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Abstract

Background/Aims: Our laboratory discovered a Kunming mouse with enormous
electroretinogram (ERG) defects. Its auditory brainstem response (ABR) threshold was
significantly elevated and closely resembled the features of Usher syndrome (USH). This study
sought to cross these USH-like mice (named KMustush mice) with CBA/Cal mice to establish
recombinant inbred strains and identify their phenotypes and genotypes. Methods: KMs"/ush
mice were crossed with CBA/Cal mice to establish inbred strains by sibling mating. ERG, ABR,
ocular fundus morphology, histological examinations of the retina and inner ear, quantitative
real-time polymerase chain reaction, western blotting, and exon sequencing were performed
to assess the phenotypes and genotypes of the offspring strains. Results: The F1 hybrids from
crossing KMuhush and CBA/Cal mice had normal ERG and ABR responses. The F2 offspring
from intercrossing the F1 mice showed a segregation of the retinitis pigmentosa (RP) and
hearing loss phenotypes. The CBA-1*"»hmice had an RP phenotype that was characterized by
a vanished ERG waveform and loss of the outer nuclear layer. Their Pde6b gene had a nonsense
mutation that resulted in the failure of protein production in western blotting. However, the
ABR threshold of this strain of mice was normal. The CBA-2""h mice had normal retinal
function and architecture. Their ABR threshold was increased, with a dramatic degeneration of
the stereocilia bundles in the outer hair cells of the inner ear. Whole exome sequencing and
exon sequencing revealed a deletion of one base pair in exon 31 of the Adgrvl gene, which
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would result in the premature termination of protein encoding. The level of Adgrvl mRNA was
reduced in the CBA-2uush mice. The CBA-3""h mice had phenotypes of RP, elevated ABR
threshold, and degeneration of the stereocilia bundles in the outer hair cells. They were closely
associated with the nonsense mutations of Pde6b and Adgrv1, respectively. Conclusion: We
isolated a mouse strain with hearing loss from inbred mice with retinal degeneration and
established it as a recombinant inbred strain with a spontaneous mutation in Adgrvl, the
human Usher syndrome 2C gene. The retinal degeneration was cause by a mutation in Pde6b,
while the hearing loss was caused by a mutation in Adgrv1.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Retinitis pigmentosa (RP) is a group of common inherited retinal diseases with high
heterogeneity [1]. Most of the RP phenotypes are confined to the eyes and could eventually
lead to blindness. These types of RP are defined as non-syndromic RP [2]. By contrast, types
of RP with extraocular lesions are defined as syndromic RP, of which the most prevalent form
is Usher syndrome (USH) [3]. USH is an autosomal recessive genetic disorder characterized
by RP and deafness. USH can be divided into three subtypes according to onset time, degree
of deafness, and the occurrence of vestibular dysfunction [4]. Type 2 USH (USH2) is the
most prevalent form of USH, with moderate-to-severe sensorineural hearing loss, RP, and
preserved vestibular function [5]. Similar to RP, USH is a clinically heterogeneous disorder
[6]. With the development of family linkage analysis and DNA sequencing techniques, several
genes have been shown to be associated with the development of USH [7], including Myo7a,
Ushlc, Cdh23, Pcdh15, Ush1lg, Ush2a, Adgrv1, Dfnb31, and Clrn1 [8, 9]. A mutation in any one
of these genes can give rise to USH [10, 11]. The complex pathogenesis of USH necessitates
the continued exploration for well-characterized animal models to develop therapeutic
strategies [12]. To date, approximately 40 different USH mouse models have been discovered
by the Jackson Laboratory [13]. In greater detail, four of the five USH2 mouse models have
been generated by transgenic insertion or intergenic deletion [14].

Our laboratory previously discovered a mouse with RP and deafness under the
Kunming (KM) background (named KMUsh/vsh), The KMPuh mouse strain has been inbred
for 38 generations through sibling mating [15]. It was reported that a mutated Pde6b gene
causes RP [16], while a mutated UshZa gene contributes to USHZA [17]. In this regard,
we examined Pde6b and Ush2a mRNA levels in KM/t mice, and found they were both
expressed relatively lower than in wild-type KM mice [15]. Furthermore, we verified the
presence of a nonsense mutation in Pde6b and several missense mutations in UshZa in the
KMvush/ush mijce (data unpublished). Therefore, the mutated Pde6b and UshZa genes were
previously assumed to be responsible for the RP and hearing loss phenotypes of KMvush/ush
mice, respectively [15].

Nonsense mutations of Pde6b are reported to result in the downregulation of its
mRNA and eventually the development of RP [18]. The mutation types of UshZa in human
USHZ2A usually include at least one nonsense mutation [19, 20]. However, humans with non-
syndromic RP and normal hearing ability tend to carry only a missense mutation of UshZ2a
[21, 22]. In this sense, how the missense mutations of Ush2a alone in KM""/*h mice led to a
reduction in its mRNA level and the abnormal hearing phenotype remained unknown.

On the basis of the above findings, we hypothesized that the missense mutations of
Ush2a might not act as the causative factor for the hearing loss in KM""uh mice. Therefore,
this study sought to identify the reason for the hearing loss in KM"h/%h mice. As KM mice
are an outbred colony and their hearing ability declines with age [23], we crossed KMvush/ush
mice with CBA/CaJ mice. CBA/Ca] mice are a wild-type inbred strain that is commonly used
in researches on hearing [24]. This strain retains normal hearing well beyond 1 year of age
[25, 26]. The intercrossing sought to exclude the impact of age on hearing ability and to pass
the mutated genes into the CBA/Ca] background. Further intercrossing of the F1 hybrids led
to the segregation of the RP and hearing loss phenotypes in the F2 offspring. In the present
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study, all of these recombinant offspring strains with inherited RP and/or hearing loss were
subjected to phenotype and genotype analyses, which would help to elucidate the genetic
mechanisms underlying RP/USH. Besides, the establishment of a recombined inbred strain
with a spontaneous mutation in Adgrv1 gene of human USH2C could function as an effective
tool for future therapeutic experiments.

Materials and Methods

Animal rearing

KM mice were obtained from the Laboratory Animal Center of the Fourth Military Medical University
(License No. #2014270138S, Xi'an, China). CBA/CaJ mice (#000654) were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). KM""" mice and rd1 mice (a typical mouse model for RP) [27] were
obtained from the SPF animal facility of the Aerospace Clinical Medicine Department of the Fourth Military
Medical University (License No. #SYXK2012-004). All animals were housed and handled in accordance with
the Association for Research in Vision and Ophthalmology Statement Use of Animals in Ophthalmic
and Vision Research, and were approved by the Animal Care and Use Committee of the Fourth
Military Medical University.

Experimental design

Pedigree analysis of offspring from crossing KM“"/“" mice with CBA/CaJ mice. Two female CBA/Ca] mice
were chosen to mate with two male KM""/'sh mice to generate F1 hybrids. Sibling mating of the F1 hybrids
was used to produce the F2 offspring. Mice from every generation were subjected to electroretinogram
(ERG) and auditory brainstem response (ABR) examinations on postnatal day 21 (P21). F2 offspring with
identical ERG and ABR phenotypes were inbred through sibling mating, and named as CBA-1""h mice
(mice with reduced ERG amplitudes and normal ABR threshold that was below 50 dB), CBA-24"u" mice
(with elevated ABR threshold and normal ERG amplitudes), CBA-3""h mice (with reduced ERG amplitudes
and elevated ABR threshold), and CBA mice (with normal ERG amplitudes and ABR threshold). The offspring
of each strain were also screened by ERG and ABR. Offspring with phenotypes that were consistent with
their parental generation underwent sibling mating.

Characterization of the phenotypes and genotypes of CBA-1%“"“" mice. At P21, CBA-1ush/ush
and KM""/ush mice were selected randomly for the characterization of their phenotypes and genotypes. Age-
matched CBA/CaJ and KM mice served as controls. Fundus imaging, optical coherence tomography (OCT),
and fundus fluorescein angiography (FFA) were performed for morphological observations. Retinal sections
were stained with hematoxylin-eosin (HE) for histological examinations. Exon sequencing of Pde6b in tail
tissue and western blotting of PDE6B in retinal tissue were performed to explore the genotype.

Characterization of the phenotypes and genotypes of CBA-2""h mice. CBA-2""/"s" mice were randomly
selected at P14, P21, and P56. Age-matched CBA/CaJ mice served as controls. ERG and ABR examinations
were conducted. Fundus imaging, FFA, retinal OCT scanning, and retinal sections with HE staining were also
performed for ocular morphological observations. The thickness of the outer nuclear layer (ONL) in the
retinal sections was measured. Observation of cochlear cross sections with HE staining and scanning electron
microscopy were performed to examine the structure of the inner ear at P56. Whole exome sequencing was
conducted in tail tissue to identify the causative gene for the hearing loss in the F3, F6 offspring from CBA-
2ush/ush mice and KMUhesh mice at P21. Adgrv1 exon sequencing was performed at P21 using tail tissue of
F2 offspring from intercrossing CBA-2""h mice with CBA/CaJ mice. Additionally, quantitative real-time
polymerase chain reaction (QRT-PCR) analysis was performed to quantify the retinal levels of Ush2a and
Adgrvl mRNA in CBA/Ca], CBA-2ush/ush KMush/ush and rd1 mice at P21.

Characterization of the phenotypes and genotypes of CBA-3*"*" mice. Fundus imaging, OCT of the
retina, FFA, and HE staining of retinal sections were conducted in CBA-3""/'" mice at P21. Age-matched
CBA/Ca] mice served as controls. Exon sequencing was performed using tail tissue from CBA-3""" mice at
P21 to detect the mutation of Pde6b and to verify the underlying reason for the ocular phenotypes. Western
blotting was conducted to quantify the level of PDE6B in the retina. Cochlear cross sections and electron
microscopy scanning were performed to examine the morphology of the inner ear at P56. Exon sequencing
was conducted to detect the mutation of Adgrv1 in tail tissue to verify the underlying reason for the hearing
loss.
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Experimental techniques

Fundus imaging, OCT, and FFA. The animals were anesthetized with an intraperitoneal injection of
1% sodium pentobarbital (3 mL/kg; Sigma-Aldrich, Burlington, MA, USA) and Sumianxin II (a compound
solution of xylidinothiazoline, EDTA, dihydroetorphine hydrochloride, and haloperidol, 0.025 mL/kg; Jilin
Shengda Animal Pharmaceutical Co., Ltd., Dunhua, China), and were fixed on a platform. The pupil was
dilated with a drop of 0.5% tropicamide-phenylephrine ophthalmic solution (Shenyang Xingji Corporation,
Shenyang, China). The cornea was covered with sodium hyaluronate gel (Bausch & Lomb Freda, Jinan, China)
and was attached to the camera lens of a Retinal Imaging System (OPTO-RIS; OptoProbe, Burnaby, Canada)
for fundus and FFA imaging or 4D-ISOCT Microscope Imaging System (ISOCT; OptoProbe) for the retinas.
Subsequently, fundus or OCT images were taken with the optic nerve head centered on the corresponding box
by altering the position and angle of the mice. As for FFA, 20% sodium fluorescein (Guangzhou Baiyunshan
Mingxing Pharmaceutical Co., Ltd., Guangzhou, China) at a dose of 10 mL/kg was injected intraperitoneally
and images were captured after 2 min. The injected sodium fluorescein was completely excreted after 24 h.

ERG and ABR recordings. ERG recording was performed as reported previously [27]. Briefly, the mice
were anesthetized deeply after overnight dark adaption and their pupils were dilated with a 0.5% tropi-
camide-phenylephrine ophthalmic solution. The active electrode was placed on the cornea. The reference
electrode and ground electrode were inserted beneath the skin of the cheek around the tested eye and tail,
respectively. Full-field (Ganzfeld) stimulation and a computer system (RETI port; Roland, Germany) were
utilized to record the ERG responses. All operations were conducted under a dim red light to maximize
retinal sensitivity according to the guidelines of the International Society for Clinical Electrophysiology of
Vision [28].

After ERG recording, the experimental animals were subjected to auditory function assessment in a
sound-attenuating room using an ABR Workstation (Otometrics, Taastrup, Denmark) as described previ-
ously [15]. The active, reference, and ground electrodes were placed subcutaneously in the vertex auricle of
the tested ears and tail, respectively. ABR waves were recorded in response to a series of click stimuli. The
stimuli were presented initially at 95 dB sound pressure level (SPL). Then, the SPL was reduced progressive-
ly by 5 dB to identify the threshold at which an ABR waveform could be recognized and repeated. The ABR
threshold was defined as the lowest stimulus at which recognizable ABR waves could be observed. If there
were no detectable waveforms at 95 dB or greater, then the threshold was recorded as 95 dB. The wave-
forms of ABR responses to click stimuli usually consist of 4 or 5 response peaks, labeled [, 11, II, IV, and V.

Measurement of retinal ONL thickness. The animals were sacrificed and their eyes were enucleated
with a hole made in the nasal ora serrata with a needle for orientation purposes. After fixation in 4% para-
formaldehyde (in Dulbecco’s phosphate-buffered saline [PBS]; Mediatech, Inc., Herndon, VA, USA) for 2 h,
the cornea and lens of the eyes were removed. The remaining eyecups were immersed in the fixative solu-
tion for another 24 h at 4°C. They were then rinsed with phosphate buffer, dehydrated in a graded ethanol
series, and embedded in paraffin wax. Retinal sections of 4-um thickness were cut vertically through the
optic nerve of each eye. The sections were stained with HE and evaluated by light microscopy. Images of the
retinal sections were taken by a digital imaging system (DP71; Olympus, Tokyo, Japan). ONL thickness was
analyzed by counting the rows of cell nuclei at a distance of 200 um from the optic nerve on both sides and
then averaged.

Microscopic analysis of cochlear cross sections. Inner ears were dissected after the mice were euthana-
tized. A puncture hole was made in the apex of the cochlear to allow the fixative (4% paraformaldehyde) to
permeate fully. After fixing for 24 h at 4°C, the inner ears were decalcified with 10% EDTA for 1 week at 4°C.
The specimens were embedded in paraffin after dehydration. Sections (4 pm) were cut, mounted on glass
slides, and counterstained in HE. Images were taken at x400 magnification using a digital imaging system
(DP71; Olympus).

Electron microscopy scanning of the organ of Corti. After fixation and decalcification, the inner ears
were dissected in PBS medium. The temporal bone, stria vascularis, Reissner’s membrane, and tectorial
membrane were removed to expose fully the hair cells in the organ of Corti. Tissues were stored in 4% glu-
taraldehyde overnight at 4°C. Samples were washed in PBS and post-fixed in 1% 0sO, for 30 min. A graded
series of ethanol were used to dehydrate the tissues, which were then critical point dried against liquid CO,
and sputter coated with platinum. Images of the outer and inner hair cells were taken by a field-emission
scanning electron microscope (ULTRA 55; Zeiss, Oberkochen, Germany).

Exon trapping and sequence analysis. Genomic DNA was extracted from the tail tissue of mice.-Exon
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sequencing of the targeted genes was then performed by Sangon Biotech Co., Ltd. (Shanghai, China).
Briefly, DNA quality was assessed with 1% agarose gel electrophoresis and by the PicoGreen dsDNA Assay
(Invitrogen, Carlsbad, CA, USA). All of the coding exons of the target genes were assessed for the detection
of single nucleotide variants and insertion/deletions.

qRT-PCR. RNA was extracted from retinas using the TRIzol reagent (Invitrogen) and reverse transcribed
into single-stranded cDNA using a Prime Script RT Kit (#RR036A; Takara Biotechnology (Dalian) Co., Ltd.,
Dailian, China). The amplification and quantification of target genes were determined using a CFX Connect™
Real-Time PCR system (BIO-RAD, Hercules, CA, USA) with SYBR Premix (#RR820A; TaKaRa). Amplification
was performed for 40 cycles under the following conditions: 95°C for 45 s, followed by 40 cycles at 58°C for
45 s and 72°C for 60 s. The primers were synthesized by Sangon Biotech Co., Ltd. as follows:

UshZa

5'-GTCACACATGCTTCCAGGTAATG-3' (forward)

5'-GGGAACGGTAAATGGCTCTCTA-3' (reverse)

Adgrvl

5'-TGACGACGATCTTCCGGAGC-3' (forward)

5'-AGCCCTTGGCCATCCAAGTT-3' (reverse)

B-actin

5'-CTTCCTCCCTGGAGAAGAGCTATG-3' (forward)

5'-CCAAGAAGGAAGGCTGGAAAAGAG-3' (reverse)

All reactions were performed in triplicate. -actin was used as an endogenous control. Gene expression
levels were normalized to the expression levels of S-actin.

Whole exome sequencing. Genomic DNA was extracted from blood taken from the tail tissue. Whole
exome sequencing was performed by Novogene Biotech Co., Ltd. (Beijing, China; Item No. #P2016071069 ).
Briefly, whole exome sequences were efficiently enriched from 1.0 ug genomic DNA using a liquid capture
system (SureSelectXT Mouse All Exon, Agilent Technologies, Inc., Santa Clara, CA, USA) according to the
manufacturer’s protocol. Firstly, qualified genomic DNA was randomly fragmented to an average size of
180-280 bp using a Covaris S220 sonicator. Secondly, the genomic DNA fragments were end repaired and
phosphorylated, followed by A-tailing and ligation at the 3’ ends with paired-end adaptors (Illumina, San
Diego, CA, USA) with a single “T” base overhang and purification using AMPure SPRI beads from Agencourt
(Indianapolis, IN, USA). Then, the size distribution and concentration of the libraries were respectively
determined by an Agilent 2100 Bioanalyzer and qualified using real-time PCR (2 nM). Finally, the DNA
libraries were sequenced on an Illumina HiSeq 4000 for paired-end 150-bp reads.

Western blotting. Retinal tissue was collected and homogenized. After centrifugation, aliquot extracts
containing equal amounts of protein (30 pg) were electrophoresed, transferred to a membrane, and probed
with primary antibodies against PDE6B (#ab5663; Abcam, Cambridge, MA, USA; at a 1:1000 dilution)
and GAPDH (#10494-1-AP; Proteintech, Rosemont, IL, USA; at a 1:1000 dilution) at 4°C overnight. The
membrane was incubated with a goat anti-rabbit horseradish peroxidase-conjugated secondary antibody
(#EK020; Zhuangzhi, Xi'an, China; at a 1:10000 dilution) at room temperature for 1 h. The protein bands
were detected by an enhanced chemiluminescence system (Thermo Fisher Scientific, Waltham, MA, USA).
The intensity of the protein bands was determined using Image] software (National Institutes of Health,
Bethesda, MD, USA). GAPDH was used as a loading control.

Statistical analysis

All data are expressed as the mean * standard error. Statistical differences among the animal groups
were processed using analysis of variance followed by Bonferroni’s post-hoc test in SPSS software (version
16.0, Chicago, IL, USA). The independent t-test was performed when only two groups were involved. A
P-value < 0.05 was considered statistically significant.

Results

Pedigree analysis of hybrids from crossing KM*"*" mice with CBA/Ca] mice

The F1 hybrids from crossing KM""/sh mice with CBA/CaJ mice exhibited a normal
ABR threshold (Fig. 1A) and normal ERG responses (Fig. 1B). The F2 offspring could be
divided into four strains according to their phenotypes; namely, a strain with reduced ERG
amplitudes (CBA-1u"uh), 3 strain with an elevated ABR threshold (CBA-2"/u), a strain with
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or F2-CBA-1""uh mice was significantly lower than that of the F2-CBA-2""" and F2-CBA-3""h mice. The
ABR threshold of the F2-CBA mice was not significantly different from that of the F2-CBA-1"/"s" mice. The
ABR threshold of the F2-CBA-2""*"mice was not significantly different from that of the F2-CBA-34"/" mice.
##P<0.01 vs. F2-CBA; **P<0.01 vs. F2-CBA-1u"uh, D, Typical ERG waveforms and quantitative analysis of
the amplitudes in separated strains of the F2 offspring at P21 (n = 6). The ERG waveforms of the F2-CBA-
1ush/ush and F2-CBA-3""u" mice could not be distinguished from background physiological noise. The ERG
waveforms of the F2-CBA and F2-CBA-2""/h mice were relatively normal. The a-wave or b-wave amplitude
of the F2-CBA and F2-CBA-2"""h mice was significantly higher than that of the F2-CBA-1"/"s" and F2-CBA-
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both reduced ERG amplitudes and elevated ABR threshold (CBA-3"/!), and a strain with
normal ERG amplitudes and ABR threshold (CBA) (Fig. 1C, D).

After several generations, the propagation of CBA-1uh/uh and CBA-3""uh mice was
halted. We crossed male CBA/CaJ mice with the original F3 offspring of CBA-1"h mice
or the F4 offspring of CBA-3""uh mice to continue the inbreeding (Fig. 2, bold arrow). The
segregation of the RP and hearing loss phenotypes appeared again after crossing CBA/Caj
mice with the F4 offspring of CBA-3"/uh mice (Fig. 2, * and **).

Phenotypes and genotypes of CBA-1""h mice

The CBA-1uhuwh gpnd KMust/ushmice showed an early onset of retinal degeneration with
a waxy pallor appearance of the optic disc and attenuation of retinal vessels, as evidenced
by fundus imaging and FFA examinations. OCT showed that the ONL of the CBA-1%"h and
KMust/ush mijce almost disappeared at P21 (Fig. 3A). Retinal sections suggested there was only
one layer of cell nuclei in the ONL of the CBA-1h/ush and KMh/*shmice (Fig. 3B). A significant
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amount of PDE6B was detected in the KM and CBA/Ca] mice. Meanwhile, PDE6B was
undetectable in the CBA-1u"uh and KMUsh/ush mice (Fig. 3C). DNA sequencing of Pde6b exons
revealed five mutations in both the CBA-1%"uh and KMu"/ush mice. These mutations occurred
in exons 1, 4, 7, and 9, respectively. Four of the five mutations were silent and located within
the coding region (data not shown). The only significant mutation (a C to A transversion at
position 49 in exon 7) produced a nonsense mutation that converted codon 347, tyrosine
(TAC), into a stop codon (TAA). This conversion would lead to premature chain termination
during translation (Fig. 3D).

Phenotypes and genotypes of CBA-2""/*" mice

Neither the a-wave nor b-wave amplitude in the ERG responses of the CBA-2u"/ush mice
was significantly different from that of the CBA/Ca] mice at P14, P21, and P56 (all P > 0.05)
(Fig. 4A). No signs of retinal degeneration, such as a waxy pallor appearance of the optic disc
and attenuation of retinal vessels, were found in the CBA-2us"uh mijce at P21 under fundus
imaging and FFA (Fig. 4B). with no significant differences in ONL thickness measured on the
retinal sections compared with that of the CBA/CaJ mice at P14, P21, and P56 (all P > 0.05)
(Fig. 4C).

The CBA-2v"/shmice showed no obvious waveform in response to 90-dB SPL at P14.
Meanwhile, the ABR threshold of the CBA/Ca] mice was approximately 40-dB SPL. At P21
and P56, the phenotype of hearing loss in the CBA-2""h mice was similar to that at P14
(Fig. 5A). The degeneration of the organ of Corti and spiral ganglion cells was remarkable, as
shown in cross sections of the basal turn of the cochlear in the CBA-2"/h mice at P56 (Fig.
5B). Electron microscopy scanning of the organ of Corti suggested that a large proportion of
stereocilia bundles in the outer hair cells of the CBA-2""*h mice had vanished (Fig. 5C-a).
The remaining bundles of the outer hair cells lost their polarity and graded height. These
stereocilia bundles were deformed and failed to form the characteristic V-shaped structure
(Fig. 5C-b). However, these pathologies could not be found in the outer hair cells of age-
matched CBA/CaJ mice. The structure of stereocilia bundles in the inner hair cells of the
CBA-2wtush mice showed no significant difference compared with the CBA/CaJ mice (Fig.
5C-c).

Whole exome sequencing identified a base pair deletion at nt6748 of Adgrv1 in the
F3 and F6 offspring of CBA-2u"uh mice. The KM/t mice also showed a similar base pair
deletion. This mutation would cause a frameshiftand a premature stop codon (TAA) following
amino acid 2250. Exon sequencing of the F2 hybrids with hearing loss also showed a similar
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Fig. 3. Ocular phenotypes and geno- A CBA/CaJ CBA-{ushiush KM KiVushiush
types of CBA-1"huh mice. A. Typical L

fundus, FFA, and OCT images from CBA/ ‘
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at P21 (n = 6). There were signs of reti- '
nal degeneration in the CBA-1u"ush and
KMvush/ush mice, such as a waxy pallor ap-
pearance of the optic disc, attenuation FFA
of retinal vessels, and reduced thickness
of the ONLs. B. Retinal sections with He
staining from CBA/CaJ, CBA-1uh/ush KM
and KM®hwhmice at P21 (n = 6). Com- ocT
pared to the CBA/Ca] and KM mice, only
one layer of the ONL remained in the
retinas of CBA-1ush/ush gpnd KMush/ush mice. CBA/CaJ CBA-{ushiush KM KMushiush
ONL: outer nuclear layer; INL: inner B GeL Lo i .
nuclear layer; GCL: ganglion cell layer. C.
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uh mice. D. Exon sequencing of Pde6b in
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sion at position 49 in exon 7 was found PDEBB 90 KD et PDEGB 90 kD S
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sequence from the National Center for I
Biotechnology Information; arrows: the I
mutation.

CBA-fushiush 77

deletion mutation of Adgrv1 (Fig. 5D). On the other hand, the offspring with normal hearing
ability did not carry the deletion mutation. qRT-PCR analysis suggested that the mRNA level
of Ush2a in the retina of the CBA-2""*h mice was not significantly different from that in
the CBA/Ca] mice (P > 0.05), while its level was dramatically reduced in the KM""ush and
rd1 mice (P < 0.0001) (Fig. 5E-a). The decreased level of Ush2a mRNA in the KMuh/tsh mice
agreed well with a previous report [15]. The level of Adgrvl mRNA was significantly lower
in the CBA-2%huhmijce than in the CBA/Ca] mice (P < 0.01) (Fig. 5E-b). However, the level of
Adgrvl mRNA in the KM*/h and rd1 mice was also dramatically decreased compared to the
CBA/Ca] mice (P < 0.0001) (Fig. 5E-b).

Phenotypes and genotypes of CBA-3"“"“h mice

Fundus imaging and FFA suggested that there was severe retinal degeneration with the
attenFundus imaging and FFA suggested that there was severe retinal degeneration with
the attenuation of retinal vessels in the CBA-3/*h mice (Fig. 6A). The ONL in the retina of
the CBA-3""'sh mice was almost lost, as shown in the OCT images and retinal sections (Fig.
64, B). Western blotting suggested that retinal PDE6B had vanished in the CBA-3""/uh mice,
which should be attributed to the nonsense mutation in exon 7 of Pde6b (Fig. 6C, D).
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Fig. 4. Ocular phenotypes of CBA-2ush/ush A CBA- 2. P14 3| ceacaspia
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was not significantly different from that of
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not significant. B. Typical FFA and OCT im-
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at P21 (n = 3). No signs of retinal degenera- B
tion were found in the CBA-2"h/uh mijce. C.
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Degeneration of the organ of Corti and spiral ganglion cells was pronounced in the basal
turn of the cochlear in the CBA-3"/uh mice at P56, as evidenced by the cross sections of the
cochlear (Fig. 6E). The stereocilia bundles of the outer hair cells degenerated in the CBA-3/
ush mice, with the remaining outer hair cells appearing deformed, as shown in the electron
microscopy scanning images (Fig. 6F). Exon sequence analysis of Adgrv1 found a base pair
deletion at nt6748 in the CBA-3v"/uh mjce. This deletion would cause a frameshift and a
premature stop codon following amino acid 2250 (Fig. 6G).

Discussion

Human USH is closely associated with spontaneous mutations in multiple genes [29].
Hitherto, the majority of USH mouse models have been generated by transgenic technology
or induced by ethylnitrosourea [30, 31]. However, these models may not mimic reliably the
clinical traits of human USH. On the basis of our previous findings [15], the present study
established a spontaneous mutant USH mouse model by crossing hearing-impaired KM
ush mice with CBA/CaJ mice. ERG reflects retinal function [32], while ABR reflects hearing
ability [33]. According to the normal ABR and ERG responses of the F1 hybrids, and the
segregation of the RP and hearing loss phenotypes in the F2 offspring, we could deduce that
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spiral ganglion cells was
pronounced in the basal
turn of the cochlear in the CBA-2th mice. OC: organ of Corti; SGC: spiral ganglion cells. C. Ultrastructural
changes of the cochlea by scanning electron microscopy in the CBA-2"uh mice at P56 (n = 3); (a) overall
view of the organ of Corti at x3000 magnification; (b) outer hair cells at x10000 magnification; (c) inner hair
cells at x10000 magnification. A large number of the stereocilia bundles in the outer hair cells of the CBA-
2ush/ush mice were missing, while the inner hair cells remained unchanged. D. Exon sequencing of Adgrv1 in
the CBA-2u/uh mice at P21 (n = 3). There was a base pair deletion at nt6748 of Adgrv1 in the CBA-2ush/ush
mice, which would cause a frameshift and a premature-stop codon (TAA) following amino acid 2250. WT:
exon sequence from the National Center for Biotechnology Information; arrows: the mutation. E. The retinal
levels of Ush2a (a) and Adgrv1 (b) mRNA in the CBA/CaJ, CBA-2ush/ush KMush/ush and rd1 mice at P21 (n = 3).
The retinal level of Ush2a mRNA in the CBA-2"uh mice was not significantly different from that in the CBA/
CaJ mice, while its level in the KM""/*" and rd1 mice was dramatically reduced. The retinal level of Adgrv1
mRNA was significantly lower in the CBA-2%"*"mice than in the CBA/CaJ mice. Adgrvl mRNA level in the
KMush/ush and rd1 mice was significantly decreased from that in the CBA/CaJ mice. **P<0.01 vs. CBA/Ca]
mice; ****P<0.0001 vs. CBA/Ca] mice.

the F1 hybrids were heterozygotes and the mutated genes were inherited in an autosomal
recessive mode.

Pde6b encodes the rod cGMP-specific 3',5'cyclic phosphodiesterase subunit of the
protein complex PDE6 [34]. This protein is essential for normal PDE6 functioning and plays
a crucial role in visual signal transmission. A nonsense mutation in Pde6b would induce a
calcium burst in photoreceptors due to the continuous opening of the calcium ion channel
[35]. This mutation would result in photoreceptor apoptosis in humans [36,37] and mice
[18,38]. In the present study, the mutated Pde6b might act as the underlying cause for the
RP phenotype in the CBA-1"h/uh and CBA-3""ush mice, as there was an original nonsense
mutation in the KM®"wh mice. Subsequently, this hypothesis was confirmed by exon
sequencing and western blotting of PDE6B. The relationship between a nonsense mutation
of Pde6b and the RP phenotype has also been verified in other rd1 mouse models with
different backgrounds[27].

Ush2a encodes the Usherin protein, which is vital for the development and homeostasis
of the inner ear and retina. Mutations within this gene are closely associated with USH2A
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Fig. 6. Pheno-
types and geno-
types of the CBA-
3ush/ush mice.  A.
Fundus, FFA, and
OCT images of the
CBA-3uh/ush and
CBA/CaJ mice at
P21 (n = 3). There
were signs of reti-
nal degeneration
in the CBA-3%W
uh mice, such as
a waxy pallor ap-
pearance of the
optic disc, attenu-
ation of retinal

L L sl Aobi b e Lo b e L
vessels, and loss GTGGCCTTCCAACCTAMGTAGCAGAAAGTGG GTTTAACTCAGTGAgGGTARACGTGCCA
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ar layers (ONLs). T T 1 ‘ ‘

B. Retinal sections
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mice at P21 (n = 6). Only one layer of the ONL was left in the retina of the CBA-3u"/" mice at P21. C. Repre-
sentative western blotting bands of PDE6B in the retinas from the CBA-3u"/uh and CBA/CaJ mice at P21 (n =
3). Western blotting suggested that the level of PDE6B was significantly lower in the CBA-3"h mice than

in the CBA/Ca] mice. D. Exon sequencing of Pde6b in the CBA-3""/uh mice. A C to A transversion at position
49 in exon 7 was found in the CBA-3""u" mice. This mutation produced a nonsense mutation that converted
codon 347, tyrosine (TAC), into a stop codon (TAA). WT: exon sequence from the National Center for Bio-
technology Information; arrows: the mutation. E: Cochlear section (HE staining) of the CBA-3""uh and CBA
mice at P56 (n = 3). The organ of Corti and spiral ganglion cells had degenerated in the CBA-3"/th mjce. F.
Ultrastructural changes of the cochlea by scanning electron microscopy in the CBA-3/uh mice at P56 (n =
3); (a) overall view of the organ of Corti at x3000 magnification; (b) outer hair cells at x10000 magnifica-
tion. A large number of the stereocilia bundles in the outer hair cells from the CBA-3""*h mice had been lost,
while the inner hair cells remained unchanged. G. Exon sequencing of Adgrv1 in the CBA-3""'" mice at P21
(n = 3). There was a base pair deletion at nt6748 of Adgrv1 in the CBA-3""h mice. This mutation would
cause a frameshift and a premature stop codon (TAA) following amino acid 2250. WT: exon sequence from
the National Center for Biotechnology Information; arrows: the mutation.

[39,40]. We found that the Ush2a gene of the KM"*"/ush mice had 17 missense mutations (data
not shown). Moreover, the level of Ush2a mRNA in the KM""uh mice was much lower than
thatin the KM mice. Thus, the mutated Ush2a was previously deemed to act as the underlying
cause for the hearing loss in KM""h mice [15]. However, after crossing KM"s"/'sh mice with
CBA/Ca] mice, the level of Ush2a mRNA was not significantly different between the CBA-24/
uh mice and CBA/Ca] mice. Meanwhile, the hearing loss phenotype was retained in the CBA-
2ush/ush mice.

A nonsense mutation of a gene always induces a specific reduction in the corresponding
mRNA in many diseases [18,41]. On the other hand, a missense mutation usually does not
interfere with mRNA synthesis. As usherin is mainly located in the periciliary membrane
complex of photoreceptors [12], the loss of photoreceptors during retinal degeneration might
contributed to the reduced level of Ush2a mRNA in the KM"/h mice. This hypothesis was
subsequently demonstrated by the decreased level of Ush2a mRNA in the retina of rd1 mice.
Rd1 mice have normal hearing ability, while their photoreceptors are almost completely lost
at P21 [42]. Thus, the reduced level of Ush2a mRNA in the retina of rd1 mice was actually
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due to photoreceptor loss, and not the decreased transcription of UshZ2a. Besides, a nonsense
mutation of a gene would lead to the premature termination of its protein translation and
would probably change the associated phenotype [43]. It has been shown a nonsense
mutation of Pde6b contributes critically to the RP phenotype. In this context, we assumed that
anonsense mutation in another unknown gene acts as the original cause for the hearing loss
in the KMUsh/ush and CBA-24s"/vsh mice. Accordingly, whole exome sequencing found a common
base deletion in Adgrv1. This deletion produced a nonsense mutation in the following DNA
sequence of Adgrv1 in the CBA-2ust/ush gpd KMush/ush mice.

Adgrv1, which is also known as Gpr98, comprises 90 exons. ADGRV1 is expressed
predominately in the embryonic central nervous system and eye of mice [44,45]. Clinical
studies have suggested that homologous human gene (MASS1 or VLGR1) mutations are
implicated in the pathogenesis of USH2C [46-48]. Furthermore, mice carrying a targeted
mutation in Adgrv1 also suffer from degeneration of stereocilia bundles in the outer hair cells
and hearing loss[45]. The spontaneous 7009G deletion in exon 27 of Adgrv1 is responsible
for the hearing impairment of BUB/Bn] mice, which is suggested as an USH2C model [49]. In
view of the close relationship between Adgrvl mutation and hearing impairment in USH2C
mice, it is highly possible that the hearing loss in the CBA-2""/uh and KMU/ush mice might
also be caused by the identified nonsense mutation in Adgrv1. This hypothesis is verified by
the fact that CBA-2""h mice with hearing loss retained the mutated Adgrv1. In contrast, the
recombinant offspring without the Adgrv1 mutation had normal hearing ability and cochlear
structure.

The USH1B mouse model with mutations in Myo7a [50], the USH2A mouse model with
a targeted mutation in UshZa [40], and another USH2C mouse model carrying a targeted
mutation in Vigr1 [45] exhibitabnormal visual function, similar to USH2 patients. In our study;,
the impact of the mutated Adgrv1 on visual function could not be evaluated on the KMust/ush o
CBA-3ush/ush mjce, as these mice are homozygous for the RP mutation. Our results confirmed
that the CBA-2""" mice did not exhibit the RP phenotype, even at P56. A previous study
suggested that the photoreceptor degeneration in Ush2a knockout mice progresses slowly
and becomes obvious at the age of 20 months [40]. Additionally, visual impairments in USH
patients only become apparent in the second decade of life [48]. Likewise, the CBA-2vsh/ush
mice may not live long enough to manifest profound signs of RP. Furthermore, the same gene
mutation may lead to different phenotypes when animal models with different backgrounds
are crossed. For example, the crb1™ mutation in C3H/HeJ mice exhibits a positive phenotype,
while the same mutation in C57BL/6] mice causes no abnormal phenotype [51]. Thus, the
absence of the RP phenotype in the CBA-2"h mice might also be caused by their different
background from other USH models [45].

The co-occurrence of Pde6b and Adgrv1 mutations has been reported in an USH human
family [52]. In this case, some offspring of the family with both mutated genes exhibit a
more severe ocular phenotype than the other members with only a mutation of Adgrv1. The
co-mutation of Pde6b and Adgrv1 in the CBA-3"uh mice, which have more severe retinal
degeneration than the CBA-2'"uh mice, could well mimic such a situation. The retinal
degeneration caused by USH genes is usually milder and occurs later than that caused by
Pde6b. In the present study, the degree of the RP phenotype in the CBA-3"/h mice was
similar to that in the CBA-1""/h mice. Additionally, the hearing loss phenotype was similar
between the CBA-3u"uh and CBA-2%"h mice. We speculate that there is not any mutual
promotion effect between Pde6b and Adgrv1.

In conclusion, this study verified the underlying reason for the hearing loss in KM/
uh and CBA-2"h/'h mice. Moreover, we characterized the phenotypes and genotypes of
recombinant inbred strains from intercrossing KM"s"/'h mice with CBA/Ca]J mice. Our results
suggest that CBA-2""uh mice could be used as an animal model with an spontaneously
inherited phenotype of hearing loss and mutation in Adgrvi, the human Usher syndrome
2C gene. To our knowledge, this work is the first time that a mouse strain with hearing loss
has been isolated from RP ancestors, which would be beneficial for studying the pathological
mechanism underlying RP/USH and developing therapeutic strategies. Further study is
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the impact of the mutant Adgrv1 gene on retinal function and structure.
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