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Mutations within the inosine 5-monophosphate dehydrogenase 1 (IMPDH1) gene cause the RP10 form of
autosomal dominant retinitis pigmentosa (adRP), an early-onset retinopathy resulting in extensive visual
handicap owing to progressive death of photoreceptors. Apart from the prevalence of RP10, estimated to
account for 5-10% of cases of adRP in United States and Europe, two observations render this form of
RP an attractive target for gene therapy. First, we show that while recombinant adeno-associated viral
(AAV)-mediated expression of mutant human IMPDH1 protein in the mouse retina results in an aggressive
retinopathy modelling the human counterpart, expression of a normal human IMPDH1 gene under similar
conditions has no observable pathological effect on retinal function, indicating that over-expression of a
therapeutic replacement gene may be relatively well tolerated. Secondly, complete absence of IMPDH1
protein in mice with a targeted disruption of the gene results in relatively mild retinal dysfunction, suggesting
that significant therapeutic benefit may be derived even from the suppression-only component of an RNAi-
based gene therapy. We show that AAV-mediated co-expression in the murine retina of a mutant human
IMPDH1 gene together with short hairpin RNAs (shRNA) validated in vitro and in vivo, targeting both
human and mouse IMPDH1, substantially suppresses the negative pathological effects of mutant IMPDH1,
at a point where, in the absence of shRNA, expression of mutant protein in the RP10 model essentially ablates
all photoreceptors in transfected areas of the retina. These data strongly suggest that an RNAi-mediated
approach to therapy for RP10 holds considerable promise for human subjects.

INTRODUCTION

Globally, an estimated 161 million people are visually
handicapped, among which approximately 37 million have
the status of legal blindness, with visual acuity of less than
6/20, and corresponding visual field loss of <20° (World
Health Organization; http://www.who.int/en). The most preva-
lent causes of blindness are cataract, glaucoma and age-related
macular dystrophy (AMD), the latter, involving degeneration
of the central retina (macula) and primarily a disease of the
elderly, representing by far the most common cause of
registered blindness in the developed world. The hereditary
retinopathy, retinitis pigmentosa (RP) is, however, the most

common cause of registered visual handicap among those of
working age in developed countries. Hence the social and
economic impact of this condition is particularly high. RP is
a highly variable disorder where patients may develop symp-
tomatic visual loss in early childhood, while others may
remain asymptomatic until mid-adulthood (1). In most cases,
death of rod photoreceptor neurons results in nyctalopia
(night blindness), and subsequently, progressive cone cell
death causes constriction and often complete loss of visual
fields. Most cases of RP segregate in autosomal dominant,
recessive or X-linked recessive modes and approximately 40
genes have been implicated in disease pathology to date
(http:www.sph.uth.tmc.edu/RetNet). The extensive genetic
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heterogeneity associated with autosomal dominant RP (adRP)
is an undisputed hindrance to the development of genetically-
based therapeutics for primary genetic lesions, where therapies
involving the targeting of individual genes will require devel-
opment. However, some forms of disease are likely to rep-
resent more attractive initial therapeutic targets than others,
owing to features associated with their molecular pathologies.
Arguably, one such disease is the RP10 form of adRP. The
gene was initially localized in 1993 (2), but it was not until
2002, as a result of global transcriptional analysis of normal
and degenerating (Rho '~ and Crx /™) retinas, that mutations
within the inosine 5'-monophosphate dehydrogenase 1
(IMPDH1) gene were associated with the disease (3.,4).
IMPDHLI is a rate-limiting enzyme in the de novo biosynthesis
pathway for guanine nucleotides. Enzymes of the nucleotide
biosynthesis pathways are important in supporting many cellu-
lar functions and play crucial regulatory roles in the photo-
transduction cascade. In humans, IMPDH activity is
governed by two separate but very closely related isoforms,
termed type I and II, which share similar enzymatic activities
(5-8). The two types of IMPDH mRNA are expressed over a
wide range of tissues and are differentially regulated in prolif-
erating cells (9—11). Thus, IMPDHI is one of a small group of
proteins which are expressed in a wide number of tissues and
yet, when mutated, result in disease pathology only in the
retina. Previous studies on the biochemical properties of
mutant IMPDHI1 proteins bearing the common missense
mutations, Arg224Pro and Asp226Asn, together with compu-
tational modelling simulations, have indicated that mutant
IMPDHI has a tendency to aggregate, and thus photoreceptor
cell death may be caused as a result of this phenomenon (12).
Additional studies have also shown that pathogenic mutations
negatively affect the specificity and affinity of IMPDHI
enzyme to bind single nucleic acids (13,14), although the func-
tional consequences, if any, in respect to disease pathology,
remain to be elucidated. In a recent study, it has been shown
that both human and mouse photoreceptor cells express mul-
tiple IMPDHI1 transcripts that give rise to different protein iso-
forms (15). These isoforms generated through alternative
splicing may disrupt other nucleic acid metabolisms in photo-
receptor cells. However, the fact that IMPDH1 knockout mice
fail to display a retinal pathology suggests that mutations
encountered within the gene in adRP exert a dominant nega-
tive effect on phenotype.

RP10 is a particularly severe form of adRP, with significant
loss of visual acuity and visual fields usually occurring within
the second decade of life. The disease is estimated to represent
5—10% of cases of adRP in the American and European popu-
lations (16), and on prevalence grounds alone, the condition is
well worth targeting. However, two features of the disease
appear to render it particularly suitable for explorations of
therapeutic intervention. First, while we show here that a
severe retinopathy mimicking the human counterpart can be
induced in the mouse retina following sub-retinal inoculation
of a recombinant adeno-associated virus (rAAV) expressing
a rod-opsin promoter-driven mutant form of the human
gene, expression of a wild-type (WT) gene under similar con-
ditions appears to have little negative pathological effect.
Moreover, we have shown that mice with a targeted disruption
of the IMPDHI gene (IMPDH1 '7) develop only an
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exceedingly mild retinopathy, with electroretinographic
(ERG) waveforms still detectable and the bulk of the outer
nuclear layer (ONL) of the retina remaining intact, at 2
years of age (12). These data strongly suggest that therapeutic
benefit may well be derived by simultaneous co-suppression of
both normal and mutant IMPDH 1 alleles and that, should a repla-
cement gene be required, over- or under-expression of it may be
tolerated without significant detrimental effect on retinal structure
or function. In this context, we describe the effective and
sequence-specific suppression of human and mouse IMPDHI at
both the mRNA and protein levels by small interfering/short
hairpin RNAs (si/shRNAs) in mammalian cell culture, ex vivo
in murine retinal explants and in mouse in vivo. In particular,
we show that the retinopathy induced in WT mice by expression
of a mutant human IMPDHI gene can be significantly amelio-
rated by co-expression of an shRNA molecule targeting mouse
and human IMPDHI transcripts, at a point at which untreated
animals in the RP10 model display essentially complete photo-
receptor ablation in transfected areas of retina. These studies
provide a structured basis for the further development of a
genetic means of therapy for this severe form of visual handicap.

RESULTS

Design of siRNAs targeting human and mouse IMPDH1
transcripts

In order to select distinct siRNA target sites on human and
mouse IMPDHI transcripts, the human IMPDH1 mRNA
sequence was submitted to siRNA target selection softwares
provided by Dharmacon (www.dharmacon.com), and rec-
ommended target sites were then aligned against the mouse
IMPDHI mRNA sequence to select homologous regions
between both human and mouse IMPDHI transcripts. Two
optimal siRNAs, termed sil1224 and si2048 (Fig. 1A), specific
for only human and both human and mouse IMPDHI1 tran-
scripts, respectively, were then selected on the basis of compli-
ance with additional criteria (17) and of having minimal
regions of sequence complementarity to IMPDH?2.

siRNA-mediated suppression of IMPDHI1 transcripts in
mammalian cell culture

To evaluate the suppression efficiency of siRNAs, HeLa cells
were separately transfected with 20 pmol of sil224 and
si2048, and the level of endogenous human IMPDHI tran-
scripts was quantified and compared with that of luciferase
GL3-targeting siRNA (siLuc) transfected cells by real-time
RT—-PCR. siRNAs targeting two sequence variants of firefly
(Photinus pyralis, GL2 and GL3) luciferase (18) have pre-
viously been used as non-targeting controls in other RNAi
studies where they showed minimum silencing effects on
unrelated genes (19,20). Twenty-four hours post-transfection,
sil224 and si2048 reduced endogenous IMPDHI mRNA
levels to 31 + 7.24 and 25 + 2.98%, respectively, compared
with silLuc controls (P < 0.0001; Fig. 1B). Co-transfection
of sil224 and si2048 suppressed endogenous IMPDHI
mRNA to 20 £+ 2.25% (P <0.0001), compared with the
control (Fig. 1B), but this did not differ significantly from
transfection by si2048 alone (P = 0.095).
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Figure 1. Design and assessment of IMPDH 1-specific siRNAs in mammalian cell culture. (A) Alignments of siRNA target sites on human IMPDH1 (GenBank
accession no. NM_000883) against mouse IMPDH1 (GenBank accession no. BC053416), human IMPDH2 (GenBank accession no. NM_000884) and mouse
IMPDH2 (GenBank accession no. BC052671). Sequence alignment was carried out using Clustal W multiple sequence alignment (http://www.ebi.ac.uk/clus-
talw). Mismatches between siRNA and target sequences are in bold and underlined. (B) siRNA-mediated suppression of endogenous IMPDH1 mRNA expression
in HeLa cells. HeLa cells were separately transfected with 20 pmol of siRNAs (sil224 and si2048), or in combinations (total concentration = 20 pmol).
Percentage IMPDHI1 expression was quantified by real-time RT—PCR and normalized to -actin mRNA. Y-error bars indicate standard error of the mean

(SEM). *P < 0.05 and **P < 0.0001. siLuc, siLuciferaseGL3.

Down-regulation of IMPDH1 by shRNA in mammalian
cell culture

Although the two synthetic IMPDH1-specific siRNAs have
been shown to be effective in suppressing IMPDHI at the
mRNA level in mammalian cells, the transient silencing
effect and high-cost of production associated with synthetic
siRNAs greatly reduces their applicability in long-term in
vivo studies. To overcome this limitation, oligonucleotides
based on the sequences of the two synthetic IMPDHI1-specific
siRNAs (sil224 and si2048) were generated (Table 1),
annealed and cloned into the pBluescriptHl RNAi-vector
system to enable the generation of shRNAs in vivo
(Fig. 2A). As can be seen in Figure 2B, suppression efficiency
was retained in the pBluescriptHl vector system
where both sh1224 and sh2048 significantly reduced
endogenous IMPDHI1 transcripts in HeLa cells to 24 + 3.13
and 16 + 2.19%, respectively, compared with the shLuc
control (P =10.0012 and P = 0.0014, respectively). Further-
more, the capacity of both sh1224 and sh2048 to silence

WT and mutant IMPDHI protein expression was also retained,
quantification of band intensities showing that sh1224 and
sh2048 significantly reduced exogenous WT IMPDHI
protein expression to 23 and 17%, respectively (Fig. 2C),
and reduced IMPDHI1 mutant Arg224Pro to 14 and 12%
respectively (Fig. 2D; P=10.0112 and P = 0.0217, respect-
ively) and IMPDHI mutant Asp226Asn to 29 and 22%
respectively (Fig. 2E; P < 0.05 and P < 0.0001, respectively).
Taken together, these data demonstrate that H1-directed syn-
thesis of shRNAs can mediate gene silencing of WT and
mutant IMPDHI1 in cell culture with efficiency comparable
to that of the synthetic counterparts.

shRNA-mediated suppression of IMPDH1 ex vivo in
mouse retinal explants

In order to conveniently test the efficacy of shRNA-mediated
IMPDHI1 suppression in retinal tissue without the need to first
optimize delivery to mouse eyes, constructs expressing
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Table 1. Sequences of IMPDH 1-specific shRNAs and synthetic siRNAs, and non-targeting control si/shRNAs

si/shRNA name Target positions on human Sequences 5’ — 3’
IMPDHI (NM_000883)

sil224 Sense 1224-1242 gecugecuaucgucaaugau
Antisense aucauugacgauaggcage
512048 Sense 2048-2066 uguacucaggagagcucaa
Antisense uugagcucuccugaguaca
sh1224 Sense 12241242 gatccecgetgectatcgtcaatgatttcaagagaatcattgacgataggeagcttttta
Antisense agcttaaaaagctgectatcgteaatgattetettgaaatcattgacgataggeageggg
sh2048 Sense 2048-2066 gatccectgtactcaggagagctcaatccaagagattgagcetctectgagtacattttta
Antisense agcttaaaaatgtactcaggagagctcaatctcttgaattgagetctectgagtacaggg
Non-targeting si/shRNA Sense cuuacgcugaguacgucga
siLuciferase GL3 Antisense ucgaaguacucagcguaag
(siLuc)
shLuciferase GL2 (shLuc) Sense gatccecgegtacggggaaacttcgattcaagagatcgaagtattcegegtacgtttttggaa
Antisense agcttttccaaaaacgtacgcggaatacttcgatctcttgaatcgaagttttcceegtacgeggg
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Figure 2. Short-hairpin RNAi-mediated suppression of IMPDHI in mammalian cell culture. (A) Sub-cloning of shRNA oligonucleotides into pBluescriptH1
vector to construct the human H1 promoter driven vector for short hairpin RNA (66). (B) Suppression of endogenous IMPDH1 mRNA in HeLa cells by poly-
merase III Hl-promoter driven shRNAs. HeLa cells were separately transfected with 1 g/l of psh1224 and psh2048 and the level of IMPDHI mRNA
expression was quantified by real-time RT—PCR 24 h post-transfection. Control cells were transfected with LuciferaseGL2-specific shRNAs, and IMPDH1
expression from these was standardized to represent 100% IMPDHI1 (black bar). The average of 3 independent experiments is shown; Y-error bars indicate
standard error of the mean (SEM). *P < 0.05. Western blot analysis illustrating shRNA-mediated suppression of (C) wild-type IMPDH]1 protein, (D) mutant
IMPDHI protein harbouring the Arg224Pro mutation and (E) mutant IMPDHI protein harbouring the Asp226Asn mutation in HeLa cells.

shRNA tagged with enhanced green fluorescent protein targeting rhodopsin and rds/peripherin ex vivo in retinal
(EGFP) (psh2048.EGFP and pshLuc.EGFP, Fig. 3A) were explants (21-23).

electroporated into mouse retinal explants. Previous studies One technical factor limiting the use of RNAI for studies of
carried out in our laboratory have successfully used an identi- gene suppression in tissues is that many cell types are only
cal dual-expression RNAIi vector system to express shRNAs transfected with low efficiency, resulting, unavoidably, in a
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Figure 3. Down-regulation of IMPDHI transcripts ex vivo in mouse retinal explants. (A) A schematic illustration of the dual-expression shRNA plasmid. Restric-
tion fragments containing the H1 promoter, shRNA sequences and termination signal were excised from pshLuc and psh2048, respectively, and sub-cloned into
pEGFP-1 (Clontech) containing the EGFP ¢cDNA driven by the CMV promoter. (B) A schematic diagram illustrating the steps involved in the electroporation,
maintenance, dissociation and fluorescence activated cell sorting (FACS) of cultured retinal explants. The histogram illustrates green fluorescence intensity
(FITC, x-axis) versus cell number. Red bars represent cell population with fluorescence levels below an arbitrary level, whereas green bars denote those
above an arbitrary fluorescence threshold. (C) Suppression of IMPDHI transcripts in mouse retinal explants. Electroporated retinas were cultured for 14
days in vitro, pooled together before trypsin dissociation into single cell suspensions and dissociated retinal cells were FACS sorted. RNA was extracted
from EGFP-positive retinal cells and percentage IMPDHI mRNA expression was quantified by real-time RT—PCR analysis, and normalized to the house-
keeping gene, B-actin. Y-error bars indicate standard error of the mean (SEM). *P < 0.05 (n = 12). (D) In vitro electroporated mouse retinal explants at
Day 14. WT C57B6/CBA mouse retinas at PO were in vitro electroporated with psh2048.EGFP from the scleral side and cultured for 14 days. Scale bar:

40 pwm. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

large fraction of untransfected cells which contaminates the
transfected population, thus diluting the observed RNAI
effect and obscuring the experimental outcome. However, it
is possible to obtain a pure transfectant population based on
EGFP fluorescence using fluorescence-activated cell sorting
(FACS) in which a heterogeneous mixture of cells are separ-
ated based upon the specific light scattering and fluorescent
characteristics of each cell. Initially 12 retinas from
new-born WT C57B6/CBA mouse pups were dissected and
6 retinas were separately electroporated in a pool within a
micro-chamber containing 100 pl of pshLuc.EGFP or
psh2048. EGFP at a concentration of 1 pg/pl, respectively.
Retinal explants were then cultured in vitro for 14 days, and
six retinas electroporated with each plasmid were pooled
prior to trypsin dissociation. Trypsin-dissociated single
retinal cells expressing EGFP, representing transfected cells
were identified and underwent FACS analysis, i.e. electropo-
rated retinal cells were sorted by size fractionation and
EGFP fluorescence levels, in two independent experiments.
The histogram of FITC versus cell number in Figure 3B
shows that EGFP-fluorescent cells exhibited a >2 log-scale
difference in their fluorescence level when compared with
non-transfected cells, and accounted for ~8-33% of the

total cell population in two independent experiments. RNA
was then extracted from the EGFP-positive retinal cells and
the level of endogenous IMPDHI mRNA in these cells posi-
tively transfected with psh2048. EGFP was shown to be signifi-
cantly suppressed to 19 + 3.46%, compared with levels found
in cells transfected with the control, pshLuc.EGFP (P =
0.0318; Fig. 3C). In addition, the vibratome section illustrated
in Figure 3D shows that 14-day-old electroporated retinal cul-
tures differentiate and morphologically resemble a normal
retina in vivo, displaying a defined ONL, inner nuclear layer
and ganglion cell layer. Moreover, the CMV-driven EGFP
reporter gene was expressed ubiquitously throughout the
retina. In summary, these results validate the suppression of
IMPDHI in retinal tissue by RNAI.

Construction of rAAV-2/5 vectors expressing
IMPDHI1-specific sShRNA and evaluation of in vivo
transduction patterns

In order to generate an rAAV-based vector for shRNA deli-
very in this study, infectious recombinant human AAV-2
virions were generated using the AAV helper virus-free
system (24). The expression element was inserted between
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Figure 4. Design of recombinant adeno-associated viral vectors expressing IMPDH1-specific sShRNA. (A) A schematic representation of pAAVshRNA.EGFP
vector expressing either shLuc (non-targeting control) or sh2048 under the control of the human H1-promoter and an EGFP ¢cDNA under the control of the CMV
promoter. (B) Cryostat sections of 4-week-old WT C57B6/CBA mice (12 wm) sub-retinally injected with pAAVsh2048.EGFP. Scale bar: 40 pm. RPE, retinal
pigment epithelium; OS, outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,

ganglion cell layer; PI, propidium iodide; merged, PI overlaid with EGFP.

the cis-acting AAV inverted terminal repeats, and AAV
elements required for replication and packaging are provided
in-trans on the plasmid pRep2/Cap5 (25), while a second
plasmid, pHelper, provides the adenovirus gene products
required for the production of infective AAV particles, such
as E2A, E4 and VA RNA genes. The remaining adenoviral
gene products are provided by the HEK-293 cells that stably
express the adenovirus E1 gene. An rAAV-2/5 construct,
designed to express both Hl-promoter driven sh2048 and
CMV promoter-driven EGFP (pAAVsh2048.EGFP), in order
to suppress IMPDHI1 and to allow for the direct identification
of cells expressing shRNA in retina in vivo (Fig. 4A), was then
packaged using the system described above. As an initial step
to evaluate the transduction efficiency of rAAV-2/5 shRNA
constructs, 3 pl (the maximum volume possible for sub-retinal
injection) of pAAVsh2048.EGFP (2.19 x 10" vp/ml) was
sub-retinally injected into the right eye of a 4-week-old WT
C57B6/CBA mouse, whereas the contralateral eye was
injected with 3 wl of pAAVshLuc.EGFP (1 x 10" vp/ml).
Four weeks post-injection, the animal was sacrificed and iso-
lated retinas were embedded in optimum cutting temperature
solution (OCT) for cryostat sectioning. Upon examination
under a fluorescent microscope, cryostat retinal sections
injected with pAAVsh2048.EGFP showed strong EGFP
signals in the retinal pigment epithelium (RPE), outer seg-
ments (OS) and ONL, whereas the inner nuclear layer and
the ganglion cell layer were not transduced (Fig. 4B). In par-
ticular, rAAV-mediated expression of viral vectors did not
disrupt the retinal structure. Furthermore, these results illus-
trated the specificity and efficiency of rAAV-2/5 vectors in
transducing the RPE and photoreceptor cells, consistent with
previous observations (26).

AAYV-delivered RNAi-mediated suppression of IMPDH1
transcripts and protein in vivo

In order to assess long-term suppression of IMPDHI in vivo,
1-3 pl of pAAVsh2048. EGFP (6.85 x 10'? vp/ml) was sub-
retinally injected into the right eyes of adult WT C57B6/

CBA mice, and contralateral eyes were injected with the
same quantity of pAAVshLuc.EGFP in three independent
experiments (n = 20). Four weeks post-injection, RNA was
isolated from FACS-sorted EGFP-positive cells from the dis-
sociated retinas, and real-time RT—PCR analysis undertaken.
The results showed that, on average, AAV-sh2048 signifi-
cantly reduced endogenous murine IMPDHI1 expression to
22 + 3%, compared to the AAV-shLuc control (P = 0.0271;
Fig. 5A).

Endogenous mouse IMPDH1 protein was first detected by
western blot analysis using anti-N-IMPDHI1 antibody, on
native WT C57B6/CBA mouse retinal protein, and a single
correctly sized band of 55 kDa was clearly visible as shown
in Figure 5B. To evaluate the effect of AAV-expressed
shRNA on the expression of IMPDHI protein in vivo, adult
WT C57B6/CBA mice were sub-retinally injected with 3 pl
of pAAVsh2048 EGFP (6.85 x 10'? vp/ml) into the right
eyes and with an equal amount of pAAVshLuc.EGFP
into the contralateral eyes in three independent experiments
(n = 10). In an attempt to maximize the area of rAAV trans-
duction in the retina, a second sub-retinal injection was admi-
nistered to a different area of the retina 1 week after the initial
injection using the same concentrations of rAAV vectors (The
1 week gap was sufficient to allow the bleb formed by the first
sub-retinal inoculation to settle before the second adminis-
tration, thus minimizing damage to the retina). Four weeks
after the second inoculation, total retinal protein was extracted
and pooled for western blot analyses. Densitometric analysis
of western blots from three independent experiments showed
that AAV-sh2048 suppressed endogenous murine IMPDHI
protein to 22 4+ 6% of that treated with the AAV-shLuc
control (Fig. 5C).

Immunolocalization of IMPDH1 and
immunohistochemical analysis of IMPDHI1 suppression
in mouse retina

Frozen fixed retinal sections from 1-month-old WT C57B6/
CBA mice were immunofluorescently stained using
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Figure 5. shRNA-mediated suppression of IMPDHI in vivo. (A) rAAV-mediated suppression of endogenous IMPDHI following FACS analysis in six
2-week-old WT C57B6/CBA mice sub-retinally injected with pAAVshLuc.EGFP (left eyes) and pAAVsh2048. EGFP (right eyes). Y-error bars denote standard
error of the mean. *P < 0.05. (B) Detection of endogenous mouse IMPDHI in WT C57B6/CBA mouse retinas. (C) Western blot analysis of IMPDHI protein
expression in WT C57B6/CBA mouse retinas sub-retinally injected with rAAV vectors expressing sh2048 (lane 1) and shLuc (lane 2). (D) Immunolocalization
of IMPDHI1 in WT C57B6/CBA mouse retinas. Scale bar: 40 pm. (E) Immunohistochemical analysis of AAV-shRNA-mediated suppression of IMPDHI in WT

C57B6/CBA mouse retinas. Scale bar: 40 pm.

anti-C-IMPDHI1 antibody, and immune complexes were
detected with Cy3-labelled anti-rabbit IgG antibody.
Anti-C-IMPDHI staining shows that IMPDH1 localizes pre-
dominantly to the OS adjoining the ONL, while weaker stain-
ing in the RPE and synaptic terminals of the photoreceptor
cells indicates that IMPDHI is also present in these regions
(Fig. 5D). This pattern of protein localization is consistent
with the in situ mRNA expression pattern reported previously
by Aherne et al. (12), and also with the immunofluorescence
staining reported by Bowne et al. (15).

To qualitatively illustrate the levels of IMPDHI protein
reduction in shRNA-treated eyes, 3 nl of pAAVsh2048. EGFP
(2.19 x 10" vp/ml) was sub-retinally injected into 1-month-
old WT C57B6/CBA mice, whereas contralateral eyes were
injected with 3 pul of pAAVshLuc.EGFP (1 x 10" vp/ml)
(n=2). Four weeks post-injection, sections from frozen
retinas were probed with anti-C-IMPDH1 antibody and
immune complexes were detected using Cy3-labelled anti-
rabbit IgG antibody. Representative fluorescent images in
Figure 5E showed near-complete suppression of IMPDHI1
expression in the OS and ONL of retinas injected with pAAV-
sh2048.EGFP (Fig. SE, lower panels) compared with
eyes injected with AAVshluc-targeting control (Fig. SE,
upper panels), which showed normal IMPDHI expression
patterns  similar to those observed previously in
Figure 5D. Collectively, these results demonstrate that

AAV-sh2048 can elicit specific and potent silencing of
IMPDHI1 expression in the OS and ONL of injected mice.

Induction of retinopathy by AAV-mediated expression of
mutant IMPDH1

We constructed rAAVs carrying either WT or mutant human
IMPDH1 ¢DNAs driven by the human rhodopsin promoter
and tagged with EGFP in order to study the effects of
mutant IMPDH1 bearing the mutation Arg224Pro in murine
retina in an attempt to model RP10 disease pathology. Three
mircolitres of AAV-Mut224IMPDH! (1.4 x 10'? vp/ml)
were delivered sub-retinally to the right eyes of IMPDH1™ ~
mice (n = 14) at 8 weeks of age. The left eyes of the same
animal received a similar quantity of AAV-WtIMPDHI
(3 wl of 1.77 x 10" vp/ml). Four weeks later ERGs were per-
formed on the animals which were subsequently sacrificed 2
days later and the eyes were resin-embedded for thin section-
ing. Figure 6A illustrates the results from a representative
ERG of this group of animals. Note the complete flattening
of the maximal, dark-adapted combined rod and cone
ERG response of the right eye which received AAV-
Mut224IMPDHI1 compared with the normal response of the
AAV-WtIMPDH 1-injected left eye. In addition, the histology
clearly shows that in the right eye over an extensive region
centering on the site of injection, the photoreceptor layer is
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Figure 6. Induction of retinopathy in IMPDH1""™ mice by expression of mutant IMPDHI. (A) ERG analysis in IMPDH1 "'~ mice sub-retinally injected with
rAAV-WT or mutant IMPDH1. Maximal, dark adapted, combined rod and cone response from IMPDHI1*™ mice injected with either AAV-WT IMPDHI (left
eye) or AAV-mutant IMPDHI (right eye) after 4 weeks of injection. (B) Light micrographs of resin embedded retinal sections (1jm) from a representative
IMPDH1™~ mouse. Right eye was sub-retinally injected with AAV-mutant IMPDH1 harbouring the Arg224Pro mutation, and contralateral eye injected
with AAV-WT IMPDHI. The outer nuclear layer (ONL) thickness of retinas injected with mutant IMPDHI is much less than those injected with WT
IMPDH1 and uninjected IMPDH1"' "~ retinas. RPE, retinal pigment epithelium; ONL, outer nuclear layer; OS, outer segment; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar: 40 pm.

severely degenerated with complete absence of OS and
reduction of number of rows of photoreceptor nuclei in the
ONL to zero (Fig. 6B). In stark contrast the entire retinal struc-
ture including the photoreceptor layer appeared wholly normal
in the left eye which received AAV-WtIMPDHI (Fig. 6B).
Real-time RT—PCR analysis showed that the level of AAV-
mediated IMPDH1 expression on an IMPDHI null back-
ground was equivalent to the WT levels (data not shown).
To assess whether suppression of mutant IMPDHI by
AAV-sh2048 in vivo could rescue the photoreceptors from
degeneration in this AAV-induced model, 18 adult WT 129
mice were sub-retinally co-injected at an approximate viral
particle (vp) ratio of 1 AAV-cDNA: 5 AAV-shRNA as
follows; (i) 1 pl of AAV-EGFP (1 x 102 vp/ml) and 2 pl of
AAV-sh2048 (3.3 x 10'* vp/ml; right eye) or AAV-shLuc
(33 x 102 vp/ml; left eye) (m=5); (i) lpl of
AAV-WtIMPDH1.EGFP (1.77 x 10" vp/ml) and 2 ul of
AAV-sh2048 (3.3 x 102 yp/ml) or AAV-shLuc (3.3 x
10" vp/ml; left eye) (n=5); (iii)) 1pl of AAV-
Mut224IMPDH1 (1.4 x 10 vp/ml) and 2pl  of
AAV-sh2048 (3.3 x 10'* vp/ml; right eye) or AAV-shLuc
(3.3 x 102 vp/ml; left eye) (n=28). Four weeks post-
injection, all animals were sacrificed and retinal sections
were visualized by confocal microscopy. Eyes treated with
either AAV-EGFP or AAV-WtIMPDHI1 virus and either
shRNA virus showed similar retinal structures to those
observed in uninjected animals (data not shown). However,
representative fluorescent images from the left eyes of eight
mice co-injected with AAV-Mut224IMPDHI1 and AAV-shLuc

showed significant deterioration in ONL thickness (Fig. 7A),
which was consistent with those previously injected with
AAV-Mut224IMPDHI1 vector alone (Fig. 6B). In contrast,
the contralateral eyes of these mice treated with AAV-
Mut224IMPDH1 and AAV-sh2048 displayed a robust ONL
indicating that AAV-sh2048 provided significant protection
of the ONL from rapid degeneration (Fig. 7A). The average
positively transduced ONL area per unit length in the left
eyes of these animals were then compared with that of the
right eyes, and on average, all eight animals showed a signifi-
cant increase in ONL area per unit length in eyes co-injected
with AAV-Mut224IMPDH1 and AAV-sh2048 (35.53 +
1.49 pm), compared with AAV-Mut224IMPDH1 and
AAV-shLuc controls (15.50 + 0.68 pm) (P < 0.05; Fig. 7B).

Off-target effects against IMPDH2

Understanding off-target effects is not only important for
siRNA design, but is also crucial for the development of
siRNAs as therapeutic tools. Since IMPDH1 and IMPDH2
proteins share 84% homology (5,9), it is plausible that
siRNA targeting IMPDH1 might exhibit off-target effects on
IMPDH2 even though the sequences of sil224 and si2048
were specifically selected because they contained mismatches
against IMPDH2. To investigate this possibility, HeLa cells
were separately transfected with sil224 or si2048 and the
level of endogenous IMPDH2 transcripts was measured
24 h post-transfection by quantitative real-time RT—PCR.
IMPDH2 expression was standardized per unit [3-actin

0T0Z ‘62 YaJe\ uo ulgng ‘Areiqi abajjod Auuli] 1e 6io sreulnolpioixo’Buyy/:dny woly papeojumoq


http://hmg.oxfordjournals.org

2092 Human Molecular Genetics, 2008, Vol. 17, No. 14

A (Left eyes) Co-injectionof (Right eyes) Co-injection of
PAAVMutIMPDH1(224). pAAVMutIMPDH1(224) EGFP
EGFPand and pAAVsh2048 EGFP

Uninjected wild-type
pAAVshLuc.EGFP i

mouse retina

(Merged: EGFP+DAPT) (Merged: EGFP+DAPT) (DAPD

¥
*

e NN W
[~ T 1

Average ONL Area Per Unit Length (um)
w

=

AAV-Mutant IMPDHI + AAV-  AAV-Mutant IMPDH1+AAV-
shLuc (Left eyes) sh2048 (Right eyes)

Figure 7. Protection of photoreceptor cells from deterioration by shRNA-
mediated suppression of mutant IMPDHI in vivo. (A) Histological analysis
of WT 129 mouse retinas co-injected with AAV-mutant IMPDHI1 and
AAV-shLuc (left panel), AAV-mutant IMPDHI with AAV-sh2048 (middle
panel) and uninjected retina (right panel). rAAV-sh2048-mediated suppression
of mutant IMPDHI protects the ONL from degeneration to an extent to that
observed in the WT uninjected retina. White scale bar: 40 wm. Red scale
bar: 20 um. (B) Histograms illustrating average ONL area per unit length
(pwm) of positively transduced areas in eyes co-injected with AAV-mutant
IMPDHI and AAV-shLuc or AAV-sh2048. **P < 0.0001 (n = 8). Y-error
bars denote standard error of the mean.

expression and expressed as a percentage of that for the siLuc
control. HeLa cells treated with si1224 and si2048 showed
non-significant reduction of IMPDH2 mRNA to 90 + 9.5
and 89 + 7.21%, respectively, when compared with the
control (P =0.7681 and P = 0.7372, respectively; Fig. 8A).
Thus, both IMPDHI1-specific siRNAs show, at most, a very
limited trend for off-target effects against IMPDH2 at the
mRNA level.

However, in order to investigate the possibility that mis-
matches between IMPDHI-specific shRNAs and IMPDH2
coding region might provoke a microRNA (miRNA) response
by inducing translational blockade which would be undetect-
able by real-time RT—-PCR, HeLa cells were separately
co-transfected with 1 pg/pwl pWtIMPDH2 and psh1224 or
psh2048 and expression levels of IMPDH2 analysed by
western blot analysis 72 h later using anti-N-IMPDH2 anti-
body. Consistent with quantitative real-time RT—PCR data,
HeLa cells co-transfected with sh1224 or sh2048 showed no
significant reduction of IMPDH2 protein (lanes 1 and 2;
Fig. 8B), compared with the Iuciferase-targeting control
(lane 3; Fig. 8B). In particular, average densitometric
measurements taken from two independent experiments
showed no significant changes of IMPDH2 expression
at the protein level by sh1224 (90 + 13%) and sh2048

(101 £+ 5%), compared with the shLuc control (P = 0.43 and
P = 0.86, respectively). Endogenous mouse IMPDH2 protein
expression was also detected in WT 129 mouse retinal extracts
using anti-N-IMPDH2 antibody as shown in Figure 8C. In
addition, retinal protein extracts used to demonstrate
IMPDHI1 suppression (Fig. 5C) were subjected to western
blot analysis for the detection of IMPDH2 using
anti-N-IMPDH2 antibody. In contrast to IMPDHI, no
changes in the levels of IMPDH2 protein were detected
between retinas injected with AAV-sh2048 and the non-
targeting AAV-shLuc as shown in lanes 1 and 2 of
Figure 8D. Densitometric analysis confirmed the observation
that AAV-sh2048 did not significantly affect IMPDH2
expression, which remained at 95 + 5% compared with the
control (P = 0.82). Thus, the absence of significant silencing
of IMPDH2 at the protein level further illustrates the speci-
ficity of both IMPDHI1-specific shRNAs in mammalian cells
and in vivo, and also provides strong evidence that mismatches
between IMPDH 1-specific shRNAs and IMPDH2 do not give
rise to a miRNA-related protein translational inhibitory
response.

DISCUSSION

Previous investigations into the molecular pathology of RP10
(12), together with studies on the autosomal recessive form of
disease in the IMPDH1 '~ mouse, have suggested that simul-
taneous suppression of normal and mutant IMPDHI alleles
might be sufficient to abolish the dominant negative effect
exerted by the mutant protein, and perhaps prolong the survi-
val of photoreceptor neurons. The therapeutic potential of
RNAI in treating adRP has been described in a number of
recent publications. For example, Tessitore et al. (27) used
AAV-mediated expression of shRNA targeting murine rho-
dopsin in a rat model of adRP caused by the heterozygous
expression of a murine Pro23His rhodopsin mutation, although
retinal histopathology was not rescued, the authors arguing
that more robust expression of shRNA would be required.
Gorbatyuk et al. (28) demonstrated in vivo suppression of rho-
dopsin following sub-retinal delivery of rAAV-2/5 vectors
expressing shRNA directed against murine rhodopsin tran-
scripts in heterozygous RHO™ ™~ mice. Moreover, O’Reilly
et al. (23) showed that sub-retinal delivery of rAAV-2/5
vectors expressing a codon-modified rhodopsin replacement
gene in the presence of rhodopsin-targeting shRNAs signifi-
cantly protected the ONL of the retina in a murine model of
retinal degeneration.

In this study, we have addressed the concept of developing
an RNAi-mediated therapy for the RP10 form of adRP, a con-
dition selected not only in view of its prevalence, but because
features of the molecular pathology of the disease render it
particularly suited to the development of such a therapy.
Specifically, expression of a rod-opsin promoter-driven WT
IMPDHI1 gene in retinal tissues appears to have no detrimental
pathological effect, and secondly, mice with a targeted disrup-
tion of the IMPDHI gene develop only an exceedingly mild
retinopathy (12). Taken together, these observations suggest
that suppression of IMPDHI by an RNAi-based gene
therapy, may on its own, have a substantially ameliorating
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Figure 8. Off-target silencing of IMPDH?2 in vitro and in vivo. (A) Off-target silencing of IMPDH2 mRNA by IMPDH1-specific siRNAs in HeLa cells. Per-
centage IMPDH2 expression was determined by real-time RT—PCR 24 h post-transfection and normalized to the house-keeping gene, B-actin. The average of
five experiments is shown; Y-error bars denote standard error of the mean. *P < 0.05. (B) shRNA-mediated down-regulation of IMPDH?2 protein expression in
HeLa cells. HeLa cells were separately co-transfected with pWtIMPDH2 and psh1224 or psh2048. Protein was extracted 72 h post-transfection and analysed by
western blotting using anti-N-IMPDH2 antibody. (C) Detection of endogenous mouse IMPDH2 protein in WT C57B6/CBA mouse retinas.
(D) AAV-shRNA-mediated suppression of IMPDH2 protein expression in WT mice.

potential and moreover, should a replacement therapeutic
IMPDHI gene, engineered to be resistant to the suppressive
effect of RNAi be required, precise control of expression
levels may not be as crucial as in other systems, such as dis-
eases based on mutations within the rhodopsin or
RDS-peripherin genes, where it has been shown that under-
or over-expression of normal genes can be pathogenic to the
retina (29-32).

We have successfully shown that shRNAs can be used to
suppress both human and mouse IMPDHI expression in
vitro, ex vivo and in vivo. The most potent siRNA tested,
si2048, selectively suppressed IMPDHI1 expression by
>70% at both the mRNA and protein level in HeLa cells in
a mutation-independent manner, without, importantly,
decreasing levels of IMPDH2 transcript or protein. In order
to secure longer-term silencing, si2048 was cloned into a
Hl1-driven RNAI vector, which also resulted in potent silen-
cing of IMPDHI in cell cultures. The efficacy of RNAi-
mediated silencing is highly dependent on the endogenous
RNAIi pathway, which may vary between in vitro and in
vivo systems. Therefore the robustness of sh2048 was further
tested in murine retinal explants, which provided a cellular
environment similar to that of retinal tissues. The construction
of a dual expression RNAI vector system and FACS analysis
provided a rapid and sensitive method for sorting positively
transfected retinal cells, which allowed evaluation of sShRNA-
mediated silencing of IMPDHI in a true transfectant popu-
lation. In vitro electroporation of sh2048 showed long-term
and stable suppression of IMPDHI1 by >80% ex vivo in

retinal explants. In addition, in vitro electroporation of
sh2048 did not cause any observable damage to the cultured
retinas, where the histology resembled that of a normal
retina in vivo, with defined retinal morphological differen-
tiation (Fig. 4D).

For adRP, the ability to achieve persistent shRNA
expression from a viral vector is highly desirable, especially
when long-term and stable suppression of mutant protein is
required to obtain therapeutic benefits (23,28). In order to
secure long-term expression of shRNAs in living retinas in
mice, AAV was used as the vector of choice, in view of its
record of safety and non-pathogenic characteristics in vivo
(33-35). Previous reports have documented safe and pro-
longed expression of rAAV-mediated delivery of therapeutic
transgenes in mouse and canine models of retinal diseases
(36—38). Sub-retinal delivery of rAAV-2/5 vectors expressing
IMPDH 1-specific shRNA and EGFP exclusively transduced
the RPE, OS and ONL of WT mouse retinas when analysed
4 weeks post-injection, which is consistent with the transduc-
tion pattern previously reported by O’Reilly ef al. (23) and
Aurrichio et al. (26). Immunolocalization studies have
shown that IMPDHI1 is predominantly localized in the OS,
and outer and inner nuclear layer (Fig. 5D), which is consistent
with the in situ mRNA expression pattern previously reported
by Aherne et al. (12), and with the immunohistochemical
study reported by Bowne ef al. (15). The presence of
IMPDHI1 predominantly in the photoreceptor cell layers is
not surprising as IMPDHI1 is largely responsible for the pro-
duction of guanine nucleotides within photoreceptor cells
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(12,15). This observation also offers a plausible reason as to
why mutations in IMPDH1 exclusively affect photoreceptor
cells. Real-time RT—PCR analysis of pure transfectant popu-
lations obtained following FACS analysis showed that
rAAV-sh2048 mediated significant knockdown of endogenous
IMPDHI transcripts by up to 70% in the ONL of WT mice. In
addition, FACS analyses indicated that a single sub-retinal
injection of rAAV-2/5 viral vectors expressing EGFP was
capable of transducing up to 50% of total retinal cells (data
not shown). Western blot analyses showed that rAAV-sh2048
significantly  suppressed endogenous IMPDHI protein
expression in WT C57B6/CBA mice following two sequential
sub-retinal injections. Lotery er al. (39) previously demon-
strated the use of controlled multiple sub-retinal injections to
allow widespread transduction of non-human primate retinas
and showed that this method reduced surgical trauma to the
overall retinal structure. Immunohistochemical analysis also
showed that rAAV-sh2048 specifically suppressed endogenous
IMPDHI protein expression in the OS and ONL of WT mice.
Furthermore, no significant damage to the overall retinal struc-
ture was detected following 4 weeks of rAAV-mediated
expression of shRNA in vivo.

rAAV-mediated expression of human mutant IMPDH1 har-
bouring the Arg224Pro mutation, but not WT IMPDHI, in the
ONL of IMPDH1"~ (Fig. 6) and WT (Fig. 7a) mice, has been
shown to produce rapid structural and functional retinal
degeneration similar to that observed in transgenic mice
bearing the P23H rhodopsin mutation (40). Similarly,
Cashman ef al. (41) have shown that adenovirus-mediated sub-
retinal delivery of human VEGFI165 [a major stimulant of
choroidal neovascularization (CNV)] into murine retinas
induces a retinopathy with properties resembling that of the
exudative form of AMD. In particular, the authors showed
that CNV could be rapidly induced within 5 days following
sub-retinal injection. Although the pathological effect
induced by expression of mutant IMPDHI1 has not yet been
fully deciphered in the retina, previous studies have shown
that mutant IMPDHI protein is likely to cause protein aggre-
gation in vitro through significant disruption to its protein
structure (12). Photoreceptor degeneration caused by protein
aggregation has previously been reported in other adRP-linked
mutations, such as the Pro23His mutation in rhodopsin (42),
and the R14W mutation in the gene encoding carbonic anhy-
drase IV that causes RP17 (43). In addition, protein aggrega-
tion caused by polyglutamine expansion has been identified
as the underlying disease mechanism for several neurological
disorders such as Huntington’s disease and spinocerebellar
ataxia (44—46). In the current context, persistent rAAV-
mediated expression of human mutant IMPDHI in the
retinas of WT mice has provided a rapid retinal degenerative
model for RP10 that could be established within 4 weeks post-
injection. Notably, simultanecous sub-retinal delivery of
rAAV-mutant IMPDHI1 harbouring the Arg224Pro mutation,
together with rAAV-sh2048 in WT mice, provided significant
therapeutic protection of photoreceptor cell layer from
degeneration, when compared with controls in which mutant
IMPDHI1 together with a non-targeting shRNA molecule
were expressed. These observations provide a proof-of-
concept for down-regulation of mutant IMPDHI as a thera-
peutic strategy for RP10.

The co-existence of two IMPDH iso-enzymes in mamma-
lian cells with striking similarities in both their amino acid
identity and kinetic parameters suggests that each subserves
an important and non-overlapping function in cellular physi-
ology and development (5—7). Regulation of IMPDH activi-
ties during cellular transformation and differentiation has
mainly been attributed to specific changes in the expression
of IMPDH2 mRNA, whereas IMPDH1 remains constitutively
expressed (11). Expression studies have also revealed that
human IMPDH2 is regulated by a single core promoter
region (47), whereas expression of human IMPDHI is gov-
erned by three separate transcription initiation sites, which
suggests a cell type-specific expression pattern (48). In
regard to further optimizing the current approach to therapy
for RP10, it is worth noting that target recognition by
siRNA was initially thought to be a highly sequence-specific
gene silencing mechanism where by a single mismatch
between the guide strand of siRNA and target mRNA was suf-
ficient to terminate gene silencing. However, a growing body
of evidence has indicated that siRNA specificity is not guaran-
teed and non-specific silencing can occur through various
mechanisms such as; (i) global up- or down-regulation of
genes using high dosages of siRNA (49,50); (ii) the induction
of interferon response (51); (iii) miRNA-like translational
inhibition (52—54) and (iv) mRNA degradation by partial
sequence complementation (55). Previous reports have
shown that miRNA-mediated translational repression com-
monly occur through partial complementarity to a site in the
3’-untranslated region of targeted transcripts (56,57).
However, a previous study has shown that a natural miRNA
that is partially complementary to the coding region of a
target mRNA led to translational repression in mammalian
cells (58). Furthermore, Saxena et al. (53) demonstrated that
siRNAs bearing mismatches to the coding region of an
endogenous target mRNA in HeLa cells caused a significant
decrease at the protein level, but not at the transcript level.
These observations have prompted further studies to
examine whether IMPDHI1-specific siRNAs bearing mis-
matches to the coding region of IMPDH2 would elicit
miRNA-related translational inhibitory response. IMPDH2
was a good candidate for the study of non-specific silencing
effects in this particular study because of its close sequence
homology to IMPDHI1 in terms of both the amino acid identity
and enzymatic properties (5—9). In our current study, in vitro
and in vivo analyses have indicated that both of the
IMPDHI-specific siRNAs exhibited minimal silencing
effects on IMPDH2 expression at the mRNA and protein
level. This specificity may have been permitted by the pre-
sence of nucleotide mismatches located between the seed
region (equivalent to nucleotide positions 2 to 8) of the anti-
sense strands and the target sequence (Fig. 1A). A previous
study demonstrated that the seed region of siRNA antisense
strand represents a low-tolerance region, implying that
mismatches at these positions with the target sequence
significantly abolish most of the suppression activity (59).
Furthermore, partial complementarity between IMPDHI-
specific shRNAs and IMPDH2 did not lead to miRNA-
mediated translational repression in vitro or in vivo. Results
of two separate studies have previously illustrated that
miRNAs with high G/C content at positions 2 to 8 of the
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antisense strand induce a high thermodynamic stability in the
5" region of the miRNA antisense strand, which may cause
translational inhibition of targets without requiring extensive
complementation at the 3’ region of the antisense strand
(60,61). This may explain the lack of miRNA-mediated transla-
tional repression observed on IMPDH2 as both
IMPDH -specific shRNAs possess low G/C contents (>30%)
in positions 2 to 8 in the 5 region of their antisense strands.

Collectively, the results obtained in this study show that
both human WT and mutant IMPDH1 genes can be markedly
suppressed by shRNA in vitro, ex vivo and in vivo. In particu-
lar, the proof-of principle of rAAV-mediated gene therapy in
the mutant IMPDH1-induced RP10 mouse model, in conjunc-
tion with accumulating evidence that rAAV represents a safe
and efficient means of delivering molecular therapies to the
retina (62), suggest that the current rAAV-mediated RNAI
suppression strategy holds substantial promise for the develop-
ment of future therapies for RP10 patients. However, a number
of issues regarding the safety of rAAV-mediated retinal gene
transfer will need to be addressed. First, genome-wide gene
expression profiling will be required to provide a comprehen-
sive picture of any possible off-target effects elicited by
sh2048. In addition to the importance of possible changes at
the transcriptional level, it is imperative to profile retinal
miRNAs following the inoculation of rAAV-shRNAs, since
it has been reported that excessive RNAi can cause lethality
in mice by oversaturation of the natural endogenous RNAi/
miRNA pathway (63). In this regard, a novel approach for
safer RNAI by sub-cloning shRNAs sequences into the back-
bone of naturally occurring miRNAs, in order to address the
concerns over obstructing the natural endogenous RNAI
machinery (64,65), may provide a safer long-term application
of shRNA expression in vivo. In summary, we show that
shRNA-mediated suppression of mutant human IMPDHI1 tran-
scripts provides significant therapeutic benefit at a point where
all photoreceptors are normally destroyed in an AAV-induced
model of RP10. These data provide a solid basis for the further
development of a gene-based therapy for the RP10 form of RP
in man. Detailed evaluation of phenotypic effects of long-term
expression of shRNA and of elevated expression of a normal
human IMPDH1 gene (readily modifiable such as to be resist-
ant to RNAi-mediated suppression) in the non-human primate
retina will hopefully facilitate translation to human subjects
within a realistic time-frame.

MATERIALS AND METHODS

Construction of IMPDH1 and IMPDH2 expression
plasmids

The generation of IMPDHI vectors has previously been
described by Aherne et al. (12). The 1.5-kb WT human
IMPDHI1 cDNA insert was cloned into the Xhol site of the
pcDNA3.1(+) vector (Invitrogen) to produce pWtIMPDHI.
The single point-mutations CGC to CCC (Arg224Pro) and
GAC to AAC (Asp226Asn) were introduced into the WT
human IMPDHI cDNA, as described previously by Aherne
et al. (12), and cloned into the Xhol site of pcDNA3.1(+) to
generate pMutIMPDHI1(224) and pMutIMPDHI1(226),
respectively. Primers were designed to introduce Notl site at
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the 5’ end, and an Xhol site at the 3’ end of the WT human
IMPDH2 ¢DNA sequence in the pET-30 Ek/LIC4+IMPDH2
vector (Dr Sara Bowne, University of Texas HSC, USA).
The 1.5kb IMPDH2 c¢DNA was amplified using Pfu DNA
polymerase (Stratagene) and inserted in-frame into the
respective restriction sites in pcDNA3.1(+), to create
pWtIMPDH2. In order to generate EGFP reporter plasmids,
the EGFP gene (630 bp) was first excised from pEGFP-NI
(Clontech, BD Biosciences, Inc.), and inserted in between
the HinDIIl and Nofl sites of pWtIMPDHI1, pWtIMPDH2,
pMutIMPDH1(224) and pMutIMPDH1(226), which was
upstream of the IMPDH1 and IMPDH2 cDNAs, creating
pWtIMPDH1.EGFP,  pWtIMPDH2.EGFP,  pMutIMPD-
H1(224).EGFP and pMutIMPDH1(226).EGFP, respectively.
The sequences of all IMPDHI1 and IMPDH2 plasmids were
verified by DNA sequencing using ABI 310 Genetic Analyser
(Perkin Elmer, Shelton, CT, USA).

Design of IMPDH1-specific siRNAs and shRNAs

The selection of IMPDHI1 target sequences was determined by
submitting the human IMPDH1 sequence (GenBank accession
no. NM_000883) to the search-engine supplied by www.dhar-
macon.com. The resulting sequences were then filtered using
the 8-criterion algorithm method (17) to select optimal
siRNAs. Two siRNA sequences denoted as sil224 and
si2048 (Table 1), targeting distinct regions on human
IMPDHI1 transcript were selected. The siRNAs were syn-
thesized by Dharmacon, resuspended to a final concentration
of 20pmol in RNase-free water (Promega). Both
IMPDH -targeting siRNAs were generated as oligonucleo-
tides and sub-cloned into the pBluescript-H1 vector system
to create psh1224 and psh2048 (66) (Table 1), respectively,
as outlined in the protocol provided by www.oligoengine.
com (Oligoengine). A commercial synthetic siRNA duplex
targeting luciferaseGL3 (siLuc) was used as a non-targeting
siRNA control (Table 1). An additional siRNA duplex target-
ing luciferaseGL2 (Qiagen) was generated as oligonucleotides
and sub-cloned into pBluescript-H1 vector system to create
pshLuc as outlined in the protocol provided by www.oligoen-
gine.com (Oligoengine). To generate dual expression shRNA
plasmids, restriction fragments containing the Hl-promoter,
shRNA sequences and termination signal were excised from
pshLuc and psh2048, respectively, by restriction enzyme
digestion at EcoRI and HindIll. The fragments were then
sub-cloned into pEGFP-1 (Clontech) into which the CMV
promoter (PCR amplified from pcDNA3.14) had been
inserted immediately 5" of the EGFP cDNA, to give
pshLuc.EGFP and psh2048. EGFP, respectively. A 300 bp
Ubc intron was PCR amplified from pUB6/V5-His A, B, C
(Invitrogen) and inserted in between the H1 and CMV promo-
ters (22). Correct insertions of shRNA oligonucleotides were
verified by DNA sequencing using ABI 310 Genetic Analyser
(Perkin Elmer).

Cell culture and transfection of siRNAs

HeLa (ATCC number: CCL-2) cells were cultured in Dulbec-
co’s modified Eagle medium (DMEM, Gibco-BRL) sup-
plemented with 10% fetal calf serum (FCS), 1%
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L-glutamine (2 mM), sodium pyruvate (2 mm) and 1% strepto-
mycin/penicillin, in a 5% CO, incubator at 37°C. Cultured
cells were passaged regularly with trypsin—EDTA
(Gibco-BRL) to maintain exponential growth. Twenty-four
hours prior to transfection, HelLa cells were trypsinized,
diluted in DMEM without antibiotics at 1 x 107 cells/ml,
and plated onto 24-well plates (500 wl per well). To evaluate
siRNA and shRNA in vitro, 1 pg/pl of pBluescriptH1 expres-
sing IMPDHI1-shRNAs or 20 pmol chemically synthesized
siRNAs were diluted in Opti-MEM I (Gibco-BRL) and trans-
fected into HeLa cells using Lipofectamine 2000~ according
to manufacturer’s protocol (Invitrogen). Each sample was
carried out in quadruplicates and pooled together during
RNA extraction.

Generation of AVVs

AAV were prepared as previously described (23). Genomic
titres, i.e. vp (vp/ml) were determined by quantitative real-
time RT—PCR according to the method described by Rohr
et al. (67). The IMPDHI suppressor and non-targeting
shRNAs were sub-cloned into pAAV-MCS (Stratagene) to
generate pAAV-sh2048.EGFP and pAAV-shLuc.EGFP,
respectively (Fig. 4A). pAAV-CMV.EGFP; EGFP was
excised from pEGFP-1 (Clontech), and blunt cloned into
PAAV-MCS. The CMV promoter in pAAV-IRES-EGFP was
replaced with 1.7 kb mouse rhodopsin promoter [excised
from the 17.1 kb mouse rhodopsin genomic clone (29)] to
create pAAV-Rho-IRES-EGFP, and both WT and mutant
IMPDHI c¢DNAs were sub-cloned into pAAV-Rho-
IRES-EGFP, to create pAAVWtIMPDHI1.EGFP and pAAV-
Mut224IMPDH1.EGFP, respectively.

Total RNA isolation for quantitative real-time RT—PCR
analysis of IMPDH1 mRNA

Twenty-four hours post-transfection, total RNA was extracted
from cultured cells using TRIzol reagent (MRC) according to
manufacturer’s protocol. RNA was quantified using real-time
RT-PCR on a Light-Cycler system (Roche Diagnosis) with
Quantitect SYBR Green Kit according to manufacturer’s pro-
tocol (Qiagen Xeragon). The following reaction conditions
were used for real-time RT—PCR: 50°C for 20 min; 95°C
for 15 min; 35 cycles of 95°C for 15s; 57°C for 20 s; 72°C
for 8 s; 95-65°C for 10 s and 40°C for 30 s. Complementary
HPLC-purified primers (Sigma-Genosys) for amplifying
DNA sequences are provided in (Table 2). For in vitro, ex
vivo and in vivo experiments, the level of IMPDH1 mRNA
was standardized to the housekeeping gene, (3-actin, although
other housekeeping genes such as human IMPDH2 (GenBank
accession no. NM_000884) and human transcription binding
protein (TBP) (GenBank accession no. NM_003194) were
also tested and yielded similar results (data not shown). For
each transfection experiment, a control group was transfected
with a non-targeting siRNA/shRNA, and IMPDHI was stan-
dardized per unit (3-actin expression and expressed as a per-
centage for the non-targeting control.

Murine retinal explants

In vitro electroporation. Electroporation and maintenance of
retinal explant cultures were carried out according to proto-
cols previously described by Kiang et al. (21) and Palfi
et al. (22). A total of 12 retinas were dissected from 6
new born C57B6/CBA mouse pups and transferred to a
micro-electroporation chamber (Nepagene, 3 x 10 x 5 mm)
filled with 100 pl of pshLuc.EGFP or psh2048.EGFP at a
final concentration of 1 pg/pl in Hank’s balanced salt solu-
tion (HBSS). Five square pulses (30 V) of 50-ms duration
with 950-ms intervals were applied to the retinal tissues
from the scleral side using a pulse generator (ECM 830
BTX). Electroporated retinas were cultured in vitro at
37°C  on Costar Transwell polycarbonate membrane
(0.2 pm pore) in neurobasal medium (Invitrogen) containing
2 mm taurine, 10% FCS, penicillin/streptomycin and B-27
supplements (Invitrogen) for 14 days.

Fluorescent activated cell sorting. Neurobasal media were dis-
carded latter to in vitro culturing and retinal tissues were
washed twice with 4 ml HBSS solution for 1 min. For cell
sorting, six cultured retinal explants per construct per exper-
iment were pooled together and dissociated into single cells
by digestion with 2 ml of trypsin (1 mg/ml) (Roche) at 37°C
for 20 min. Two to three microlitres of DNasel was added to
the dissociated cells and was further incubated at 37°C for
10 min. Two-hundred nanolitres of trypsin inhibitor (Roche)
was added to the cell suspension and centrifuged for 5 min
at 1200 rpm (IEC micromax microcentrifuge, Thermo Elec-
tron Corporation). The pellet was then resuspended in 2 ml
HBSS solution per pair of retinas. Ten microlitres of DNasel
was added to the cell suspension and incubated at 37°C for
10 min. Dissociated retinal cell suspensions (six retinas
pooled together) were then sieved through 50 pwm Filcon
filters (Dakocytomation). EGFP-positive and EGFP-negative
cells were collected in a Beckman-Coulter Altra Fluorescence
Activated Cell Sorter (Beckman-Coulter, Inc., Fullerton, CA,
USA) at a rate of 1000 cells/s. Approximately 100 000—
540 000 EGFP-positive cells per experiment were collected.
The FACS sorter was incorporated with three lasers at
488 nm (blue), 633 nm (red) and 407 nm (violet) that
enabled detection of two scattered signals. The sorting flow
rate of 4 was used to maximize the purity of the final
sample. Subsequent to FACS sorting, the isolated cells were
concentrated through 0.45 wm Ultrafree-MC filter units
(Amicon, PTFE membrane) by centrifuging at 1300 rpm for
1 min at a concentration of <200 000 cells/unit, and eluted
by adding 350 w1l RNA lysis buffer (RNeasy Mini Kit,
Qiagen). For real-time RT—PCR analysis, RNA was extracted
and purified from FACS-sorted cells using the RNeasy Mini
Kit (Qiagen) according to manufacturer’s protocol.

For in vivo studies, 2 weeks to 1-month-old WT C57B6/CBA
mice were sub-retinally injected with 1-3 wl of 102~ "% vp/ml
PAAVshLuc.EGFP (left eyes) and pAAVsh2048.EGFP (right
eyes). Four weeks post-injection, AAV-transduced retinas
were dissected, pooled and dissociated by trypsin digestion.
Dissociated single retinal cells expressing EGFP were
FACS-sorted and RNA was extracted from EGFP-positive
cells for real-time RT—PCR analysis as described above.
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Table 2. Sequences of HPLC-purified primers for real-time RT—PCR amplification

Sequences (5'—3') Product size (bp)

Gene GenBank Accession number

Human and mouse IMPDH1 Forward NM_000883 (Human)
Reverse RC053416 (Mouse)

Human and mouse IMPDH2 Forward NM_000884 (Human)
Reverse BC052671 (Mouse)

Human and mouse (3-actin Forward XMO004814 (Human)
Reverse EF095208 (Mouse)

Human TBP Forward NM_003194
Reverse

5'-cgtgaggatgacaaataccg-3’ 99
5'-accatggcegatctgatacac-3’
5'-acacctgaattccaggccaa-3' 193
5'-gaggagatgatgcccaccaa-3’
5'-tcacccacactgtgceccatctacga-3' 296
5'-cagcggaaccgctcattgecaatgg-3’
5'-gcatattttcttgetgecagtet-3' 90

5’-accacggcactgattttcagtt-3’

Histological and immunohistochemical analysis

Whole eyes were extracted from injected mice and immedi-
ately fixed in 4% paraformaldehyde (pH 7.4) for 4 h at 4°C
on a rotating device. Eye cups were then washed in phosphate-
buffer saline (PBS) for 1 hr and sequentially submerged in 10,
20 and 30% sucrose. Eye cups were then suspended in speci-
men blocks with OCT solution (Tissue Tek) and snap frozen
using liquid nitrogen. Frozen eyes were cryo-sectioned on a
cryo-sectioner (Leica CM 1900) in 12 pwm thickness and sec-
tions were collected on Polysine® slides (Menzel-Glazer).
To detect IMPDHI, sectioned retinas were blocked for
20 min at room temperature in PBS containing 5% goat
serum, and immunostained with anti-C-IMPDHI1 antibody
(15) over-night at 4°C in a humidity chamber. Sectioned
retinas were then washed three times with PBS at 15 min inter-
vals, and incubated in Cy3-labelled anti-rabbit IgG antibody
for 1 hr at 37°C in a humidity chamber. Following incubation,
sectioned eyes were washed six times with PBS at 15 min
intervals and mounted with Aqua-Polymount (Polyscience)
mounting medium after nuclei-counterstaining with DAPI
(1:5000 in PBS). Retinal sections were then visualized under
fluorescent microscope (Zeiss, Axioplan 2) and confocal
microscope (Olympus FU1000, Hamburg, Germany).

Electroretinography

Animals were dark-adapted overnight and prepared for elec-
troretinography under dim red light. Pupillary dilation was
carried out by installation of 1% cyclopentalate and 2.5%
phenylephrine. Animals were anesthetized by intraperitoneal
injection with ketamine (2.08 mg per 15 g body weight) and
xylazine (0.21 mg per 15g body weight). Standardized
flashes of light were presented to the mouse in a Ganzfeld
bowl to ensure uniform retinal illumination. The ERG
responses were recorded simultaneously from both eyes by
means of gold wire electrodes (Roland Consulting Gmbh)
using 1% Amethocaine as topical anaesthesia and Vidisic
(Dr Mann Pharma, Germany) as a conducting agent and to
maintain corneal hydration. Reference and ground electrodes
were positioned subcutaneously, ~1 mm from the temporal
canthus and anterior to the tail respectively. Responses were
analysed using a RetiScan RetiPort electrophysiology unit
(Rolad Consulting Gmbh). The protocol was based on that
approved by the International Clinical Standards Committee
for human electroretinography. Rod-isolated responses were
recorded using a dim white flash (—25 dB maximal intensity
where maximal flash intensity was 3 candelas/m?/s) presented

in the dark-adapted state. Maximal combined rod-cone
response to the maximal intensity flash was then recorded.
a-waves were measured form the baseline to the trough and
b-waves from the baseline (in the case of rod-isolated
responses) or from the a-wave to the trough (12,23). All
ERG analyses were carried out by a registered ophthalmolo-
gist (Dr Paul F. Kenna) in a barrier facility with sterile instru-
ments and solutions.

Evaluation of photoreceptor cell morphology by
quantitative histology

After ERG recordings, injected mice were sacrificed and the
eyes were cut at 12 wm thickness on a cryo-sectioner (Leica
CM 1900) as above. Eyes were cut along the vertical meridian,
such that the superior and inferior hemispheres were separated
by the optic nerve. To evaluate quantitatively the area per unit
length and thickness of positively transduced ONL, 12 pm
frozen sections were viewed under a fluorescent microscope
(Zeiss, Axioplan 2). EGFP-positive ONLs from nine indepen-
dent frozen sections from each animal co-injected with AAV-
mutant IMPDH1 and AAV-sh2048 or shLuc were measured
using analytical software tools (Analysis B, Zeiss), and the
average area per unit length for each co-injected animals
was grouped. The mean positively transduced ONL area per
unit length was compared to control eyes.

Western blot analysis

Twenty-four hours prior to transfection, HeLa cells were
plated at a density of 3 x 10° cells/ml onto 6-well plates
with DMEM medium without antibiotics (2 ml per well). Sep-
arate wells of HeLa cells at a confluency of 80—90% con-
fluency were then co-transfected with 1.5 pg/pl
IMPDH 1-expression plasmids with 100 pmol siRNAs or
1 pg/pl shRNAs diluted in Opti-MEM-reduced serum
medium using Lipofectamine 2000® according to manufac-
turer’s protocol. For in vivo studies, adult WT C57B6/CBA
mice were sub-retinally injected with 3 pl of 10"~ '* vp/ml
PAAVshLuc.EGFP (left eyes) and pAAVsh2048. EGFP (right
eyes) per eye. A second sub-retinal injection with the same
concentrations of AAV shRNAs was administered into the
same eyes at different regions of the retina 1 week after the
primary injection. Four weeks after the second injection,
mice were euthanized by carbon dioxide inhalation, and
retinas were dissected. Protein extracts were obtained from
cultured cells and dissected retinas by passing through
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21-gauge syringes in protein lysis buffer. Protein concen-
tration was determined by BCA Protein assay kit (Pierce)
with bovine serum albumin (BSA) at 2 mg/ml as standards
on 96-well plates according to manufacturer’s guidelines.
30 wg of total protein was loaded in each lane. Protein
samples were separated by electrophoresis on 10%
SDS-polyacrylamide gels under reducing conditions, and
transferred to nitrocellulose membranes. Membranes were
incubated overnight in blocking buffer, and probed with
anti-N-IMPDHI1 and anti-N-IMPDH2 antibodies (15) over-
night at 4°C. Detection of primary antibody complexes was
carried out using horse-radish conjugated secondary anti-
bodies (Abcam). Each blot was stripped using Stripping solu-
tion (Pierce) and immunostained with [3-actin antibody
(Abcam) as loading controls. The blots were developed
using Enhanced Chemiluminescent Kit (Pierce Chemical
Co.) and exposed to Fugi X-ray films in a dark-room facility.
Protein band intensities were quantified by scanning with
Epson Stylus CX3200 and analysed using Multi Gauge Analy-
sis Software (Ver. 2.2, Fujifilm). The percentage reduction in
band intensities of IMPDH1 was calculated relative to the non-
targeting control, which was standardized to represent 100%
IMPDHI1 expression and normalized against 3-actin.

Animals and sub-retinal injection

The use of animals and sub-retinal injections carried out in this
work were in accordance with the European Communities
Regulations 2002 and 2005 (Cruelty of Animals Act) and
the Association for Research in Vision and Ophthalmology
statement for the use of Animals in Ophthalmic and Vision
Research and were approved by the institutional Ethics Com-
mittee. C57B6/CBA (Harlan, UK) and 129 S2/SvHsd (Harlan,
UK) mice were bred and maintained in a 12 hour light-dark
cycle. A registered ophthalmologist (Dr Paul F. Kenna) per-
formed all procedures in a barrier facility with sterile instru-
ments and solutions. In brief, 2 weeks to 4 months old mice
were anesthetized by intraperitoneal injection of Medetomi-
dine and Ketamine (10 and 750 ng/10 g body weight, respect-
ively). Pupils were dilated with 1% cyclopentolate and 2.5%
phenylephrine, and, under local analgesia (Amethocaine), a
small puncture was administered in the sclera. Under micro-
scopic control, a 34-gauge blunt-ended micro-needle attached
to a 10 wl syringe (Hamilton, Bonaduz, Switzerland) was
inserted through the puncture, and 1 to 3 wl of 10273 vp/
ml rAAYV vectors in PBS was administered to the sub-retinal
space, and a retinal detachment was induced. In particular,
all co-injections were carried out at a plasmid molar ratio of
1:5 (AAV-IMPDHI1 expressing plasmid: AAV-shRNA). Fol-
lowing sub-retinal injection, a reversing agent (100 wg/10 g
body weight, Atipamezole Hydrochloride) was delivered by
intraperitoneal injection. Body temperature was maintained
using a homeothermic heating device.

Statistical analysis

For all experiments presented in this study: mean values,
standard error of the mean (SEM) and paired Student’s
t-tests were calculated using Data Desk 6.0 PPC

(Data Description, Inc., New York, NY, USA). Differences
were considered statistically significant at P-values <0.05.
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