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Abstract

Leber congenital amaurosis (LCA) is a severe, genetically heterogeneous recessive eye disease in which ~35%
of gene mutations are in-frame nonsense mutations coding for loss-of-function premature termination codons
(PTCs) in mRNA. Nonsense suppression therapy allows read-through of PTCs leading to production of full-length
protein. A limitation of nonsense suppression is that nonsense-mediated decay (NMD) degrades PTC-containing
RNA transcripts. The purpose of this study was to determine whether inhibition of NMD could improve non-
sense suppression efficacy in vivo. Using a high-throughput approach in the recessive cep290 zebrafish model of
LCA (cep290;Q1223X), we first tested the NMD inhibitor Amlexanox in combination with the nonsense suppres-
sion drug Ataluren. We observed reduced retinal cell death and improved visual function. With these positive
data, we next investigated whether this strategy was also applicable across species in two mammalian models:
Rd12 (rpe65;R44X) and Rd3 (rd3;R107X) mouse models of LCA. In the Rd12 model, cell death was reduced, RPE65
protein was produced, and in vivo visual function testing was improved. We establish for the first time that
the mechanism of action of Amlexanox in Rd12 retina was through reduced UPF1 phosphorylation. In the Rd3
model, however, no beneficial effect was observed with Ataluren alone or in combination with Amlexanox. This
variation in response establishes that some forms of nonsense mutation LCA can be targeted by RNA therapies,
but that this needs to be verified for each genotype. The implementation of precision medicine by identifying
better responders to specific drugs is essential for development of validated retinal therapies.

Key words: precision medicine; Ataluren; Amlexanox; nonsense suppression; RPE65; CEP290; RD3

Introduction different genes cause LCA.? Some animal models of LCA
have been successfully corrected with gene-based thera-
pies,>”’ and clinical trials have been initiated for one LCA
gene (RPE65).51° Only recently has one RPE65 therapeutic
(Luxturna®) reached clinical practice and then for only
a subset of patients.>12 It took more than 10 years from

The extensive molecular genetic heterogeneity observed
in ocular diseases such as Leber congenital amauro-
sis (LCA) is a barrier to development of new ther-
apeutics. More than 400 mutations in at least 21
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identification of RPE65 gene mutations to development of
a therapeutic, and there are still 20 other genes causing
LCA for which there are no therapeutics.

A nonsense mutation leading to a premature termi-
nation codon (PTC) is a common type of gene defect
that occurs in about 35% of LCA patients,’ thus target-
ing this type of mutation could benefit a large num-
ber of patients. Most mRNA templates that contain a
PTC are recognized by a surveillance mechanism called
nonsense-mediated decay (NMD), which prevents syn-
thesis of truncated proteins with potential dominant-
negative or toxic gain-of-function activities.’> However,
altering the efficiency of the termination process dur-
ing mRNA translation can result in replacement of a
PTC with a near-cognate aminoacyl tRNA (nonsense sup-
pression), so in effect would produce either the cor-
rect protein or a protein with one amino acid sequence
change.'* If the PTC is not in a critical position for pro-
tein activity, then a functional protein could be produced.
Using a variety of small molecule drugs, suppression of
nonsense mutations has been demonstrated in mam-
malian and patient-derived cell lines, and in a variety
of pre-clinical animal models.’ Although several stud-
ies have questioned the mechanism of action of one of
these drugs (Ataluren),'®-" this has now been refuted in
a number of follow-up studies.'®'® We have therefore
used this approach to treat zebrafish?® and rodent?* mod-
els of inherited retinal degenerations, and have reversed
the congenital eye malformation defects in Pax6 mutant
mice using a topical eye drop preparation in the early
postnatal period.??

Based on evidence from animal studies?® and clini-
cal trials using current nonsense suppression drugs,?*2
their efficacy is limited in part because NMD is still
active and reduces the levels of nonsense-containing
transcripts.?® Hence the drugs may not be able to make
enough protein to provide a therapeutic benefit. Several
studies have shown that inhibition of NMD leads to an
increase in nonsense-containing mRNAs and increased
synthesis of full-length protein, in cells and animal mod-
els carrying nonsense mutations.?”’~?° Therefore, in this
study we compared nonsense suppression alone or in
combination with NMD inhibition in three genetic mod-
els of LCA caused by mutations in cep290,* rpe65,3! and
rd3.32

Materials and methods
Animals

All studies were carried out with the approval of the
Animal Care Committee at the University of British
Columbia, Canada and in accordance with the Associ-
ation for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision
Research. Mice were housed under cyclic light (14 hours
on: 10 hours off) and had access to food and water ad libi-
tum. Mice were maintained on the C57BL/6 background
strain as recessive Rd12 homozygotes (JAX Lab, stock

#005397; rpe65 R44X mutation [UGA]) or Rd3 homozygotes
(JAX Lab, stock #008627; rd3 R107X mutation [UGA]). Wild-
type AB*? and heterozygous cep290 (Zebrafish Mutation
Project Repository, stock #sa1383; cep290 Q1223X muta-
tion [UAG])*° zebrafish strains were maintained as inbred
stocks and staged according to morphological criteria as
previously described.?* Embryos were raised at 28.5°C on
a 14 hour light/10 hour dark cycle in 100 mm? Petri dishes
containing E2 or E3 medium.*

Drug administration

In cep290 zebrafish, after dechorionation of embryos at
10 hours post-fertilization (hpf), a range of doses of
Amlexanox or Ataluren (0.3-60 xM) were added directly
to the aquarium water and then embryos were raised
to 6 days post-fertilization (dpf). Each day the aquaria
water containing the drug was refreshed. For each drug
dose, 20 embryos were used in three independent exper-
iments. The number of embryos surviving at 6 days
was counted and quantitative data were expressed as
mean + SEM. The cep290 mutant embryos were treated
with either 1 uM Amlexanox or combined 1 uM Amlex-
anox/3 uM Ataluren from 10 hpf with assessment of the
phenotypic effect at 6 dpf by histology. For postnatal drug
treatment, mice received daily subcutaneous injections
of Ataluren (30 ng/g; Selleckchem), or a combination of
30 nug/g Ataluren plus Amlexanox (25 pg/g; Bio-Techne
Canada) from postnatal (P) day 4 to P120. For prena-
tal treatment, time-mated mice received daily subcuta-
neous injections of combined Ataluren plus Amlexanox
from E12 until birth. This was followed by the postnatal
treatment regimen as described above to P120. Efficacy
of the treatment was assessed by optokinetic tracking
(OKT) followed by histology, enzyme-linked immunosor-
bent assay (ELISA), western blotting, and qRT-PCR.

Optokinetic tracking

We assessed behavioral responses in mice by measur-
ing the spatial frequency threshold during optokinetic
tracking as previously described?? using rodent-specific
OptoMotry software (Cerebral Mechanics Inc.). Briefly, a
virtual cylinder was created that comprised a vertical
sine wave grating projected onto four computer moni-
tors that surrounded a platform on which the mice were
placed. The cylinder was rotated at 12 deg/sec and head
tracking was monitored via a video camera. The high-
est spatial frequency capable of driving the head tracking
response was adopted as the threshold (photopic inten-
sity, 142 cd/m?).

Histology and immunocytochemistry

Eyes were enucleated from euthanized mice and then
fixed in Karnovsky’s fixative for 2 hours prior to embed-
ding in paraffin wax. Zebrafish embryos were fixed
by immersion in 4% paraformaldehyde overnight at
4°C. Fixed embryos were washed in phosphate-buffered
saline (PBS) and then dehydrated through a graded
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ethanol series (50%, 70%, 90% and 100%), before being
transferred to xylene and embedded in paraffin wax. Sec-
tions of mouse eyes and zebrafish heads were stained
with hematoxylin and eosin and photographed using an
Aperio ScanScope digital scanning system (Leica Biosys-
tems). To count the number of rows of photoreceptor
nuclei, we standardized the method by measuring a
region two optic disc diameters in length from each side
of the optic nerve head, and counting the rows in that
region only. For immunohistochemistry, eyes were fixed
in 4% paraformaldehyde overnight and then infiltrated
with 30% sucrose at 4°C, before embedding in Polyfreeze
medium (Polysciences Inc.). Immunolabelling was car-
ried out with 6-10 um thick frozen sections using a
primary monoclonal antibody to RPE65 (1:1000, Abcam,
ab513826) and detected with Alexa Fluor 488 goat anti-
mouse IgG (Thermo Fisher Scientific) secondary anti-
body. Sections were incubated overnight at 4°C with pri-
mary antibody diluted in blocking buffer (2% normal goat
serum, 0.1% Triton-X-100 in PBS). After extensive washes
in PBS-Tween 20, localization of antibody labelling was
detected after a 60 minute incubation at room temper-
ature (RT) with the secondary antibody diluted in PBS
containing 2% normal goat serum. Nuclei were counter-
stained with DAPI and then images acquired using con-
focal scanning laser microscopy.

Protein analysis methodologies

Eyes were opened at the limbus and retina/RPE tis-
sue was removed and placed into 100 ul 1X phos-
phate buffered saline (PBS). Tissue samples were then
homogenized, followed by two freeze-thaw cycles.
Homogenates were centrifuged for 5 minutes at 5000 x g.
The amount of RPE65 in the supernatant was com-
pared to a standard curve using a mouse RPE65
ELISA kit (MyBioSource) according to the manufac-
turer’s instructions. For immunoprecipitation, protein
from homogenate supernatants was immunoprecipi-
tated with antibodies to REN1/hUPF1, phosphor-Upfl
and B-actin using SureBeads Protein G Magnetic Beads
(Bio-Rad) according to the manufacturer’s instructions.
A 10% w/v SDS-PAGE gel was used to separate proteins,
which were then transferred to Immobilon-FL mem-
brane (Millipore). Blocking of membranes was carried
out in 5% non-fat dry milk powder in PBS/0.1% Tween-
20 (PBST) for 1 hour at RT. Following three washes in
PBST, the membranes were incubated with REN1/hUPF1
monoclonal (1:1000, Abcam, ab109363), phosphor-Upfl
(Ser1127, EMD Millipore, 07-1016), B-actin monoclonal
(1:1000, Proteintech, 60008-1-Ig) at 4°C overnight. The
membranes were washed three times 20 minutes each
with PBST in the dark. Anti-rabbit IgG DyLight 800
(1:1000, Rockland, 611-145-002) and anti-mouse IgG
DyLight 680 (1:2000, Rockland, 610-144-002) were used
as the secondary antibodies. Visualization of protein was
performed with an Odyssey LI-COR imaging system. The
molecular weight markers used were from the BLUelf
pre-stained protein ladder (GeneDireX).

TUNEL apoptosis assay

The TUNEL staining assay for mouse eyes was carried out
on 12 um thick frozen sections according to the manufac-
turer’s instructions (TUNEL Assay Kit, Abcam, ab66110).
The slides were incubated with 3% Triton-100 in PBS for
15 minutes, and then incubated with wash buffer for two
times 5 minutes. A DNA labeling solution containing TdT
enzyme, Br-dUTP in TdT reaction buffer was added to
each section and the slides were incubated at 37°C for
1 hour. Slides were washed two times 5 minutes in PBS,
and then added with Anti-BrdU-Red antibody and incu-
bated in the dark for 30 minutes. Nuclei were counter-
stained with DAPI. Slides were detected by fluorescence
microscopy within 3 hours of staining. Cell counting was
completed in Photoshop. An area of 10 mm x 20 mm
was selected to count the number of total cells and the
dead cells. TUNEL staining in wholemount zebrafish eyes
was carried out as previously described*® using ApopTag
Fluorescence In Situ Apoptosis Detection Kit (Millipore-
Sigma, S7110) according to the manufacturer’s instruc-
tions.

Quantitative real-time RT-PCR

Total RNA was isolated from retinal/RPE tissues using TRI
Reagent (Sigma). The RNA was purified with RNA Clean
& Concentrator —25 (ZYMO research). From each sam-
ple, 200 ng of total RNA was reverse-transcribed to cDNA
using the QuantiTect Reverse Transcription Kit (Qiagen)
as per the manufacturer’s protocol. Gene expression was
quantified using the TagMan primer/labeled probe sys-
tem and the 7500 Fast Real-Time PCR system (Applied
Biosystems). All reactions were performed using the Tag-
Man Fast Advanced Master Mix (2X), FAM-labeled Tag-
Man pre-validated gene expression assays for rpe65, VIC-
labelled TagMan endogenous control Gapdh, and 10 ng of
cDNA. All reactions were run in triplicates of three, with
N = 3. Thermocycling parameters were as follows: 2 min-
utes at 50°C, 20 seconds at 95°C, 40 cycles of 1 second at
95°C, plus 20 seconds at 60°C. Real-time PCR data were
analyzed by the comparative CT method.?”

Visual background adaptation assay

At 5 dpf, treated or untreated zebrafish embryos were
transferred to a Petri dish and placed inside a box for
dark-adaptation lasting 30 minutes. The dish was then
placed on a stereomicroscope stand and the embryos
were exposed to a bright light. Images were taken as soon
as the light was switched on, and again 15 minutes later
to allow for full contraction of the skin melanophores as
previously described.®

Statistical analysis

Analyses were performed with GraphPad Prism 5.0. For
parameter comparisons between groups, an unpaired
Student’s t test was used. P values of less than 0.05
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were considered significant. Results are reported as
mean + SEM.

Multiple group comparison was performed by one-
way ANOVA followed by Tukey post hoc tests. Differ-
ences were considered significant at P < 0.05. Results are
reported as mean + SEM.

Results

Therapeutic dose for Amlexanox and Ataluren in
zebrafish

To determine the highest dose of drugs that could be
tolerated, survival experiments were carried out. The
survival rates of wildtype embryos dosed continuously
from 10 hpf with increasing concentrations of Amlex-
anox or Ataluren from 0.3 to 60 uM, were measured
at 6 dpf (Fig. 1A), and behavioral and gross morpho-
logical defects were noted in surviving larvae. Embryos
treated with up to 1 uM Amlexanox or 3 uM Ataluren
displayed normal morphology, feeding and motor behav-
iors with 100% survival rates at 6 dpf, and retinal sec-
tions had a normal histological appearance at 6 dpf sim-
ilar to untreated embryos (Fig. 1B). Doses of >3 uM for
Amlexanox or >10 uM Ataluren yielded toxic side effects
including pericardial edema, bent tails, spinal curvature,
shorter body length, and abnormal swimming behavior
(Fig. 1C). Doses of >30 uM Amlexanox or >60 uM Ataluren
were lethal in 100% of embryos. The LD50 for Amlexanox
was 16 uM and for Ataluren was 20 uM estimated from
the survival curves.

Phenotype of cep290 zebrafish embryos

The cep290 protein plays an important role in centro-
some function and for ciliogenesis in tissues such as the
brain, retina, ear, and kidney.>® Morphological analysis
of cep290 embryos revealed abnormal brain development
at 24 hpf (Fig. 2A). The telencephalon was projected for-
wards and the top of the head appeared flattened when
viewed laterally. In addition, the dorsal view showed that
the forebrain and midbrain ventricles were smaller com-
pared to wildtype embryos and the neuroepithelium was
not smooth. From 48 hpf onwards hydrocephalus in the
cep290 embryos was observed particularly in the hind-
brain compared to wildtype (Fig. 2B and C). At 72 hpf
neural cells in the midbrain were tightly packed in wild-
type embryos, whereas in cep290 embryos there were
loosely packed cells, and hydrocephalus appeared as a
dorsal gap in cross-section (Fig. 2C). Also, the retina of
the cep290 eyes did not show the typical inner (INL) and
outer nuclear layers (ONL) like wildtype retina, instead
it appeared immature as a single neuroblastic layer (Fig.
2C). At 6 dpf the midbrain was underdeveloped with
hydrocephalus, and additionally pericardial edema. The
eyes were also smaller and misshapen, and the swim
bladder did not form in the cep290 mutants (Fig. 2B and
C). The eye and brain phenotype observed in these cep290
embryos could be interpreted as suggesting that this
model is a form of Joubert syndrome that is also caused

by CEP290 mutations in humans.* Such a designation
would require further assessment. Recently, a different
cep290M297/fn297 gllele was characterized exhibiting a slow
progressive cone degeneration and scoliosis,** demon-
strating that a range of phenotypes are caused by differ-
ent mutations in zebrafish cep290 as also seen in human
CEP290 disease.

Effect of RNA therapy on ocular phenotype of
cep290 mutants

The effect of nonsense suppression in the cep290
mutants was tested using Ataluren alone or in combi-
nation with Amlexanox to inhibit NMD. As the size of
the eyes appeared smaller in cep290 mutants, we used
TUNEL staining to assess whether cell death contributed
to this phenotype. At 6 dpf a few TUNEL-positive cells
in the retina were observed in wholemount sections of
wildtype eyes representing normal histogenic cell death,
whereas the whole retina was TUNEL-positive in the
cep290 eyes indicating significant cell death (Fig. 3A).
Treatment of cep290 embryos with 3 uM Ataluren from
10 hpf to 6 dpf resulted in greatly reduced TUNEL stain-
ing; TUNEL-positive cells were only seen in the outer
nuclear layer of the retina. Treatment of cep290 embryos
with 3 uM Ataluren plus 1 uM Amlexanox resulted in
a just few TUNEL-positive cells in the retina, compa-
rable to the wildtype control. We counted the number
of TUNEL-positive cells in the retina in each treatment
group (Ataluren: 68 + 9 cells/section versus Ataluren
plus Amlexanox: 8 + 2 cells per section) indicating that
the drug combination was significantly more effective in
inhibiting cell death (P < 0.001, N = 4). To test whether the
eyes could perceive light, we used the visual background
adaptation (VBA) assay.®® This is a visually mediated
endocrine camouflage response that in the light results
in contraction of melanophores in the skin, whereas in
the dark they are dispersed. When cep290 embryos were
exposed to bright light, this did not result in contraction
of melanophores compared to wildtype embryos (Fig. 3B).
However, treatment with either Ataluren or combined
Ataluren/Amlexanox resulted in melanophore contrac-
tion, demonstrating that light perception was normal-
ized in the cep290 mutant. With these positive data,
we next tested this combination nonsense suppression
approach in two LCA mouse models carrying nonsense
mutations.

Effect of RNA therapy on retinal cell death in Rd3
and Rd12 mice

The RD3 protein is expressed in both rod and cone
photoreceptors where it interacts with and stabilizes
the expression of guanylate cyclase.*! The retina devel-
ops normally until P14 when the eyes open, but then
undergoes rapid photoreceptor degeneration so that by
4 months of age (P120) very few photoreceptors remain.>?
Therefore, we treated Rd3 mice from P4-P120 with sub-
cutaneous injections of either Ataluren or Ataluren plus
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Figure 1. Toxicity testing for Amlexanox in wildtype (wt) zebrafish embryos. (A) Survival curves for increasing concentrations of Amlexanox
(solid line) and Ataluren (dotted line) after 6 days continuous exposure. (B) At 6 dpf, Amlexanox (1 xM) and Ataluren (3 M) had no adverse
effects on ocular histology or body shape. Size bar = 50 um. (C) At 48 hpf, 5 uM Amlexanox resulted in a curved tail, whereas at 10 uM a short,
bent tail, pericardial edema (arrow) and abnormal brain and eye development was present. Exposure to 30 uM Ataluren resulted in curved tail

and pericardial edema (arrow).

Amlexanox. At P120 there was a single row of photore-
ceptors in the ONL of untreated Rd3 mice (Fig. 4A). Treat-
ment with Ataluren alone had no effect on the histo-
logical phenotype, neither did combining Ataluren with
Amlexanox.

RPE65 is a retinoid isomerase localized to the retinal
pigment epithelium (RPE) that is involved in the conver-
sion of all-trans-retinal to 11-cis-retinal, before the chro-
mophore is shuttled back to the photoreceptors.*? In the
absence of RPE6S there is a slow degeneration of pho-
toreceptors beginning at about 3 months of age (P90) and
continuing past 2 years of age.! In Rd12 retina at P120
during the most active phase of photoreceptor degener-
ation, the ONL consisted of seven rows of photoreceptor
nuclei compared to 12 rows in wildtype retina (Fig. 4B). In
addition the inner and outer segment (IS and OS) bound-
ary of the photoreceptors had begun to degenerate. In
Rd12 mutant mice treated with either Ataluren or Amlex-
anox alone no benefit was observed (data not shown).
However, when both drugs were given in combination

from P4-P120, the IS/OS distinction was clearly preserved
(Fig. 4B). When the combined treatment was given to
pregnant female mice at E12 and continued in offspring
from P4-P120, no additional benefit was observed by giv-
ing the drugs earlier. In the treated mice there were
eight to nine rows of nuclei compared to seven rows in
untreated animals, which was consistent between mice.
To reduce variability, rows of nuclei were counted in all
histology sections from a standardized region measuring
two optic disc diameters in length from each side of the
optic nerve head. At P120 during active retinal degener-
ation TUNEL-positive cells were present in the INL, ONL,
and retinal pigment epithelium (RPE) (Fig. 4C). In mice
treated postnatally from P4-P120 or from E12-P120 with
the combination of Ataluren/Amlexanox, the presence of
TUNEL-positive cells was greatly reduced (Fig. 4C). A few
TUNEL-positive cells were observed in the RPE cells in
treated retina. The number of TUNEL-positive cells was
quantified relative to the total number of nuclei in the
ONL and INL (Fig. 5A). In untreated Rd12 retina approx-
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(A) Wt

Figure 2. cep290 morphology (Mt) compared to wildtype (Wt) embryos. (A) Lateral and dorsal views of wholemount morphology in embryos at 24
hpf. Telencephalon (arrows) is projected forward in cep290 embryos. F, forebrain ventricle; M, midbrain ventricle. (B) Wildtype brain development
at 48 hpf, 72 hpf, and 6 dpf. Left panels, wholemount morphology; right panels, transverse H and E sections through the midbrain. sb, swim
bladder; mb, midbrain; onl, outer nuclear layer of the retina; inl, inner nuclear layer. Size bar = 100 um. (C) cep290 brain development at 48 hpf,
72 hpf, and 6 dpf. Left panels, wholemount morphology; right panels, transverse H and E sections through the midbrain. h, hydrocephalus; nbl,

neuroblastic layer; *periocular edema. Size bar = 100 um.

imately 30% of nuclei in the ONL and 41% of nuclei in
the INL were TUNEL-positive. In comparison, after post-
natal treatment with combined Ataluren/Amlexanox,
TUNEL-positive cell counts in the ONL and INL were
significantly reduced to ~6% and 5% of nuclei, respec-
tively (N = 5, P < 0.01). No TUNEL-positive cells were
detected in the ONL or INL when mice were treated pre-
natally/postnatally with the Ataluren/Amlexanox com-
bination, which was comparable to wildtype retina.

Effect of RNA therapy on rpe65 gene and protein
expression

To determine whether the levels of rpe65 mRNA were
increased with drug treatment as a result of nonsense

suppression, total retinal/RPE mRNA was isolated
and real-time RT-PCR analysis carried out. Very little
mRNA was detectable in the rpe65 untreated group
as would be expected; however, both postnatal and
prenatal/postnatal treatment resulted in increased rpe65
mRNA levels (Fig. 5B). One-way ANOVA with Tukey post
hoc comparisons between treatment groups showed no
statistically significant difference between treatment
groups and wildtype controls (*P = 0.94, N = 6). ELISA
was used to quantify expression of RPE65 protein levels
(Fig. 5C). In untreated retina very little RPE65 protein
was detectable, whereas both treatment groups showed
greatly increased RPE65 protein expression. One-way
ANOVA with Tukey post hoc comparisons between
treatment groups showed no statistically significant
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(A)

(B) 30 min in the dark

Mt + AT

Mt + AT/AM

15 min in bright light

Figure 3. Ocular phenotype in cep290 mutants. (A) Wholemount TUNEL staining (green) comparing Wt eyes, untreated cep290 eyes (Mt), and
eyes from Mt embryos treated with either 3 uM Ataluren (AT) or 3 uM AT plus 1 uM Amlexanox (AM). Sections were counterstained with DAPI.
Size bar = 20 um. (B) Visual background adaptation assay. In Wt embryos the melanophores (arrows) contract after 15 minutes of bright light,

but not in cep290 embryos (Mt). Treatment with AT or AT/AM resulted in contracted melanophores in Mt embryos.

difference between treatment groups and wildtype
controls (P = 0.78, N = 6). This increase in RPE65 protein
expression was also analyzed by immunohistochem-
istry (Fig. 5D). RPE65 protein was localized to the RPE
in wildtype mouse eyes and was undetectable in Rd12
eyes. However, in the presence of combined drugs, RPE65
protein was observed in the RPE.

Effect of Amlexanox on inhibition of NMD

NMD decay is associated with binding of UPF (up-
frameshift factors) to the ribosome when it reaches a
nonsense mutation in the mRNA sequence, which stimu-
lates ribosome release from the mutant transcript.*® This
process is regulated by phosphorylation of UPF1.#* UPF1
is ubiquitously expressed and we did not observe any
significant differences in protein expression between
wildtype, mutant, or treated groups (Fig. 6A). However,
phosphorylated UPF1 (p-UPF1) was only observed in
mutant Rd12 retinal/RPE extracts confirming activation

of NMD in the disease process (Fig. 6B). In both postna-
tal and prenatal/postnatal treatment groups p-UPF1 was
decreased compared to untreated controls, suggesting
activation of NMD was down-regulated. Quantification
by densitometry relative to g-actin revealed that post-
natal treatment reduced p-UPF1 to 27% of the mutant
level, whereas prenatal/postnatal treatment reduced p-
UPF1 to 51% of mutant levels (Fig. 6D).

Behavioral testing in treated mice

To determine whether improved histological and bio-
chemical changes related to drug treatment led to a
functional benefit, we initially tested electrical activity
in the retina by electroretinography (ERG) in both Rd12
and Rd3 models. In both mouse models, however, there
were no detectable scotopic or photopic ERG responses
above background noise at P14, the time of eye opening,
or at subsequent times (data not shown). This has also
been reported in other studies on the Rd12 mouse where
scotopic and photopic ERG responses were barely above
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Figure 4. Ataluren and Amlexanox treatment in Rd3 and Rd12 mice assessed at P120. (A) H&E sections of wildtype (Wt) retina compared to Rd3
retina when treated with either Ataluren (AT) or AT plus Amlexanox (AM). ONL, outer nuclear layer; INL, inner nuclear layer. Size bar = 50 xm.
(B) H&E sections of Wt retina compared to Rd12 retina when treated with combined AT plus AM postnatally (P4-P120) and prenatally and
continued postnatally (E12-P120). RPE, retinal pigment epithelium; OS, outer segments; IS, inner segments. Size bar = 50 um. (C) Cryosections
with TUNEL-staining (red) in Wt and Rd12 retina treated with combined AT plus AM either postnally from P4-P120 or from E12-P120. Sections

were counterstained with DAPI. Size bar in all panels = 25 ym.

background noise.*>*¢ This is consistent with identify-
ing these mice as animal models of LCA because ERG
responses are absent from birth in human patients.?®
Therefore, optokinetic tracking (OKT) analysis was car-
ried out instead as a quantifiable measure of retinal func-
tion. This tests the ability of an animal’s eye to track a
moving stimulus, which approximates visual acuity.” At
P120 Rd12 mutant mice have a reduced spatial frequency
threshold of 0.34 cycles/degree (c/d) compared to wild-
type mice (0.5 ¢/d), representing a 32% decrease in track-
ing ability (Fig. 7). It has been suggested that in Rd12
mutant mice enough 11-cis-retinal for this residual visual
function could be obtained from photo-conversion of all-
trans-retinal in the retina in rod photoreceptors instead
of the RPE.#® In addition Miiller cells contribute small
amounts of 11-cis-retinal to the retina using an alterna-
tive isomerase.*® Both postnatal and prenatal/postnatal
treatment groups had significantly improved spatial
frequency thresholds of 0.59 and 0.58 c/d (P < 0.001),
respectively, that were similar to wildtype mice, despite
having three fewer rows of nuclei in the ONL. This is
consistent with several studies indicating that behavioral

tests of vision in some animal models of retinal degener-
ation do not show a linear correlation with loss of pho-
toreceptors, although eventually the OKT response is lost
when all the photoreceptors have degenerated.**>?

Discussion

Nonsense suppression is a validated approach to
reduce the effect of nonsense mutation disease genes
resulting in full-length protein production, and res-
cue of a disease phenotype.®? This approach has been
tested in many different animal model systems and
patient-derived cell lines using a number of different
nonsense suppression drugs.’?292343 One nonsense
suppression drug (Translarna®, PTC Therapeutics Inc.)
has been granted conditional approval in Europe for
the treatment of Duchenne muscular dystrophy,>>*
and it is currently being tested in clinical trials for
aniridia  (ClinicalTrials.gov: NCT02647359), Dravet
syndrome (NCT02758626), and Duchenne muscular
dystrophy in the USA (NCT03648827). As in-frame
nonsense mutations account for 35% of mutations in
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Figure 5. Efficacy of combined drug treatment in the Rd12 mouse eyes (Mt) compared to wildtype eyes (Wt). (A) Quantitation of the number of
TUNEL-positive nuclei in the ONL or INL relative to the total number of nuclei in each layer. Drugs were given either postnatally (Post At+AM), or
prenatally and then postnatally (Pre AT+AM). *P < 0.01; **P < 0.001; N = 5. (B) Relative expression of Rpe65 assessed by qRT-PCR. Data plotted as
mean + SEM. Significance comparing treatment groups with wildtype levels determined by one-way ANOVA with Tukey post hoc tests (*P = 0.94,
N = 6). (C) Quantitation of Rpe65 protein in retinal/RPE extracts. Data plotted as mean + SEM. Significance comparing treatment groups with
wildtype levels determined by one-way ANOVA with Tukey post hoc tests (*P = 0.78, N = 6). (D) Immunohistochemical localization of Rpe65
protein (green) in RPE cells in different treatment groups. Sections were counterstained with DAPI. Size bar in all panels = 25 um.

LCA genes, we tested whether nonsense suppression
alone or in combination with NMD inhibition could
be a relevant therapeutic approach. We found positive
benefit in the cep290 model with a reduction in retinal
cell death and improved responses to light. In the Rd12
model, combined therapy slowed retinal degeneration,
inhibited retinal cell death, resulted in new RPE65 pro-
tein and improved visual tracking responses. However,
in the Rd3 model we found no benefit with individual or
combined drug treatment. This could be caused, in part,
by the rapid retinal degeneration that would be difficult
to overcome with low levels of read-through, similar to
that seen in the Rd1 mouse where nonsense suppression
was unable to rescue the rapid retinal degeneration

caused by a Pde6b nonsense mutation (S. Pittler, unpub-
lished data). Thus, each genotype needs to be assessed
independently to determine the validity of nonsense
suppression therapy in the disease context, and whether
adjunct NMD inhibitors would be advantageous.

The efficacy of response to nonsense therapy varies
depending on multiple factors that could explain the
different responses we observed in our models. First,
the efficiency of translational read-through depends
on the nonsense codon and context of the codon
mutation relative to surrounding sequences: the rank-
ing of read-through efficiency is UGA > UAG > UAA.>
In addition, if the nonsense codon is UGA, then the
base immediately after it affects efficiency ranked as
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Figure 8. Consensus sequence for nonsense suppression. The
nucleotide positions surrounding the stop codon are indicated at the
top and underneath are the consensus nucleotides conferring the
best read-through capability. The RNA sequences for cep290, Rpe65,
and Rd3 are at the bottom. Nucleotides matching the consensus
sequence are in bold.

C > A > G > U>%% There is also evidence that the six
nucleotides [CA(A/G)N(U/C/G)A] following the stop sig-
nal also confer efficient read-through.”® Finally, the 5
context also modulates read-through: the presence of
two adenine residues immediately prior to the nonsense
codon showed translational read-through of 6%-16%.>
The mutations and surrounding sequence context in the
animal models we tested are compared in Fig. 8. Despite
the rd3 sequence having more of the highest ranking con-
sensus residues (eight) than the rpe65 (six) and cep290
sequences (three), suggesting that read-through would
be most efficient in the rd3 mRNA, this did not correlate
with drug effect in vivo. Therefore, other factors could
be at play such as penetrance of the drug to the tis-
sue, the amino acid replacing the PTC, and availabil-
ity of baseline mutant transcript (i.e. the efficiency of
NMD).

Regarding tissue accessibility in the cep290 zebrafish
model, Ataluren and Amlexanox had direct access to
the developing eye through the ocular surface. This
may explain why the drug effects in vivo were effica-
cious, even though the model had the middle ranking
nonsense codon (UAG). We have previously used non-
sense suppression drugs in three other zebrafish ocu-
lar disease models, and in each case the disease phe-
notype was rescued.? As small molecule drugs are able
to cross the zebrafish cornea and reach the retina, we
predicted that a positive result would be achieved for
Ataluren in the cep290 model. However, this is the first
time that Amlexanox has been used in vivo to inhibit
NMD and promote read-through in an inherited dis-
ease model. We found that there were fewer TUNEL-
positive cells in the Ataluren/Amlexanox-treated retina
compared to Ataluren treatment alone, suggesting that
inhibition of NMD allowed more transcript availability
for nonsense suppression. In comparison, both mouse
models received the drugs systemically. Although an eye
drop preparation of Ataluren has been previously used
successfully in a mouse model of aniridia with a UGA
codon,?? systemic injection into this mouse was also
highly effective. As we have not validated an eye drop
version of Amlexanox, we used both drugs systemically
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and predicted that a positive benefit would be observed.
However, a positive benefit was only demonstrated when
a combination of the two drugs was used in the Rd12
model. A topical version of the drug combination could
be tested in future studies in both models to potentially
improve efficacy.

The mode of inheritance, read-through efficiency and
the amino acid replacing the stop codon could also be key
factors in drug efficacy. In other animal models of dis-
ease such as the Mdx mouse model of Duchenne muscu-
lar dystrophy,®° the Cftr mouse model of cystic fibrosis,®*
the CInl mouse model of infantile neuronal ceroid lipo-
fuscinosis,®? and a mouse model of Usher syndrome,®
nonsense suppression therapy resulted in 5%-30% read-
through efficiency with new protein production, which
correlated with functional benefit. In a previous study,
Ataluren was especially beneficial in the haploinsuffi-
cient Pax6*/~ aniridia model, perhaps because additional
functional protein on top of the 50% already present
is sufficient to rescue the phenotype.?? However, the
lack of any benefit in the recessive Rd3 model in this
study may be because a minimum of 50% RD3 protein
is required to see functional benefit, whereas a lower
amount of protein is needed to replace RPE65 function. A
further contributing factor to success of nonsense sup-
pression is which amino acid is inserted into the pro-
tein instead of the PTC, as this would act as a missense
mutation and may not fully recapitulate wildtype pro-
tein stability or function. A number of in vitro studies
have demonstrated that Arg, Cys, or Trp residues are
preferentially inserted at UGA codons, whereas Tyr and
Gln were inserted at UAG and UAA codons.®*% In the
rd3 mouse sequence the UGA replaces an Arg residue.
Thus, under nonsense suppression the stop codon could
be replaced by another Arg residue producing wildtype
protein. This would be predicted to occur only 4% of the
time.'® The most frequently inserted residue at a UGA
codon is Trp (86% of the time) compared to Cys (9% of
the time). Thus, if the Argl07 residue was replaced by
either Cys or Trp the consequence would likely be detri-
mental, because this conserved part of the protein binds
to retinal guanylate cyclase and inhibits enzyme activ-
ity.®” The mutated residue in the Rd12 mouse is also
an Arg so the same amino insertions could apply. How-
ever, position Arg44 is outside of the catalytic domain of
the RPE65 retinoid isomerase® and therefore insertion of
Cys or Trp may have a less detrimental effect to protein
function.

A final factor to consider is the inherent NMD activ-
ity and baseline transcript levels. The magnitude of
NMD varies between individuals even if they carry
the same nonsense mutation, as demonstrated by the
different clinical phenotypes. For example, the same
nonsense mutation causes typical Duchenne muscu-
lar dystrophy in one patient and mild Becker muscular
dystrophy in another.®® Similarly, cystic fibrosis patients
with the same nonsense mutation have highly variable
mRNA levels, and the best responders to nonsense sup-
pression drugs were those with the highest transcript

levels.?® There are a number of known factors that influ-
ence NMD efficiency, including cellular stress, microR-
NAs, negative feedback regulation, and competition with
the Staufen-mediated mRNA decay pathway.”®’? Thus,
in any one individual the ‘net’ amount of NMD could
account for the variable clinical phenotypes and individ-
ual drug responses in patients carrying the same non-
sense mutations.

It has been suggested that there could be a clinically
relevant ‘threshold’” of NMD that will determine how
well a patient will respond to nonsense suppression.®’
NMD inhibition drugs to enhance nonsense suppression
have been tested in human cells in vitro?’-’? and in a
mouse model of Hurler syndrome in vivo.?® It has also
been found that NMD-enhancement therapy is tissue-
specific’? and that NMD might have detrimental effects,
by degrading mRNA that encodes a partially function-
ing protein, so could make the condition worse if it was
degraded.”® Thus, the efficacy of the NMD drug would
need to be titrated against the native NMD efficiency rate
to determine the appropriate dose. Prior to clinical tri-
als, patients would need to be tested for levels of the
specific mutant mRNA transcript, whether a truncated
protein is being produced, and levels of UPF1 to quan-
titate the relative amount of transcript that is escap-
ing degradation, as a prognostic indicator of therapeu-
tic effect. Using this type of precision medicine approach
in individual patients, it is more likely that promising
research studies will be effectively translated into clinical
practice.
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