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Specific knockdown of Htra2 by CRISPR-CasRx
prevents acquired sensorineural hearing loss inmice
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CasRx, a recently discovered member of the type VI CRISPR
system with minimum size, offers a new approach for RNA
manipulation with high efficiency and specificity in prokary-
otes and eukaryotes. However, in vivo studies of functional
recovery using the CasRx system have not been well character-
ized. Here, we sought to establish an adeno-associated virus
(AAV)-CasRx-guide RNA (gRNA) system for the specific
knockdown ofHtra2 transcript to protect mice from aminogly-
cosides-induced hearing loss. For the study, we verified an opti-
mized gRNA in vitro, which was packaged into a single AAV
with CasRx, and injected the packaged AAV into mice with
hearing loss induced by neomycin and auditory functions
investigated by auditory brainstem response tests. Upon using
the AAV-CasRx-gRNA system, we found the knockdown of
Htra2 transcript led to less cochlear hair cell loss and improved
auditory function, with low off-target and adverse side effects.
Additionally, the decrease in Htra2 significantly inhibits
mRNA expression of Casp3 and Casp9. In conclusion, the
AAV-CasRx-gRNA-mediated knockdown of Htra2 transcript
in mice has been proved effective and safe for preventing hear-
ing loss induced by aminoglycosides and, thus, represents a
promising genetic approach for the future clinical applications
for treating non-inherited hearing loss.

INTRODUCTION
CRISPR-Cas systems were originally discovered in bacteria and
archaea as a mechanism for defending against exogenic elements,1

which can be divided into the class I and the class II systems.2 The
class II CRISPR system, which relies on a single effector enzyme, in-
cludes types II (CRISPR-Cas9), V (CRISPR-Cas12), and VI (CRISPR-
Cas13), among which the types II and V mediate the targeting of
DNA, while the type VI mediates the targeting and cleavage of sin-
gle-strand RNA.3–5

Currently, six subtypes in the Cas13 family have been identified,
including Cas13a, Cas13b, Cas13c, Cas13d, CasX, and CasY.6–11 Since
the first report of a Cas13 orthologue (CRISPR/LshCas13a), more
Cas13 variants with various catalytic activities and specificities
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have been discovered.4,6,7 Among these subtypes, LwaCas13a,
PspCas13, RfxCas13d, and Cas13X.1 have been widely applied for the
knockdown experiments in mammalian cells, which exhibits higher ef-
ficiency and specificity than traditional RNA interference.6,7,10 Notably,
Cas13d, a VI-D effector from Ruminococcus flavefaciens XPD3002
(CasRx) with the small size has shown robust catalytic activity for tran-
scriptome targeting and engineering in mammals, and no side effects
have been reported.8,10,12 In addition, CasRx-mediated processing of
RNA is temporary and effective without inducing permanent and her-
itable changes.6 Thus, CasRx-mediated RNA engineering highlights the
accessibility of AAV-mediated delivery for future clinical therapy.10,13

However, the validity of the CasRx system in in vivo function-restora-
tion study remains unknown.

Acquired sensorineural hearing loss affects approximately 1.3 billion
people worldwide and is mainly caused by noise, aging, infection,
ototoxic drugs, and genetic defects.14 Notably, drug-induced ototox-
icity is one of the major preventable factors that contribute to hearing
loss.15 More than 150 drugs are known to be ototoxic, including
aminoglycosides, macrolide antibiotics, quinine, and salicylic analge-
sics.16 Aminoglycosides are widely used owing to their low cost and
high effectiveness, but the drugs can induce irreversible ototoxicity
herapy: Nucleic Acids Vol. 28 June 2022 ª 2022 The Authors. 643
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to auditory or vestibular components, leading to functional impair-
ment or permanent hearing loss.17,18 Despite extensive researches,
the iatrogenic ototoxicity remains a pressing issue.15

Omi/Htra2 (GenBank: NC_000072.7) encodes high-temperature
requirement protein A2, which is a mitochondrial serine proteinase
that participates in cell apoptosis, and the inhibitors of apoptosis pro-
teins (IAPs) serve as endogenous inhibitors of apoptosis by inhibiting
the activation of Caspase-3 and Caspase-9.19 Htra2 promotes
apoptosis by directly binding with IAPs and inhibiting the protease
activity of IAPs.20,21 Recent studies have demonstrated that Htra2
is highly expressed in the inner ears of mice with neomycin-induced
ototoxicity,22,23 and knockout ofHtra2 using CRISPR/Cas9 can effec-
tively prevent the hearing loss caused by neomycin.23 However, the
unintended off-target effects and irreversibility associated with
CRISPR/Cas9 may limit its potential for clinical applications.24

Studies on CasRx-mediated knockdown have been reported in bac-
teria,25 plants,26 and various cell types.27,28 For example, Zhou
et al.13 alleviated neurological disease in mice by knocking down
Ptbp1 using CasRx, and Jiang et al.28 successfully applied the
CasRx system to control pancreatic cancer progression by silencing
mutant KrasG12D. However, the application of CasRx in acquired
sensorineural hearing loss has not been well studied until now. In
this study, we examined the protective effects of CasRx-mediated
knockdown of Htra2 against inner ear damage and auditory func-
tion in mice with neomycin-induced hearing loss and evaluated
the safety and potential of CasRx technology for future clinical
applications.

RESULTS
Screening of gRNA for specific knockdown of Htra2 transcript

To achieve the specific knockdown of mouse Htra2 mRNA with
high efficiency, we constructed a three-plasmid system, including
an mCherry reporter-infused CasRx-expressing plasmid (CasRx-
mCherry), an EGFP reporter-infused Htra2-expressing plasmid
(Htra2-EGFP), and a gRNA-backbone plasmid that were co-trans-
fected into HEK293T cells (Figure 1B). To optimize the gRNA,
we designed 23 gRNAs targeting different exons, some of which
were designed according to a guide-RNA design website (https://
cas13design.nygenome.org)29 (Figure 1A and Table S1). Owing to
the degradation of the exogenous Htra2 transcript by the CasRx sys-
tem, we concluded that gRNA3 (g3)-transfected group was the most
effective one based on the EGFP fluorescence among the 23 gRNA-
transfected groups. A fluorescence-activated cell sorting (FACS)
analysis showed that the average proportion of EGFP-positive cells
in the g3-transfected group decreased by 76.4% compared with the
control group (Figure 1C). In addition, the fluorescent images for
the top five groups with low EGFP fluorescence were shown in Fig-
ure S1, and the sporadic fluorescent cells were captured in the g3-
transfected group (Figure S1). To further verify the editing efficiency
of g3 in vitro, we examined the mRNA expression of exogenous
Htra2 by transfecting HEK293T cells with three-plasmid system
and the mRNA expression of endogenous Htra2 by transfecting
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HEI-OC1 cells with CasRx-mCherry and g3 two-plasmid system
(Figure 1B). The Htra2 mRNA expression in HEK293T and HEI-
OC1 cells were dramatically decrease by 90.8% (Figure 1D) and
66.4% (Figure 1E), respectively, indicating that CasRx-g3 effectively
knocked down the mouse Htra2 transcript.
Validation of AAV-PHP.eB transduction efficacy in the inner ear

AAV-PHP.eB, which is an AAV serotype that has extremely high
transduction efficacy in both outer hair cells (OHCs) and inner hair
cells (IHCs),30 was used as the delivery vector for the following exper-
iments. CasRx and gRNA3 were packaged into a single AAV-PHP.eB,
which was then injected into the inner ears at P1 mice. The hearing
loss model was constructed at P11 in mice by neomycin exposure
for 7 days in a row. Next, the restoration of hearing function was
examined at week 4 and 6 through functional studies and molecular
experiments (Figure 2A).

To verify its high transduction efficiency in hair cells, we injected
500 nL of AAV-PHP.eB-EGFP into the scala media of the inner
ear and collected the cochleae for immunostaining after 2 weeks.
The transduction efficiency of AAV-PHP.eB-EGFP in injected
ears were nearly 100% for IHCs and 90.6 ± 0.8%, 94.3 ± 3.2%,
and 89.1 ± 1.4% for the apical, middle, and basal turns of
OHCs, respectively (Figures S2A and S2B). In addition, the low
EGFP fluorescence were also detected in the apex, middle, and
base turns of non-injected ears (Figures S2A and S2B), indicating
a minimal spreading out of AAV from injected ears to the contra-
lateral side. The results demonstrate that AAV-PHP.eB is an effec-
tive delivery vector with a high transduction efficacy for cochlear
hair cells.
Effective knockdown of Htra2 transcripts in AAV-CasRx-g3-

injected cochleae

To investigate the effect of Htra2 knockdown, cochleae were
collected from neomycin-treated animals with or without AAV-
CasRx-g3 at the age of 4 weeks for the analysis of gene and
protein expression. The Htra2 mRNA level of all transgenomes
was decreased after CasRx-mediated treatment through RNA
sequencing (RNA-seq) analysis (Figure 2B) and was decreased
by 82.4% in AAV-CasRx-injected ears compared with non-injected
ears after neomycin exposure through quantitative RT-qPCR (Fig-
ure 2C). However, the mRNA expression of Htra2 in AAV-EGFP
group were not significantly changed compared with the wild-type
(WT) group. Each group included four independent samples.
Moreover, the protein level of Htra2 was also evaluated by western
blot. The relative expression of Htra2 compared with b-actin was
significantly decreased in AAV-CasRx-g3 group, which indicated a
much fainter band compared with the neomycin-treated group.
However, the expression of the Htra2 had nosignificance between
the AAV-EGFP group and the WT group, indicating that injection
of AAV-EGFP had no effect on the expression of Htra2
(Figures 2D and 2E). The results suggest the specific knockdown
of Htra2 transcripts by the AAV-CasRx-g3 system in vivo.

https://cas13design.nygenome.org
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Figure 1. The screening of gRNA for specifically targeting Htra2 transcripts

(A) Design of five gRNAs targeting exons of the Htra2 gene. (B) Schematic illustration of the gRNA screening mediated by the CasRx system. Three plasmids, including the

gRNA expression vector, RfxCas13d-mCherry fluorescence vector, and Htra2-EGFP fluorescence vector, were constructed. RfxCas13d-mCherry vector and g3 expression

vector were transfected into HEI-OC1 cells, and the three plasmids mentioned above were transfected into HEK293T cells. (C) The percentage of HEK293T cells with EGFP

fluorescencewhen transfected with different gRNAs. The graph shows themean ±SD (nR 3 biologically independent samples). (D and E) The relativemRNA expression was

assessed by RT-qPCR after transfection with the top five gRNAs in HEK293T (D) and HEI-OC1 cells (E). Data are shown as the mean ± SD. The statistical analyses are

performed by ordinary one-way ANOVA with Bonferroni’s multiple comparisons test, *, **,***, ****p < 0.05, 0.01, 0.001, 0.0001 vs. control.
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Inhibition of apoptosis by CasRx-mediated knockdown of Htra2

The role of Htra2 in apoptosis has been well studied.20 To determine
the changes of apoptotic proteins after Htra2 knockdown, we evalu-
ated themRNAexpression ofCasp3 andCasp9 in vitro and in vivo. Ac-
cording to the RT-qPCR results in HEI-OC1 cells and HEK293T cells,
the relative mRNA expression of Casp3 and Casp9 increased signifi-
cantly in the neomycin-treated group, but decreased dramatically after
the treatment of AAV-CasRx-g3 compared with the control group
(Figure S3). Meanwhile, the relative mRNA expression of apoptotic
proteins from different treatment groups were also analyzed. The
mRNA level of Casp3 and Casp9 both showed a significant decrease
in the AAV-CasRx-g3 group compared with the Neo group, but no
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 645
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Figure 2. AAV-PHP.eB-CasRx-mediated Htra2 knockdown

(A) The experimental outline of AAV-CasRx-g3-mediated therapy in mice. (B) The fragments per kilobase of transcript per million fragments mapped reads (FPKM) values

based on RNA-seq analysis were compared between Neo and AAV-CasRx-g3 groups, which showed the specific knockdown of Htra2 in the CasRx-mediated therapeutic

system. (C) The relative mRNA expression ofHtra2,Casp3, andCasp9 in using RT-qPCR. Data are presented as the mean ± SEM (n = 4). Statistical analysis was performed

by one-way ANOVA with Bonferroni’s multiple comparisons test for each gene, *, **, ***p < 0.05, 0.01, 0.001. (D) The western blot results of Htra2 in the WT, neomycin-

treated (Neo), AAV-CasRx-g3-treated (AAV-CasRx-g3) and AAV-EGFP-treated (AAV-EGFP) groups at 4 weeks. (E) The statistical graph of western blot. The relative expres-

sion of Htra2 protein were analyzed by comparing it with b-actin expression based on their gray value using ImageJ software. Data are shown as the mean ± SEM (n = 3).

Statistical analysis was performed by One-way ANOVA with Bonferroni’s multiple comparisons test, *p < 0.05, **p < 0.01. (F) The immunofluorescent staining of phalloidin

and Caspase-3 in cochlear explants after AAV-CasRx-g3 treatment for 24 h before neomycin exposure. Samples were stained with phalloidin (red), Caspase-3 (green), and

DAPI (blue). Scale bar: 20 mm. WT, control mice; Neo, neomycin treated mice; Neo+AAV-CasRx-g3, neomycin treated mice with AAV-CasRx-g3 transfection.
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significant variations between the WT group and the AAV-EGFP
group were found (Figure 2C). Moreover, the basilar membranes
from the postnatal day 1 (P1) mice were extracted and co-cultured
with AAV-CasRx-g3 for 24 h followed by neomycin exposure, which
646 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
were subjected to Caspase-3 staining for apoptotic measurements.
Rhodamine-conjugated phalloidin, a bicyclic peptide used for actinfil-
aments staining, was applied for labeling the hair cells. The confocal
images showed the elevated Caspase-3 in neomycin-treated mice,
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and the minimum Caspase-3 in WT mice. In contrast, this increase
was inhibited by AAV-CasRX-g3-treatedmice which exhibited signif-
icantly lower Caspase-3 expression than the Neo group. These results
are consistent with Casp3mRNA expression (Figure 2F).

Improvement of auditory function in mice with neomycin-

induced hearing loss

To confirm the neomycin-induced ototoxicity mouse model, we
measured the frequency-specific tone-evoked auditory brainstem re-
sponses (ABRs). Frequency-specific ABRs are commonly used to
study cochlear function in each region, including the apex, middle,
and base turns.31,32 The ABR thresholds were elevated to 70–90 dB
in the neomycin-treated mice compared with the ABR thresholds
of 20–55 dB in WT mice, which demonstrated the hearing loss in
mice after neomycin exposure (Figure 3B).

To investigate the protective effects of the AAV-CasRx-g3 system on
hearing function, ABR thresholds were measured in the bilateral ears
in neomycin-treated mice at 4 and 6 weeks, respectively. The ears with
AAV-CasRx-g3 injection showed significant restoration of hearing at
low frequencies (4 kHz and 8 kHz) at all time points. At the age of
4 weeks, the ABR thresholds in the AAV-CasRx-g3-injected ears
were significantly decreased at all frequencies (64 ± 10 dB, 61 ± 18
dB, 79 ± 9 dB, 77 ± 6 dB and 77 ± 7 dB at 4, 8, 16, 24, and 32 kHz,
respectively) compared with non-injected ears (80 ± 11 dB, 78 ± 11
dB, 87 ± 4 dB, 83 ± 7 dB and 83 ± 8 dB at 4, 8, 16, 24 and 32 kHz,
respectively) (Figure 3C). A representative waveform recorded at 45
dB in the AAV-CasRx-g3-injected ear and at 80 dB in the non-in-
jected ear at a frequency of 8 kHz at 4 weeks is shown in Figure 3A.
The ABR thresholds were also measured in neomycin-treated mice at
6 weeks, which showed a significant decrease at 4, 8, 16, and 24 kHz in
the AAV-CasRx-g3-injected ear (Figure 3C). In contrast, the ABR
thresholds of the AAV-control-injected ears with neomycin exposure
had no significant changes compared with the non-injected ears at
4 weeks (Figure S4A). The ABR thresholds of mice injected with
AAV-control without neomycin treatment showed no significant dif-
ferences between the bilateral ears at any frequency, and their average
values were close to those of WT mice (Figure S4B). The results indi-
cated that AAV control injection had no treatment effects in
neomycin-injured mice and no side effects. The evoked ABR peak 1
amplitude stimulated at 90 dB SPL at 4 kHz and 8 kHz were signifi-
cantly higher in the AAV-CasRx-g3-injected group compared with
the non-injected group at 4 and 6 weeks after neomycin exposure
(Figure 3E). Similarly, the latencies of the evoked ABR peak 1 with
90 dB SPL stimulation were shorter in the AAV-CasRx-g3-injected
group compared with the non-injected group (Figure 3F). In addition,
we measured the distortion product otoacoustic emissions (DPOAEs)
of AAV-CasRx-g3-injected mice to evaluate the function of OHCs.
The DPOAE thresholds were significantly decreased in the ears in-
jected with AAV-CasRx-g3 (67 ± 11 dB and 71 ± 12 dB at 4 and
6 weeks, respectively) at 8 kHz compared with the non-injected
ears (77 ± 4 dB and 79 ± 2 dB at 4 and 6 weeks, respectively), which
revealed the preservation of OHC function at a low frequency in the
CasRx-mediated treatment of neomycin-injured mice (Figure 3D).
Protection of hair cells in mice with neomycin-induced hearing

loss

To investigate hair cell survival in AAV-CasRx-g3-injected inner ears
of mice after neomycin-induced ototoxicity, we collected the cochleae
after measuring ABRs and DPOAEs. Surviving hair cells were identi-
fied with Myo7a antibody staining at 4 weeks (Figure 4A). IHCs and
OHCs were present in all turns of the cochlea in WT mice, and the
exposure to neomycin induced a great loss of hair cells. In the non-in-
jected ears, a large number of OHCs were missing in the apical turn
(8-kHz region) and middle turn (16-kHz region), while almost
all OHCs were lost leaving only minimal IHCs in the basal turn (32-
kHz region). In contrast, the AAV-CasRx-g3-injected ears showed
significantly reduced hair cell loss in the apical and middle turns (Fig-
ure 4B). In the basal turn, IHCs survived but not OHCs (Figure 4A).

We also examined the hair bundle morphology by scanning
electron microscopy at 6 weeks to evaluate the protective effect of
AAV-CasRx-g3 treatments against neomycin-induced ototoxicity.
In WT mice, the classical staircase organization of hair bundles was
observed in both IHCs and OHCs. Compared with WT mice,
neomycin-treated ears displayed abnormal morphology, disorganized
hair bundles, and loss of both IHCs and OHCs (Figure 4C). However,
the hair cells fromAAV-CasRx-g3-injected ears showed the decreased
cell loss and the improved organization of IHCs and OHCs, compara-
ble with normal hair bundle cells in WT mice (Figure 4C). These re-
sults were consistent with the ABR thresholds and demonstrated
robust restoration at lower frequencies, but less so at a high frequency
(32 kHz).

Safety evaluation of CasRx-mediated Htra2 knockdown in mice

To determine the safety of CasRx-mediated knockdown in vivo, we
collected the cochleae from AAV-CasRx-g3-treated mice for RNA-
seq analysis. The significantly varied differentially expressed genes
(DEGs) were analyzed and compared between neomycin-injured
cochleae with or without AAV-CasRx-g3 treatment (Table S2). The
percentage of DEGs was 0.1% among the whole transgenome based
on RNA-seq data, which suggests limited off-target and side effects
from the AAV-CasRx-g3 system in mice (Figure 5A). In addition,
we aligned the mouse whole genome based on the 30 bp gRNA3
sequence to screen the top 10 most likely off-target genes that were
not included in the 0.1% DEGs (Figure 5B). The mRNA expression
of these off-target genes in the neomycin-exposed group and
CasRx-treated group was compared, and no significant differences
were detected in the top 10 genes (Figure 5C), suggesting the low
off-target effects of CasRx-mediated knockdown in vivo.

In addition, to evaluate the adverse effects and the long-term safety of
AAV-CasRx system to auditory function in mice, we measured the
hearing level of mice at age of 10 weeks after the AAV-CasRx injec-
tion without neomycin exposure. The ABR thresholds of bilateral
sides in AAV-CasRx injected mice had no significant difference
from that of 10-week WT mice at all frequencies (Figure S5), which
suggested the application of AAV-CasRx system had no detrimental
effects to mice auditory function up to 10 weeks.
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 647

http://www.moleculartherapy.org


Figure 3. The improved auditory function in AAV-CasRx-g3-injected mice after neomycin exposure

(A) The ABRwaveform recorded at 2 weeks after the last dose of neomycin in AAV-CasRx-g3-injected and non-injected ears. The red line indicates the threshold for the non-

injected ear, while the blue line indicates the threshold of the AAV-injected ear. (B) The comparison of ABR thresholds between the left and right ears in WT (n = 8) and

neomycin-treated mice (n = 8). (C and D) The ABR (C) and DPOAE (D) thresholds of AAV-injected ears and non-injected ears were measured at 4 and 6weeks after neomycin

exposure. Statistical analysis was performed by two-way ANOVA with Bonferroni’s multiple comparisons test. (4-week ABR: n = 20; 6-week ABR: n = 19; 4-week DPOAE:

n = 16; 6-week DPOAE: n = 7). (E and F) The peak amplitudes (E) and latencies (F) of ABRwave 1 evoked by 90 dB SPL in AAV-CasRx-g3 injected and non-injected ears after

neomycin exposure. An unpaired two-tailed Student t-test was used for statistical analysis. All data are presented as themean ±SD.*, **, ***, ****p < 0.05, 0.01, 0.001, 0.0001

vs. each control.
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DISCUSSION
Drug-induced ototoxicity refers to the degradation and dysfunction of
cochlear hair cells by drugs or chemicals, ultimately resulting in hearing
loss. Aminoglycosides are themost commonototoxicity-inducing drugs
that cannot be replaced in the treatment of some diseases, among which
amikacin, neomycin, dihydrostreptomycin, andkanamycin are themost
cochleotoxic.18 Permanent hearing impairment can significantly affect
the patient’s quality of life.33 Therefore, it is necessary to exploresuitable
methods to prevent ototoxicity-induced hearing impairment.
648 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
In this study, we demonstrated that aminoglycoside-induced
ototoxicity could be effectively prevented by the CasRx-mediated
down-regulation of the over-expressed Htra2, which plays an
important role in maintaining mitochondrial homeostasis and regu-
lating cell apoptosis. The ABR results showed significant improve-
ments of auditory function in the AAV-CasRx-g3-injected ears,
especially at lower frequencies (4 kHz and 8 kHz), which presented
less hair cell loss in apex and middle turns of cochleae compared
with the non-injected ears after neomycin exposure. Notably, the



Figure 4. The protective effects of AAV-CasRx-g3 in neomycin-injured hair cells

(A) Cochleae from WT, AAV-CasRx-g3-injected, and non-injected mice were immunostained with anti-Myo7a at 4 weeks after neomycin exposure. Representative images

show the three functional segments, namely, the apex, middle, and base. Scale bar, 20 mm. (B) The total numbers of OHCs and IHCs per 100 mm sensory region of the

cochleae were compared by paired two-tailed Student t-test. Data are shown as the mean ± SD, *p < 0.05, ***p < 0.001. (C) The hair cell morphology from scanning electron

microscopy images of middle-turn cochlear sensory epithelium was compared among WT, neomycin-treated, and neomycin + AAV-CasRx-g3 treated groups at 6 weeks.

Scale bars, 10 mm (upper); 3 mm (lower).
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AAV-CasRx-g3-injected ears showed the greatest increase of 40 dB at
8 kHz, which demonstrated the improved auditory function after the
CasRx treatment. Consistent with these results, the inner ears treated
with AAV-CasRx-g3 showed better hair cell bundle morphology and
more surviving hair cells compared with the untreated ears.

Oxidative stress is the main cause of ototoxicity by inducing apoptosis
and necrosis in cochlear hair cells.34 The IAPs are endogenous inhib-
itors of Caspase-3 and Caspase-9 activation.19,35 During apoptosis,
the proapoptotic protein Htra2 is also released, which promotes cas-
pase-dependent apoptosis by binding to X-linked inhibitor of
apoptosis protein.19,36 In addition, it has been reported that the
increased levels of Htra2 promote apoptosis and the knockdown of
Htra2 transcripts protects cells from numerous apoptotic stimuli.37,38

According to a previous study,23 Htra2 transcript is significantly
increased in neomycin-exposed inner ears, and thusHtra2 is a poten-
tial target for CasRx-mediated treatment of neomycin-induced
ototoxicity.

CRISPR/Cas9 technology, the most powerful gene-editing tool
currently available, has been widely used for gene therapy of various
diseases.39 However, the changes in genomic DNA from CRISPR/
Cas9 are permanent and can be inherited by the offspring.40,41 It
has been demonstrated that the knockout of Htra2 in the mouse
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 649
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Figure 5. The safety evaluation of RNA editing in vivo

by RNA-seq

(A) The volcano plot of the DEGs between AAV-CasRx-

g3-treated and non-treated cochleae at 4 weeks after

neomycin exposure. Blue indicates downregulated genes

and red indicates upregulated genes. The top 10 signifi-

cantly up-regulated and down-regulated DEGs were

labeled in the plot. (B) The off-target sites of the most likely

off-targeted 10 genes were screened and listed. The

30 bp on-target sequence (gRNA3) is shown at the top.

The mismatched bases compared with the on-target sites

are highlighted in colors. (C) The FPKM values of the 10

off-target genes were compared between neomycin-

treated and neomycin + AAV-CasRx-g3-treated groups.

Data are shown as the mean ± SD. Statistical analysis

was performed by the two-tailed Student t-test. ns, no

significance.
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genome by CRISPR/Cas9 effectively protects hearing against ototoxic
injuries.23 However, the deletion of Htra2 induces the generation of
reactive oxygen species (ROS) and mutations, also may lead to mito-
chondrial damage and dysfunction.42 In addition, the permanent
knockout of Htra2 by CRISPR/Cas9 technology might lead to unex-
pected side effects, which is not appropriate for the treatment of an
acquired disease.43,44 Interestingly, our CasRx-mediated treatment
had a comparable protective effect against neomycin-induced injury
650 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
and hearing loss, but unlike heritable CRISPR/
Cas9, CasRx targets RNA transcripts, which are
temporary and nonpermanent. Moreover, the
ROS intensity was detected in cochleae from
the WT and AAV-CasRx-injected mice at the
age of 10 weeks, which exhibited no significant
difference (Figure S6). Thus, the CasRx system
possesses the lower risk, suggesting its greater po-
tential for clinical applications.

The Cas13 family is well known for RNA target-
ing and manipulating, the nuclease of which is
composed of 64–66 nt crRNA/guide-RNA and
protospacer-flanking site. The target specificity
is encoded by a 24–30 nt spacer region, which
is complementary to the target site.4,10 The dis-
covery of Cas13 opens a new era for gene editing
technology, which has been empowered of versa-
tile applications in both mammalian cells and
plants, including live imaging, RNA degradation,
base editing, and nucleic acid detection.45

Recently, the newly identified Cas13 orthologs
from the types VI–X and VI–Y families were
originated from micro-organisms living in hy-
persaline environment, which showed compara-
ble knockdown efficiency with RfxCas13d and a
lower risk of pre-existing immunity found in
Cas9 and Cas12 orthologs.46 The variety of
Cas13 orthologs provide broad options for RNA manipulating in
different models, highlighting the importance of RNA editing-based
researches and therapeutic applications.

In this study, we applied CasRx ortholog which was reported of no
side effects for in vivo study13,47 to reach the RNA knockdown with
high efficiency in mice. As AAV delivery has been confirmed to be
safe and efficient for inner ear treatments according to previous
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studies,30,48 we packaged CasRx together with the CRISPR array into
a single AAV-PHP.eB, one of the serotypes of AAVs that has shown
high transduction efficiency in cochlear hair cells in vivo.9,13,30 The
AAV-CasRx-mediated treatment system is demonstrated a prom-
ising protective effect against neomycin-induced injury and hearing
loss. In addition, the low proportion of DEGs caused by the CasRx
system, and the low off-target efficiency reflected the safety and effec-
tiveness of our AAV-CasRx-g3-mediated treatment in mice. This
study provides a proof-of-concept that the CRISPR-CasRx system
has great potential for clinical applications in treating non-inherited
hearing loss.

MATERIALS AND METHODS
Animals

Institute of Cancer Research (ICR) WT mice were used for the whole
study because of their high fertility. All mice were maintained with a
12 h light/12 h dark cycle in the Department of Laboratory Animal
Science of Fudan University. Standard mouse chow and water were
available ad libitum. All animal experiments were performed in
accordance with institutional animal welfare guidelines and were
approved by the Animal Care and Use Committee of Fudan Univer-
sity, China. For hearing loss model, experimental mice at P11 were
treated with neomycin (200 mg/kg) through subcutaneous injection
for 7 consecutive days.

Virus preparation

The CasRx system was packaged into PHP.eB AAV by OBIO Tech-
nology Corp., Ltd. (Shanghai, China). The therapeutic AAV virus
(AAV-CasRx-g3) included a U6 promoter-driven gRNA targeting
Htra2 and a CMV-driven RfxCas13d promoter. The viral titer was
1.04� 1013 viral genomes (vg)/mL. The control AAV (AAV-control)
was consistent with AAV-CasRx except for the gRNA sequence,
which was replaced by a non-targeting sequence. The viral titer of
AAV-control was 1.73 � 1012 vg/mL. Moreover, a PHP.eB AAV en-
coding an EGFP reporter was constructed for the determination of
AAV delivery efficiency.

Inner ear injection

Newborn pups were injected at P1 with 500 nL AAV-CasRx-g3,
AAV-control, or AAV-EGFP virus through the scala media. The
pups were anesthetized using hypothermia by placing them in ice
for 2–3 min. A tiny incision was made below the right ear to expose
the otic bulla and the stapedial artery. Viruses were injected through a
glass micropipette at a rate of 5 nL/s. After injection, the cut was
sutured and pups were put on a 42�C heating pad for recovery.

Hearing test

ABRs and DPOAEs were recorded with a TDT BioSigRP system
(Tucker-Davis Technologies, Alachua, FL) in a sound-proof chamber
at 2, 4, and 8 weeks after neomycin exposure. Mice of either sex were
anesthetized with xylazine (10 mg/kg) and ketamine (100 mg/kg)
through an intraperitoneal injection and were placed on a heating
pad. Three needle electrodes were subcutaneously stuck into the
back of the pinna (the recording electrode), the dorsum between
the ears (the reference electrode), and the rump (the ground elec-
trode). Before each recording session, the animals were examined
for otitis media or the unusual formation of cerumen in the ear canal.
All ears identified as such were excluded from the study. Tone burst
acoustic stimuli was decreased in 5-dB decrements from a 90-dB
threshold down to 20 dB sound pressure level (SPL) at frequencies
4, 8, 16, 24, and 32 kHz. The responses were amplified (10,000 times),
filtered (0.3–3 kHz), and averaged (500 responses) at each SPL with
an analog to digital board in a data acquisition system. Test parame-
ters and fast Fourier transform outputs were presented on the
monitor and stored on a disk for offline analysis. The ABR threshold
was determined as the lowest SPL at which the wave of the ABR test
relative to background noise could be visually detected and repeated.
The acoustic stimuli thresholds were defined by two independent ob-
servers. At the beginning of the DPOAE measurement, the system
was calibrated for each ear by sequentially applying a chirp signal
in each of the two speakers. The chirp consisted of equi-amplitude
sine waves with a specified phase distribution.49 The f1 and f2 primary
tones (f2/f1 = 1.2) were presented with f2 varied between 4, 8, 16, 24,
and 32 kHz and L1 � L2 = 10 dB SPL. At each f2, L2 was decreased
from 80 dB SPL to 20 dB SPL in 5-dB SPL decrements. The DPOAE
threshold was defined from the average spectra as the L2 level eliciting
a DPOAE of magnitude 5 dB above the noise floor.50 Data were
analyzed and plotted using GraphPad Prism 8. Thresholds
averages ± standard deviations (SD) are presented unless otherwise
stated.

Plasmids

To construct the CasRx plasmid, the human codon-optimized
RxCas13d gene was synthesized and cloned into a mammalian
expression vector with the CAG promoter. An mCherry reporter
was then cloned into the CasRx plasmid as an indicator of successful
transfection, the expression of which was separated from the
RfxCas13d gene by a P2A (2A self-cleaving peptides) sequence.

Next, we constructed the CasRx-gRNA cloning backbone that
contained two direct repeat sequences and the Bbs1 recognition site
under the U6 promoter for cloning. We designed 23 gRNAs for
targeting different exons of theHtra2 gene. The gRNA oligos were an-
nealed and cloned into the gRNA cloning backbone plasmid through
restriction enzyme ligation. To select the optimized gRNA in
HEK293T cells, we designed an Htra2 and EGFP gene co-expression
vector under the control of the CMV promoter. When Htra2 mRNA
was cleaved after transcription, the EGFP expression was also inter-
rupted. The CDS sequence of Htra2 was synthesized and cloned
into the 30 end of the EGFP gene without the stop codon.

Cell culture and transfection

HEK293T and HEI-OC1 cell lines were originally obtained from the
National Collection of Authenticated Cell Cultures (Shanghai, China)
and cultured in DMEM (Corning Inc, Corning, NY) supplemented
with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 mg/mL
streptomycin (ThermoFisher Scientific,Waltham,MA) at 37�C in a hu-
midified atmosphere containing 5% CO2. HEK293T cells were seeded
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 651

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
into 24-well plates overnight and transfectedwithmixedplasmids using
Lipofectamine 3,000 (ThermoFisher Scientific) according to the manu-
facturer’s protocol. For each well of the plate, 1.2 mg plasmids (gRNA:
RfxCas13d:Htra2 vector at a 1:2:1 ratio) were mixed with 1.8 mL Lipo-
fectamine 3000 and 2.4 mL P3000 in 100 mL Opti-MEM (Life Technol-
ogies, Carlsbad, CA). For HEI-OC1 cells, 300 ng gRNA and 600 ng
RfxCas13dwere transfected into eachwell usingLipofectamine3000ac-
cording to the manufacturer’s protocol. The mixtures were co-cultured
for 6–8 h and the media were replaced with fresh media. To study the
ototoxicity induced by neomycin, HEI-OC1 cells were incubated with
10 mM neomycin for 24 h after the transfection of the above plasmids.
About 72 h after transfection, the cells were examined by fluorescence
microscopy and then harvested for FACS and RT-qPCR.
Cochlear explant culture

The cochleae from WT P1 ICR mice were dissected, and the organ of
Corti was cultured in DMEM/F12 (ThermoFisher Scientific) with 1%
N2 supplement (ThermoFisher Scientific), 2% B27 supplement
(ThermoFisher Scientific), and 50 mg/mL ampicillin (Sigma-Aldrich,
St. Louis,MO) at 37�Cwith 5%CO2. For the viral transduction, 2 h after
cochlear explants, AAV-CasRx-g3 (3 � 1012 vg/mL) was co-cultured
with cochlear for 24 h. The medium was then changed to fresh
DMEM/F12 mixture with 1 mM neomycin (Sigma-Aldrich), and
cultured for 6 h. After 24 h of recovery inDMEM/F12mediumwithout
neomycin, the cochlear explantswere harvested for immunohistochem-
ical staining.
Flow cytometry

HEK293T cells were washed with PBS and harvested 72 h after
transfection. EGFP signals were examined by a BD LSRFortessa
flow cytometer (BD Biosciences, Palo Alto, CA). For each sample, a
total of 20,000 cell events were collected. Each sample had three re-
peats, and the results were analyzed by FlowJo software.
RT-qPCR

Cells were briefly washed before harvesting. The total RNA was ex-
tracted using TRIzol (Invitrogen, Carlsbad, CA) and reverse tran-
scribed into cDNA using the PrimeScript RT reagent Kit (Takara, Ku-
satsu, Japan) according to the manufacturer’s protocol. Gene
expression was quantified by RT-qPCR using the ABI 7500 Fast
Real-Time PCR Detection System (Applied Biosystems, Waltham,
MA) and TB Green Premix Ex Taq II (Tli RNaseH Plus; Takara).
The expression of b-actin was used as the loading control. Primer se-
quences were as follows: b-actin forward: 50-CCGCAGCTAGGAAT
AATGGA-30 and reverse: 50-CAAATGCTTTCGCTCTGGTC-30;
Htra2 forward: 50-TCATCGCAGATGTGGTGGAG-30 and reverse:
50-GATGAGCCCATCTGAAGCCA-30; Casp3 forward: 50-CGG
GGTACGGAGCTGGACTGT-30 and reverse: 50-ATGCTGCAAA
GGGACTGGATGAAC-30; Casp9 forward: 50-AGGCCCGTGGA
CATTGGTTCT-30 and reverse: 50-AGTTGGAGCCCGTGCGTG
TG-30. For each group, the mRNA levels were measured three times,
and the data are presented as the relative expression compared with
the control group.
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Western blot

Htra2 expression was assessed by western blot analysis. Cochleae
from 4-week-old mice were collected and lysed in RIPA buffer (Beyo-
time Biotechnology, Haimen, China) supplemented with phenylme-
thanesulfonyl fluoride (Beyotime Biotechnology). Proteins were
separated by SDS-PAGE (GenScript, Piscataway, NJ) and transferred
onto polyvinylidene difluoride membranes (Millipore, Burlington,
MA). The membranes were blocked in 5% skim milk powder (Beyo-
time Biotechnology) and probed with anti-Htra2 (Cell Signaling
Technology, Danvers, MA) or anti-b-actin antibodies (Beyotime
Biotechnology) at 4�C overnight. The membranes were labeled with
HRP-conjugated goat anti-rabbit IgG (H + L) secondary antibodies
(Beyotime Biotechnology) for 1 h at room temperature, and the bands
were visualized using western Blot ECL Blotting Substrate (Bio-Rad,
Hercules, CA). The images were analyzed through ImageJ software.

Immunohistochemistry

The cochleae of both ears were collected from 4- or 6-week-old
neomycin-injected mice after AAV injection. The temporal bones
of the cochleae were perforated and perfused with 4% paraformal-
dehyde and incubated overnight at 4�C. After decalcification in
10% EDTA for 1–3 days, the cochleae were dissected into three
pieces designated as the apical, middle, and basal turns for immuno-
fluorescence staining. All of the tissue were permeabilized in PBS
containing 1% Triton X-100 buffer (1% PBST) for 12–16 h at 4�C
and blocked with 10% donkey serum for 2 h at room temperature.
To check the EGFP fluorescence in the hair cells of the cochleae af-
ter the injection of AAV-EGFP, we incubated the tissue with rabbit
anti-Myo7a (1:500 dilution, Proteus BioSciences, Waltham, MA)
and chicken anti-eGFP (1:1,000 dilution, Abcam, Cambridge, UK)
primary antibodies. For examining the apoptotic protein expression
in the cochlea, the rabbit anti-cleaved-Caspase-3 primary antibody
(1:1,000 dilution, Cell Signaling Technology) and rhodamine-conju-
gated phalloidin (1:500 dilution, Sigma-Aldrich) were used. To
determine the expression of Htra2 in cochlear hair cells, rabbit
anti-Htra2 primary antibody (1:200 dilution, Abcam, Waltham,
MA) and rhodamine-conjugated phalloidin (1:500 dilution,
Sigma-Aldrich) were added. The primary antibodies were incubated
overnight at 4�C, and the corresponding luciferin-conjugated
secondary antibody was added and incubated for 2 h in the dark,
followed by rhodamine-conjugated phalloidin incubation for 1 h
in the room temperature. DAPI was used to label the nuclei
(1:1,000 dilution, Sigma-Aldrich). Specimens were mounted and
fluorescent z stack confocal images were acquired with a Leica
TCS SP8 laser scanning confocal microscope. Full cochlear images
were reconstructed in Adobe Photoshop and ImageJ software.

Scanning electron microscopy

The temporal bones of 4-week-old adult mice were harvested and
then perforated and perfused and fixed with 2.5% glutaraldehyde at
4�C overnight. The tissues were then transferred into 10% EDTA
for decalcification at 4�C for 3 days. The decalcified cochleae were
dissected into three pieces for whole mounts and fixed first in 2.5%
glutaraldehyde and then in 1% osmium acid at 4�C for 2 h. The whole
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mount tissues were then dehydrated by ethanol gradient and dried in
an HCP-2 critical point drier. The dried tissues were attached to the
specimen tables and coated with platinum by an IB-3 ion sputtering
instrument. Images were acquired with an emission scanning electron
microscope (Hitachi 574 SU-8010, Tokyo, Japan) in a high vacuum
field.
RNA-seq

Total RNA was extracted from the cochleae using TRIzol Reagent/
RNeasy Mini Kit (Qiagen, Hilden, Germany) and quantified with
an Agilent NanoDrop (ThermoFisher Scientific). A total of 1 mg
RNA from each sample was used for the library preparations for
next generation sequencing, and these were constructed according
to the manufacturer’s protocol. The cDNA was synthesized by
ProtoScript II Reverse Transcriptase and Strand Synthesis Enzyme
Mix, and then treated with End Prep Enzyme Mix to repair both
ends and to add tail-A, which followed by a ligation to add adap-
tors. Each sample was then amplified by PCR using P5 and P7
primers, with both primers carrying sequences that can anneal
with the flow cell to perform bridge PCR and carrying indexes
that allow for multiplexing. The libraries were then multiplexed
and loaded onto an Illumina HiSeq/Novaseq instrument according
to the manufacturer’s instructions (Illumina, San Diego, CA). The
expression levels of all mapped genes were estimated by stringtie
(v2.0), and the gene expression levels were determined by frag-
ments per kilobase of transcript per million fragments mapped.
Differential expression analysis was based on the DESeq2 Bio-
conductor package, and p values of less than 0.05 indicated
DEGs. The analysis of pathways was based on the Kyoto Encyclo-
pedia of Genes and Genomes database.
Off-target analysis

To analyze the off-target efficiency of CasRx-mediated knockdown
across the whole transcriptome, the most likely off-target genes
were screened and identified. The differential expression analysis of
these genes between the CasRx injected and non-injected groups
was performed using the DESeq2 R package based on RNA-seq
data. The resulting p-values were adjusted using the Benjamini and
Hochberg approach for controlling for the false discovery rate. Genes
with an adjusted p value of less than 0.05 detected by DESeq2 were
considered to be differentially expressed.
Statistical analysis

All data are presented as the mean ± SD. The statistical analysis was
performed using GraphPad Prism version 7. A two-tailed Student
t-test was used for comparing the differences between means. One-
way or two-way ANOVA followed by Bonferroni’s test was per-
formed for multiple comparisons. Any p values of less than 0.05
were considered significant.
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