were
detected in all quadrants (Fig. 1H), indicating that expression
was not limited to the region of injection. Significantly more
eGFP-expressing cells were detected in eyes injected with S/
MAR-containing vectors; in the superior quadrant, 40%
(naked) and 50% (NP) of cells in S/MAR-injected eyes
expressed eGFP, while only 8% (naked) and 20% (NP) of
cells expressed eGFP in eyes injected with non-S/MAR
vectors (Fig. 1H, ∗∗P , 0.01, ∗∗∗P , 0.001). There were no
significant differences between NP and naked DNA-treated
eyes (either plasmid) in any quadrant. A similar trend was
seen in all other quadrants. Although expression was not
limited to the region of injection, the highest number of
expressing cells was detected in the superior quadrant (consist-
ent with injection in the superior central region), with the
mean number of eGFP-positive cells following the trend
superior . nasal . temporal . inferior for all groups. Supple-
mentary Material, Figure S2 shows data from Figure 1H
replotted to illustrate these quadrant-based differences. Inter-
estingly, although there was no statistically significant differ-
ence between the percent of eGFP-expressing cells in each
quadrant in NP-VMD2-eGFP-S/MAR and VMD2-eGFP-S/
MAR (Fig. 1H), it appears that NP-VMD2-eGFP-S/MAR
has a slightly broader distribution throughout the retina com-
pared with VMD2-eGFP-S/MAR: as shown in Supplementary
Material, Figure S2A, NP-VMD2-eGFP-S/MAR-treated eyes
exhibited no statistically significant decrease in the number
of cells expressing GFP between the superior and nasal quad-
rants (GFP-positive cells in the temporal and inferior quad-
rants were significantly fewer than those in the superior
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quadrant). In contrast, there was a striking, statistically signifi-
cant drop in GFP-positive cells from the superior quadrant to
all other quadrants in VMD2-eGFP-S/MAR-treated eyes (Sup-
plementary Material, Fig. S2A). Overall, our results indicate
that at PI-120 �21% of all RPE cells express eGFP in the
eyes treated with S/MAR-containing vectors.

S/MAR-containing vectors generate long-term transgene
expression in the RPE

Given the positive data with S/MAR containing vectors at
PI-120, we selected this vector for long-term testing. eGFP
mRNA levels from S/MAR NPs remained detectable up to

Figure 1. S/MAR vectors drive retinal gene expression. (A) Quantitative real-time PCR (qRT-PCR) analysis was conducted at PI-2, PI-7, PI-30 and PI-120 on whole
eyes from WT animals after P30 injection of the indicated vectors. eGFP levels were normalized to the housekeeping gene HPRT. ∗P , 0.05 and ∗∗P , 0.01 in
two-way ANOVA with Bonferroni’s post hoc test. All significant pairwise comparisons are shown. PI-2, PI-7 and PI-30 data for VMD2 eGFP and NP-VMD2-eGFP
are replotted from (11). Experiments were conducted under the same conditions and by the same person here as in (11), and HPRT values were consistent across
timepoints. (B–D) Cryosection taken at PI-120 from an animal injected with VMD2-eGFP-S/MAR. (B) Native eGFP fluorescence, DAPI and Nomarski. (C)
IHC of the same eye as (B) showing single planes with eGFP, DAPI and anti-RDS labeling (red). (D) IHC showing eGFP and anti-RPE65 labeling (red). (E) Rep-
resentative images showing native eGFP fluorescence in the RPE. (F) Fundus images showing the distribution of eGFP expression at PI-120. (G) Native eGFP fluor-
escence in representative RPE whole mounts at PI-120. (H) eGFP-positive cells at PI-120 were counted in six 20× images from each quadrant. Values were summed
and expressed as a fraction of the total number of RPE cells counted (6000–7000 cells counted per eye). ∗P , 0.05, ∗∗P , 0.01 and ∗∗∗P , 0.001 by one-way
ANOVA with Bonferroni’s post hoc test. All significant comparisons are shown. n ¼ 3–4 eyes/group for each experiment. Scale bar: B–D, 10 mm; E and G,
20 mm. RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer.
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the longest timepoint tested (PI-360, Fig. 2A) with no signifi-
cant decrease in expression compared with PI-120 (Fig. 2A).
Interestingly, the uncompacted S/MAR vector drove persistent
gene expression in addition to the NP-compacted vector, al-
though on average mRNA expression levels from the uncom-
pacted vector were lower (not statistically significant) than
NPs. As at other timepoints, at PI-360, eGFP expression was
in RPE cells; observe the co-localization of eGFP (green)
with immunolocalization of RPE65 (red) in an RPE whole
mount in Figure 2B (shown for NP-VMD2-eGFP-S/MAR).
Fundus images collected at PI-360 (Fig. 2C) confirm the con-
tinued expression of eGFP in a pattern similar to that observed
at PI-120. To assess the distribution at long timepoints, eGFP-
positive cells were quantified in RPE whole mounts (Fig. 2D)
at PI-720 (PI-2 years). At PI-2 years, expression was seen
throughout the RPE cell layer, but with a larger percent of
expressing cells in the superior quadrant (38.8 and 44.4%
for naked and NP, respectively) compared with the other quad-
rants (Fig. 2E). There was no significant drop in the percent of
eGFP-expressing cells from PI-120 to PI-2 years, and at PI-2
years, there was no statistically significant difference in any
quadrant between naked and NP-treated eyes. Finally, whole
mounts from eyes collected at PI-2.5 years were examined
and they too exhibited tissue-wide eGFP expression similar
to that seen at the 2-year timepoint (Supplementary Material,
Fig. S3). These results indicate that S/MAR-based vectors
mediate the sustained expression of reporter genes in the RPE.

S/MAR-containing vectors generate improvement in the
LCA phenotype in rpe652/2 mice

Given the favorable expression profile of the S/MAR-
containing vectors, we elected to use them for phenotypic
rescue studies in an RPE disease model. The logical choice
was the rpe652/2 murine model of LCA which has been com-
monly used for gene therapy studies (29–31). The human
RPE65 cDNA was cloned into the S/MAR vector in the
place of eGFP and after compaction was subretinally injected
in rpe652/2 mice. Mice were treated at postnatal day 16, since
early treatment has provided better improvements in LCA phe-
notypes (32,33). Since the S/MAR-containing vectors drove
long-term reporter gene expression in the RPE, we assessed
phenotypes at PI-180. RPE65 message levels were assessed
using primers that amplified from both mouse and human
orthologs. RPE65 message levels in the eyes treated with
naked (plasmid, p-) or NP-VMD2-hRPE65-S/MAR were
�50% of WT levels (Fig. 3A). There were no statistically
significant differences between levels of expression in
NP-VMD2-hRPE65-S/MAR-treated eyes compared with
VMD2-hRPE65-S/MAR-treated eyes. In common with other
studies (34), we observe no stable RPE65 message in unin-
jected rpe652/2 mice. Immunolabeling with antibodies
against human/mouse RPE65 (green) showed that, as
expected, expression was restricted to the RPE (Fig. 3B).

To determine whether this expression-mediated improve-
ments in the LCA phenotype, RPE structure and retinal func-
tion were evaluated at PI-180. At this age, untreated rpe652/2

mice exhibit several structural phenotypes including: (i)
reduced outer nuclear layer (ONL) thickness, (ii) reduced
cone number (35), (iii) accumulation of lipid-like droplets in

the RPE cells (34), (iv) expansion of RPE basal infoldings
into the RPE cytosol (36) and (v) increased fundus albipuncta-
tus phenotype (37).

Morphometric analysis of central retinal sections collected
from both naked DNA and NP-injected eyes showed improved
ONL thickness in the superior central region at PI-180 (Fig. 3C
and D, significant differences between WT/uninjected-∗, unin-
jected/NP-hRPE65-+ and uninjected/p-hRPE65-^), but not
in the inferior region, consistent with the distribution of ex-
pression we observed with the eGFP vectors. There were no
significant differences in ONL thickness between NP-
VMD2-hRPE65-S/MAR-treated eyes and VMD2-hRPE65-
S/MAR-treated eyes. Next, the number of cones in 4 fields
from each quadrant (16 fields per eye at 20 times magnifica-
tion) was counted from retinal flatmounts labeled with anti-
bodies against short wavelength (SWL) cone opsin (red,
Fig. 3F) and medium wavelength (MWL) cone opsin (green,
Fig. 3F) and then averaged to give an overall value represent-
ing the number of remaining cones across the whole retina. In
keeping with the structural improvement in the ONL, treatment
with NPs resulted in the significant preservation of both MWL
and SWL cones (Fig. 3E and F), while naked DNA treatment
resulted in the significant preservation of MWL cones com-
pared with saline treatment (∗P , 0.05).

We next examined the accumulation of lipid droplets, ap-
pearance of white fundus spicules (a fundus albipunctatus
phenotype), RPE basal infoldings and Bruch’s membrane.
The number and size of lipid droplets in the RPE at PI-180
was assessed by a blinded observer in 10–15 images per eye
collected along the inferior–superior plane (Fig. 3G, arrows
in Fig. 3H, n ¼ 4–5 eyes/group). Treatment with VMD2-
hRPE65-S/MAR naked DNA or NPs resulted in a reduction
in the RPE area occupied by lipid droplets (Fig. 3G, top)
and fewer lipid-like droplets overall (Fig. 3G, bottom) when
compared with untreated eyes, although the differences were
not statistically significant. In addition, we observed a reduc-
tion in the appearance of white dots (arrows, Fig. 3I) in the
fundus images of NP and naked VMD2-hRPE65-S/MAR-
treated animals at PI-180 (Fig. 3I, Supplementary Material,
Fig. S4). Consistent with the distribution of gene expression,
this reduction in the white dot phenotype was most pro-
nounced in the superior region; observe the white spots in
the inferior region of the naked VMD2-hRPE65-S/MAR
fundus (Fig. 3I, arrowhead). Normally, the RPE exhibits
lobular basal infoldings (boxes, Supplementary Material,
Fig. S5) protruding toward Bruch’s membrane. In the
absence of RPE65, these infoldings begin to protrude abnor-
mally into the RPE cytoplasm and exhibit a more thread-like
appearance (Supplementary Material, Fig. S5, red arrows), a
defect not observed in DNA and NP-treated eyes (Supplemen-
tary Material, Fig. S4).

Functionally, rpe652/2 mice exhibit minimal or no scotopic
retinal function, reduced MWL green-cone signal and extin-
guished SWL UV-cone signals (34,38). Although no signifi-
cant improvement was observed in the scotopic a-wave in
treated animals (Fig. 4A and C, left panel), scotopic b-waves
were improved in NP and naked DNA-treated animals com-
pared with controls (∗P , 0.05, Fig. 4C, right panel) at
PI-180. Importantly, at PI-180, NP and naked DNA-treated
eyes exhibited significantly higher green photopic b-wave (a
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measure of MWL cone function) and UV photopic b-wave (a
measure of SWL cone function) amplitudes compared with
saline-treated animals (∗∗P , 0.01 and ∗P , 0.05, Fig. 4D).
Improvement in MWL cone function was particularly robust,
with green b-wave amplitudes 71 and 79% of WT in DNA
and NP VMD2-hRPE65-S/MAR-treated eyes, respectively. Al-
though SWL cone function was improved by 2–3-fold in treated
eyes, UV b-wave amplitudes in DNA- and NP-treated animals
were only 21 and 25% of WT, respectively. These results are
consistent with our morphometric studies which showed better
improvement in MWL cones than SWL cones (Fig. 3E). There
were no significant differences in any functional parameters

between NP- and naked DNA-injected animals. Overall,
these data show that S/MAR containing vectors, either NP
compacted or uncompacted, can generate significant structural
and functional improvement in the rpe652/2 LCA phenotype.

DISCUSSION

The rpe652/2 mouse and other RPE65 mutant disease models
have been extensively used to test a variety of gene therapy
vectors, including AAVs (3–5,32,39). While AAVs may be
a good option for the treatment of RPE65-associated LCA,

Figure 2. S/MAR-containing vectors drive retinal gene expression for up to 2 years. (A) qRT-PCR was conducted on whole eyes injected with S/MAR-
containing vectors (n ¼ 5–8/group) at PI-360, PI-120 results from Figure 1A shown for comparison. (B) PI-360 RPE whole mounts labeled with antibodies
against RPE65 (red) and native eGFP fluorescence. (C) Fundus images showing eGFP expression at PI-360. (D) RPE whole mounts showing native eGFP fluor-
escence with DAPI at PI-2 years. (E) eGFP-positive cells were counted in six images (×20 magnifications) from each quadrant of injected eyes at PI-2 years.
Values were summed and expressed as a fraction of the total number of RPE cells counted. There were no significant differences between naked DNA and NP
injections in all quadrants (P . 0.05). Scale bar: (B) 10 mm; (D) 50 mm.

1636 Human Molecular Genetics, 2013, Vol. 22, No. 8



Human Molecular Genetics, 2013, Vol. 22, No. 8 1637



many ocular disease genes are too large for AAVs. Neither de-
livery option we study here (naked DNA or compacted NPs)
has defined size limitations. Our unimolecularly compacted
DNA NPs have shown no loss of transduction efficiency in
the lung with plasmids up to 20 kb (largest size tested) (7),
and we have used DNA NPs carrying a 14 kb plasmid to
target photoreceptors and mediate phenotypic rescue in the
Abca42/2 model of Stargardt’s disease (40). Our work here
shows that for RPE targeting, effective long-term gene expres-
sion can be obtained with naked or nanocompacted S/MAR-
containing plasmids. This longevity of expression is critical
for the treatment of chronic disease in post-mitotic tissues
and has not previously been shown in the RPE using non-viral
vectors. Interestingly, a main limitation we found was that
only �20% of RPE cells expressed the transduced gene.
While expressing cells were distributed throughout the
retina, they were most concentrated in the region of injection.
Gene expression levels were high (�50% of WT in treated
rpe652/2 mice), suggesting that individual cells are expres-
sing the transduced gene at levels near or exceeding the WT
level and that future studies will need to focus on expanding
the distribution of gene expression.

A main feature of our results is that throughout the current
studies, we did not observe any statistical difference between
the outcomes in S/MAR-based naked DNA- versus NP-treated
eyes. This is in striking contrast to our work in photoreceptors
in which we have seen that uncompacted S/MAR-containing
vectors do not generate gene expression or mediate phenotypic
rescue nearly as well as their nanocompacted counterparts (40).
Thus, there are two distinct questions here: (i) why is the naked
S/MAR vector as effective as the nanocompacted S/MAR
vector at RPE targeting and (ii) why does the naked S/MAR-
containing vector generate better gene expression than the
naked non-S/MAR vector? We hypothesize that equivalent effi-
cacy of nanocompacted versus naked is due to the phagocytic
activity of the RPE. RPE cells are highly phagocytic in nature
(41), a physiological feature which facilitates non-specific
uptake but is not shared by photoreceptors. NPs transfect
some cells by a nucleolin-mediated specific uptake pathway
(42,43), and their robust uptake into non-phagocytic cells,
such as photoreceptors, is thought to depend on this process.

The increased persistence of the expression of the S/MAR
containing vectors compared with the non-S/MAR vectors is
likely due to the ability of the S/MAR to increase DNA per-
sistence in the nucleus and increased localization to active

regions of the nucleus, two well-established features of S/
MARs. Increased gene expression from S/MAR-containing
vectors has been hypothesized to be based on position
effects and increased stability of the message (22,23). It has
also been shown in vitro that the positioning of S/MAR imme-
diately downstream of the expression cassette is required for
episomal maintenance (22), a favorable feature for gene
therapy compared with random integration. Overall, our data
showing the maintenance of RPE transgene expression for
the life of the animal significantly enhance the clinical rele-
vance of non-viral gene therapy for chronic ocular diseases.

Here, have identified a plasmid vector which can mediate
persistent gene expression and can mediate improvement in
a disease model, a critical step for new therapeutic tools.
We observe that treated rpe652/2 mice exhibited improve-
ments in ONL thickness, improvements in scotopic and pho-
topic ERGs, reduction in the white dot fundus phenotype
and a reduced (although non-significant) accumulation of
lipid droplets compared with control eyes. These phenotypes
are due to the accumulation of retinyl esters as a result of
lack of RPE65 isomerohydrolase activity, and their attenuation
suggests that the delivered hRPE65 is functional. These results
are further supported by our Supplementary data showing that
treatment results in a reduction in the extension of basal
infoldings into the RPE cytoplasm (an indicator of RPE
atrophy) and increased retinal health (preservation of cones).

These phenotypes correlate with loss of vision (34) and we
observed the significant preservation of cone function. While
we were surprised by the lack of improvement in the scotopic
ERGs, the refractory nature of this phenotype has been well-
documented (31,44) and may be due to decreased synthesis
of 11-cis retinal in these mice (37). In support of this hypoth-
esis, the administration of 9-cis retinal (precursor for the visual
chromophore) has led to improvements in scotopic ERG (45),
suggesting that a combinatorial approach of dietary supple-
mentation and gene therapy may yield optimal results. A com-
binatorial approach consisting of gene replacement therapy
and oral delivery of retinoid precursors has shown to yield a
significant improvement in the rod vision in another LCA
model with defects in retinoid processing (lrat2/2) (46).

In conclusion, we here report that naked or compacted DNA
incorporating eGFP cDNA results in elevated, prolonged (2.5
years) gene expression in the RPE and that these vectors, when
encoding hRPE65, can mediate phenotypic improvement in
rpe652/2 mice. Previously, we also demonstrated the safety

Figure 3. S/MAR-containing hRPE65 vectors mediate improvement in structural phenotypes in the rpe652/2 model. (A) qRT-PCR was conducted at PI-180 on
whole eyes from rpe652/2 animals injected at P16 with S/MAR-containing hRPE65 vectors using primers that amplify from both mouse and human RPE65.
∗∗P , 0.01 by one-way ANOVA with Bonferroni’s post hoc comparison. (B) IHC showing the distribution of RPE65 (green) at PI-180 in rpe652/2 mice using
Abcam antibody 13826 against human and mouse RPE65. (C) ONL thickness was measured at PI-180 at increasing distances from the optic nerve head (ONH).
Asterisk indicates significant differences between WT and uninjected, plus symbol indicates significant differences between NP and uninjected, arrow head
symbol indicates significant differences between naked and uninjected. One symbol, P , 0.05, two symbols, P , 0.01, three symbols P , 0.001 by two-way
ANOVA with Bonferroni’s post hoc tests. n ¼ 3–5 eyes/group. (D) Representative images used for quantification in (C). (E and F) PI-180 retinal whole
mounts were labeled with antibodies against MWL cone opsin (upper panels F, green) and SWL cone opsin (lower panels F, red). Cones were counted in
16 images (four/quadrant) from each eye using ImageJ. Values were averaged to give mean cone counts/field for the whole eye. n ¼ 4 eyes/group. Shown
in (E) are the mean+SEM. ∗P , 0.05 in one-way ANOVA with Bonferroni’s post hoc test. (G and H) RPE lipid droplets (arrows, H) were counted and
their area measured in 10–15 EM images/eye (4 eyes/group) at PI-180. Representative EMs shown in (H). The mean area occupied by the lipid droplets/
100 mm2 of RPE is shown in the top panel of (G), while the mean number of lipid droplets/100 mm2 of RPE is shown in the bottom panel of (G) (+SEM).
(I) Fundus images were obtained at PI-180 showing improvement in lipid droplet accumulation at the region of injection. Black arrow shows white spicules
indicative of retinyl ester accumulation; white arrowhead shows the same phenotype in the inferior of a VMD2-hRPE65-S/MAR-treated eye. Scale bars: (B)
40 mm; (D) 20 mm; (F) 50 mm; (H) 200 nm. RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, ganglion cell layer.

1638 Human Molecular Genetics, 2013, Vol. 22, No. 8



of similar vectors in both single and repeat injections
(10,18,47). These data suggest that S/MAR containing DNA
and NPs may be an excellent addition to the available reper-
toire of clinically feasible treatments for RPE-based disorders.

MATERIALS AND METHODS

Plasmid DNA construction and NP compaction

The human VMD2 promoter (2585/+38) was cloned into
pEGFP-1 (Invitrogen, CA, USA) and the pEPI-eGFP vector
containing an S/MAR (Supplementary Material, Fig. S1) gen-
erously shared by Dr Isa Stehle/Dr Hans Lipps (University of
Witten/Herdecke) (24–26). In some experiments, eGFP was

replaced by hRPE65 cDNA (Supplementary Material,
Fig. S1). Purified, endotoxin-free plasmid was compacted
into NPs as previously described using acetate as the lysine
counterion (7,48). After initial formulation, NPs were concen-
trated to 4.3 mg/ml in saline.

Animal care and subretinal injections

Animal experiments were approved by the Institutional Animal
Care and Use Committee (University of Oklahoma, Oklahoma
City, USA) and were performed under the guidelines of the As-
sociation of Research in Vision and Ophthalmology (Rockville,
MD, USA). WT Balb/c and rpe652/2 mice were maintained
under cyclic light (12L-30 lux:12D) conditions. Fundus

Figure 4. S/MAR-containing hRPE65 vectors mediate improved cone function in rpe652/2 mice. Full-field scotopic (A) and photopic (B, white light) ERG was
performed at PI-180. (C) Mean scotopic a-wave (left) and b-wave (right) amplitudes (+SEM). (D) Mean photopic b-wave amplitudes (+SEM) recorded in
response to green (left, MWL cones) or UV (right, SWL cones) light. ∗P , 0.05 and ∗∗P , 0.01 in one-way ANOVA with Bonferroni’s post hoc test. n ¼
7–15 eyes/group.
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imaging experiments using rpe652/2 mice were done on mice
in the agouti background; however, all other experiments were
conducted on albino mice (either rpe652/2 or WT). Subretinal
injections were performed as described previously (11) at either
P30 (Balb/c) or P16 (rpe652/2). Subretinal injections were
trans-corneal in all animals used for quantitative real-time
PCR (qRT-PCR) and native fluorescence. To minimize
corneal and lens opacification that can interfere with in vivo
imaging, for fundus photography, subretinal injections were
trans-scleral. Briefly, all injections were performed with 1 ml
of 4.3 mg/ml DNA or NPs. Both trans-scleral and trans-corneal
injections delivered the material at the superior-nasal portion of
the mouse eye. Injection was performed by a single individual at
�85% success rate.

Quantitative real-time PCR

qRT-PCR was performed and data were analyzed as described
previously (11). eGFP levels and RPE65 levels were normal-
ized to the housekeeping gene HPRT. Primers used in these
experiments are in Supplementary Material, Table S1. The ex-
perimental data set that has been replotted in Figure 1 and
other data sets were performed and analyzed by same individ-
ual. HPRT values were consistent throughout all experiments.
RPE65 mRNA was undetectable in the rpe652/2 animals by
RT-PCR using the primers mentioned in Supplementary Ma-
terial, Table S1.

Immunohistochemistry

Immunohistochemistry was performed as described previously
(11). Retinal cryosections or whole mounts were blocked and
incubated overnight with antibodies against human and mouse
RPE65 (Abcam, ab13826, 1:300), mouse RPE65 (shared by
Dr J. Ma, 1:500), GFP (Invitrogen, A11122, 1:1000),
RDS-CT (generated in- house against the C-terminal of
RDS, 1:1000) (49), Lamin B1 (Santa Cruz, sc-20682,
1:300), S-opsin (Santa Cruz, sc-14363, 1:500) or M-opsin
(generously shared by Dr. Cheryl Craft, 1:25 000) (50).
Images were acquired with a BX-62 spinning disk confocal
microscope (Olympus). For experiments in which eGFP-
positive cells were counted, only cells exhibiting robust
eGFP signal throughout the cytoplasm were counted: cells
with a spotted pattern were not considered positive. Images
for the quantification of these cells were taken at 20× magni-
fication.

Electroretinography

Mice were dark adapted overnight, anesthetized and electrore-
tinography (ERG) was performed as described previously
(49). Briefly, a stimulus intensity of 2.13 log cd s/m2 was pre-
sented to dark-adapted, dilated eyes in a ganzfeld (Model
GS-2000; LKC Technologies, Gaithersburg, MD, USA) to
record scotopic a- and b-wave responses. Photopic responses
were evaluated after a 5 min light adaptation at 1.46 log cd
s/m2. Photopic measurements are averages of 25 strobe
flashes of white light (1.89 log cd s/m2), green light (510 nm
peak, 1.09 log cd s/m2) or UV light (360 nm peak,

20.10 log cd s/m2). Amplitudes are presented as the
mean+SEM.

Fundus imaging

Fundus imaging was performed as described previously (11).
Briefly, mice were anesthetized, placed on a pedestal and
the eye was placed under the lens of the MICRON III
camera (Phoenix Laboratories). Images were taken using
brightfield or GFP filters. Gain function in the camera control-
ler was assigned the maximum value for images taken with the
GFP filter (excitation, 482 nm, emission, 536 nm). Fundus
images were captured at equal exposure times. Background
correction involved removing all signal below a threshold in-
tensity from each image. This threshold was the same for all
images and does not impact interpretation of the data.

Transmission electron microscopy

Electron micrographs of NPs (7,48) and retinal sections (8)
were prepared as described previously. Lipid droplets were
manually counted from 10 to 16 EMs per eye (cut superior-
inferior) and 4–5 animals for each cohort. The area occupied
by the RPE and the lipid droplets in the EMs were calculated
using Adobe Photoshop CS3.

Retinal morphometry and ONL thickness measurements

About 10–14 40× images were taken from all cohorts starting
from the optic nerve head at an interval of 0.5 mm. ONL thick-
ness was measured in Adobe Photoshop CS3 from three
sections each and averaged for each data point. For each
cohort, images were taken along the vertical meridian-superior
and inferior to the optic nerve head.

Statistical analyses

Statistics were performed as indicated in each figure using
one-way or two-way ANOVA with Bonferroni’s post hoc
comparisons as necessary for each experiment. All results
are two-tailed with significance defined at a P-value of ,0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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