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Accepted: 14 June 2017 © Cones are responsible for daylight, central, high acuity and color vision. Three proteins found in human
Published online: 27 July 2017 . cones, i.e. long-wavelength (L)-, middle-wavelength (M)-, and short-wavelength sensitive (S)-opsins,
. areresponsible for red, green and blue color recognition, respectively. Human blue cone monochromacy
(BCM) is characterized by functional loss of both L- and M-cone opsins due to mutations in the OPNILW/
OPNIMW gene cluster on the X chromosome. BCM patients, who rely on their vision from only S-cones
and rods, suffer severely reduced visual acuity and impaired color vision. Recent studies show that there
is sufficient cone structure remaining in the central fovea of BCM patients to consider AAV-mediated
gene augmentation therapy. In contrast, mouse retina has only two opsins, S-opsin and M-opsin, but no
L-opsin. We generated an M-opsin knockout mouse (OpnImw—/~) expressing only S-opsin as a model for
human BCM. We show that recombinant M-opsin delivered by AAV5 vectors rescues M-cone function in
© Opnlmw~'~ mice. We also show that AAV delivered M-opsin localizes in the dorsal cone outer segments,
. and co-localizes with S-opsin in the ventral retina. Our study demonstrates that cones without M-opsin
. remain viable and respond to gene augmentation therapy, thereby providing proof-of-concept for cone
. function restoration in BCM patients.

Blue cone monochromacy (BCM) is an X-linked congenital disorder with severe cone dysfunction due to the
absence of both long (OPN1LW) and medium (OPNIMW) wavelength-sensitive cone functions!. BCM patients
display markedly reduced central vision, severely impaired color vision, photophobia (bright light sensitivity),
and congenital nystagmus®. In humans, the OPNILW gene and multiple copies of the downstream OPNIMW
. gene are arranged in a tandem 5’ to 3/ orientation®* on the X- chromosome. Yet, studies have shown that only
. the two most proximal genes in the cluster are expressed at an appreciable level>®. The close proximity and high
sequence homology® subject the red and green pigment genes to unequal homologous recombination that can
result in gene deletions, duplications, or hybrid genes’=. Expression of these genes is regulated by a locus control
region (LCR), a conserved cis-regulatory sequence located upstream of the OPNILW/MW gene cluster'®. BCM is
. frequently caused either by loss of this LCR or by harmful mutations within both genes, either of which will lead
. to the absence of both functional L- and M-cone opsins®!'!. The two most common genetic causes of BCM are
. deletion of the LCR preventing the expression of the OPNILW/MW, or the presence of either a single OPNILW/
MW hybrid opsin gene or multiple OPNILW/MW genes with the most frequent deleterious missense mutation
© being a C203R substitution™'2%,
: Recent studies of BCM patients with Adaptive Optics Scanning Laser Ophthalmoscopy (AOSLO) confirm the
. potential for gene augmentation therapy. BCM retinas have variable degrees of a disrupted foveal cone mosaic
. and reduced cone density caused by degeneration of some L- and M-cones'*. However, BCM foveal cone cell bod-
ies were still present with detectable but rudimentary outer segments, potentially sufficient structural preserva-

© tion for gene therapy'*'6. Although BCM patients may show a slowly progressive cone degeneration with age>',
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patients with LCR deletions typically have a stationary, relatively non-progressive or very slowly progressive
vision loss phenotype!”. Identification of residual cone structure in the fovea and its slowly degenerative nature
make BCM cones potentially viable targets for gene therapy!'4-1°.

Significant progress has been made in understanding the molecular genetics of cone opsin deficiencies!'®".
Studies focused on establishing the range of visual function and efficacy outcome measures for a BCM clinical
trial have also been initiated?*?!. However, animal models and the experimental literature on congenital cone
opsin deficiencies are presently limited. In contrast to trichromatic humans, there are only two cone opsins in the
mouse retina, S- and M-opsin. Most mouse cones express both opsins with a dorsal-ventral gradient in which
M-opsin is expressed predominately in the dorsal retina and S-opsin mainly in the ventral retina??~2.

In this study, we tested whether AAV-mediated gene therapy can restore middle-wavelength cone function
in a mouse model carrying a targeted deletion of the M-opsin gene, the Opnlmw =/~ mouse. This model was
generated by inserting a gene trap into intron 2 of the Opnlmw gene. M-opsin is undetectable in Opnlmw='~
retinal sections and by immunoblot. Middle-wavelength-mediated cone ERG signals are absent. The S-opsin
dorsal/ventral distribution in this mutant strain is similar to that in wild type C57BL/6] mice, establishing the
Opnlmw~'~ mouse as a model for human BCM.

Results
M-opsin/S-opsin gradients in WT and OpnImw—'~ retinas. Opnlmw germline knockout mice were
generated using a cell line carrying a gene trapped (GT) OpnlImw gene (Supplementary Fig. S1). The gene trap
was located in intron 2 (supplementary Fig. S1A) truncating OPN1MW after exon 2. Breeding Opnlmw*/6T-
mice produced female Opn1mwC®”®"~ and male OpnImw'/“T animals at Mendelian ratios. Absence of M-opsin
expression in OpnImwS®”%T~ mice and presence of S-opsin was confirmed by western blot analysis (Fig. 1A,B).
In wild type mouse retinas, S-opsins distribute in a dorsal to ventral and M-opsins in a ventral to dorsal gradi-
ent (Fig. 1C). The characteristic dorsal-ventral gradients with M-opsin dominant in the dorsal retina and S-opsin
dominant in the ventral retina were confirmed by immunohistochemistry (Fig. 1D,E). M-opsin was reduced but
still detectable in the ventral retina (Fig. IE WT-2.5M, left column), whereas S-opsin was absent in the distal
end of dorsal retina (Fig. 1D WT-2.5M, right column), consistent with previous reports in C56BL/6 mice?*%.
M-opsin was absent in both dorsal and ventral retinas of 2.5 and 10 month old untreated Opnlmw~'~ eyes
(Fig. 1D,E UTx-2.5M, Fig. 2A,B UTx-10M, left columns). S-opsin expression in 2.5 and 10 month old untreated
dorsal and ventral Opnlmw '~ retinas was comparable to that seen in age-matched wild type retinas (Fig. 1 UTx-
2.5M, Fig. 2A,B UTx-10M, right columns) suggesting that OpnImw~'~ cones expressing only S-opsin do not
degenerate at these ages.

Viability of OpnImw =/~ cones. To assess cone viability in the dorsal OpnImw ™~ retina where M-opsin
normally dominates in cone outer segments of wild type retinas, we labeled retinal sections with peanut agglu-
tinin (PNA). PNA binds to the extracellular glycoprotein matrix of cone sheath that is secreted by the inner
segment of cones and is therefore a marker of cone structural viability even in the absence of cone outer segment
integrity?®. In OpnImw™'~ retinas, robust PNA labeling was observed in both dorsal and ventral retinas in 2.5 and
10 month old Opnlmw~'~ mice, suggesting that dorsal cones with little opsin may be viable and have survived for
at least 10 months (Fig. 1D, UTx-2.5M and Fig. 2, UTx-10M, middle columns). Normal PNA-positive cone OS
sheaths in the dorsal OpnImw~'~ cones that contain very little if any S-opsin and no M-opsin, suggest the outer
segments of 3M untreated Opnlmw ™'~ cones can be replenished with M-opsin restoration.

AAV5-mediated M-opsin expression in Opnlmw—/~ retinas. Opnlmw~~ mice were injected sub-
retinally in one eye with an AAV5 vector expressing mouse M-opsin driven by a cone-specific promoter PR2.1%,
while contralateral eyes were untreated and served as controls. One set of mice were injected at postnatal day
14 (P14) and analyzed 2 months after injection (P14 + 2M). Western blot analysis showed that no M-opsin was
detected in 2.5 month old untreated Opnlmw~'~ eyes, whereas vector treatment in P14 + 2M eyes led to about
60% of age-matched wild type M-opsin levels (Fig. 1A). We also analyzed S-opsin levels in these retinas (Fig. 1B).
Following quantification of the protein in each lane and calculating the amount of S-opsin after normalizing to
the tubulin, the S-opsin levels in the treated retinas and the wild type controls are about 70% and 74%, respec-
tively, of that in untreated Opnlmw '~ retinas. The slightly higher S-opsin level in untreated Opnlmw~'~ retinas
compared to wild type is consistent with a previous study showing that M-opsin is upregulated in an S-opsin
knockout mouse due to elimination of S-opsin mRNA competition?.

In these treated eyes, AAV-delivered M-opsin was detected in both dorsal and ventral retinas. In the distal end
of the dorsal retina, M-opsin co-localized with PNA (Fig. 1D, Tx-P14 4 2M, middle column) suggesting PNA
labeled cone sheaths in close proximity with outer segment discs loaded with recombinant M-opsin. Specifically,
M-opsin was detected at the distal end of the cone sheaths after vector treatment (Fig. 1D,E, Tx-P14 +2M, middle
columns), suggesting the existence of normal cone outer segment discs. In the OpnImw~'~ ventral outer seg-
ments where S-opsin normally dominates, AAV-delivered M-opsin co-localized with S-opsin and PNA to varying
degrees (Fig. 1E, Tx-P14 4 2M, middle and right columns).

To test whether Opnlmw ™'~ cones are also treatable in older animals, we injected 3-month-old OpnImw=/~
mice subretinally as described above and analyzed them 7 months later (P3M 4 7M mice). Immunostaining of
retinal sections showed M-opsin expression again in both dorsal and ventral retinas (Fig. 2B) in a pattern similar
to that seen in P14 4 2M retinas in both dorsal (Fig. 2A) and ventral hemispheres (Fig. 2B). These results suggest
that treatment can be initiated in adult mice as old as 3 months and vectored M-opsin expression persists for an
extended period of time (>seven months) after vector treatment.
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Figure 1. Comparison of M- and S-opsin in OpnImw~'~ and WT mice. P14 Opnlmw~'~ mice were treated
with AAV5-PR2.1-mouse M-opsin vector and western blot analysis of mouse M-opsin (A) and S-opsin (B) was
performed at 2 month post-injection with age-matched wild type eyes (WT); Tubulin was served as loading
control. Diagram of M- and S-opsin distribution in WT retina was shown in (C). Frozen sections were prepared
for immunostaining from dorsal (D) and ventral (E) retina of 2.5-month-old untreated Opnlmw '~ mice
(UTx-2.5M), Opnlmw '~ mice treated at P14 and analyzed at 2 months post-injection (Tx-P14+ 2 M), and age-
matched wild type control mice (WT-2.5M). (D) Analysis of the dorsal retina with M- and S-opsin antibodies
and PNA. Neither M- nor S-opsin was detected in the dorsal retinas of the untreated eye (UTx-2.5M), but PNA
staining was normal. In the treated eye (Tx-P14 -2 M), AAV-delivered M-opsin was now abundant in the
dorsal retina and co-localized with PNA. In an untreated age-matched wild type eye (WT-2.5M), M-opsin is
found co-localized with PNA with very little or no S-opsin in the dorsal retina. (E) Analysis of the ventral retina.
S-opsin expression and PNA staining were normal in the untreated Opnlmw~'~ ventral retina (UTx-2.5M).
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AAV-delivered M-opsin co-localized with S-opsin (high magnification image is highlighted with a box) and PNA
in cone outer segments in the treated OpnImw~/~ ventral retina (Tx-P14 + 2 M). In the untreated wild type ventral
retina (UTx-2.5), M-opsin is expressed in the ventral retina at a lower level compared to that in the dorsal retina but
is detectable and is co-localized with PNA and S-opsin. 50pum in each figure.

AAVS5 Treatment of Opnlmw /'~ cones restores middle-wavelength ERG Responses. ERG
responses to middle wavelength (510 nm) light stimuli were unrecordable in untreated Opnlmw~'~ eyes, consist-
ent with the lack of functional M-opsin (Fig. 2C,D). The b-wave amplitudes of rod mediated scotopic ERGs and
short wavelength mediated ERGs (short wavelength, 360 nm) in both 2.5 and 10 month old untreated OpnImw='~
eyes were similar to those seen in wild type eyes (Fig. S2). P14 4 2M treated eyes showed robust ERG restoration
to middle wavelength photopic light flashes with an average b-wave amplitude of 73.78 £13.70 (average & SD)
at a flash light intensity of 25 cd-s/m?* (n=4). This is 63% of the response seen in age-matched wild type controls
(117.24+11.26 wV, n=4, P <0.05). ERGs performed on the contralateral untreated eyes (n=4, P < 0.005) were
negative. P3M + 7M treated eyes showed similar levels of b-wave ERG restoration with an average amplitude
of 62.95 + 11.27 pV, which is 52% of the response seen in age-matched wild type controls (121.9 4-8.448 pV,
n=4, P <0.05) (Fig. 2C,D). The b-wave implicit times of the restored middle-wavelength ERGs were also nor-
mal in all treatment groups. Statistical analysis showed no difference in b-wave implicit times among P14 4+ 2M
(28.68 +2.224 ms), wild type-2.5M (27.93 4 2.648), P3M + 7M (27.05 + 3.078 ms) treated Opnlmw~'~ and wild
type (27.43 £ 3.268 ms) eyes (Fig. 2E).

The average b-wave amplitudes of scotopic ERG responses were 458.9 £+ 66.39 pV in untreated 2.5M
Opnlmw~'~ eyes (n=6), 393.44+30.48 uV in P14 + 2M treated Opnlmw~'~ eyes (n=6) and 476.4 +97.50
1V in age-matched 2.5M C57 BL/6] eyes (n=6); 439.9 £ 82.12 uV in untreated 10 M Opnlmw~'~ eyes (n=6),
407.2£70.20 pV in P3M + 7M treated Opnlmw='~ eyes (n =6) and 494.7 - 106.10 1V in age-matched 10M C57
BI/6] eyes (n=6). The ERG analysis is shown in Supplementary Fig. S2A, 2B. Thus, there was no effect of treat-
ment on rod mediated ERG responses, as expected.

The average b-wave amplitudes of short wavelength cone ERGs were 124.70 £ 30.23 pV in untreated 2.5 M
Opnlmw~'~ eyes (n=7), 116.10 £ 35.83 1V in P14 + 2M treated Opnlmw '~ eyes (n="7) and 100.00 = 33.30
1V in age-matched 2.5M C57 BL/6] eyes (n=12); 110.00 + 10.49 pV in untreated 10 M Opnlmw ™~ eyes (n=6),
108.00 +16.97 pV in P3M + 7M treated Opnlmw~'~ eyes (n=6) and 94.58 £ 26.84 1V in age-matched 10M C57
Bl/6] eyes (n=12) (Figs 2D and S2C). Hence, like for rod function, there was also no effect of treatment on the
pre-existing short wavelength-cone function. Although the average short wavelength ERG b-wave amplitudes was
higher in both 2.5M and 10 M Opnlmw~'~ eyes compared to that in age-matched wild type controls, statistical
analysis suggested no difference.

Discussion

The goal of this study was to test gene replacement retinal therapy in an Opnlmw~'~ mouse with only S-opsin as
a model for treating human blue cone monochromacy. Untreated OpnImw~/~ retinas appeared to have slightly
higher S-opsin levels than their contralateral subretinally injected retinas and the wild type controls. A possible
interpretation is that the S-opsin decrease in treated eyes may be due to damage related to subretinal vector
induced transient retinal detachment. Subretinal injections of either AAV5-GFP or buffer as controls did not
restore retinal functions as expected. However, all subretinal injections in mice induce retinal detachments and
cause some degree of damage including outer segment shortening at the injection site. For this reason we use the
uninjected eye but not AAV5-GFP or Buffer injected eye as the control.

The dorsal retina of Opnlmw~'~ mice partially mimics the fovea of BCM patients in terms of lacking detectible
cone opsins. We demonstrate here that AAV-mediated expression of mouse M-opsin can restore ERG responses
to middle wavelength light stimuli in Opnlmw~'~ mice. Moreover, recombinant mouse M-opsin was found in
cone outer segments in both dorsal and ventral retinas. In the dorsal hemisphere where very little or no S-opsin
is detectable, recombinant M-opsin localized at the distal ends of cone outer segments surrounded with PNA, a
marker of cone outer segment sheaths. In the ventral hemisphere where S-opsin pre-exists, recombinant M-opsin
co-localized with endogenous S-opsin in a ratio that varied from cell to cell, but without discernable effect on the
360 nm ERG. These results demonstrate that even without M-opsin and very low S-opsin, dorsal cones remain
viable and can be targeted for successful gene therapy. Importantly, cones with one type of cone opsin, S-opsin,
(ventral Opnlmw~'~ cones) can reform normal cones upon delivery of recombinant M-opsin without physio-
logical effects. This observation provides proof-of-concept for treatment of BCM patients and perhaps also for
X-linked red/green color blindness (protan or deutan deficits).

There are three types of cone opsins, M, L and S-opsin in the human retina. Cones consisting L and M opsins
are the most abundant and comprising about 95% of the total cone population with their peak density in the central
fovea?>*. The M/L-cone rich fovea, particularly the M/L-cone only central foveola, is the principle reason why
BCM patients who are missing M- and L-opsins have not only color vision problems, but, more critically, also have
impaired visual acuity. Since cone opsins are the primary component of the cone outer segment disk membrane,
identification of residual inner cone structure preservation in BCM fovea suggests that these cones can survive
without opsin, an indication of their potential for responding to gene therapy intervention'*-'6. Our results in the
Opnlmw~'~ mice confirm that distal end of the dorsal cones have indeed survived despite the absence of any opsins
including M-opsin. This is consistent with the earlier observation in an S-opsin knockout mouse that cones in the
distal ventral retina lacking M-opsin with minimal or no-opsin can survive for at least 1.5 years®. The demonstra-
tion that cones without opsin remain viable and have the ability to respond to gene augmentation therapy provides
animal proof-of-concept for treating BCM patient cones which have shortened or vestigial cone outer segments.
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Figure 2. ERG analysis of middle wavelength cone function in mouse M-opsin treated Opnlmw='~ eyes and
immunostaining of retinal sections from 10-month-old untreated OpnImw '~ mice (UTx-10M), Opnlmw '~
mice treated at 3 months of age and analyzed 7 months post-injection (Tx-P3M + 7M), and age-matched wild
type uninjected control mice (WT-10M). (A) Analysis of dorsal retinas. M- and S-opsin were not detected in the
dorsal retinas in the untreated eye (UTx-10M), whereas PNA staining is normal. AAV-delivered M-opsin was
co-localized with PNA in the treated dorsal retina (Tx-P3M + 7M). An age matched wild type retina (WT-10M)
showed normal M-opsin expression and undetectable S-opsin expression in the dorsal retina. (B) Analysis of
ventral retinas. S-opsin expression and PNA staining were normal in the untreated Opnlmw ™'~ ventral retina
(UTx-10M). AAV-delivered M-opsin was co-localized with S-opsin and PNA in the treated Opnlmw~'~ ventral
retina (Tx-P3M + 7M). An age-matched wild type eye (WT-10M) showed normal S-opsin expression and

a detectable level of M-opsin expression in the ventral retina. (C) Representative middle wavelength ERG
recordings from UTx-2.5M: an untreated 2.5 month old Opnlmw~'~ eye, TxP14 +2M: an Opnlmw~'~ eye
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treated at P14 with ERG analysis at 2 months post-treatment, UTx-10M: an uninjected wild type eye at 10
months of age, TXP3M + 7 M: an Opnlmw ™'~ eye treated at 3 months of age with ERG analysis at 7 months
post-treatment, and WT-10M: an uninjected wild type eye at 10 months of age. (D) Average b-wave amplitudes
of middle wavelength ERGs from the above mice (n=4 in each group), **P < 0.005, *P < 0.05, NS: no statistical
differences. (E) Average b-wave implicit times of middle wavelength ERGs from above mice (n=4). Untreated
Opnlmw~'~ eyes were not included here since they have no detectable M-cone ERG response. NS: no statistical
differences. Data are represented at as mean & SD. Bar = 50pum in each figure.

In addition to the presence of residual cone structure in patients, another independent positive development
for BCM gene therapy is the previous demonstration of successful gene therapy in adult dichromatic monkeys
missing the L-opsin gene (protanopia) and therefore red colorblind since birth*!. Restoration of trichromatic
visual behavior in these monkeys when an AAV vectored human L-opsin was expressed in foveal cones suggested
that the addition of a novel cone function in an adult nonhuman primate leads to the development of new cone
inputs to the mature visual cortex, and that this mediates improved color perception and color vision elicited
behavior even well after early development.

In normal C57 mice, about 40% of cones express both M- and S-opsins, and 26% cones only express the S-opsin.
This means more than half of the cones express S-opsin in normal pigmented mice?. In human and primate ret-
inas, cones with S-opsin compromise only 3-5% of foveal cones, which distribute in a gradient pattern with an
‘S-opsin free zone’ in the center of fovea®?. Photophobia is typical in severe inherited human cone-related diseases
like achromatopsia or BCM, but does not occur in mouse models. It is unknown whether lack of photophobia in
Opnlmw~'~ mice is associated with higher S-opsin expression in this model. It is conceivable that increased S-cone
numbers in Opnlmw '~ mice is at least the partial reason for less severe cone degeneration in this strain.

In summary, our data suggest that dorsal cone outer segment that has little opsin still has the ability to regen-
erate normal outer segment discs following AAV-mediated M-opsin expression in an M-opsin knockout mouse.
Demonstration of AAV delivered opsin expression in these cones and restoration of middle wavelength cone func-
tion in Opnlmw~'~ mice is clearly a promising proof-of-concept for eventually treating foveal cones in BCM patients.

Materials and Methods

Animals. All mice used in this study were maintained in the University of Florida Health Science Center
Animal Care Service Facilities on a 12 hour/12 hour light/dark cycle. All animals were maintained under standard
laboratory conditions (18 -23 °C, 40-65% humidity) with food and water available ad libitum. All experiments
were approved by the Institutional Animal Care and Use Committee at the University of Florida and conducted
in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and National
Institutes of Health regulations.

Generation of Opnlmw knockout. An ES cell line carrying the Opnlmw gene into which a 7122
BP gene trap was inserted in intron 2 (International Knockout Mouse Consortium, EUCOMM project)
was used to generate chimeras at the University of Utah transgenic core (Fig. $1)****. The gene trap consists
of a splice acceptor sequence, an IRES (internal ribosome entry site) sequence, a promoterless lacZ gene, an
SV40 termination signal, and a neomycin selection cassette (Fig. S1A). Proper location of the trap and the
presence of 5" and 3’ arms as well as the location of loxP in intron 3 were confirmed by PCR and sequencing
(Fig. S1B and S1C). Animals were genotyped using primers GF6 (5-TGGGTCCCTGAGGCTTGTGT), GR6
(5’-CCTCAACTTCAGCCTGCACACTTC) and LAR3B (5'-CAAGGGCAGTAGAGTTCCCAG) (Fig. S1D). The
WT allele yields an amplicon of 350 bp; mutant allele, 600 bp. Chimeric mice were outbred to C57BL/6] mice to
generate Opnlmw*'~ mice. Breeding Opnlmw*/ST~ mice produced Opn1mwS®”ST~ animals at Mendelian ratios.

Construction of AAV vectors. The mouse Opnlmw cDNA was purchased from American Type Culture
Collection (Manassas, VA). The cDNA was amplified by PCR with primers containing NotI sites at both ends: the for-
ward primer was gcttatgcggccgcecaccatggeccaaaggcttacag and reverse primer was gettatgeggecgcttatgcaggtgacactgaag.
The PCR fragments were cloned into an AAV vector plasmid containing the PR2.1 promoter which has been shown
to target transgene expression to mammalian L/M cones” and the sequence of the final construct confirmed for accu-
racy. All AAV vectors were packaged in serotype 5 and were purified according to previously published methods®.

Subretinal vector injection. Trans-corneal subretinal injections were performed to either P14 or P90
Opnlmw™~ eyes with a 33-gauge blunt needle mounted on a 5 ml Hamilton syringe. First, an entering hole was
introduced at the edge of the cornea by a 30-gauge needle, then the Hamilton syringe loaded with 1 pl of vec-
tor mixed with fluorescein dye was guided through the corneal opening into the subretinal space by previously
described methods with minor modification*~*%. Fluorescein was added to the vector solution at a final concen-
tration of 0.1% to allow visualization of the subretinal bleb. In animals with no apparent surgical complications,
only those whose initial retinal blebs occupied more than 90% of the retina were retained for further evaluation.
One percent atropine eye drops and neomycin/polymyxin B/dexamethasone ophthalmic ointment were applied
after injection. One eye was injected while the contralateral eye served as an untreated control.

Electroretinography. ERG recordings were performed with a UTAS Visual Diagnostic System with a Big Shot
Ganzfeld dome (LKC Technologies, Gaithersburg, MD) using previously described methods with modifications®.
All mice were anesthetized by intraperitoneal injection of ketamine (72 mg/kg)/xylazine (4 mg/kg). The pupils were
dilated with 1% atropine and 2.5% phenylephrine hydrochloride. After overnight dark adaptation, scotopic ERGs
were recorded at stimulus light intensity of 0.025 cd.s/m? (—1.6 log cd.s/m?) with inter-stimulus intervals of 30
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seconds, and 10 recordings averaged. Middle wavelength and short wavelength ERGs were recorded at 510 nm and
360 nm respectively after light exposure for 5 min at 30 cd/m?* M-cone ERGs were recorded at 25 cd.s/m? (1.4 log
cd.s/m?) stimulus intensities, and Short wavelength ERGs recorded at 2.5 cd.s/m? (0.4 log cd.s/m?) stimulus inten-
sities. Twenty-five recordings were averaged for each stimulus light intensity and ERG data presented as an aver-
age =& SD. Statistics were performed using the unpaired t-test and significance defined as a P value of less than 0.05.

Tissue preparation and immunohistochemistry. Mice were sacrificed and their eyes marked at 12
oclock on the cornea with a burn mark and enucleated immediately employing previously described meth-
ods*'~#, The eyes were fixed in 4% paraformaldehyde overnight at 4°C, the cornea and lens then removed without
disturbing the retina. For frozen retinal sections, the eyecups were rinsed with PBS and cryoprotected by 30%
sucrose/PBS for 3 hours at room temperature, then embedded in cryostat compound (Tissue TEK OCT, Sakura
Finetek USA, Inc., Torrance, CA) and frozen at —80 °C. Retinas were cut perpendicularly from dorsal to ventral
at 12 pm thickness. For immunohistochemistry, retinal sections were rinsed in PBS and blocked in 2% normal
goat serum, 0.3% Triton X-100, 1% BSA in PBS for 30 min at room temperature. Sections were then incubated
with either lectin peanut agglutinin (PNA) conjugated with Alexa Fluor 488 (1: 200, L21409, Invitrogen), or M- or
S- opsin primary antibodies (1:400, Millipore, Temecula, CA) diluted in 0.1% Triton and 1% BSA in PBS over-
night at 4°C. They were then washed with PBS three times, followed by incubation with IgG secondary antibody
tagged with Alexa-594 or Alexa-488 (molecular Probes, Eugene OR) diluted 1:500 in PBS at room temperature
for two hours followed by washing with PBS. Sections were mounted with Vectashield Mounting Medium for
Fluorescence (H-1400, Vector lab, In. Burlingame, CA) and cover slipped. Whole mounts and sections were ana-
lyzed with a Zeiss CD25 microscope fitted with Axiovision Rel. 4.6 software.

Western Blot Analysis.  Untreated 2.5M, treated P14 4+ 2 M Opnlmw~'~ eyes and wild type 2.5M eyes (three
eyes each) were carefully dissected, and the eyecups were pooled and homogenized by sonication in a buffer con-
taining 0.23 M sucrose, 5 mmol/L Tris-HCI, pH 7.5, and protease inhibitors (Roche Complete). After centrifuga-
tion, aliquots of the retinal extracts containing equal amounts of protein (50 pg) were analyzed by electrophoresis
on 4-15% polyacrylamide-SDS gels, transferred to Immobilon-FL membranes (Millipore), and probed with the
same M- and S-opsin antibodies used for immunohischemistry. An antibody against «-tubulin (rabbit polyclonal
ab4074; Abcam) was used as an internal loading control. Visualization and quantification of specific bands was
performed using the Odyssey Infrared Fluorescence Imaging System (Odyssey; Li-Cor).

Data availability. Authors confirm that all relevant data are included in the article and its supplementary
information files. The datasets generated and analyzed during the current study are available from the corre-
sponding author on reasonable request.

References
1. Nathans, J. et al. Molecular genetics of human blue cone monochromacy. Science 245, 831-838 (1989).
2. Michaelides, M. et al. Blue cone monochromatism: a phenotype and genotype assessment with evidence of progressive loss of cone
function in older individuals. Eye (Lond) 19, 2-10, doi:10.1038/sj.eye.6701391 (2005).
3. Nathans, J., Piantanida, T. P, Eddy, R. L., Shows, T. B. & Hogness, D. S. Molecular genetics of inherited variation in human color
vision. Science 232, 203-210 (1986).
4. Nathans, J., Thomas, D. & Hogness, D. S. Molecular genetics of human color vision: the genes encoding blue, green, and red
pigments. Science 232, 193-202 (1986).
. Vollrath, D., Nathans, J. & Davis, R. W. Tandem array of human visual pigment genes at Xq28. Science 240, 1669-1672 (1988).
6. Winderickx, J., Battisti, L., Motulsky, A. G. & Deeb, S. S. Selective expression of human X chromosome-linked green opsin genes.
Proc Natl Acad Sci USA 89, 9710-9714 (1992).
7. Neitz, J. & Neitz, M. The genetics of normal and defective color vision. Vision Res 51, 633-651, doi:10.1016/j.visres.2010.12.002
(2011).
. Reyniers, E. et al. Gene conversion between red and defective green opsin gene in blue cone monochromacy. Genormics 29, 323-328 (1995).
9. Gardner, J. C. et al. X-linked cone dystrophy caused by mutation of the red and green cone opsins. Am ] Hum Genet 87, 26-39,
doi:10.1016/j.ajhg.2010.05.019 (2010).
10. Wang, Y. et al. A locus control region adjacent to the human red and green visual pigment genes. Neuron 9, 429-440 (1992).
11. Gardner, J. C. et al. Blue cone monochromacy: causative mutations and associated phenotypes. Mol Vis 15, 876-884 (2009).
12. Smallwood, P. M., Wang, Y. & Nathans, J. Role of a locus control region in the mutually exclusive expression of human red and green
cone pigment genes. Proc Natl Acad Sci USA 99, 1008-1011, doi:10.1073/pnas.022629799 (2002).
13. Kazmi, M. A., Sakmar, T. P. & Ostrer, H. Mutation of a conserved cysteine in the X-linked cone opsins causes color vision deficiencies
by disrupting protein folding and stability. Invest Ophthalmol Vis Sci 38, 1074-1081 (1997).
14. Carroll, J. et al. Deletion of the X-linked opsin gene array locus control region (LCR) results in disruption of the cone mosaic. Vision
Res 50, 1989-1999, doi:10.1016/j.visres.2010.07.009 (2010).
15. Carroll, J. et al. The effect of cone opsin mutations on retinal structure and the integrity of the photoreceptor mosaic. Invest
Ophthalmol Vis Sci 53, 8006-8015, doi:10.1167/iovs.12-11087 (2012).
16. Cideciyan, A. V. et al. Human cone visual pigment deletions spare sufficient photoreceptors to warrant gene therapy. Hum Gene Ther
24, 993-1006, doi:10.1089/hum.2013.153 (2013).
17. Gardner, J. C. et al. Three different cone opsin gene array mutational mechanisms with genotype-phenotype correlation and
functional investigation of cone opsin variants. Hum Mutat 35, 1354-1362, doi:10.1002/humu.22679 (2014).
18. Mizrahi-Meissonnier, L., Merin, S., Banin, E. & Sharon, D. Variable retinal phenotypes caused by mutations in the X-linked
photopigment gene array. Invest Ophthalmol Vis Sci 51, 3884-3892, doi:10.1167/iovs.09-4592 (2010).
19. Nathans, J. et al. Genetic heterogeneity among blue-cone monochromats. Am ] Hum Genet 53, 987-1000 (1993).
20. Cideciyan, A. V. et al. Developing an Outcome Measure With High Luminance for Optogenetics Treatment of Severe Retinal
Degenerations and for Gene Therapy of Cone Diseases. Invest Ophthalmol Vis Sci 57, 3211-3221, doi:10.1167/iovs.16-19586 (2016).
21. Luo, X. et al. Blue cone monochromacy: visual function and efficacy outcome measures for clinical trials. PLoS One 10, €0125700,
doi:10.1371/journal.pone.0125700 (2015).
22. Applebury, M. L. et al. The murine cone photoreceptor: a single cone type expresses both S and M opsins with retinal spatial
patterning. Neuron 27, 513-523 (2000).

1521

el

SCIENTIFICREPORTS|7:6690|DOI:10.1038/s41598-017-06982-7 7


http://dx.doi.org/10.1038/sj.eye.6701391
http://dx.doi.org/10.1016/j.visres.2010.12.002
http://dx.doi.org/10.1016/j.ajhg.2010.05.019
http://dx.doi.org/10.1073/pnas.022629799
http://dx.doi.org/10.1016/j.visres.2010.07.009
http://dx.doi.org/10.1167/iovs.12-11087
http://dx.doi.org/10.1089/hum.2013.153
http://dx.doi.org/10.1002/humu.22679
http://dx.doi.org/10.1167/iovs.09-4592
http://dx.doi.org/10.1167/iovs.16-19586
http://dx.doi.org/10.1371/journal.pone.0125700

www.nature.com/scientificreports/

23. Ortin-Martinez, A. et al. Number and distribution of mouse retinal cone photoreceptors: differences between an albino (Swiss) and
a pigmented (C57/BL6) strain. PLoS One 9, €102392, doi:10.1371/journal.pone.0102392 (2014).

24. Rohlich, P, van Veen, T. & Szel, A. Two different visual pigments in one retinal cone cell. Neuron 13, 1159-1166 (1994).

25. Haverkamp, S. et al. The primordial, blue-cone color system of the mouse retina. ] Neurosci 25, 5438-5445, doi:10.1523/
JNEUROSCL.1117-05.2005 (2005).

26. Blanks, J. C. & Johnson, L. V. Selective Lectin Binding of the Developing Mouse Retina. Journal of Comparative Neurology 221,
31-41, doi:10.1002/cne.902210103 (1983).

27. Li, Q, Timmers, A. M., Guy, J., Pang, J. & Hauswirth, W. W. Cone-specific expression using a human red opsin promoter in
recombinant AAV. Vision Res 48, 332-338, doi:10.1016/j.visres.2007.07.026 (2008).

28. Daniele, L. L. et al. A mouse M-opsin monochromat: retinal cone photoreceptors have increased M-opsin expression when S-opsin
is knocked out. Vision Res 51, 447-458, doi:10.1016/j.visres.2010.12.017 (2011).

29. Curcio, C. A. et al. Distribution and morphology of human cone photoreceptors stained with anti-blue opsin. ] Comp Neurol 312,
610-624, doi:10.1002/cne.903120411 (1991).

30. Curcio, C. A,, Sloan, K. R, Kalina, R. E. & Hendrickson, A. E. Human photoreceptor topography. ] Comp Neurol 292, 497-523,
do0i:10.1002/cne.902920402 (1990).

31. Mancuso, K. et al. Gene therapy for red-green colour blindness in adult primates. Nature 461, 784-787, doi:10.1038/nature08401
(2009).

32. Bumsted, K. & Hendrickson, A. Distribution and development of short-wavelength cones differ between Macaca monkey and
human fovea. ] Comp Neurol 403, 502-516 (1999).

33. Jiang, L. et al. Kinesin family 17 (osmotic avoidance abnormal-3) is dispensable for photoreceptor morphology and function. FASEB
] 29, 4866-4880, doi:10.1096/1).15-275677 (2015).

34. Zhang, H. et al. Mistrafficking of prenylated proteins causes retinitis pigmentosa 2. FASEB ] 29, 932-942, doi:10.1096/f].14-257915 (2015).

35. Zolotukhin, S. et al. Production and purification of serotype 1, 2, and 5 recombinant adeno-associated viral vectors. Methods 28,
158-167 (2002).

36. Pang, J. ]. et al. AAV-mediated gene therapy for retinal degeneration in the rd10 mouse containing a recessive PDEbeta mutation.
Invest Ophthalmol Vis Sci 49, 4278-4283, d0i:10.1167/iovs.07-1622 (2008).

37. Pang, . ]. et al. Gene therapy restores vision-dependent behavior as well as retinal structure and function in a mouse model of RPE65
Leber congenital amaurosis. Mol Ther 13, 565-572, doi:10.1016/j.ymthe.2005.09.001 (2006).

38. Qi, Y. et al. Trans-Corneal Subretinal Injection in Mice and Its Effect on the Function and Morphology of the Retina. PLoS One 10,
€0136523, doi:10.1371/journal.pone.0136523 (2015).

39. Du, W. et al. Vitreal delivery of AAV vectored Cnga3 restores cone function in CNGA3~/~/Nrl~/~ mice, an all-cone model of
CNGA3 achromatopsia. Hum Mol Genet 24, 3699-3707, doi:10.1093/hmg/ddv114 (2015).

40. Pang, J. J. et al. Long-term retinal function and structure rescue using capsid mutant AAV8 vector in the rd10 mouse, a model of
recessive retinitis pigmentosa. Mol Ther 19, 234-242, doi:10.1038/mt.2010.273 (2011).

41. Kong, F. et al. Self-complementary AAV5 vector facilitates quicker transgene expression in photoreceptor and retinal pigment
epithelial cells of normal mouse. Exp Eye Res 90, 546-554, doi:10.1016/j.exer.2010.01.011 (2010).

42. Li, X. et al. Gene therapy rescues cone structure and function in the 3-month-old rd12 mouse: a model for midcourse RPE65 leber
congenital amaurosis. Invest Ophthalmol Vis Sci 52, 7-15, doi:10.1167/iovs.10-6138 (2011).

43. Pang, . ]. et al. AAV-mediated cone rescue in a naturally occurring mouse model of CNGA3-achromatopsia. PLoS One 7, €35250,
doi:10.1371/journal.pone.0035250 (2012).

Acknowledgements

Supported by NIH grants EY023543 (to JP), EY021721 (to WWH), EY08123 (to WB), EY019298 (WB), EY014800-
039003 (NEI core grant to the Department of Ophthalmology, University of Utah), 2014 UF FEO Award (to JP),
unrestricted grants to the Departments of Ophthalmology at the University of Florida and the University of Utah
from Research to Prevent Blindness (RPB; New York), and by grants from BCM Families Foundation (to WWH),
Macula Vision Research Foundation (to WWH), Jiangsu Province Foundation for Innovative Research Team (to CZ),
and a sponsored research agreement from AGTC Inc. (to WWH). WB is a recipient of a RPB Nelson Trust Award.

Author Contributions

Y.Z. and W.D.: conduct the experiments, wrote the manuscript; W.D., PZ.; J.L., EX,, ].S. and S.L.B.: conduct the
gene therapy-related experiment; C.D.G. and W.B. generated and genotyped the Opnlw knockout mice; C.Z.:
wrote the manuscript, secured funding; W.W.H.: wrote the manuscript and secured funding; J.P.: designed and
conduct the experiments, wrote the manuscript, and secured funding.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06982-7

Competing Interests: WWH and the University of Florida have a financial interest in the use of AAV therapies;
WWH owns equity in and is a consultant for AGTC Inc. that might, in the future, commercialize some aspects
of this work.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:6690|DOI:10.1038/s41598-017-06982-7 8


http://dx.doi.org/10.1371/journal.pone.0102392
http://dx.doi.org/10.1523/JNEUROSCI.1117-05.2005
http://dx.doi.org/10.1523/JNEUROSCI.1117-05.2005
http://dx.doi.org/10.1002/cne.902210103
http://dx.doi.org/10.1016/j.visres.2007.07.026
http://dx.doi.org/10.1016/j.visres.2010.12.017
http://dx.doi.org/10.1002/cne.903120411
http://dx.doi.org/10.1002/cne.902920402
http://dx.doi.org/10.1038/nature08401
http://dx.doi.org/10.1096/fj.15-275677
http://dx.doi.org/10.1096/fj.14-257915
http://dx.doi.org/10.1167/iovs.07-1622
http://dx.doi.org/10.1016/j.ymthe.2005.09.001
http://dx.doi.org/10.1371/journal.pone.0136523
http://dx.doi.org/10.1093/hmg/ddv114
http://dx.doi.org/10.1038/mt.2010.273
http://dx.doi.org/10.1016/j.exer.2010.01.011
http://dx.doi.org/10.1167/iovs.10-6138
http://dx.doi.org/10.1371/journal.pone.0035250
http://dx.doi.org/10.1038/s41598-017-06982-7
http://creativecommons.org/licenses/by/4.0/

	Gene-based Therapy in a Mouse Model of Blue Cone Monochromacy

	Results

	M-opsin/S-opsin gradients in WT and Opn1mw−/− retinas. 
	Viability of Opn1mw−/− cones. 
	AAV5-mediated M-opsin expression in Opn1mw−/− retinas. 
	AAV5 Treatment of Opn1mw−/− cones restores middle-wavelength ERG Responses. 

	Discussion

	Materials and Methods

	Animals. 
	Generation of Opn1mw knockout. 
	Construction of AAV vectors. 
	Subretinal vector injection. 
	Electroretinography. 
	Tissue preparation and immunohistochemistry. 
	Western Blot Analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 Comparison of M- and S-opsin in Opn1mw−/− and WT mice.
	Figure 2 ERG analysis of middle wavelength cone function in mouse M-opsin treated Opn1mw−/− eyes and immunostaining of retinal sections from 10-month-old untreated Opn1mw−/− mice (UTx-10M), Opn1mw−/− mice treated at 3 months of age and analyzed 7 months p




