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Abstract

Aims: Methionine sulfoxide reductase B3 (MsrB3), which stereospecifically repairs methionine-R-sulfoxide, is
an important Msr protein that is associated with auditory function in mammals. MsrB3 deficiency leads to
profound congenital hearing loss due to the degeneration of stereociliary bundles and the apoptotic death of
cochlear hair cells. In this study, we investigated a fundamental treatment strategy in an MsrB3 deficiency
mouse model and confirmed the biological significance of MsrB3 in the inner ear using MsrB3 knockout
(MsrB3™") mice. Results: We delivered a recombinant adeno-associated virus encoding the MsrB3 gene
directly into the otocyst at embryonlc day 12.5 using a transuterine approach. We observed hearing recovery in
the treated ears of MsrB3™" mice at postnatal day 28, and we confirmed MsrB3 mRNA and protein express10n
in cochlear extracts. Additionally, we demonstrated that the morphology of the stereociliary bundles in the
rescued ears of MsrB3~" mice was similar to those in MsrB3** mice. Innovation: To our knowledge, this is
the first study to demonstrate functional and morphological rescue of the hair cells of the inner ear in the MsrB3
deficiency mouse model of congenital genetic sensorineural hearing loss using an in utero, virus-mediated gene
therapy approach. Conclusion: Our results provide insight into the role of MsrB3 in hearing function and bring
us one step closer to hearing restoration as a fundamental therapy. Antioxid. Redox Signal. 24, 590-602.

Introduction cysteine (Cys) are the most susceptible to oxidation by ROS

(5). However, some of these modifications can be repaired by

MOLECULAR OXYGEN, WHICH is used for numerous pro-
cesses during aerobic metabolism in cells, is related to
the generation of reactive oxygen species (ROS) (18). ROS,
such as superoxide anion, hydrogen peroxide, and hydroxyl
radical, can oxidize cell components, including nucleic acids,
intracellular proteins, and lipids, and induce cell death (22,45,
47). Both the polypeptide backbone and amino acid residue
side chains of proteins can also be targeted (5, 47, 48), and
sulfur-containing amino acids such as methionine (Met) and

defense systems that protect against oxidative stress (23, 33,
34,41, 44, 46). Met residues are converted to Met-S-sulfoxide
and Met-R-sulfoxide by oxidative stress and are repaired by
stereospecific enzymes such as Met sulfoxide reductase A
(MsrA) and B (MsrB1, MsrB2, and MsrB3) (23, 26, 46, 49,
50, 53). In addition, the Met/Msr system may aid other redox
systems to maintain cellular redox homeostasis (26).

Due to the physiological importance of the Met/Msr sys-
tem in mammals, several studies in animal models have
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Innovation

Methionine sulfoxide reductase B3 (MsrB3) is impor-
tant for the maintenance of hair cells, and the mutations in
the MsrB3 gene are associated with human autosomal re-
cessive nonsyndromic hearing loss. The present work
provides the first demonstration of functional and mor-
phological rescue of the hair cells of the inner ear in a
mouse model of congenital genetic sensorineural hearing
loss using an in utero, virus-mediated gene therapy ap-
proach. The results of this study provide an exciting and
significant step toward the treatment of congenital hearing
loss, a step that addresses the underlying cause of deafness.

shown that Msr deficiency leads to various oxidative stress-
related disorders, such as neurodegenerative diseases, cystic
fibrosis, and aging (1, 8, 12, 24, 32, 35-37). However, until
now, the congenital hearing loss that results from a genetic
defect in the methionine sulfoxide reductase B3 (MSRB3)
gene in humans had been considered a unique monogenic
disease. Ahmed et al. reported that the MSRB3 gene is as-
sociated with human DFNB74, which is a locus for autoso-
mal recessive nonsyndromic hearing loss (1). They identified
two mutations, p.Cys89Gly and p.Argl19X, in eight Pakistani
families and demonstrated that these mutations result in the
loss of MSRB3 enzymatic activity (1). We previously gen-
erated an MsrB3 knockout mouse model (MsrB3™") and
identified a profound hearing loss phenotype that was similar
to that observed in hearing loss patients with the MSRB3
mutations (24). Moreover, we determined that MsrB3 is
highly expressed in hair cells, which are the auditory sensory
receptors that serve as the key element of sound transduction.
We also showed that MsrB3 deficiency results in the de-
generation of stereociliary bundles, which is then followed by
hair cell apoptosis (24).

Within the inner ear, the cochlea contains the organ of
Corti, which is the receptor organ for hearing. Damage to the
hair cells of the human cochlea by genetic or environmental
factors results in irreversible hearing loss because mammals
cannot regenerate hair cells (52). The inability to regenerate
hair cells causes sensorineural hearing loss (SNHL), which
results from functional abnormalities in the hair cells of the
organ of Corti or in auditory nerve cells and accounts for
~90% of hearing loss cases (911, 13, 19, 39, 43).

Recently, several groups have reported the results of gene
therapy studies that involved therapeutic gene transfer into
the cochleae of rodents (2, 3, 31, 55). These studies demon-
strated the potential of this therapeutic modality for the
treatment of SNHL caused by genetic mutations (2, 3, 31,
55). This approach appears most promising as a means to
replace nonfunctional gene products via the delivery of
functional copies of the affected gene (e.g., complementary
DNA; cDNA) in SNHL patients who suffer from non-
syndromic deafness with an autosomal recessive inheritance
pattern. To successfully treat this category of patients via a
gene therapy approach, the exogenously delivered gene
should be expressed before the onset of hearing loss. Because
the majority of these patients are profoundly deaf from birth,
it is reasonable to choose an administration time that corre-
sponds to early inner ear development in the embryo. Bed-
rosian et al. and others demonstrated that in utero gene
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transfer of recombinant adeno-associated virus (rAAV)
vectors into the mouse otocyst at embryonic day (E) 12-12.5
was a safe and effective way of targeting sensory hair cell
progenitors in the developing cochlea (4, 51). However, there
have been no in vivo demonstrations that in utero gene
therapy using rAAVs can rescue hearing function in an ani-
mal model with a profound, human-like SNHL phenotype.

In the present study, we applied gene therapy by admin-
istering the rAAV that expresses the MsrB3 gene into the
embryonic otocyst of MsrB3 ™ mice via transuterine micro-
injection. We examined the results of this in vivo approach on
the hair cell morphology and hearing of these animals.

Results

Validation of rAAV-mediated gene delivery into the
cochlea via a transuterine approach

To evaluate the safety and feasibility of rAAV injection
into the cochlea via a transuterine approach, we delivered
rAAV2/1-GFP directly into the otocyst of MsrB3™* mice at
E12.5 (Supplementary Fig. S1; Supplementary Data are
available online at www .liebertpub.com/ars). We then mea-
sured auditory brainstem response (ABR) thresholds in both
ears of the treated mice at postnatal day (P) 28 to identify any
ototoxicity inherent to the procedure. The average ABR
thresholds for click stimuli were 19.2, 20.8, and 20 dB in the
untreated ear, operated left ear, and contralateral right ear,
respectively, of MsrB3™* mice (Fig. 1A). No significant
differences in auditory function were observed between the
operated ear and the contralateral ear or between the operated
ears and the ears of MsrB3** mice (n=6 for each group,
p>0.5; Fig. 1B). Symptoms of vestibular dysfunction that
could have been caused by surgical damage, such as circling
and head tossing, were not observed (data not shown).

Next, we delivered rAAV2/1-MsrB3-GFP into the oto-
cysts of MsrB3** mice (Supplementary Fig. S1A) and ob-
served strong green fluorescent protein (GFP) expression in
the organ of Corti at PO (Fig. 2A). Additionally, whole-mount
immunostaining of the sensory epithelium revealed that the
transduction efficiency was high, as indicated by the high
level of GFP expression in >90% and 83% of the inner hair
cells (IHCs) and outer hair cells (OHCs), respectively, at P28
(n=4 for each group, Fig. 2B, C).

Hearing restoration in MsrB3™~ mice after delivery
of rAAV2/1-MsrB3-GFP into the otocyst

Because virus-mediated gene delivery into the otocyst did
not damage the cochlea and successfully induced transgene
expression in hair cells, in which the MsrB3 gene is normally
expressed, we investigated whether virus-mediated expres-
sion of the MsrB3 gene restored hearing function.

To determine whether virus-mediated expression of the
MsrB3 gene restored hearing function, we injected rAAV2/1-
MsrB3-GFP into the otocyst of MsrB3™~ mice at E12.5 using
the transuterine approach. We then measured ABR thresholds
when the mice were 4 weeks old (Fig. 3). The ears of untreated
and rAAV2/1-GFP-treated MsrB3~~ mice did not exhibit re-
sponses to click stimuli or tone bursts, which is consistent with
the previously reported phenotype of the MsrB3™~ mouse (24)
(Fig. 3A, middle panels). In contrast, the treated ear that was
injected with the MsrB3 gene exhibited waveforms that were
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Auditory function following transuterine rAAV-mediated gene delivery in MsrB3** mice. (A) Click-evoked

ABR response of an untreated ear (upper), an operated ear (middle), and a contralateral ear (lower) of an MsrB3™* mouse at
P28 after administration of the rAAV2/1-GFP treatment. The amplitude of the response is measured in microvolts (uV).

The time is expressed in milliseconds (ms) and is indicated on the x-axis. (B) The average click-evoked ABR thresholds of
each group are shown. No significant differences were observed between the groups (n =6 for each group, p>0.5). Student’s
t-tests were conducted for statistical comparisons. The data are shown as the mean+ SD. ABR, auditory brainstem response;
GFP, green fluorescent protein; MsrB3, methionine sulfoxide reductase B3; rAAV, recombinant adeno-associated virus.

typical of a normal hearing threshold and that were similar to
those observed in MsrB3™* mice (Fig. 3A, left and right
panel). At all frequencies measured, ABR thresholds differed
significantly between the ears of the rAAV2/1-GFP-treated
MsrB3™”" mice and those treated with rAAV?2/1-MsrB3 -GFP,
whereas at 16 and 32 kHz, there was a slight distinction be-
tween the ears of the MsrB3"* mice and those of MsrB3™~
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mice that were treated with rAAV2/1-MsrB3-GFP (n=5 for
each group, *p <0.05; Fig. 3B).

Then, we determined the duration of the hearing recovery in
the ears of the rescued MsrB3™~ mice. In all of the rescued
mice, the improved hearing performance was maintained for at
least 4 weeks after the treatment. However, hearing thresholds
began to deteriorate beginning with the high frequencies at

Treated ear of MsrB3+*

FIG. 2. Expressmn of GFP in
MsrB3*"* mice following rAAV-
mediated gene transfer into the
organ of Corti. (A) Immunostain-
ing was performed to detect rAAV-
transduced cells. Fluorescence
images show the organ of Corti
from an MsrB3"* mouse that is
immunostained for GFP (green)
and phalloidin (red) at PO. (B)
Fluorescence images show that the
GFP-positive cells consisted pri-
marily of IHCs and OHCs at
P28. (C) The graph represents the
transduction efficiency of IHCs and
OHC:s in each of the three turns, the
apical, middle, and basal turns,
within a 160-um region of the or-
gan of Corti. No significant differ-
ences were observed between the
groups (p>0.1, n=4 for each
group). Student’s #-tests were con-
ducted for statistical comparisons.
The data are shown as the mean=*
SD. IHC, inner hair cell; OHC,
outer hair cell. Scale bars: 20 ym.
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FIG. 3 Restoration of auditory function following rAAV2/1-mediated MsrB3 gene transfer into the otocysts of
MsrB™~ mice. (A) Example of click-evoked ABR response of a post-treatment MsrB3~ mouse ear compared with that of
an MsrB3™" mouse ear at P28. The waveform of the rAAV2/1-MsrB3-GFP-treated ear was changed after treatment. (B)
Graphical representation of the ABR data that show the average ABR thresholds for click and tone burst (4, 8, 16, and
32 kHz) stimuli of the five rescued MsrB3™ ~~ mice. Asterisks 1ndlcate statistical differences between the ears of the Msr33+ *
mice and the rAAV?2/1-MsrB3-GFP-treated ears of the MsrB3™~ mice (*p <0.05). p-Values were determined by Student’s
t-tests. The data are shown as the mean+SD. n=35 for each group.

~ 7 weeks of age, and the reduced hearing function remained
at 8 weeks after treatment (Supplementary Fig. S2A).

Exogenous expression of MsrB3 in the inner ear
in mice that were injected with rAAV2/1-MsrB3-GFP
into the otocyst

To investigate whether the hearing restoration resulted
from the delivery of the MsrB3 gene, we next performed
histological analyses of the rescued MsrB3~~ mice (Fig. 4).
Whole-mount immunostaining of the ears of MsrB3~~ mice
that were treated with rAAV?2/1-MsrB3-GFP was performed
at P28 and revealed robust GFP expression in the cells of the
organ of Corti (Fig. 4A). The GFP signal was strong in the
IHCs and OHCs along the cochlear turns, and the average
number of GFP-positive IHCs and OHCs was in the range of
89-91% and 84-92%, respectively (n=4 for each group,
Fig. 4B), indicating a similar level of transduction efficiency
as that observed in the rAAV2/1-MsrB3-GFP-injected
MsrB3** mice.

Then, we confirmed expression of the MsrB3 and of GFP
in the ears of the rescued MsrB3™~ mice because the ex-
pression of these genes was driven by individual cytomega-
lovirus (CMV) promoters within the same rAAV2/1
backbone. As shown in Figure 4C, expression of the MsrB3
and of GFP was specifically observed in both types of hair

cells within the cochlea. The expression was also largely
overlapping within the IHCs and OHCs, indicating successful
rAAV-mediated transgene delivery into the hair cells of the
rescued MsrB3™" mice.

We also used reverse transcription—polymerase chain re-
action (RT-PCR) to examine the mRNA expression levels of
the transduced MsrB3 gene in the ears of MsrB3™~ mice that
were treated with TAAV2/1-MsrB3-GFP (Fig. 5A). Com-
pared with rAAV?2/1-GFP-treated ears and the untreated ears
of MsrB3™~ mice, the ears of the MsrB3™™ mice that were
treated with rAAV2/1-MsrB3-GFP exhibited some MsrB3
expression, but the expression level was lower than that ob-
served in MsrB3™* mice. This result confirmed that the
MsrB3 gene was introduced into the cochlea and properly
expressed in the MsrB3™~ mice and that this expression was
associated with the restoration of hearing function.

To quantify the level of MsrB3 protein that was produced
following delivery of the viral vector, we performed a Wes-
tern blot analysis of inner ear protein extracts from MsrB3™*
mice, MsrB3™~ mice, and MsrB3~~ mice that were treated
with rAAV2/1-MsrB3-GFP and untreated MsrB3™ mice
(Fig. 5B). The level of MsrB3 protein in the inner ears of the
MsrB3™~ mice was 43+4.2% of the level observed in
the MsrB3™* mice. Moreover, MsrB3 was not expressed in
the inner ears of the untreated MsrB3™~ mice (Fig. 5C).
Strikingly, the level of MsrB3 protein expression in the inner
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FIG. 4. Localization and transduction efficiency of MsrB3 and GFP following gene transfer. (A) An anti-GFP

antibody was used to label the organ of Corti of the treated left ears of 28-day-old MsrB3™"

mice, and F-actin was labeled

using Alexa 555-conjugated phalloidin. The tissue samples were then imaged with a fluorescence microscope. The low-
magnification 1rnages show the distribution of GFP expression following the delivery of rAAV2/1-MsrB3-GFP into the
otocysts of MsrB3~~ mice (upper panel). The high- magmﬁcatlon images show that GFP (green) was detected in both the
IHCs and OHCs (lower panel) in the rescued MsrB3~~ mice. (B) Graphical representation of the percentage of GFP-positive
cells that were transfected with rAAV2/1-MsrB3-GFP within a 160-um region of IHCs and OHCs in each of the three turns,
including the apical, middle, and basal turn. No significant differences were observed between the groups (p>0.05, n=4 for
each group). p-Values were determined by Student’s #-tests. The data are shown as the mean+SD. (C) MsrB3 and GFP
were specifically expressed in both types of hair cells within the cochlea (left panel). The higher-resolution images show
that MsrB3 and GFP were colocalized in both the IHCs and OHCs in the organ of Corti (right panel). The scale bars

represent 25 ym in (A), 100 um in (C, left panel), and 20 um in (C, right panel).

ears of the rescued MsrB3™~ mice was found to be 15+ 1.6%
of that observed in the MsrB3™* mice.

Taken together, our results demonstrate that delivery of the
MsrB3 gene via transuterine injection of a viral vector suc-
cessfully produced stable expression of the transgene in the
targeted area (i.e., hair cells at an early developmental stage)
and that this expression ultimately rescued the hearing of the
MsrB3™"~ mice.

Localization of the exogenous MsrB3 gene
within the organ of Corti of the rescued MsrB3™~ mice

To compare the distribution of exogenous MsrB3 deliv-
ered by rAAV2/1 with that of endogenous MsrB3, at P28, we
performed immunohistochemistry on the ears of MsrB3™*
mice as well as on the ears of untreated MsrB3 ™~ mice,

MsrB3™~ mice that were treated with rAAV2/1-GFP, and
MsrB3™" mice that were treated with rAAV2/1-MsrB3-GFP
(Fig. 6). We immunohistochemically detected Myo7a using a
green label. The GFP signal was not confused with the green
label for Myo7a because following AAV viral infection, the
GFP signal was not detected in paraffin-embedded sections
without antibody enhancement even though GFP was coex-
pressed with MsrB3. MsrB3 expression was localized in both
IHCs and OHCs and was colocalized with Myo7a expression
in the ears of the MsrB3™" mice that were treated with
rAAV2/1-MsrB3-GFP; this pattern was similar to that ob-
served in the ears of the MsrB3** mice (Fig. 6A—-C, J-L),
although endogenous MsrB3 is more broadly expressed, in-
cluding from the inner sulcus cells to the outer sulcus cells
(24). MsrB3 expression was not observed in the untreated
ears or rAAV2/1-GFP-treated ears of MsrB3™~ mice
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FIG. 5. Quantification of exogenous MsrB3 expression levels using RT-PCR and Western blot analysis. (A) RT-PCR
analysis of MsrB3 expressmn which confirmed the success of rAAV-mediated gene transfer. Total RNA was extracted from
the inner ears of MsrB3™* and rescued MsrB3™ mice at P28. MsrB3 mRNA was found in the ears of the MsrB3™* mice and
MsrB3™ mice and in the rAAV2/1-MsrB3-GFP-treated ears of the MsrB3~~ mice. Gapdh served as an 1nternal control. (B)
Western blot analysis of inner ears extracted from MsrB3** mice, MsrB3*" mice, the rescued ears of MsrB3~~ mice, and
the untreated ears of MsrB3™~ mice at P28 f-actin was used as a quantitative loading control. MsrB3 protein was also
detected in the rescued ears of the MsrB3™ mice. (C) Graphical representation of the relative MsrB3 levels, which were
normalized to f-actin, in the ears of MsrB3"~ mice and in the rAAV2/1-MsrB3-GFP-treated and untreated ears of MsrB3™~
mice compared with those in the ears of MsrB3™" mice. Asterisks denote s1gn1ﬁcant dlfferences between the rAAV2/
1-MsrB3-GFP-treated ears of the MsrB3™~ mice and the untreated ears of MsrB3"~ or MsrB3™~ mice (n=4 for each group,

*p <0.001). p-Values were determined by Student’s ¢-tests. The data are shown as the mean + SD. GAPDH, glyceraldehyde-

3-phosphate dehydrogenase; RT-PCR, reverse transcription—polymerase chain reaction.

(Fig. 6D-I). These results demonstrate that delivery of the
exogenous MsrB3 gene at E12.5 successfully targeted ex-
pression to both the IHCs and OHCs of the organ of Corti in
the ears of the rescued MsrB3~~ mice that were treated with
rAAV2/1-MsrB3-GFP.

Ultrastructure of stereociliary bundles in the IHCs
and OHCs of the rescued MsrB3™~ mice

In a previous study, we demonstrated that MsrB3™ mice
exhibit progressive degeneration of stereociliary bundles
starting at P8 and that this degeneration is followed by aloss of
hair cells that results in profound deafness (24). Therefore, we
assessed morphological rescue of the stereociliary bundles in
the ears of the rescued MsrB3™~ mice at the ultrastructural
level using scanning electron microscopy (SEM; Fig. 7). In
the organ of Corti of 28-day-old MsrB3"* mice, the stereo-
ciliary bundles of the IHCs exhibited a normal approximately
linear shape, and those of the OHCs exhibited a V-like shape,
consistent with our previous results (Fig. 7A, left column).
Degeneration of the stereociliary bundles of both OHCs and
IHCs was observable at P28 in the ears of MsrB3™ mice

compared with those of MsrB3™* mice (Fig. 7A, middle
column). The stereociliary bundles in the ears of the rescued
MsrB3™~ mice, in which the MsrB3 gene was delivered into
the otocyst, exhibited OHC and IHC morphologies that were
similar to those of the MsrB3*"* mice (Fig. 7A, right column).
Previous studies have reported that more severe hair cell de-
generation appears in the apical turn than in the middle and
basal turns in MsrB3~~ mice. Magnified views of the ste-
reociliary bundles indicated that the structure of OHCs and
IHCs was similar throughout all cochlear turns in the ears of
the rescued MsrB3™~ mice, similar to the MsrB3"* mice
(Fig. 7B). However, at 5 weeks of age, stereociliary bundle
degeneration was observed in all of the cochlear turns, and this
degeneration was more severe at 7 weeks of age (Supple-
mentary Fig. S2B). This observation correlated with the
progressive loss of hearing ability in the rescued ears of the
MsrB3™" mice (Supplementary Fig. S2). Overall, our results
indicate that hearing function recovered due to restoration of
the stereociliary bundles of hair cells in the treated ears of the
rescued MsrB3™~ mice until 4 weeks of age and that both
hearing ability and the morphological integrity of the ste-
reociliary bundles deteriorated after 4 weeks of age.
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Immunohistochemical analysis of MsrB3 expression in cochlear sections. Immunohistochemistry was per-

formed on serially sliced inner ear samples from the ears of MsrB3** mice and from the untreated, rAAV?2/1-GFP-treated, and
rAAV2/1-MsrB3-GFP-treated ears of MsrB3™ mice at P28. The expression of MsrB3 protein (red) and Myo7a (green) was
assessed in MsrB3"* mice (A-C). No MsrB3 expression was found in the untreated ears or rAAV?2/1-GF P-treated ears of the
MsrB3™~ mice (D-T). In contrast, the rescued ears of the MsrB3™~ mice exhibited local expression of exogenous MsrB3 in the
IHCs and OHCs, and the expression of exogenous MsrB3 overlapped with that of Myo7a (J-L). Scale bars represent 10 um.

Discussion

SNHL is the most common type of hearing loss in humans,
and in >50% of all newborns with SNHL, the hearing loss is
caused by genetic factors. However, there are no fundamental
therapies to correct the underlying cellular deficit in these
cases. To date, the hearing loss is managed by providing pa-
tients with appropriate amplification systems, such as hearing
aids or cochlear implants. Currently, cochlear implantation
(CD) is the only effective treatment option for profound
deafness (10, 30, 31, 40). However, CI has many drawbacks,
including the surgical burden, the variable auditory outcome,
and the inherent problems of implantable devices.

Advances in gene therapy that would enable the regener-
ation of hair cells or the restoration of auditory function have
been considered as a promising way to improve therapies for
hearing restoration in a clinical setting (www.wiley.co.uk/
genmed/clinical); nevertheless, few studies have reported
positive gene therapy results for hearing loss (2, 31). Miwa
et al. reported that supplemental expression of the connexin
30 (Cx30)-encoding gene via its electroporation into the
otocyst during the embryonic stage could ameliorate deafness
caused by the loss of Cx30 expression (31). However, in
practice, critical obstacles, such as surgical damage and low
expression efficiency, preclude clinical application of
electroporation-based gene transfer to the otocyst. AKkil et al.
demonstrated the restoration of hearing in vesicular gluta-
mate transporter 3 (Vglut3) knockout mice after reinsertion of
the Vglut3 gene using rAAV-mediated transfer during the
postnatal period, suggesting a potential treatment option for
genetic forms of hearing loss (2). However, newborns are
able to hear, indicating that the functional and anatomical
development of the human ear is largely complete at birth.
Therefore, treatments for congenital hearing loss in humans
should ideally be targeted to the embryonic period.

In this study, we demonstrated that delivery of rAAV2/1-
GFP into the otocyst at E12.5 led to high transduction effi-
ciency, as demonstrated by GFP expression, in cells in the
organ of Corti, including IHCs, OHCs, and supporting cells,
similar to previous reports (20, 21). Therefore, rAAV2/1-
mediated gene delivery could be a useful therapeutic approach
for hearing loss that results directly from hair cell defects.

We also showed that a single transuterine injection of
rAAV2/1-MsrB3-GFP was sufficient to restore hearing in
MsrB3™~ mice based on ABR and histological studies. The
improvement of ABR thresholds that was observed in the
rAAV2/1-MsrB3-GFP-treated ears compared with the un-
treated ears of the MsrB3~~ mice persisted for at least 4 weeks
after birth. This functional recovery correlated with the levels
of exogenous MsrB3 transcript and protein, as demonstrated
by RT-PCR and Western blot analyses, respectively. Inter-
estingly, the level of exogenous MsrB3 protein in the rescued
ears of the MsrB3~~ mice was only ~ 15% that observed in
the ears of the MsrB3™" mice, but this level was sufficient to
rescue hearing function. These results are consistent with the
results of a previous rAAV-mediated gene therapy study that
demonstrated that ~ 15% of the normal level of phosphodi-
esterase expression was sufficient to prevent retinal degen-
eration in mice (38). Additionally, Lee et al. reported that
heterozygous or homozygous patients who harbored the
¢.919-2A>G splice mutation in the SLC26A4 gene exhibited
better residual hearing compared with those who carried the
missense mutation, p.H723R, which is the most common
cause of hearing loss (28). A residual level of normal mRNA
(6-17%) is thought to be the underlying cause of the better
hearing abilities of patients with splice mutations compared
with missense mutations. Together, these results suggest that
a low level of gene expression is sufficient to restore some
degree of function in recessive hereditary disorders that are
characterized by loss-of-function pathogenicity.
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FIG.7. Ultrastructural morphology of the stereociliary bundles. MsrB3**, MsrB3™", and rescued MsrB3~~ mice were
sacrificed at P28 for scanning electron microscopy analysis. The images show stereociliary bundles along the three cochlear
turns, including the apical, middle, and basal turn. (A) Overview image of a large portion of the organ of Corti that shows
the stereociliary bundles of the three rows of OHCs and one row of IHCs in the ears of MsrB3"* (left column) mice, the ears
of MsrB3™~ mice (middle column), and the ears of rescued MsrB3™~ mice (right column). (B) Representative higher-
resolution images of the OHCs (left panel) and IHCs (right panel). IHC, inner hair cell; OHC, outer hair cell. The scale bars

represent 10 um in (A) and 1 um in (B).

We also observed that the morphology of the stereociliary
bundles in the rescued ears was close to normal and that this
largely normal morphology was maintained at P28. Because
we previously demonstrated that the stereociliary bundles of
hair cells in the apical turn were more severely degenerated
than those in the other turns in MsrB3™~ mice, we assessed
the extent of the rescue of the stereociliary bundles along the
cochlear turns in the rescued ears. Interestingly, the stereo-
ciliary bundles of the hair cells in all of the cochlear turns of
the rescued ears of the MsrB3™~ mice were shaped normally
and appeared similar to those in the MsrB3™* mice. Ad-
ditionally, we consistently observed the preferential expres-
sion of rAAV?2/1 toward the cochlear apical turn, although all
turns exhibited high transduction efficiency. This result
suggests that elevated expression of exogenous MsrB3 in the
cochlear apical turn may have further supported the forma-

tion of normal stereociliary bundles, and this expression
pattern could explain why threshold improvements for low
frequencies persisted longer than those for high frequencies
in the rescued ears of the MsrB3™~ mice.

In a previous report, we identified that MsrB3 is important
for the maintenance of hair cells rather than for their differ-
entiation or development, suggesting that the degeneration of
stereociliary bundles in hair cells is the primary cause of the
hearing loss that resulted from the absence of MsrB3 enzy-
matic activity in the MsrB3™~ mice (24). Although the pre-
cise pathogenic mechanism by which MsrB3 deficiency
results in hearing loss and the specific target proteins that are
reduced by the MsrB3 enzyme have not yet been identified,
we speculate that the accumulation of oxidative stress is not
the major cause of MsrB3 deficiency-induced hair cell de-
generation; instead, the failure of redox regulation of specific
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target proteins in the hair cell is a primary factor as demon-
strated by the absence of significant differences in MsrB
enzyme activity and carbonylated protein levels between the
inner ears of MsrB3~~ and MsrB3"* mice. Additionally, the
MsrB3™~ mice showed more severe hair cell defects in
the apical turn of the cochlea. This pattern of defects is in
contrast with the general characteristics of oxidative stress-
mediated hearing loss, which predominantly affects the hair
cells in the basal turn of the cochlea (24). Redox regula-
tion provides signals that are necessary for important cellular
processes, such as immune responses, hormone synthesis,
Ca®* homeostasis, and cytoskeletal remodeling, among oth-
ers (54). We focused on studies of redox balance regulation of
actin dynamics because actin dynamics play an essential role
in the stereociliary bundles of hair cells. Recently, Hung et al.
showed that the monooxygenase, Mical, acts as an actin
regulator by inducing the disassembly of F-actin via the se-
lective oxidization of two Mets (the 44th and 47th Met, res-
idue numbers from rabbit) of F-actin (15, 16). Lee et al.
followed up this study by demonstrating that MsrB1 and
MsrB2 reduce the oxidized Mets in Mical-treated F-actin and
therefore act as Mical antagonists in the control of actin
disassembly and assembly (27). Interestingly, MsrB3 is lo-
calized at the base of the stereocilia, suggesting that MsrB3
may act as a regulator of actin dynamics (24). Based on these
reports, we propose that MsrB3 deficiency may result in the
accumulation of oxidized Met and induce the disassembly
of F-actin and stereocilia degeneration in the hair cells of
MsrB3~" mice. In addition, the role of MsrB3 in supporting
cells and the role of potassium and magnesium channels,
which are known to be regulated by Met redox signaling (6, 7,
14, 42), should also be considered in further studies to more
fully understand MsrB3-related hearing loss and to enable the
development of improved therapies for MsrB3 deficiency.
In this study, our findings demonstrated that the restoration
of the stereociliary bundles of hair cells and of hearing
function in the MsrB3 ™~ mice resulted from successful MsrB3
gene transfer into the otocyst. However, this study had several
limitations. First, the rescued hearing loss in the rAAV2/
1-MsrB3-GFP-treated ears of the MsrB3™~ mice persisted for
4 weeks after birth, but hearing subsequently deteriorated, and
the deterioration of hearing also correlated with the degen-
eration of hair cell stereociliary bundles. Similar variability in
the duration of post-treatment hearing restoration was also
reported by AKkil er al., who found that a variable level of
hearing loss developed after 7 weeks in knockout mice that
were rescued by rAAV-mediated gene therapy (2). There are
several potential explanations for why the hearing ability of
the rescued mice did not persist. However, we can rule out an
influence of either treatment time or delivery approach on the
hearing loss variability because our studies and the study of
AKkil et al. used different time points of treatment (embryonic
vs. postnatal) and delivery techniques (transuterine vs. co-
chleostomy and injection through the round window mem-
brane). One possible explanation for the variability in the
duration of post-treatment hearing restoration is the tropism of
the rAAV serotype used in the gene therapy. Studies by us and
others have shown that rAAV?2/1 is the most suitable serotype
to use as a delivery vector when targeting hair cells in gene
therapies for SNHL (4, 51). When we analyzed the localiza-
tion of MsrB3, we observed a small difference in the ex-
pression pattern of MsrB3 in the inner ear between the ears of
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the rescued MsrB3~~ mice and the ears of MsrB3** mice.
Indeed, MsrB3 expression was restricted to the hair cells and
was rarely observed in the supporting cells of the treated ears.
Therefore, we hypothesize that although hearing was rescued
during the early postnatal period when MsrB3 expression was
localized to the inner ear hair cells, more widespread ex-
pression of MsrB3 might be necessary to maintain hearing in
the adult mouse inner ear. To overcome this variability, (1) it
may be necessary to treat with a combination of different
rAAV serotypes to target different type of cells in the cochlea
and (2) readministration of rAAV in treated MsrB3™" mice
during the early postnatal period may also improve the ther-
apeutic stability of the hearing restoration. Second, the study
included the limitations that are inherent to the in utero gene
delivery method in terms of clinical application. Further
studies are required to develop a suitable method for in utero
gene delivery in humans. However, our study demonstrates
that rAAV-mediated gene therapy could be a promising
strategy for rescuing the function of the sensory hair cells of
the mammalian inner ear in hereditary deafness.

In summary, to our knowledge, this is the first study to
demonstrate functional and morphological rescue of the hair
cells of the inner ear in a mouse model of congenital SNHL
caused by a deafness gene using an in utero rAAV-mediated
gene therapy strategy. Although further studies of the mainte-
nance of the restored hearing function and the development of
methods to apply gene therapy in humans are needed, there is no
doubt that our study has led patients with sensorineural deafness
one step closer toward the restoration of hearing function.

Materials and Methods
Recombinant adeno-associated virus

All of the rAAVs used in this study contained the inverted
terminal repeat of AAV serotype 2 and the capsid of AAV
serotype 1 (rAAV?2/1) and were purchased from SignaGen
Laboratories (Rockville, MD). Prepackaged rAAVs were used
that contained either a GFP gene (tAAV?2/1-GFP), driven by a
CMV or CMV early enhancer/chicken f-actin (CAG) pro-
moter, or a mouse MsrB3 cDNA along with GFP (rAAV?2/
1-MsrB3-GFP), driven by the CMV promoter (Supplementary
Fig. S1A). In this study, the rAAYV titers were defined as vector
genome copies per milliliter (VG/ml). The titer of the rAAV2/
1-CAG-GFP stock was 1.2 x 10"> VG/ml, and the titers of both
the rAAV2/1-CMV-GFP and rAAV2/1-MsrB3-GFP stocks
were 1.31x 10"> VG/ml. The rAA Vs were stored at —80°C and
thawed immediately before the surgery.

Animals

Pregnant females of the Institute for Cancer Research (ICR)
strain (12—14 weeks of age) were purchased from Hyochang
Science (Daegu, Republic of Korea) and used as wild-type
(WT) controls to validate the safety and efficiency of rAAV2/
1-GFP- and rAAV2/1-MsrB3-GFP-mediated gene delivery
into the otocyst at E12.5. MsrB3™ mice were used for rAAV-
mediated gene transfer of the MsrB3 gene. Details regarding
the MsrB3~~ mice have been published elsewhere (24).

Surgical procedures

All surgical procedures were performed on a dedicated
surgical work surface using sterile techniques. Pregnant ICR
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or MsrB3™~ mice were anesthetized at 12.5 days postcoitus
by intramuscular (i.m.) injection of tiletamine—zolazepam
(1.8mg/100 g) and xylazine hydrochloride (0.7 mg/100 g)
mixtures. After the belly hair was removed from the surgical
site, we incised the abdominal skin along the midline over
~15-20mm. To maintain the body temperature of the
pregnant mice, we used a heating pad and infused prewarmed
(37°C) normal saline into the abdomen at various times
during the surgery. Approximately 0.6-1ul of rAAV2/
1-GFP or rAAV2/1-MsrB3-GFP was microinjected into the
left otocyst (Supplementary Fig. S1B) of the E12.5 embryos
using a glass micropipette connected to a 25-ul Hamilton
syringe (Hamilton, Bonaduz, Switzerland). The rAAV solu-
tion contained fast green FCF dye (Sigma-Aldrich, St. Louis,
MO) to accurately visualize the position of the glass micro-
pipette during the injection. The contralateral right otocyst of
each embryo served as an internal control because in each
embryo, the virus was delivered unilaterally to the left oto-
cyst. After the embryo was injected, we irrigated the abdo-
men with prewarmed normal saline, closed the abdominal
wound with surgical sutures, and covered it with a povidone/
iodine-impregnated wound dressing.

Auditory brainstem response measurement

To assess auditory function, we performed ABR mea-
surements using an ABR workstation (System 3; Tucker
Davis Technology (TDT), Inc., Alachua, FL) as previously
described (29). All tests were conducted in a soundproofed
room. Briefly, before ABR measurement, the animals were
anesthetized by im. injection of tiletamine—zolazepam
(1.8mg/100 g) and xylazine hydrochloride (0.7 mg/100 g)
mixtures and placed on a heating pad to maintain their body
temperature at 37°C. The animal’s body temperature was
monitored using a rectal thermometer. To record the ABRs,
subcutaneous needle electrodes were inserted into the vertex
(+charge), mastoid (—e), and hind leg (ground). Acoustic
stimuli consisted of either a tone burst stimulus with a 1-ms
rise/fall time and a 5-ms plateau at frequencies of 4, 8, 16, and
32 kHz or transient click stimuli and were applied monaurally
through a speaker. The stimulus signals were generated by
SigGenRP and an RP2.1 real-time processor, and then
transmitted through a programmable attenuator (PAS, TDT),
a speaker driver (ED1, TDT), and an electrostatic speaker
(EC1, TDT). At every frequency, 500 repetitions of each
stimulus were generated, starting from a 90-dB sound pres-
sure level and decreasing in 5-dB steps to the acoustic
threshold. The phase of the stimulus was reversed upon each
presentation to reduce artifacts caused by repetitive stimuli.

Immunostaining of cochlear whole mounts

The organ of Corti was prepared from the inner ears of the
ICR and MsrB3™" mice. The isolated inner ears were quickly
fixed by injecting 4% paraformaldehyde (PFA, pH 7.4) in
phosphate-buffered saline (PBS) through the oval window,
and then immersing them in the same fixative for 2h at 4°C.
After Reissner’s membrane and the lateral wall and tectorial
membrane of the cochlea were removed, the organ of Corti
was dissected into individual turns. The tissues were per-
meabilized with 0.1% Triton X-100 in PBS (PBS-Tx) for
30 min, blocked using a blocking solution comprising 5%
normal goat serum diluted in PBS-Tx for 1 h at room tem-
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perature (RT), and stained with either a mouse anti-GFP
antibody (1:400; Millipore Filter Corporation, Bedford, MA)
or a rabbit anti-MsrB3 antibody (1:200; Sigma-Aldrich) di-
luted in the blocking solution at 4°C overnight. The next day,
the tissue sections were washed with PBS and then incubated
for 1h at RT with an Alexa Fluor 488 (fluorescein)-
conjugated goat anti-rabbit IgG secondary antibody (1:1000;
Invitrogen, La Jolla, CA) diluted in the blocking solution.
Next, F-actin was labeled with an Alexa Fluor® 555-
conjugated phalloidin stain (1:1000; Molecular Probes, Eu-
gene, OR) in PBS-Tx for 3 h at RT. The samples were washed
with PBS to remove any residual antibodies, mounted with
Fluoromount (Sigma-Aldrich), and sealed with a microscope
coverslip (Marienfeld Laboratory, Lauda-Konigshofen,
Germany). The mounted specimens were imaged using a
laser scanning confocal microscope (LSM 700; Carl Zeiss,
Thornwood, NY). Then, single-transfected IHCs and OHCs
were counted in a 160-um portion of each turn.

RT-PCR analysis

The inner ears were dissected from WT, MsrB3™ ~, and
treated MsrB3~~ mice. Total RNA was extracted from the
whole inner ear using an RNeasy® Micro Kit (Qiagen, Hil-
den, Germany). We synthesized single-stranded cDNA from
the extracted total RNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA). The cDNA samples were used for polymerase chain
reaction (PCR) amplification with specific primers for mouse
MsrB3 (NM 177092.4) and glyceraldehyde-3-phosphate de-
hydrogenase (Gapdh) (NM001289726.1). For RT-PCR, we
used primers that specifically amplified a portion of exon 7 of
the MsrB3 gene because exon 7 was eliminated in the
MsrB3™~ mice. This PCR allowed us to compare samples
from the MsrB3*"* mice with those from the untreated right
ears and treated left ears of the rescued MsrB3~" mice. The
Gapdh gene was used as a positive control and was amplified
in all samples. The following PCR primer sequences were
used: MsrB3 forward, CTC CCC TCA GGG TCA TGT
AGG; MsrB3 reverse, AGC ACC ACA CTG AGA ACA GC;
Gapdh forward, GGT GCT GAG TAT GTC GTG GA; and
Gapdh reverse, CTA AGC AGT TGG TGG TGC AG. All of
the PCR products were separated via agarose gel electro-
phoresis (1.5% agarose gels containing ethidium bromide)
and then visualized under ultraviolet (UV) light.

Western blot analysis

Each inner ear was homogenized in lysis buffer containing
a 1x protease inhibitor cocktail (Calbiochem, La Jolla, CA)
for 30min at 4°C and then centrifuged at 13,000 rpm for
30 min. Then, the content of the supernatant was resolved via
12% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis. The proteins were detected using a rabbit anti-
MsrB3 primary antibody (1:500; Sigma-Aldrich) and a goat
anti-rabbit IgG-HRP (1:2000; Santa Cruz Biotechnology,
Santa Cruz, CA) secondary antibody. A rabbit anti-f-actin
antibody (1:2000; Cell Signaling Technology, Beverly, MA)
and a goat anti-rabbit [gG-HRP antibody (1:2000; Santa Cruz
Biotechnology) were used to detect f-actin, which was used
as a loading control. Protein expression was visualized using
an enhanced chemiluminescence system (Thermo Fisher
Scientific, Pittsburgh, PA). The intensity of each MsrB3 and
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p-actin band was measured using ImageJ software (http://
rsb.info.nih.gov/ij/), and MsrB3 signals were quantified by
normalization to the expression of f-actin.

Paraffin sections

Following ABR testing, the mice were perfused with 4%
PFA in PBS, and the inner ears were isolated. For paraffin
sections, the inner ears were fixed with 4% PFA in PBS for24 h
at4°C and then decalcified in 10% ethylenediaminetetraacetic
acid (EDTA) in PBS for another 24 h at 4°C. The specimens
were dehydrated with a graded ethanol series, permeabilized
with xylene, and embedded in paraffin at RT. The paraffin-
embedded inner ears were then serially sectioned into 5-um-
thick slices using a microtome (Leica RM2235; Leica
Microsystems, Wetzlar, Germany) and mounted on Superfrost
Plus microscope slides (Thermo Fisher Scientific) for staining.
All slides were maintained at 4°C until use.

Immunohistochemistry

The expression of rAAV2/1-MsrB3-GFP in the inner ear
was determined via immunofluorescence in paraffin sections.
The slides of paraffin-embedded inner ear sections were in-
cubated for 1h at 65°C, deparaffinized with xylene, and re-
hydrated with a graded ethanol series. The tissue sections were
permeabilized with PBS-Tx for 30min, blocked using a
blocking solution comprising 5% normal goat serum and PBS-
Tx for 1 h at RT, and incubated at 4°C overnight with a mouse
anti-GFP antibody (1:400; Millipore Filter Corporation), a
mouse anti-Myo7a antibody (1:500; Developmental Studies
Hybridoma Bank, Iowa City, IA), or a rabbit anti-MsrB3
antibody (1:200; Sigma-Aldrich) diluted in the blocking
solution. The next day, the tissue sections were washed
with PBS and then incubated for 1 h at RT with the appropri-
ate secondary antibody, which was either an Alexa Fluor
488 (fluorescein)-conjugated goat anti-mouse IgG antibody
(1:1000; Invitrogen) or an Alexa Fluor 555-conjugated goat
anti-rabbit IgG antibody (1:1000; Invitrogen) diluted in the
blocking solution. To visualize nuclei, the sections were wa-
shed and stained with a 1 ug/ml4’-6-diamidino-2-phenylindole
(DAPI) solution diluted in methanol for 5min at RT. The
samples were washed with PBS to remove any residual anti-
bodies, mounted with Fluoromount (Sigma-Aldrich), and
sealed with a microscope coverslip (Marienfeld Laboratory).
All slides were observed under a laser scanning confocal
microscope (LSM 700; Carl Zeiss).

Scanning electron microscopy

The inner ears were immediately harvested from the eu-
thanized WT, MsrBS_/_, and rescued MsrB3™~ mice and
carefully perfused through the oval window with a solution of
2% PFA dissolved in 0.1 M sodium cacodylate buffer (pH
7.4) containing 2.5% glutaraldehyde. The prepared speci-
mens were immersed in the same fixative for 1 h at RT. The
lateral wall, tectorial membrane, and Reissner’s membrane
were removed under a dissecting microscope, and the organ
of Corti was then dissected and fixed overnight at 4°C in a
fixation mixture comprising 0.1 M sodium cacodylate buffer
(pH 7.4), 2mM calcium chloride, 2.5% glutaraldehyde, and
3.5% sucrose. Following fixation, the prepared specimens
were washed thrice for 20 min at 4°C with 0.1 M sodium
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cacodylate buffer containing 2mM calcium chloride. We
used the method of Hunter-Duvar (17) for postfixation anal-
ysis. Briefly, the specimens were immersed in a 1% osmium
tetroxide (OsQO,4)-thiocarbohydrazide (TCH) solution for 1 h
at 4°C and placed in 1% TCH for 20 min at RT. These steps
were repeated thrice. Then, the specimens were dehydrated in
a graded ethanol series, dried using a critical point dryer
(HCP-2; Hitachi, Tokyo, Japan), attached on the stub, and
coated with platinum using a sputter coater (E1030; Hitachi).
The coated specimens were sealed with the stub holder. The
specimens were examined under cold-field emission SEM
(SU8220; Hitachi) that was operated at 5 or 10kV.

Statistical analyses

Statistical analyses were performed using two-tailed Stu-
dent’s r-tests with a significance criterion of p<0.05. The
data were analyzed by comparing the treated and the un-
treated contralateral sides or the therapy and control groups.

Study approval

All animal procedures, including care and handling, were
conducted in accordance with the guidelines of the Institu-
tional Animal Care issued by the Committee of Animal Re-
search at Kyungpook National University.
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Abbreviations Used

ABR = auditory brainstem response
CAG=CMV early enhancer/chicken f-actin
cDNA = complementary DNA
CI =cochlear implantation
CMYV = cytomegalovirus
Cx30 = connexin 30
DAPI = 4’-6-diamidino-2-phenylindole
E =embryonic day
EDTA = ethylenediaminetetraacetic acid
Gapdh = glyceraldehyde-3-phosphate
dehydrogenase
GFP = green fluorescent protein
ICR = Institute for Cancer Research
IHC =inner hair cell
i.m. = intramuscular
ITR =inverted terminal repeat
MsrA = methionine sulfoxide reductase A
MsrB3 = methionine sulfoxide reductase B3
OHC = outer hair cell
OsO4 = osmium tetroxide
P =postnatal day
PBS = phosphate-buffered saline
PBS-Tx =triton X-100 in PBS
PCR = polymerase chain reaction
PFA = paraformaldehyde
rAAV =recombinant adeno-associated virus
ROS =reactive oxygen species
RT =room temperature
RT-PCR =reverse transcription—polymerase
chain reaction
SEM = scanning electron microscopy
SNHL = sensorineural hearing loss
TCH = thiocarbohydrazide
TDT = Tucker Davis Technology
Vglut3 = vesicular glutamate transporter 3
WT = wild-type




