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Our collaborative successful gene replacement therapy using AAV vectors expressing a variant of human
RPGR-ORF15 in two canine models provided therapeutic proof of concept for translation into human
treatment. The ORF15 sequence contained within this AAV vector, however, has ORF15 DNA sequence
variations compared to the published sequence that are likely due to its unusual composition of repetitive
purine nucleotides. This mutability is a concern for AAV vector production and safety when contemplating a
human trial. In this study, we establish the safety profile of AAV-hIRBP-hRPGR and AAV-hGRK1-hRPGR
vectors used in the initial canine proof-of-principle experiments by demonstrating hRPGR-ORF15 sequence
stability during all phases of manipulation, from plasmid propagation to vector production to its stability
in vivo after subretinal administration to animals. We also evaluate potential toxicity in vivo by investi-
gating protein expression, retinal structure and function, and vector biodistribution. Expression of hRPGR
is detected in the inner segments and synaptic terminals of photoreceptors and is restricted to the con-
necting cilium when the vector is further diluted. Treated eyes exhibit no toxicity as assessed by retinal
histopathology, immunocytochemistry, optical coherence tomography, fundoscopy, electroretinogram, and
vector biodistribution. Therefore, the hRPGR-ORF15 variant in our AAV vectors appears to be a more
stable form than the endogenous hRPGR cDNA when propagated in vitro. Its safety profile presented here
in combination with its proven efficacy supports future gene therapy clinical trials.

INTRODUCTION
Retinitis pigmentosa (RP) is a common form of
genetically heterogeneous, inherited retinal dis-
eases characterized by progressive degeneration of
rod and cone photoreceptor cells and affects 1 in
4000 individuals.1,2 The X-linked form of RP
(XLRP), comprising an estimated 15% of total RP
cases, is among the most severe forms.3 Mutations
in the gene coding for RP GTPase regulator (RPGR)
cause XLRP and account for over 70% of cases.4,5

Males carrying RPGR mutations typically show
signs of night blindness and restriction of visual
fields in their first or second decade of life, and the
disease often progresses to nearly complete vision
loss in the fourth or fifth decade.6–8 Female carriers
are usually not affected, but can occasionally ex-
hibit electroretinogram (ERG) defects.6,9,10

The RPGR gene uses alternative splicing sites
and polyadenylation signals producing multiple

transcript variants.11 The RPGR-ORF15 variant is
primarily expressed in the retina and contains exons
1–14 with a large, alternatively spliced exon ORF15
at its terminus.5,11–14 RPGR-ORF15 is localized in
rod and cone photoreceptor-connecting cilia and
appears to play a role in regulating protein traf-
ficking between inner and outer segments as well as
in microtubular organization. Consistent with this,
RPGR-ORF15 co-immunoprecipitates with several
axonemal, basal body, and microtubular transport
proteins.15,16 In both RPGR-deficient12 and rd9
mutant mice,17 M-cone opsin is mislocalized and rod
outer segments have a reduced level of rhodopsin.

Animal models that harbor natural RPGR mu-
tations or transgenic RPGR mutant mice contrib-
uted to a better understanding of the disease
mechanism and gave rise to potential therapeutic
interventions.12,17–20 Recently, gene therapy in two
RPGR-XLRP canine models that carry different
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ORF15 mutations21 provides proof of concept for
treating RPGR mutations within the ORF15 re-
gion.22 AAV-mediated gene transfer of a full-length
human RPGR-ORF15 cDNA, driven by either
the human interphotoreceptor retinoid-binding
protein (hIRBP) promoter or the human G-protein-
coupled receptor kinase 1 (hGRK1) promoter, pre-
vented photoreceptor degeneration and preserved
retinal function in both canine models.

RPGR-ORF15 contains purine-rich repeats and
encodes a repetitive glycine- and glutamic acid-rich
domain of unknown function and a basic C-terminal
domain. Mutations in ORF15 account for 50–60% of
pathogenic RPGR mutations, and therefore this
region is regarded as a mutation hotspot.4,5,23 The
unusual sequence within ORF15 was suggested to
promote polymerase arrest and slipped strand
mispairing and therefore produces a high frequency
of microdeletions, frameshifts, and premature ter-
mination of translation.5 An ORF15 sequence con-
taining plasmid when propagated in E. coli cells is
also prone to mutate.24 In fact, the ORF15 cDNA
that we demonstrate successful gene therapy in the
two canine models22 contain sequence variations
compared with the published human RPGR ref-
erence sequence. Therefore, the stability of the
ORF15 sequence within the AAV vectors contain-
ing hRPGR cDNA and the potential toxicity of the
mutated sequence remain to be critical issues that
have to be addressed before attempting an RPGR
XLRP-based gene therapy clinical trial. In this
study, we demonstrate the sequence stability of
the ORF15 cDNA variant contained within AAV-
hIRBP-hRPGR and AAV-hGRK1-hRPGR during
plasmid and AAV vector production. We also show
that ORF15 cDNA sequence remains the same
in vivo. Furthermore, expression of this variant
of hRPGR-ORF15 shows no toxicity in injected
mouse eyes as assessed by retinal morphology and
function.

MATERIALS AND METHODS
Animals and ethics statement

All experiments were approved by the local In-
stitutional Animal Care and Use Committees at

the University of Florida and performed in accor-
dance with the Association for Research in Vision
and Ophthalmology Statement for the Use of Ani-
mals in Ophthalmic and Vision Research and Na-
tional Institutes of Health regulations. All animals
were obtained from The Jackson Laboratory (Bar
Harbor, ME) and maintained in the University of
Florida Health Science Center Animal Care Ser-
vices Facilities on a 12-hr-light/12-hr-dark cycle.

Construction and packaging of AAV vectors
The assembly and cloning of the full-length

human RPGR-ORF15 cDNA into pBluescript was
described previously.22 The plasmid was propa-
gated in E. coli Stbl4 (Life Technologies, Grand
Island, NY). To move hRPGR-ORF15 cDNA into
AAV vectors, a NotI linker-containing sequence
was introduced into the pBluescript plasmid
backbone. hRPGR-ORF15 cDNA was then excised
utilizing these flanking NotI sites and subcloned
into an AAV vector plasmid under the control of the
hGRK1 promoter. To make AAV-hIRBP-hRPGR,
the hGRK1 promoter was replaced with the hIRBP
promoter (Fig. 1). E. coli SURE cells (Agilent Tech-
nologies, Santa Clara, CA) were used for cloning and
in subsequent plasmid retransformation and prop-
agation steps to prevent inverted terminal repeat
(ITR) loss. Vector plasmids were packaged in AAV
serotype 5 (AAV2/5) by transfection of HEK293
cells according to previously published methods.25

Isolation and characterization of DNA
from rAAV vector genomes

Sequence characterization of viral vector ge-
nomes was carried out on nuclease-resistant DNA.
Aliquots of vector preparations were treated with
benzonase nuclease (Sigma-Aldrich, St. Louis, MO)
to remove any residual plasmid DNA and vector
genomes not packaged inside of rAAV capsids that
may be carried over during vector production.
Equal volumes (500 ll) of purified rAAV vector
were mixed with 2 · benzonase buffer and 8 ll
(2600 units) of benzonase and the sample was in-
cubated at 37�C for 60 min. Then 254 ll of 5 · pro-
teinase K buffer and 10 ll (197 lg) of proteinase K

Figure 1. Schematic of AAV-hIRBP-hRPGR-ORF15 showing the NotI restriction sites used for moving hRPGR-ORF15 cDNA into an AAV vector, XbaI and Sal I sites
used for excising hRPGR-ORF15 cDNA from purified rAAV DNA, and the positions of the primers (P1–P6) used to amplify the three overlapping hRPGR-ORF15 fragments
from episomal rAAV. hIRBP pro, human IRBP promoter; poly-A, polyadenylation signal; SD/SA, splice donor and acceptor sites; TR, inverted terminal repeats.
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were added to remove the capsid proteins and in-
cubated at 37�C for 60 min. Benzonase and pro-
teinase K were subsequently removed by phenol/
chloroform extraction. DNA was precipitated by
adding 1/10 volume of 3 M Na acetate (pH 5.2) and
2 volumes of 100% EtOH and incubated at - 25�C
for 1 hr. Samples were centrifuged at 4�C for 40 min
at 20,800 · g, and the pellet was air-dried, then
dissolved, and stored in TE buffer.

The DNA extracted from rAAV consists of an
equal mixture of plus and minus single-stranded
genomes. To avoid DNA transcripts arising from self-
priming of the ITRs in sequencing reactions, double-
stranded genomes were first produced by heating
benzonase and proteinase K-treated rAAV to 90�C in
a water bath and gradually reducing the tempera-
ture until room temperature was reached. The an-
nealed rAAV DNA was then digested with XbaI and
SalI to remove the ITRs (Fig. 1). The fragment con-
taining only hRPGR-ORF15 and the poly-A signal
sequence was then gel-purified and sequenced.

AAV genome recovery and characterization
from injected mouse eyes

Wild-type mice injected with AAV2/5-hIRBP-
hRPGR subretinally were sacrificed one month
after injection. Retinas were dissected and DNA
extraction was performed using DNeasy Blood and
Tissue Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. The PCR primers (Fig.
1) used for amplifying three overlapping fragments
covering entire hRPGR-ORF15 cDNA are as fol-
lows: F1, 5¢-TTACTTCTAGGCCTGTACGGAA (for-
ward primer specific to AAV); R1, 5¢-CAAGAGTC
CCTTCTATTGGAGG; F2, 5¢-GATTCTTTTTCAAT
GAGGAGAACA (forward primer specific to human
RPGR); R2, 5¢-TTTCACGTTCTCCCTCCACT; F3,
5¢-GATGAGGAAGTAGAGATCCC (forward primer
specific to human RPGR); R3, 5¢- TCGAGTTACTT
CAATTCCAAG (reverse primer specific to AAV).
PCR was performed with Herculase polymerase
(Agilent Technologies) with 4% DMSO (95�C for
3 min initial denature, 35 cycles of 95�C for 45 sec,
55�C for 45 sec, 72�C for 5 min, and final 72�C for
10 min). PCR fragments were gel-purified and sub-
jected for sequencing.

Sequencing reaction
DNA sequencing was carried out at the Uni-

versity of Florida DNA Sequencing core. Sequen-
cing reactions were performed using ABI Prism
BigDye Terminator cycle sequencing protocols de-
veloped by Applied Biosystems (Perkin-Elmer
Corp., Waltham, MA). Sequencing reactions were
assembled in 20 ll reaction volume by adding

500 ng DNA, 10 pmol primer, 4 ll of ABI prism
BigDye Terminator v.1.1 (BDv1.1) or 4 ll mix of
BDv1.1:dGTP BDv1, 3 ll of 5 · sequencing buffer,
4 ll of 1 M betaine, and 5% DMSO (Sigma-Aldrich)
and amplified according to the manufacturer’s rec-
ommendations. Excess dye-labeled terminators were
removed using MultoScreen 96-well filtration system
(Millipore, Billerica, MA). The purified extension
products were dried in a SpeedVac and then sus-
pended in Hi-di formamide. Sequencing was per-
formed on a 50 cm POP-7 sieving matrix capillaries
in an ABI Prism 3130 Genetic Analyzer or ABI 3730
Genetic Analyzer (Applied Biosystems, Foster City,
CA) and were analyzed by ABI Sequencing Analysis
software v. 5.2 and KB Basecaller.

Subretinal injection
Injections were performed on 6-week-old C57/B

mice. One eye served as an uninjected control, and
the contralateral eyes were injected with 1 ll
AAV2/5-hIRBP-hRPGR. For toxicity and expres-
sion analysis, titer of 1.5 · 1011 vector genome/ml
was used. Lower titer of 1010 vector genome/ml was
injected to show restricted labeling in the con-
necting cilium and 1013 vector genome/ml was in-
jected to show photoreceptor cell damage at higher
titer. Subretinal injections were performed as
previously described.26 Briefly, a 33-gauge blunt
needle mounted on a 10 ll Hamilton syringe was
used to inject the virus through the corneal opening
introduced by a 30-gauge needle, and injections
were visualized by fluorescein-positive subretinal
bleb. One percent atropine eye drops and neomy-
cin/polymyxin B/dexamethasone ophthalmic oint-
ment were given after injection.

Electroretinography
At 4 weeks postinjection, rod- and cone-mediated

ERGs were recorded separately using a UTAS Visual
Diagnostic System equipped with a Big Shot Ganz-
feld dome (LKC Technologies, Gaithersburg, MD).
Mice were dark-adapted overnight and placed under
dim red illumination ( > 650 nm). Dark-adapted ani-
mals were anesthetized with a mixture of 100 mg/kg
ketamine, 20 mg/kg xylazine, and saline at a ratio of
1:1:3. ERGs from both eyes were recorded simulta-
neously. Scotopic rod recordings were performed
with three increasing light intensities at - 1.6, - 0.6,
and 0.4 log cds/m2. At each light intensity, 10 re-
sponses were recorded and averaged. Photopic cone
ERGs were performed after mice were adapted to a
white background light of 30 cd/m2 for 5 min. Re-
cordings were performed with four flash intensities of
0.1, 0.7, 1.0, and 1.4 log cds/m2 in the presence of a
constant 30 cd/m2 background light. Fifty responses
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were recorded and averaged at each intensity. Sco-
topic a- and b-wave amplitudes at 0.4 log cds/m2 and
photopic b-wave amplitudes at 1.4 log cds/m2 from
uninjected and injected eyes were averaged and used
to generate average and standard deviation.

Spectral-domain optical
coherence tomography

Spectral-domain optical coherence tomography
(SD-OCT) was performed at one month postinjec-
tion using a high-resolution instrument (Bioptigen,
Inc., Durham, NC) to measure outer nuclear (ONL)
thickness and retinal morphology. Pupils of AAV2/
5-hIRBP-hRPGR treated and contralateral un-
treated wild-type eyes were dilated with 1% atro-
pine sulfate and 2.5% phenylephrine. The optic
nerve head was centered on the OCT scan within a
1.5-mm-diameter field of view under fast fundus
mode. Three hundred linear B-scans were ob-
tained, and 30 images captured were averaged to
minimize background noise and to achieve accept-
able resolution. Outer nuclear thickness was
measured at the same distance from the optical
nerve head and four measurements were recorded
from each eye and averaged. Statistical signifi-
cance was determined by the paired t-test with
p-values of < 0.05 considered significant.

Retinal histology and immunohistochemistry
Eyes of wild-type mice injected with 1 ll of AAV2/

5-hIRBP-hRPGR were enucleated at 1 month post-
injection. Eyecups were fixed in 4% paraformalde-
hyde overnight at 4�C and then paraffin embedded
and sectioned at 4lm through the optic nerve for
hematoxylin and eosin staining. Images were taken
with a Carl Zeiss CD25 microscope fitted with Axio-
vision release 4.6 software.

For immunohistochemistry analysis, freshly
dissected eyes were put in OCT and frozen in liquid
N2 directly without fixation. The eyes were cryo-
sectioned at 10 lm thickness and used immediately
for immunostaining. The sections were first fixed
in 4% paraformaldehyde for 1 min, rinsed with
PBS, and blocked with 2% normal goat serum 1 hr
at room temperature. The RPGR antibody (Sigma-
Aldrich; HPA001593) was diluted at 1:800 in PBS
containing 0.05% triton X-100 and 1% BSA.

Western blot analysis
C57/BL6 eyes treated with AAV2/5-hIRBP-

hRPGR and untreated controls were dissected, and
the eyecups pooled and homogenized by sonication
in a buffer containing 0.23 M sucrose, 2 mM EDTA,
5 mM Tris–HCl (pH 7.5), and complete protease
inhibitor cocktail (Roche Diagnostics, Mannheim,

Germany). After centrifugation, aliquots of the ex-
tracts containing equal amounts of protein (50lg)
were separated on 4–15% SDS-PAGE, transferred
onto Immobilon-FL PVDF membranes (Millipore,
Temecula, CA), and probed with the same (Sigma-
Aldrich; HPA001593) antibody used in immuno-
histochemistry. Visualization of specific bands was
performed using the Odyssey Infrared Fluorescence
Imaging System (Odyssey; Li-Cor, Lincoln, NE).

Vector biodistribution
At necropsy, tissues were harvested and snap-

frozen in liquid nitrogen. Genomic DNA (gDNA)
was extracted from retina, optic nerve, brain, pa-
rotid region, liver, and spleen using a DNeasy blood
and tissue kit (Qiagen) according to the manufac-
turer’s instructions. gDNA concentrations were
determined using an Eppendorf Biophotometer
(Eppendorf, Hauppauge, NY). rAAV genome copies
in the gDNA were quantified by real-time PCR us-
ing an ABI 7900 HT sequence detection system
(Applied Biosystems) according to the manufactur-
er’s instructions, and results were analyzed using
the SDS 2.3 software. Primers and probe were
designed to the SV40 poly-A of the AAV-hIRBP-
hRPGR vector cassette. A standard curve was gen-
erated using plasmid DNA containing the same
SV40 poly-A target sequence. PCRs with a total
volume of 100 ll were performed under the follow-
ing conditions: 50�C for 2 min, 95�C for 10 min, and
45 cycles of 95�C for 15 sec and 60�C for 1 min.

DNA samples were assayed in triplicate. To de-
termine whether any sample inhibited the PCR,
the third replicate was spiked with target plasmid
DNA at a ratio of 100 copies/lg gDNA. PCR results
were considered acceptable if this replicate gener-
ated greater than 40 copies/lg gDNA. If a sample
contained ‡ 100 copies/lg gDNA, it was considered
positive for vector genomes. If a sample contained
< 100 copies/lg gDNA, it was considered negative
for vector genomes.

RESULTS
AAV-hIRBP-hRPGR and AAV-hGRK1-hRPGR

plasmids contain sequence variations
within ORF15

One potential source of sequence variation could
occur during cloning and production of the vector
plasmid in E. coli. The original pBluescript plasmid
containing hRPGR-ORF15 cDNA was reported to
contain a single in-frame triplet DNA deletion of
bases 2872–2874 relative to the reference sequence
(variant C; NM_001034853) (Dr. Hemant Khanna
personal communication) (Fig. 2). Cloning of hRPGR-
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Figure 2. Nucleotide and amino acid sequence alignments of pBluecript-hRPGR, AAV-hIRBP-hRPGR, and AAV-hGRK1-hRPGR cDNAs with reference to the
GenBank hRPGR sequence in the ORP15 domain where variations exist. Asterisks (*) indicate nucleotide or amino acid that is identical to the reference
sequence, and dashes (–) indicate nucleotide or amino acid deletion.
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ORF15 cDNA into AAV vectors was challenging,
likely because of the highly repetitive nature of the
AG-rich region. We overcame this problem by
screening 75 individual colonies via mini-lysate
DNA isolation for the AAV-hGRK1-hRPGR con-
struct. By direct restriction digestion of single col-
ony DNA, we were able to identify two colonies that
contained correctly sized inserts. Both colonies had
the identical sequence but contained multiple differ-
ences in their ORF15 AG-rich region compared with
the reference sequence (NM_001034853). All the dif-
ferences are within the ORF15 domain between nu-
cleotides 2461 and 3057 (Fig. 2). Specifically, the clone
contained 7 deletions resulting in a loss of 45 base-
pairs (bp) but retaining the original reading frame,
one 3 bp insertion, and 65 bp substitutions spread
throughout the AG-rich region. These changes
translate into 15 amino acid deletions, 1 amino acid
insertion, and 26 amino acid substitutions. We hy-
pothesize that these in-frame changes within the AG-
rich region may not affect normal RPGR function
because of its natural splicing complexity within this
region, and that this ORF15 transcript retains an
intact C-terminal LELK amino acid sequence.11

RPGR-ORF15 cDNA was first cloned under control of
the hGRK1 promoter, and then this promoter was
replaced with the hIRBP promoter to create the AAV-
hIRBP-hRPGR plasmid. Both plasmids were propa-
gated in SURE cells to prevent loss of ITRs or other
rearrangements through bacterial recombination.
Propagation of AAV vectors in Stbl4 cells was not
feasible because the majority of ITRs were lost and
the DNA yield was low. Both plasmid preparations
had the identical sequence (Fig. 2).

Sequence stability of AAV-hIRBP-hRPGR
and AAV-hGRK1-hRPGR plasmid DNA

To study the stability of RPGR-ORF15 sequence
in both constructs, we sequenced two independent
colonies each from large DNA preparations of AAV-
hIRBP-hRPGR and AAV-hGRK1-hRPGR plas-
mids used for making AAV2/5 vectors in RPGR
XLRP dog gene therapy study.22 These new plas-
mid preparations were identical to the original
colony (Table 1). To further confirm the stability of
the ORF15 cDNA, we retransformed AAV-hIRBP-

hRPGR and AAV-hGRK1-hRPGR DNA back into
SURE cells and sequenced five more independently
isolated bacterial plasmid DNA preparations of
AAV-hIRBP-hRPGR and two more similar prepa-
rations of AAV-hGRK1-hRPGR, each amplified
from a different bacterial clone. All clones con-
tained hRPGR-ORF15 cDNA sequences identical
to our originally selected ORF15 clone (Table 1).
Therefore, it appeared that the selected hRPGR-
ORF15 cDNA from the original cloning is stable.

Sequence stability of AAV2/5-hIRBP-hRPGR

and AAV2/5-hGRK1-hRPGR vector DNA
A second critical step of rAAV vector production

is the replication of the input plasmid DNA in
human embryonic kidney (HEK293) cells after co-
transfection with helper plasmid that provides the
necessary components for AAV production.27 There
remains the possibility of introducing ORF15 se-
quence variants during this process as well because
of imperfect DNA damage repair mechanisms and
DNA polymerase errors during replication in the
human cells caused by the repetitive AG-rich na-
ture of the template. We therefore sequenced the
hRPGR-ORF15 cDNA directly from independently
produced and purified AAV vector preparations
without prior PCR amplification. DNA was ex-
tracted from each AAV vector batch and the single-
stranded vector DNAs annealed to create duplex
DNA. The ITRs were then removed by restriction
digest and fragments containing the hRPGR-ORF15
subjected to sequencing. The results from five inde-
pendent AAV2/5-hIRBP-hRPGR AAV preparations
and two AAV2/5-hGRK1-hRPGR AAV preparations
revealed that all seven AAV vector DNAs contained
the same hRPGR-ORF15 cDNA sequence as found
in the plasmids used for their production (Table 1).

Sequence stability of AAV2/5-hIRBP-hRPGR

vector DNA in injected eyes
Recombinant AAV vectors are packaged as ei-

ther plus or minus polarity single strands with
equal frequency.28 AAV-mediated gene expression
relies on forming double-stranded DNA to become
transcriptionally active after viral uncoating in the
host cell nucleus. Complementary strand synthesis
by cellular replication factors29 and reannealing of
complementary DNA strands from individual in-
fecting rAAV particles30 both are the pathways for
rAAV transduction. To confirm the sequence fide-
lity of injected vectors in vivo after forming double-
stranded DNA, we sequenced the hRPGR-ORF15
cDNA recovered from AAV-hIRBP-hRPGR vector
genomes from injected mouse eyes 1 month after
subretinal injection. The hRPGR-ORF15 cDNA

Table 1. Numbers of plasmid and AAV preparations sequenced

AAV-hIRBP-
hRPGR

AAV-hGRK1-
hRPGR

Large-scale plasmid DNA preparations 2 2
Small-scale plasmid DNA preparations 5 2
DNA extracted from purified AAV preparations 5 2
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was *3.5 kb and the entire cDNA was amplified
using three PCRs with vector-specific primers or
human-specific RPGR primers to generate over-
lapping fragments (Fig. 1). PCR conditions and
primer combinations were optimized to amplifying
the AG-rich regions. Sequencing of the three PCR
fragments revealed that the hRPGR-ORF15 cDNA
is identical to the original input sequence.

AAV2/5-hIRBP-hRPGR expression in vivo

Immunolabeling with an antibody against
human hRPGR-ORF15 detected robust hRPGR
protein expression in normal C57/BL6 mice sub-
retinally injected with AAV2/5-hIRBP-hRPGR
(vector dose of 1.5 · 108 vector genomes) (Fig. 3A).
Labeling was found throughout the inner segment
and synaptic terminals, a pattern similar to the two
canine models with ORF15 mutations treated with
the same vector.22 This antibody did not cross-react
with endogenous mouse hRPGR-ORF15. When the
vector was further diluted 10-folds, we found that
expression of hRPGR was largely restricted to the
connecting cilium (Supplementary Fig. S1; Sup-
plementary Data are available online at www
.liebertpub.com/hum). hRPGR-ORF15 has been re-

ported to migrate in gels at 200–250 kDa.11,31 Wes-
tern blot analysis using the same antibody detected
three major bands between 150 and 250 kDa in in-
jected C57/BL6 eyes, while the endogenous mouse
protein was not detectable (Fig. 3B).

Retinal structure and function
of AAV2/5-hIRBP-hRPGR treated eyes

The potential toxicity of AAV2/5-hIRBP-hRPGR
in vivo was assessed by retinal structure, retinal
function, and vector dissemination in wild-type
mice following subretinal injection. Retinal struc-
ture was analyzed by morphology, OCT, and fun-
doscopic examination. Paraffin-embedded sections
of injected eyes (vector dose of 1.5 · 108 vector ge-
nomes) were stained with hematoxylin and eosin
and showed normal retinal morphology with 11–12
rows of outer nuclei and normal outer and inner
segment lengths (Fig. 4A), similar to their contra-
lateral untreated controls. Comparison of retinal
ONL thicknesses measured by OCT showed that
untreated C57/BL6 were 0.0535 – 0.0011 mm, and
AAV2/5-hIRBP-hRPGR-injected eyes were 0.0527 –
0.0029 mm (average – SEM, n = 4, p > 0.5) (Fig. 4B).
In vivo fundoscopic examination of gross retinal
anatomy visualizing retinal vessels, optic disc, and

Figure 3. Immunohistochemical and Western analysis of AAV-hIRBP-
hRPGR expression (108 vector genomes) in the C57/BL6 mice retina.
(A) Cryosections of uninjected and injected eyes were probed with a
human RPGR-specific antibody. hRPGR-ORF15-specific staining is shown
in red; cell nuclei are stained with DAPI (blue). INL, inner nuclear layer;
IS, inner segment layers; ONL, outer nuclear layer; scale bar = 20 lm. (B)

Western blot of retinal extracts from uninjected and injected eyes probed
with the same antibody. Three major bands between 150 and 250 kDa
were detected in injected eyes.

Figure 4. Analysis of retinal morphology of C57/BL6 mice injected with
AAV2/5-hIRBP-hRPGR. (A) A representative image near the optic nerve
head showing normal retinal morphology of the treated eye compared with
the contralateral uninjected control. GCL, ganglion cell layer; INL, inner
nuclear layer; IS/OS, photoreceptor inner and outer segment layers; ONL,
outer nuclear layer; scale bar = 20 lm. (B) Representative optical coher-
ence tomography images showing normal outer nuclear thickness in
treated eye. (C) Fundoscopic examination show normal gross retinal
anatomy of a treated eye.
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posterior retina revealed no obvious changes be-
tween vector-treated and control eyes (Fig. 4C).

Retinal function was examined by electroreti-
nography to determine any potential functional
defect caused by administration of the vector.
Scotopic a- and b-wave amplitudes at 0.4 log cds/m2

and photopic b-wave amplitudes at 1.4 log cds/m2

from uninjected and injected eyes were analyzed.
Both scotopic (a- and b-wave amplitudes) and phot-
opic (b-wave amplitudes only) responses showed an
approximately 10% reduction in the treated eyes
compared with their contralateral untreated con-
trols (Table 2). The reduction of ERG is likely a re-
flection of injection-related damage as we observed
previously.32,33

AAV2/5-hIRBP-hRPGR vector distribution
Quantitative real-time PCR was performed to

assess the biodistribution of vector in retina, optic
nerve, brain, parotid region, liver, and spleen.
Vector was detected in retinas (9.1 · 106 – 1.6 · 106

vector genomes/lg gDNA, average – SEM, n = 4)
and optic nerves (2.3 · 106 – 2.1 · 106 vector genomes/
lg gDNA, average – SEM, n = 4) from injected eyes.
Retinas and optic nerves from contralateral unin-
jected eyes and all other tissues (brain, parotid
region, liver, and spleen) were all negative ( < 100
copies/lg gDNA).

DISCUSSION

Although we showed in a previous study that a
full-length hRPGR-ORF15 cDNA when delivered in
an AAV2/5 vector prevented photoreceptor degen-
eration and preserved retinal structure and func-
tion in two canine RPGR-XLRP models,22 issues of
the instability of the ORF15 sequence within the
RPGR cDNA and its potential toxicity if mutated
remained unresolved. In this study, we demonstrate
that the variant hRPGR-ORF15 cDNA we employed
in the canine study is stable and therefore suitable
for moving forward into the IND-enabling safety
studies required before a gene therapy clinical trial.
The hRPGR-ORF15 cDNA sequence contained
within AAV5-hIRBP-hRPGR and AAV5-hRGK1-
hRPGR vectors remains unaltered during all stages
of production and application since sequence anal-

ysis of multiple independently isolated and clonally
distinct vector plasmid DNAs and multiple inde-
pendently produced AAV vector preparations dem-
onstrate. Moreover, we report that the hRPGR-
ORF15 cDNA sequence is stable in vivo after sub-
retinal vector injection into mice. Furthermore, the
AAV-hIRBP-hRPGR vector exhibits no detectable
or potential toxicity after treatment of mouse reti-
nas as assessed by retinal structure and function
and by vector biodistribution analysis. In sum, the
reported studies therefore resolve several critical
issues necessary before being able to move RPGR
XLRP gene therapy into clinical testing.

The high mutability within ORF15 is related to
its unusual composition of repetitive sequence that
may promote DNA polymerase arrest and slipped-
strand mispairing during replication.5 Plasmids
containing RPGR-ORF15 when propagated in com-
monly used bacterial strains are prone to deletions
and rearrangements24 (also, Drs. Hemant Khanna
and Xinhua Shu, personal communication). Wu
et al. found that the full-length human or mouse
RPGR-ORF15 maintained their integrity in XL10
gold cells after testing various E. coli strains al-
though the mechanism is not clear.24 Although both
E. coli stbl4 and SURE cells lack components of the
rec pathway that catalyzes the rearrangement and
removal of DNA sequences and are recommended
strains for cloning of unstable plasmids, we found
that it was not feasible to grow AAV-hGRK1-
hRPGR in stbl4 cells because of significant ITRs
loss as well as an extremely low plasmid DNA yield.
The original pBluescript plasmid containing
hRPGR-ORF15 was propagated in stbl4 cells and
we believe that ORF15 sequence variations were
introduced during AAV-hGRK1-hRPGR cloning
upon switching to SURE cells to preserve the in-
tegrity of ITRs that is necessary to package AAV
genomes. The hRPGR-ORF15 sequence we cloned
in another AAV vector under a mouse opsin pro-
moter using hRPGR-ORF15 cDNA from original
pBluescript plasmid contains different variations
within purine-rich region from the one in AAV-
hGRK1-hRPGR-ORF15 (data not shown), although
the stability of this variant was not further char-
acterized. The stability of the ORF15 variant con-
tained within AAV-hGRK1-hRPGR was preserved

Table 2. Comparison of scotopic and photopic ERG amplitudes between AAV-hIRBP-hRPGR-treated
and contralateral untreated wild-type eyes

Scotopic b wave Scotopic a wave Photopic b wave

Group Untreated eye Treated eye Treated/untreated Untreated eye Treated eye Treated/untreated Untreated eye Treated eye Treated/untreated

N = 5 309 ± 14 281 ±11 0.91 175 ± 10 15667 0.89 114 ±17 103 ± 8 0.90
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when we made the AAV-hIRBP-hRPGR vector by
switching promoters. Therefore, we believe that the
ORF15 variant identified from the large number
of colonies screened might be the result of natu-
ral selection of a stable and nontoxic sequence in
SURE cells.

The hRPGR-ORF15 variant used in our study
contains in-frame deletions and nucleotide changes
in the AG-rich region compared with published
hRPGR-ORF15 sequences. There is precedent for
in-frame changes within the AG-rich region not af-
fecting normal RPGR function: the natural splicing
complexity within this region leads to a variety of
transcripts that contain in-frame deletions of parts
of ORF15 while retaining the C-terminal sequence
terminating in the amino acid sequence LELK.11 In
addition, human genetic studies have identified
more than 30 sequence variants within the purine-
rich region as benign polymorphisms.4,5,23,34–37 Of
these, 15 are located between AA 821 to AA1019,
where we see differences in our cDNA variant. The
E905 deletion polymorphism4 is similar to E904–
E906 deletions in our cDNA variant. All of these in-
frame alterations and nucleotide polymorphism
appear to have no clinical consequence. The high
number of polymorphism in ORF15 suggests that
there is a high level of protein diversity for RPGR in
humans.36 In fact, a single, abbreviated RPGR-
ORF15 variant that has an in-frame deletion of 654
bp within the purine-rich region of ORF15 recon-
stituted the RPGR function in vivo,38 suggesting
that this repetitive region could be significantly
shortened without ablating the protein function. It
was also suggested that the alternating glycine and
glutamic acid residues that stretch for several
hundred residues are not likely to form into a com-
pact structure but rather exist to link the N- and
C-terminal domains.19 Furthermore, the length of
this region varies considerably among species,5 also
suggesting lack of any rigid functional constraint on
the length of the repetitive region in ORF15.

Although the functional significance of the exis-
tence of multiple RPGR variants is as yet unclear,
successful gene therapy in the two canine models
carrying either a null or a truncation mutation by
introduction of a single form of hRPGR indicates
that the natural collection of RPGR variants in vivo
may be functionally redundant. Previous studies11

showed that innumerable transcripts and a multi-
tude of RPGR proteins in photoreceptors were gen-
erated by ORF15 by removing various portions of
the purine-rich region as introns. They found that
the purine-rich region contains multiple exonic
splice enhancers known to promote splicing through
interaction with serine–arginine repeat proteins.

That explains why the ORF15 coding sequence
without introns may still be able to be alternatively
spliced. Consistent with this, we observed three
major bands in AAV-hIRBP-hRPGR-injected mouse
eyes by Western blot analysis, suggesting that
hRPGR-ORF15 variant may be further spliced in
mouse retinas. The same phenomena was also ob-
served in retinas of Rpgr knockout mice treated
with AAV expressing the full-length human RPGR-
ORF15 using a human-specific RPGR antibody, or
AAV expressing the full-length mouse RPGR-
ORF15 by a mouse RPGR antibody.24 As it was
shown that the purine-rich region spliced differ-
ently in mouse and human photoreceptor cells,11 it
would be interesting to investigate whether this
region is also further spliced in hRPGR-ORF15
AAV-transduced canine photoreceptors.

The findings presented in this work are in sup-
port of future gene replacement therapy studies,
and address issues of vector sequence stability and
in vivo safety. Careful vector titration is critical for
treating the RPGR-ORF15 mutations. We noticed
that too much RPGR expression causes toxicity to
the retina. Virus titer usually considered safe in
the mouse retina (1013 vector genome/ml) caused
severe photoreceptor cell degeneration based on
ERG and morphological analysis (Supplementary
Fig. S2). Therefore, it might be important to adjust
ectopic RPGR-ORF15 levels expressed from re-
combinant AAV as close as possible to the physio-
logical levels of RPGR-ORF15 within photoreceptor
cells. We show that this is feasible by employing a
vector dose that restricts hRPGR expression spe-
cifically to the connecting cilium by simply diluting
the vector. Future studies addressing the func-
tional significance of the RPGR protein and the
association between mutations and disease will be
also essential for developing gene replacement
therapies for human patients suffering from this
form of RP.
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