1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Vision Res. Author manuscript; available in PMC 2024 May 01.

-, HHS Public Access
«

Published in final edited form as:
Vision Res. 2023 November ; 212: 108311. doi:10.1016/j.visres.2023.108311.

Expression of two major isoforms of MYO7A in the retina:
considerations for gene therapy of Usher syndrome type 1B

W. Blake Gilmorel, Nan W. Hultgren®, Abhishek Chadhal, Sonia B. Barociol, Joyce Zhang?,
Oksana Kutsyr2, Miguel Flores-Bellver2, M. Valeria Canto-Soler?, David S. Williams?1
1Department of Ophthalmology and Stein Eye Institute, Department of Neurobiology, David
Geffen School of Medicine at UCLA, Los Angeles, CA, USA,

2CellSight Ocular Stem Cell and Regeneration Research Program, Department of Ophthalmology,
Sue Anschutz-Rodgers Eye Center, University of Colorado, School of Medicine; Aurora, CO,
USA.

Abstract

Usher syndrome type 1B (USH1B) is a deaf-blindness disorder, caused by mutations in the
MYO7A gene, which encodes the heavy chain of an unconventional actin-based motor protein.
Here, we examined the two retinal isoforms of MYO/7A, IF1 and IF2. We compared 3D models of
the two isoforms and noted that the 38-amino acid region that is present in IF1 but absent from IF2
affects the C lobe of the FERM1 domain and the opening of a cleft in this potentially important
protein binding domain. Expression of each of the two isoforms of human MYO7A and pig and
mouse Myo7awas detected in the RPE and neural retina. Quantification by gPCR showed that the
expression of IF2 was typically ~7-fold greater than that of IF1. We discuss the implications of
these findings for any USH1B gene therapy strategy. Given the current incomplete knowledge of
the functions of each isoform, both isoforms should be considered for targeting both the RPE and
the neural retina in gene augmentation therapies.

Keywords
MYOT7A,; Usher syndrome; retina; isoforms; gene therapy

1. Introduction

Retinal degenerations (RDs) due to monogenic mutations occur at a frequency of
approximately, 1 in 2000, worldwide (Berger et al., 2010). Most of these degenerations
(70% according to RetNet) are recessively inherited, caused by loss of gene function, so
that the disease can potentially be treated by the introduction of a normal (WT) copy of

the mutant gene. Such gene augmentation therapies have now been attempted for numerous
genes, with one FDA-approved product so far; in 2017, approval was given for treating

a form of Leber congenital amaurosis (LCAZ2), which is caused by biallelic mutations in
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RPEB65, by delivering WT RPE65to the RPE with adeno-associated virus (AAV) (Russell et
al., 2017). Similar approaches for several other inherited RDs are in clinical trials (Rakoczy
et al., 2019, Cehajic-Kapetanovic et al., 2020, Fischer et al., 2020, Yu-Wai-Man et al., 2020).

A limitation of gene therapy, whether by augmentation or in situ editing of the mutation,

is that the retinal cells need to be treated before there is too much degeneration, as it is
dependent on the presence of healthy cells to start expressing the introduced WT copy of
the gene. In LCAZ2 cases, administration of treatment in older patients has been found to be
less efficacious in the long term (Cideciyan et al., 2013). This limitation means that patients
should be identified before manifestation of retinal disease. LCA2 patients are born blind
due to disruption of the visual cycle, so that young patients can be potentially identified
before the onset of RD. However, for many other inherited RDs, pending blindness is only
noticed once there is loss of peripheral vision, which may not occur until a significant
portion of photoreceptor cells have degenerated or at least have been damaged.

Usher syndrome (USH) is a deaf-blindness disorder, caused by recessive mutations in
any one of numerous autosomal genes, nine of which have been identified and confirmed
(Williams, 2008, Castiglione & Moller, 2022). The deafness precedes RD and is most
obvious in USH1 patients, who are born profoundly deaf. Most of these patients are now
treated with cochlear implants to address their deafness. The early identification of these
patients, before the onset of RD, means that USH patients represent a highly suitable
population for retinal gene therapy.

Commonly, gene augmentation approaches involve the delivery of a single cDNA of the
WT gene. Despite the successes of this approach, it is potentially limited in cases where the
mutant gene normally expresses more than one isoform. Previously, we noted that most of
the USH genes might express more than one isoform (Williams et al., 2017).

Here, we focused on retinal isoform expression of the most common USH1 gene, MYO/7A,
which underlies USH1B (Weil et al., 1995). MYO7A encodes the heavy chain of an actin-
based motor protein (Udovichenko et al., 2002). Our results show that the neural retina and
RPE from human, pig, and mouse all express two isoforms of MYO7A. We discuss the
relevance of our findings to USH1B gene therapy approaches.

2. Materials and Methods

2.1. Human and animal tissues

C57BL6 mice carrying WT Myo7aon both alleles were maintained as described (Gibbs,

et al 2003). Young mice, aged postnatal day 9-15, were used due to the relative ease of
separation of RPE from neural retina. Mouse NR samples were comprised of pooled tissues
from each eye to ensure sufficient RNA yields. To obtain sufficient material for analysis,
mouse RPE was cultured and expanded for 3-5 days. These primary mouse RPE samples
were combined when harvesting RNA. Pig eyes were obtained through UCLA Division of
Laboratory Animal Medicine (DLAM). Eyes were excised from the eye socket and dissected
to expose the tissues of the retina. The neural retina was separated from the eyecup and

set aside for further processing. The RPE layer was carefully isolated from the eyecup by
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mechanical separation. De-identified samples of post-mortem posterior eye segments (from
a 42-year old male and a 90-year old female, neither with any known retinal disease) were
provided by the laboratory of Dr Gabriel Travis, at the Stein Eye Institute, according to
regulations for anonymous pathological specimens. All tissue samples were immediately
processed following isolation, or otherwise flash frozen and stored at —80°C.

2.2. Cell culture

ARPE-19 cells were thawed and cultured in DMEM/F12 with GlutaMAX, 10% FBS,
100 U/mL Penicillin and 100 U/mL Streptomycin, until confluency was reached. Cells
were then passaged and seeded into a new culture plate (1.66 x 10° cells/cm?) with
differentiation medium (MEM-Nic with GlutaMAX, 1% FBS, 100 U/mL Penicillin,
100 U/mL Streptomycin, 1% N1 supplement, 0.1 mM NEAA, taurine (0.25 mg/ml),
hydrocortisone (20 ng/ml), triiodo-thyronine (0.013 ng/ml), and 10 mM nicotinamide)
(Hazim et al., 2019, Hazim et al., 2022). The cells were maintained for at least 14 days
at 37°C, 5% CO, with media changes every 2-3 days until a polarized morphology was
established.

The H9 embryonic stem cell line used in these studies was generated by WiCell (Madison,
Wisconsin), and provided for our studies through the UCLA Broad Stem Cell Research
Center Stem Cell Bank. The xcHUF1 iPS cell line was also obtained through the UCLA
Stem Cell Bank facility, where the line was generated by lentiviral cassette integration of the
reprogramming factors Oct4, Sox2, KlIf4, and cMyec. This line originated from an individual
with no known retinal disease, and was used only for isolated iPSC-RPE cultures.

All stem cells were plated and maintained on Matrigel® Basement Matrix-coated tissue
culture plates and cultured in mTeSR™1 Basal Medium. Differentiation from pluripotent
state into RPE was performed using a described 14-day differentiation protocol (Buchholz
et al., 2013) with modifications (Hazim et al., 2017). Briefly, plated ESC or iPSC colonies
were cultured for days 0 and 1 in basal medium supplemented with Noggin (50 ng/mL),
Dkk1 (10 mg/mL), and IGF1 (10 mg/mL). On day 2, the culture media is replaced with
basal medium supplemented with Noggin (10 ng/mL), Dkk1 (10mg/mL), and IGF1 (10
mg/mL), and bFGF (5 ng/mL). On day 4, the medium is again replaced, this time with basal
medium supplemented with Dkk1 (10 ng/mL) and IGF1 (10 ng/mL). For days 4 through 14,
differentiating cultures were maintained in fresh basal medium supplemented with Activin
A (100 ng/mL) and SU5402 (10 uM). Finally, after 14 days, culture media is switched to
MEM-Nic with 5% FBS, and replaced every 2—3 days until pigmented, cuboidal RPE cells
begin to appear within the culture. These patches of RPE were mechanically isolated, and
expanded into homogenous hiPS-RPE or hES-RPE cultures.

Retinal organoids were generated from an hiPSC line derived from CD34* cord blood
(A18945, Thermo Fisher Scientific) (Burridge et al., 2011). The karyotype of this cell

line was verified to be normal. Undifferentiated hiPSCs and derived retinal organoids were
routinely tested to confirm the absence of contamination by mycoplasma (PCR Universal
Mycoplasma Kit, ATCC), bacteria and fungi. Cell culture, retinal differentiation, and
organoid formation were conducted as described previously (Zhong et al., 2014, Aparicio-
Domingo et al., 2023). Retinal organoids at 270 days of differentiation were used for these
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studies. Induced primary RPE were obtained from retinal organoids (ro-RPE), as described
(Flores-Bellver et al., 2021). Briefly, RPE tissue was isolated from retinal organoids at 60
days of differentiation, and then enzymatically dissociated into single cells, and seeded on
to Transwell culture membrane inserts (No. 3460, Corning), coated with Matrigel matrix
(No. 354230, Corning). RPE cells were maintained at 37°C and 5% CO, in MEM-Nic as
described above but with 5% FBS, as described previously (Maminishkis et al., 2006), until
they were fully differentiated.

2.3. Isoform-specific full length cDNA construct cloning and sequencing analysis

Full length MYO7Al Myo7awas PCR amplified from RPE samples using the following
primers:

hAMYO7A Forward: 5’-ATGGTGATTCTTCAGCAGGGG-3’
hMYO7A Reverse: 5’-TCACTTGCCGCTCCTGGA-3’
mMyo7aForward: 5’-ATGGTTATTCTGCAGAAGGGGG-3’
mMyo7aReverse: 5’-TCACCTTCCACTCCTGGAGT-3’
pMyo7aForward: 5’-ATGGTGATTCTTCAGCAGGGG-3’
pMyo7aReverse: 5’-TCACTTGCCACTCCTGGAG-3’

The resulting amplicons were submitted for Sanger sequencing (Laragen, Culver City, CA),
using the sequencing primer IFID Forward (5’-AAGGGGATTTATGCCCAGAG-3’). The
resulting chromatograms were viewed using SnapGene software (San Diego, CA).

Human and mouse Myo7aPCR products were cloned into TOPO backbone plasmid

using the TOPO TA Cloning kit (ThermoFisher), transformed into competent bacteria, and
plated onto LB agar plates supplemented with Kanamycin (50ug/mL). Clonal transformants
were grown up in LB + Kanamycin cultures. Plasmid DNA was purified by Purelink

Quick Plasmid Miniprep Kit (Invitrogen). Purified plasmid DNA was submitted for Sanger
sequencing (Laragen, Culver City, CA)

2.4. Sample preparation for quantitative PCR

The expression of MYO7A or Myo7ain collected samples was verified using quantitative
reverse transcription-PCR (QRT-PCR). Total RNA was extracted from samples using the
RNeasy Mini Kit (Qiagen), as described by the manufacturer’s protocol. Fully polarized
ARPE-19 cells were washed twice with PBS prior to harvest, and then mechanically scraped
from the culture well for RNA extraction. Samples of RPE from retinal organoids (ro-RPE)
were incubated in RNA Protect (Qiagen, Hilden, Germany) to attenuate endogenous RNase
activity and mRNA synthesis, and then scraped off the plate into a 1.5-ml tube. Cells were
centrifuged at 2500 x g for 10 min and the pellet was resuspended in buffer RLT plus
(RNeasy Plus Micro/Mini Kits; Qiagen) with 2-mercaptoethanol (1:100; Sigma—Aldrich
Corp.). In the case of retinal organoids, neural retina devoid of RPE was used. Retinal
organoid samples were washed twice with PBS and then incubated with 150 pL of TRIzol
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reagent (Thermo Fisher Scientific, USA) for 5 min. at room temperature (RT). The mixture
was vortexed well to ensure complete lysis of the tissue. This was followed by the addition
of 30 pL of chloroform (Sigma Aldrich, USA), vigorously shaken, and incubated for 3 min
at RT. Samples were then centrifuged for 5 min at 12000 x g at 4°C to separate the phases.
The aqueous phase was collected carefully, so not to disturb the interphase, and dispensed
into another microtube for further RNA processing. Primary mouse and pig tissues were
collected and homogenized, then passaged through a syringe to facilitate dissociation.
Purified RNA was eluted from the column with a maximum of 40 uL Ultrapure RNase-free
water or elution buffer, and then analyzed by nanodrop to determine concentration. RNA
concentration was generally standardized to 100 ng/uL or 250 ng/uL. Purified total RNA
(1-2 pg) was used immediately for first strand cDNA synthesis or otherwise stored at
—-80°C. Purified RNA was reverse transcribed into cDNA using Superscript IV First Strand
Synthesis Kit (Thermo Fisher) according to the manufacturer’s protocol. To ensure that
cDNA was generated from only messenger RNA, we opted for the oligo d(T) primer during
synthesis. Samples were stored at —20°C until gPCR analysis.

2.5. Quantitative PCR primers

The following primer sets were used for amplification of MYO7A, Myo7a, or housekeeping
genes:

AMYO7A gPCR IF1&2 Forward: 5’-CCCAAGAACGACGTCATC-3’
AMYO7A gPCR IF2 Reverse: 5’-GTTTTCGCTCCCCTGCT-3’
hAMYO7A gPCR IF1 Reverse: 5’-GCAGCACAGCCAAGATCA-3’
hHPRT Reverse: 5’-CCCTGTTGACTGGTCATTACA-3’

hHPRT Forward: 5’-GGAGGCGATCACATTGTA-3’
mMyo7alF1&2 Set 1 Reverse: 5’-CCAGCAGGGTTAGGATTGT-3’
mMyo7aIF1 Set 1 Forward: 5’-GGGCTGTGCTACTTGTCAA-3’
mMyo7a|F2 Set 1 Forward: 5’-GTGTCCAGCAGTAGGGGAACA-3’
mMyo7aIF1 Set 2 Forward: 5’-CCCAAGAGCGACGTCATC-3’
mMyo7alF1 Set 2 Reverse: 5’-GTAGCACAGCCCAAGTCAG-3’
mHprtForward: 5’-GGTGGAGATGATCTCTCAACTT-3’
mHprtReverse: 5’-CTGGCCTGTATCCAACACTT-3’
pMyo7aIF1&2 Forward: 5’-AGCCTCCCCAAGAATGATGT-3’
pMyo7alF1 Reverse: 5’-CAGGACCAACACGAAGAACA-3’

pMyo7alF2 Reverse: 5’-GGTTCGCTCCCCTGCT-3’
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pHprtForward: 5’-GGACTTGAATCATGTTTGTG-3’

pHprtReverse: 5°-CAGATGTTTCCAAACTCAAC-3’

2.6 Quantitative PCR standardization

MYO7A and Myo7a primers were designed to span exon-exon junctions specific to each
isoform to ensure that amplification was isoform specific, as well as to avoid amplification
of genomic DNA. Standard curves were performed with each MYO7A or Myo7Za primer set
to ensure resulting data were not biased by differences in primer efficiency.

Two types of mouse samples were used as template: mouse RPE cDNA, or, alternatively,

full length Myo7acloned into a pTOPO backbone plasmid. Full length Myo7awas PCR
amplified from mouse RPE cDNA and the PCR products were cloned into a plasmid
backbone using the Zero Blunt™ TOPO™ PCR Cloning Kit (Invitrogen). Clones were
screened by Sanger sequencing (Laragen, Culver City, CA) to obtain isoform specific
template vectors. The resulting templates (pTOPO-musMyo7a-1F1, pTOPO-musMyo7a-1F2)
were prepared using PureLink™ Quick Plasmid Miniprep Kit (Invitrogen). Human samples
from previously prepared plasmid DNA, containing either MYO7A IF1 or IF2, were also
tested (pUH-CBA-mCherry-MYO7A-1F1, pUH-CBA-mCherry-MYO7A-IF2).

The gPCR reactions were prepared in triplicate with each serial dilution, as follows: 1

uL DNA template, 1 uL 10uM Forward and Reverse primer, 10 uL SYBR Green Master
Mix, and 8 pL Ultrapure RNase-free water for a total of 20uL per reaction. Samples were
loaded into individual wells of a 96-well qPCR plate and analyzed using the Quant Studio

3 Pro Real-Time PCR System (Applied Biosystems). Ct values were averaged for each
sampling group and plotted against the log of the DNA copy number (Supplemental Fig. 2).
Amplification efficiencies were calculated (Eff = 10(-1/sloPe) _ 1) and recorded beneath each
plot.

2.7 Quantitative PCR primer isoform specificity

Quantitative PCR analysis using templates made of pure isoform-specific cDNA plasmids
at different concentrations, as well as mixtures of both IF1 and IF2 cDNA plasmids at
various ratios were conducted for each primer set. The qPCR conditions used in the actual
experimental conditions, as described above, were used. The average Ct value for each
condition is the mean of three technical replicates.

2.8 Quantitative PCR analysis

Quantitative PCR amplification was performed using SYBR Green Master Mix (Applied
Biosystem or BioRad). Fluorescent detection of PCR amplification was analyzed using
Quant Studio 3 Pro Real-Time PCR System (Applied Biosystems) or LightCycler 480
Real-Time PCR Thermal Cycler (Roche), or Q gPCR instrument (Quantabio) with the
following program: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 sec followed
by 60°C for 1 min. Melt curve analysis was performed to determine specificity of each
PCR reaction, as follows: 95°C for 15 sec, 60°C for 1 min, and then 10 sec incremental
incline of 1°C, up to 95°C. The housekeeping gene, HPRT, was used as an internal control.
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The relative expression of MYO/7A IF1 and IF2 was determined by calculating AACt,
normalized to HPRT expression. The Ct value was determined for each PCR reaction by
automated threshold analysis by the PCR instrument, Quant Studio 3 Pro Real-Time PCR
System (Applied Biosystems), LightCycler 480 Real-Time PCR Thermal Cycler (Roche), or
Q gPCR instrument (Quantabio). Samples containing impurities, as determined by melting
curve analysis, were discarded from analysis. The value of each technical replicate within

a sample group was calculated and normalized to the housekeeping gene as such: ACt
(MYO7A) = Ct(MYO7A)- Ct(HPRT). The AACt was calculated from the difference in each
normalized MYO7A ACt, as AACt = ACt(MYO7ZA IF1) - ACt(MYO7A IF2). Finally, the
relative expression of each isoform was represented by 2-AACt

2.9 Quantitative PCR sample sizes

As shown in Table 1, eleven mouse neural retina samples, each consisting of two pooled
retinas, and four mouse RPE samples, each consisting of tissues pooled from four mice,
were collected for analysis. An NR and RPE sample were each collected from two pig eyes.
Seven wells of ARPE-19 were each independently polarized and harvested for analysis.
Four cultures of differentiated RPE from xcHUF1 hiPSCs, and two cultures from hESCs
were sampled. Data collected from stem cell-derived RPE samples were combined into a
single group (iPS/ES-RPE) for analysis. Five groups of retinal organoids were used for
analysis, each group containing a pool of six organoids. Four biological replicates of ro-RPE
were used for analysis. Two de-identified post-mortem human subject eyes were collected,
one each from two adult subjects. Both NR and RPE were sampled from the 42-year old
subject, while just the RPE was sampled from the 90-year old subject. Between three and
six technical replicates were used for each data point, depending on the RNA yield of each
sample.

2.10. 3D modeling

3D models were generated by the Pymol software (https://pymol.org/2/). Myosin 7a FERM1
and FERM2 domains amino acid sequences were analyzed using the Phyre2 webserver
(http://www.shg.bio.ic.ac.uk/phyre2), or otherwise obtained from the Protein Data Bank
(https://www.rcsb.org/). The resulting model (.pcb format) was imported into Pymol for 3D
visualization analysis.

3. Results

In a screen of a human retinal cDNA library, multiple independent clones were found

to represent one of two isoforms of MYO/7A, which differed by the presence or absence

of a 114-bp region (Weil et al., 1996). We detected these two isoforms in full length
Myo7aor MYO7A PCR amplicons from mouse, pig and human RPE samples, using Sanger
sequencing (Suppl. Fig. 1A). After cloning these cDNA libraries to generate pure isoform-
specific constructs, we sequenced individual clones to determine the frequency of clones
containing each isoform. In mouse RPE, we detected 1 clone containing the larger isoform
and 5 independent clones containing the 114-bp deletion. In human RPE, we detected 2
independent clones of the larger isoform and 12 of the smaller isoform (Suppl. Fig. 1B). We
refer to the larger isoform as IF1, and the smaller as IF2.

Vision Res. Author manuscript; available in PMC 2024 May 01.


https://pymol.org/2/
http://www.sbg.bio.ic.ac.uk/phyre2
https://www.rcsb.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilmore et al.

Page 8

Fig. 1A depicts the domains of MYOT7A and illustrates that the two isoforms differ from
each other by a 38 amino acid sequence that is present in IF1 but not IF2. The presence or
absence of this sequence is due to alternative splicing of exon 35, and it affects the structure
of the FERM1 domain in the MYOT7A tail (Fig. 1).

FERM domains are common protein binding regions (Chishti et al., 1998), so that any
changes in these regions are likely to affect specific protein function. Some binding partners
to the FERM1 domain of MYO7A have been reported, including another Usher 1 protein,
SANS (Adato et al., 2005). To investigate the structural implications of modifying this
domain, 3D models of each isoform were generated. These models revealed differences in
the amino acid sequences at the tip of one loop of the C-lobe of the FERM1 domain. The
differences appear to affect the opening to the cleft created between different lobes, and are
thus likely to result in different protein interactions between IF1 and IF2 (Fig. 1D).

In the retina, MYO7A has been detected in the RPE and the photoreceptor cells of rodents
and humans by immunocytochemistry (Hasson et al., 1995, Liu et al., 1997). Mutant
phenotypes in mice, lacking functional MYQO7A, confirm this localization by showing
functions for MYOTA in both these cell types (e.g. Liu et al., 1998, Liu et al., 1999).
Single cell RNA sequencing of human retinal organoids has also detected the expression
of MYO7ZA in Milller cells and on-bipolar cells (Leong et al., 2022), although no MYO7A
protein has been demonstrated in these cells.

To determine the relative abundance of each isoform in RPE and neural retina (NR,
including the photoreceptor cells), we compared the relative expression of IF1 and I1F2

in a variety of RPE and NR samples from mouse, pig, and human. The mouse and

pig samples consisted of freshly dissected post-mortem retinas. The human RPE samples
included cultures of polarized monolayers that were differentiated from 1) the ARPE-19
cell ling, 2) human embryonic stem cells (hESCs), and 3) human induced pluripotent stem
cells (hiPSCs). The human NR samples included retinal organoids that were generated from
hiPSCs, and polarized RPE that was isolated and further differentiated from the retinal
organoids (ro-RPE). In addition, we tested NR and RPE from human post-mortem eyes.

To ensure the comparison of IF1 and IF2 expression level would not be skewed by a
difference in primer efficiency, we generated standard curves for human and mouse primer
sets using species- and isoform-specific cDNA constructs. Due to the short sequence
difference between the two isoforms (114 bp), primer design options were limited. However,
the primers we selected had a comparable efficiency between IF1 and IF2 for each species
(0.77 and 0.79 for mouse, and 0.83 and 0.85 for human, Suppl. Fig. 2). To further test the
specificity of each primer set, we conducted gPCR analysis using a mixture of both isoform-
specific cDNA plasmids; we found relatively negligible amplification of the non-targeted
isoform template at the measured expression ratios (Supplementary Tables 1 and 2).

The ratio of IF1 to IF2 was relatively consistent for the different human and pig samples
tested (Fig. 2). IF2 was the predominant isoform expressed in human RPE and NR samples,
accounting for 82-90% of the relative MYO7A expression. A similar isoform ratio was
found in pig tissues, with IF2 accounting for the majority of expression in both the RPE
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(89%) and NR (90%). On average, IF1 accounted for about 1 in 7 of MYO/7A transcripts
across pig and human samples, a ratio that is consistent with the frequency of isoform-
specific clones from the human samples (Suppl. Fig. 1B). In mouse RPE, IF1 was still the
lower expressed isoform, but accounted for a larger relative proportion of Myo7atranscript
(23%). In contrast, mouse NR showed higher expression of IF1 than IF2 expression (52 vs
48%).

4. Discussion

Like most of the other Usher syndrome genes (Williams et al., 2017), MYO/7A is
alternatively spliced, with two major isoforms expressed in the retina (Weil et al., 1996).
Using quantitative PCR, we measured significant expression of both these two isoforms in
the NR and RPE of human, pig and mouse. In human and pig NR and the RPE of all three
species, the expression of IF2 was greater than that of the longer form, IF1. In mouse NR,
IF1 expression was more comparable to that of IF2. Irrespective of the relative expression
levels of the two isoforms, an important point from our study is that significant levels of
both isoforms were detected in both the NR and the RPE of three different mammals. This
finding suggests that both IF1 and IF2 of MYO7A likely function in the developed NR and
RPE, so that gene augmentation therapy attempts with a single isoform might be of limited
success.

4.1. Retinal MYO7A isoforms in relation to gene augmentation therapy

The first clinical trial to prevent USH1B blindness used gene augmentation therapy with
MYO7A IF2. Based on our relative expression data, this more highly expressed isoform
would seem to have been a more prudent choice — if only one isoform were to be used. The
human IF2 construct was provided by our lab to Oxford Biomedica for incorporation into
an EIAV lentiviral vector for subretinal delivery. This trial was abandoned before efficacy
could be assessed properly. Nevertheless, earlier, HIV lentiviral delivery of the same IF2
construct had been shown to correct some of the known mutant phenotypes due to lack

of MYQT7A function in mouse retinas. Correction was determined by the localization and
motility of RPE melanosomes, the degradation of photoreceptor outer segment phagosomes,
and the concentration of opsin in the connecting cilia of the photoreceptor cells (Hashimoto
et al., 2007). Myo7a-mutant mice manifest mislocalized melanosomes in the apical RPE,
due to aberrant motility (Liu et al., 1998, Futter et al., 2004, Gibbs et al., 2004), slowed
phagosome degradation, due to impaired movement of the nascent phagosomes from the
apical RPE (Gibbs et al., 2003, Jiang et al., 2015), and an abnormal accumulation of opsin in
the connecting cilia of photoreceptor cells (Liu et al., 1999). However, lack of MYO7A also
results in several additional mutant phenotypes, which suggest other functions (Williams &
Lopes, 2011).

Electrophysiological studies of Myo7a-mutant mice showed a slightly reduced a- and b-
wave response (Libby & Steel, 2001). With mutant mice on a different genetic background,
a more significant electroretinogram abnormality was observed, including a delay in the
recovery of rod responsiveness after desensitization (Colella et al., 2013). In the RPE,
MYOTA is also required for the light-dependent translocation of the retinoid isomerase,
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RPEG65, with mice that lack MYO7A having lower overall levels of RPE65, as well as
mislocalization of the isomerase (Lopes et al., 2011). Correction of these phenotypes was
not tested in the initial gene augmentation studies in mice (Hashimoto et al., 2007); nor were
they tested in a later study using the same IF2 cDNA, but delivered by AAV (Lopes et al.,
2013).

Interestingly, gene augmentation studies with Myo7a-mutant mice, using a cDNA of human
MYO/7A IF1, have demonstrated correction of some of the same phenotypes that were
corrected by human MYO7A IF2. Melanosome localization in the apical RPE was corrected
with human MYO7A cDNA that was reported to be IF1, packaged in either single or dual
AAV vectors (Colella et al., 2013, Trapani et al., 2014, Ferla et al., 2023). This treatment
also improved the electrophysiological recovery from light desensitization (Colella et al.,
2013).

The correction of melanosome localization with either IF1 or IF2 is consistent with the
reported interaction between MYO7A and melanosomes in the RPE. Melanosome motility
by MYOT7A is mediated by association of RAB27A on melanosomes with the exophilin,
MYRIP, which in turn binds to a region of the tail of MYO7A (EI-Amraoui et al., 2002,
Fukuda & Kuroda, 2002, Klomp et al., 2007, Lopes et al., 2007). This tail region of MYO7A
is identical between MYO7A IF1 and IF2. It includes the FERM2 domain, but it does

not include the FERM1 domain, which is where the two isoforms differ (Fig. 1). The
requirement of the MYO7A FERM2 tail region for melanosome motility and localization
has been demonstrated in vivo, using Myo7a-mutant mice, known as pofka. Polka mice
carry a splice site mutation (c.5742+5G>A) that results in a MYQO7A protein, truncated at
the FERM2 domain. In the RPE of polka mice, the mutant MYO7A protein is present at
WT levels, but it does not associate with melanosomes, resulting in their mislocalization
(Schwander et al., 2009).

Functions that involve protein or organelle association with the FERM1 domain of MYO7A
are more likely to be specific for IF1 or IF2. In this respect, the scaffolding protein, SANS,
has been shown to bind the FERM1 domain of MYO7A (Adato et al., 2005). Mutations in
SANS underlie USH1G (Weil et al., 2003), and SANS-MYQO7A binding is thought to be
part of a network of USH1 proteins (Adato et al., 2005, Reiners et al., 2005), and perhaps
involved in ciliary transport (Sorusch et al., 2019).

In summary, MYO7A IF1 and IF2 are likely to have overlapping functions (e.g. melanosome
motility and localization), in addition to distinct functions that involve the FERM1 domain.
Although gene augmentation experiments with either IF1 and IF2 have corrected some
mutant phenotypes in mice (Hashimoto et al., 2007, Lopes et al., 2013, Colella et al.,
2014), correction of other mutant phenotypes has not been demonstrated. These other
mutant phenotypes may result from loss of one specific isoform. To our knowledge,

there are no known USH1B mutations that would affect just one MYO7A isoform.
Nevertheless, two mutations in the IF1-specific region, a nonsense mutation, W1558X, and
a frameshift mutation (2-bp deletion), C1554fs, have been reported by ClinVar (but with no
ophthamological information); ClinVar is hosted by the National Center for Biotechnology
Information (NCBI). With the possibility of requiring IF1 or IF2, specifically, to correct a
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mutant phenotype (due to function related to the FERM1 domain of MYO7A), it seems
prudent, to design a gene augmentation therapy that includes both isoforms. One approach
would be to test a single construct with IF1 cDNA that includes intron 34 (0.9 kb), to
potentially generate both IF1 and IF2 through alternative splicing (Fig. 3).

An alternative approach would be to employ gene editing, rather than gene augmentation. In
general, gene editing assumes an advantage over gene augmentation when a gene expresses
more than one isoform. A paper in this Vision Research special edition (Yan et al., 2023)
argues for additional advantages. However, USH1B mutations are present in all parts of the
MYO7A gene, with no particular mutation showing a high frequency (Jacobson et al., 2011),
so that a significant advantage of a well-designed gene augmentation therapy for USH1B is
that it should provide one treatment for all cases, whereas gene editing would not.

4.2. Both the RPE and photoreceptors as necessary targets for USH1B gene therapy

Previously, we reported that the photoreceptors might be the initial site of the USH1B
disease, based on the first detection of cell pathology by in vivo imaging and the similarity
of retinal pathology of USH1B with that of other Usher syndromes (Jacobson et al., 2008).
However, more advanced imaging of RPE cells may have detected RPE pathology earlier. In
any case, there are two fundamental reasons that suggest there is a need to address both the
RPE and photoreceptors in USH1B gene therapy. First, MYOTA protein, as well as mutant
phenotypes in its absence, have been detected in both mammalian RPE and photoreceptors
(Hasson et al., 1995, Liu et al., 1997, Liu et al., 1998, Liu et al., 1999). Second, the site of
manifestation of pathology is not necessarily the site of the defective molecular mechanism
that leads to the evident pathology. There are several well-known examples among inherited
RDs that involve cell nonautonomous impairment, particularly where a molecular defect in
the RPE results in primary pathology in the photoreceptor cells; e.g. mutations in MERTK
and RPE65 (Mullen & LaVail, 1976, Gu et al., 1997). Moreover, the variety of mutant
phenotypes due to a lack of MYO7A function in the retina suggests that these defects

may collectively contribute to USH1B pathology. While these mutant phenotypes were
largely discovered in mice, some have been corroborated in human RPE cells. For example,
impaired degradation of phagosomes was shown in M YO7A-deficient human RPE cells
(Gibbs et al., 2010). This particular cellular RPE defect is a good candidate for contributing
to a general insult that leads to USH1B pathology, since it has been linked to RD through
mutations in other genes (Rakoczy et al., 2002, Krock et al., 2007, Gordiyenko et al., 2010,
Jiang et al., 2015, Esteve-Rudd et al., 2018).

Therefore, it seems clear that we should treat both the photoreceptors and the RPE in
USH1B in any planned gene therapy — and, as noted above, the expression of MYO7A IF1
and IF2 in both the RPE and the NR indicates that treatment should address both isoforms.
A question remains whether additional retina cell types should also be targeted. The
detection of MYO7A gene expression in other retinal cells, by single cell RNA sequencing
of human retinal organoids (Leong et al., 2022), suggests that these other cells, especially
the Mller cells which provide a supportive role to the photoreceptors (Reichenbach et al.,
1993), might also be a necessary target for complete retinal gene therapy.
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4.3. Comparative localization of MYO7A in the photoreceptors

An early low magnification immunolabeling study of mouse photoreceptors failed to detect
MYOT7A (El-Amraoui et al., 1996), and a recent paper also concluded that MYO7A was
absent from mouse photoreceptors (Calabro et al., 2019). However, immunoEM studies
have not only been able to detect MYOTA in the connecting cilium, but also demonstrate
the abnormal accumulation of opsin in this region in Myo7a-mutant mice, thus associating
a mutant phenotype due to loss of MYO7A function with mouse photoreceptors. These

EM results have now been verified independently by at least 4 different laboratories (Liu
etal., 1997, Liu et al., 1999, Hasson, 2000, Wolfrum & Schmitt, 2000, Colella et al.,
2013). Moreover, using female Myo7a-null mice, expressing a Myo7atransgene from

their X-chromosome, it was demonstrated that the mutant phenotype of abnormal opsin
accumulation in the connecting cilium is due to lack of MYO7A in the photoreceptor

cells themselves and not from lack of MYO7A in the RPE cells; the retinas of these

mice contained mosaics of MYO7A-null and MYO7A-positive photoreceptor and RPE cells
(Jacobson et al., 2008).

ImmunoEM suggests that the localization of MYQO7A to the photoreceptor connecting
cilium is similar between human and rodents (Liu et al., 1997). However, MYO7A is

also localized to the photoreceptor calycal processes, together with other USH1 proteins
(Sahly et al., 2012), and the organization of the calycal processes differs significantly
between mouse and human. A calycal process is an f-actin-filled extension from the inner
segment that associates with the proximal region of the outer segment. Mouse and rat rod
photoreceptors have been shown to possess at least a single calycal process (Kessel &
Kardon, 1979, Arikawa et al., 1992, Volland et al., 2015). However, they do not possess

the array of many calycal processes that surrounds the basal region of the outer segments

of primates, pigs, frogs, and many other vertebrates (Brown et al., 1963, Hogan et al.,

1971, Steinberg et al., 1980). Calycal processes require actin filaments for their organization.
When f-actin is depolymerized, they collapse, and this collapse was suggested to contribute
to defective disk membrane morphogenesis that is manifest by overgrown nascent disks
(Williams et al., 1988). Loss of PCDH15 or CDH23, the USH1F and USH1D proteins, also
results in loss of f-actin in the calycal processes and the same perturbed disk morphogenesis
phenotype (Schietroma et al., 2017). Hence, the calycal process localization of USH1
proteins may be important in USH1 retinal pathology (Sahly et al., 2012, Schietroma et

al., 2017), although, to date, no mutant phenotype has been linked to the calycal processes
due to lack of MYOT7A.

We found the expression of Myo7aIF1 to be more similar to that of IF2, in mouse NR,
than in pig or human NR, where IF2 is clearly the more abundant isoform (Fig. 2). These
results were confirmed using a second set of mouse IF1 primers. It is tempting to suggest
that this difference in isoform expression might be related to a difference between mouse
and human in the subcellular structures that contain MYO7A, combined with different
subcellular distributions for IF1 and IF2. However, photoreceptors in retinal organoids do
not appear to have well-developed calycal processes, even in the few cases where disk
membranes (rather than membrane tubules) have clearly formed (Zhong et al., 2014, West
et al., 2022). Yet, the IF1 to IF2 ratio was similar between human retinal organoids and the
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other human retinal tissues (Fig. 2), suggesting no relationship between isoform expression
and photoreceptor subcellular structures.

Supplementary Material
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Fig. 1.
The two retinal isoforms of MYO7A. (A) Schematic of M
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IF1
o
71280 TCTCCTTCAGGGAGTGCCGTGTCTGGCTCTCACTGGGCTGCTCTGATCTT

71330 GGCTGTGCTGCGCCTCACTCAGGCTGGGCAGGACTGACCCCGGCGGGGCC

IF2
e
71380 CTGTTCTCCGTGTTGGTCCTGCAGGGGAGCGAAAACGACGGCCCCCAGCT

71430 TCACGCTGGCCACCATCAAGGGGGACGAATACACCTTCACCTCCAGCAAT

_| | | | EXON 35

I:I = Splice Acceptor

YOTA, illustrating the major

domains of the polypeptide and the difference between the two retinal isoforms, which
consists of the presence or absence of a 38 amino acid sequence within the FERM1 domain.

(B) Depiction of the two putative IF1/IF2 splice acceptors
The end of each putative splice acceptor sequence (YnNC

that are associated with exon 35.
AGGG) is underlined, and the

first 6 nucleotides of each isoform coding region is marked with a directional arrow. (C)

Amino acids of the 38 amino acid sequence that is unique

to IF1, identified by class. (D) 3D

modeling of the FERM1 domain of human MYO7A IF1 and IF2. The additional 38 amino

acids at the C lobe of the FERM1 domain of IF1 are mark
they are missing in IF2 is marked with an arrow.
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Fig. 2.

Quantitative PCR measurements of the expression of the two retinal Myo7al MYO7A
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isoforms in different neural retina (NR) and RPE samples. (A) Graph comparing IF1 and
IF2 expression for each tissue sample. Because HPRT expression likely varies among the
different tissues, quantitative comparisons should not be made among the tissue samples.
Mean values of biological replicates (Table 1) are plotted with error bars representing +
SEM. (B) Measurements of the expression of each isoform shown as a percentage of the

expression for each tissue sample.
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Intron 34
Exon 1-34 Exon 35-49
) 4.6kb "~ 09kb 2.1kb ]
Total: 7.6kb
Fig. 3.

Suggested construct design that would potentially generate both IF1 and IF2 MYO7A

isoforms in gene augmentation therapy.
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Table 1.
Quantitative PCR samples
Mouse Mouse Pig Pig ARPE-19 | iPSIES Retinal ro- Adult Adult
NR RPE NR RPE -RPE Organoid RPE Human Human
NR RPE

gender M+F M+F F F M M+F F F M+F M
no. of 11 4 1 1 - - - - 2 1
subjects *
no. of separate 11 4 2 2 7 6 5 4 2 1
samples (n
value)
#no. of gPCR 3-4 6-9 6 6 4-6 3-8 3-6 3-6 3 3
reactions per
sample

*
Two eyes were collected from each mouse or pig. Each pair of mouse eyes was pooled.
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