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SUMMARY

Hereditary hearing loss accounts for about 60% of congenital deafness. Although adeno-associated virus
(AAV)-mediated gene therapy shows substantial potential for treating genetic hearing impairments, there
remain significant concerns regarding the specificity and safety of AAV vectors. The sophisticated nature
of the cochlea further complicates the challenge of precisely targeting gene delivery. Here, we introduced
an AAV-reporter-based in vivo transcriptional enhancer reconstruction (ARBITER) workflow, enabling effi-
cient and reliable dissection of enhancers. With ARBITER, we successfully demonstrated that the conserved
non-coding elements (CNEs) within the gene locus collaboratively regulate the expression of Slc26a5, which
was further validated using knockout mouse models. We also assessed the potential of identified enhancers
to treat hereditary hearing loss by conducting gene therapy in S/c26a5 mutant mice. Based on the original
Slc26a5 enhancer with limited efficiency, we engineered a highly efficient and outer hair cell (OHC)-specific
enhancer, B8, which successfully restored hearing of Slc26a5 knockout mice.

INTRODUCTION

Hearing loss is the most common form of sensory impairment,
affecting over 400 million people worldwide of which 34 million
are children.” Genetic mutations account for about 60% of
all congenital hearing loss,” and over 100 non-syndromic
hearing loss genes have been identified to date (https://
hereditaryhearingloss.org/). Adeno-associated virus (AAV)-
mediated gene therapy has emerged as a promising strategy
for treating inherited and genetic disorders, including hereditary
hearing loss.*® Recent clinical trials have demonstrated the
successful restoration of hearing function in children with reces-
sive deafness DFNB9 through the use of a dual-vector strategy
to deliver otoferlin (OTOF).”~® Meanwhile, studies have reported
several successful hearing restorations of hereditary deafness
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in animal models with gene therapy.'® Despite the promise of
AAVs due to their efficiency and low immunogenicity,’’ there
are significant concerns regarding the safety of high-dose
AAV administration. Issues such as hepatotoxicity from off-
target transfection of the liver, thrombotic microangiopathy
(TMA), and the risk of hepatocellular carcinoma associated
with genomic integration of AAVs are notable challenges.'?™'®
To mitigate these risks, improving the efficiency and specificity
of AAVs while minimizing off-target effects and reducing
required doses is crucial.

The Myo15 promoter,'” which targets hair cells (HCs) in the in-
ner ear, is the best-characterized inner-ear-cell-specific pro-
moter and has been widely used for gene therapy of hereditary
hearing loss, both in pre-clinical and clinical research.”-81°
However, the intricate nature of the cochlea significantly
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challenges the precise targeting of gene delivery. As a highly
polarized and organized organ, the cochlea hosts multiple cell
types, such as HCs, which are subdivided into outer HCs
(OHCs) and inner HCs (IHCs), as well as supporting cells (SCs)
and spiral ganglion neurons (SGNs).?° Each cell type harbors
unique cell-specific genes that are essential for hearing. For
instance, IHCs specifically express hearing loss genes Otof
and Slc17a8 (vGlut3),%'*?> whereas OHCs express Sic26a5,
which encodes the motor protein prestin.”>° Additionally,
both IHCs and OHCs express a series of pan-HC markers,
such as Tmc1,%” Myo7a,”® and Atoh1.?9*° The sophisticated na-
ture of the cochlea exemplifies the exquisite regulation involved
in organ development; however, it significantly complicates the
precise targeting of gene delivery.

Transcriptional enhancers orchestrate precise spatial and tem-
poral control of gene expression during development and dictate
cell fate determination.®'>> The importance of these elements is
further underscored by the fact that variants within these non-cod-
ing regulatory sequences are implicated in the etiology of various
diseases.®>® However, the transcriptional regulation of cochlear
genes remains largely unexplored. Although newly established
methodologies, such as chromatin immunoprecipitation
sequencing (ChIP-seq),>* assay for transposase-accessible chro-
matin with high throughput sequencing (ATAC-seq),®® and
CRISPR-based high-throughput strategies,**>® have provided
unprecedented tools for identifying transcriptional enhancers, a
conclusive demonstration and mechanistic understanding of
these elements generally rely on functional assessment through
in vivo experiments. Additionally, the extremely low number of
HCs and complex architecture of the cochlea have significantly
limited the accessibility of these technologies. To date, only
ChIP-seq and ATAC-seq studies on immature mouse HCs have
been conducted.***' Establishing a reliable approach to identify
and dissect transcriptional enhancers of cochlear genes, particu-
larly those associated with hearing loss genes, will significantly
facilitate our understanding of gene regulation governing cochlea
development and lay the foundation for developing effective and
targeted gene therapies for hereditary hearing loss.

In this study, we introduce an AAV-reporter-based in vivo tran-
scriptional enhancer reconstruction (ARBITER) workflow, which
can be generally applied for the fast and reliable dissection of en-
hancers of hearing loss genes. With ARBITER, we successfully
identified and characterized the enhancers for OHC-specific
Slc26a5, which encodes the motor protein prestin,?*>2° and for
the HC-specific Myo7a, which is associated with Usher syn-
drome.”® We demonstrated that conserved non-coding ele-
ments (CNEs) within the gene loci functioned as transcriptional
enhancers. In particular, two CNEs located in the intron of
Slc26a5, designated as Sic26a5-E1 and E2, collaboratively con-
trol the precise and robust expression of S/c26a5. Functional in-
vestigations using knockout mouse models revealed that dele-
tion of Slc26a5-E1 resulted in progressively reduced prestin
expression and hearing loss. Simultaneous deletion of both
Slc26a5-E1 and E2 completely eliminated the expression of
prestin, leading to severe deafness. Additionally, we assessed
the potential of using cell-specific enhancers in gene therapy
for hereditary hearing loss with a Slc26a5 dysfunction mouse
model. Our results indicated that the originally identified
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Slc26a5-E1 + E2 enhancer was suboptimal for restoring hearing
sensitivity in the Slc26a5 knockout mice due to its insufficient ac-
tivity. To overcome this limitation, we dissected the key elements
within Slc26a5-E1 and E2 using ARBITER and demonstrated
that the most conserved modules were essential for gene
expression. By reassembling these key modules, we engineered
a highly efficient, OHC-specific synthetic enhancer, termed B8.
B8-enhancer-mediated Sic26a5 delivery drove prestin expres-
sion in a manner closely mimicking the native expression pattern
and successfully restored hearing in Slc26a5 knockout mice. Our
findings provide a generalized approach for deciphering the en-
hancers of genes associated with hearing loss and offer a prom-
ising therapeutic strategy for the treatment of hereditary hearing
loss with improved specificity, safety, and effectiveness.

RESULTS

Establishment of ARBITER

The concept behind the ARBITER workflow was to use the AAV-ie
vector,*? which efficiently infects multiple types of inner ear cells
to deliver reporters containing synthetic gene regulatory elements
to the cochlea. If the elements were indeed necessary for gene
expression, the reporter carried by the AAV vector would exhibit
a comparable expression pattern to that of the target gene (Fig-
ure 1). Initially, we delivered the AAV-ie reporter, which carries a
ubiquitous cytomegalovirus enhancer fused chicken B-actin and
B-globin (CAG) promoter, to the cochleae of neonatal mice via
round window injection (RWI) at a dose of 1e10 genome copies
(gc) per mouse. Tissues were collected 2 weeks later for immuno-
fluorescence staining. The results showed that the AAV-ie vector,
combined with the CAG promoter, efficiently transduced cochlear
cells (Figure S1A), achieving nearly 100% transduction efficiency
in HCs and 80%-95% in SCs (Figure S1B). Also, AAV-ie efficiently
transduced vestibular HCs and SCs (Figures S1C and S1D). Addi-
tionally, administering AAV-ie with the CAG promoter at neonatal
stage resulted in expansive infection of the brain (Figure S1E), as
well as the heart and liver (Figure S1F). These results indicated that
AAV-ie was well-suited for delivering reporters into the cochlea for
dissecting the regulatory elements.

To select candidate regulatory elements, we identified open
chromatin sequences and transcription factor (TF)-binding se-
quences near the gene loci of target genes by analyzing previ-
ously published ATAC-seq and ChIP-seq datasets from HCs
(GEO: GSE181311 and GSE150000).%*“° Sequences located
within 2—200 kb upstream or downstream of the transcription
start site (TSS) were considered potential regulatory elements
(Figure 1A). We also chose CNEs in the gene loci that are
deemed indispensable for normal development and strongly
associated with cis-regulatory enhancers.”*™*® We used a
genome browser (http://genome.ucsc.edu)*’+*® to analyze con-
servation across species, and conserved non-coding sequences
exceeding 100 bp in length within the gene loci (from 50 kb up-
stream of TSS to 50 kb downstream of the last exon) were
selected as candidate CNEs for further validation (Figure 1A).
Subsequently, based on the selected elements, a series of re-
porter constructs were designed by individually or combinatori-
cally cloning these elements into a reporter plasmid, with a syn-
thetic minimal promoter (MinP) that retains basic promoter
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Figure 1. Conceptand workflow of ARBITER
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whereas addition of E1 to At-6 (At-7)
reduced the efficiency (Figures S1H and
S1J). These results were consistent with
the previous observation that Atoh7-E1
deletion did not affect HC development.®®
Additionally, these synthetic enhancers

CNS

activity,**°° fused downstream to initiate basal gene expression.
AAV-ie vectors carrying the reporters were packaged and puri-
fied (Figure 1B). These purified AAV reporters were further indi-
vidually administered to the cochleae of neonatal mice by RWI.
After 1 or 2 weeks, the animals were euthanized and the speci-
ficity, efficiency, and intensity of the synthetic elements were
evaluated using fluorescence imaging (Figure 1C).

To test the feasibility of the ARBITER approach, we first
dissected the well-defined enhancers of Atoh1, which is necessary
for HC development.”®° Three Atoh? enhancer elements that
collaboratively regulate the expression of Afoh1, Atoh1-E1 to
Atoh1-E3, have been identified using ATAC-seq (Figure S1G).*°
Based on these elements, we generated seven reporters, At-1 to
At-7 (Table S2). Because Atoh1 levels were high in cochlear HCs
in the perinatal stage and started to decline significantly within
the first week after birth,°" we injected these vectors to the
cochleae of post-natal day 1 (P1) mice at a dose of 2e10 gc per
mouse and collected samples at P7. Subsequent evaluations
showed that a single element only induced relatively low levels of
gene expression in HCs, whereas combinations of these
elements significantly improved the efficiencies (Figures STH and
S1J). Among them, At-6, the combination of Atoh71-E2 and E3,
showed the best efficiency and specificity of targeting HCs,

also induced specific gene expression in
vestibular HCs (Figures S1l and S1J).
Collectively, these results suggested that ARBITER was a reliable
and efficient approach for dissecting the regulatory elements of
cochlear genes.

CNEs within gene loci served as transcriptional
enhancers of SIc26a5 and Myo7a

We next attempted to identify transcriptional enhancers of
hearing loss genes using ARBITER. We first focused on
Slc26a5, which exhibits specific expression in OHCs and en-
codes the motor protein prestin.”>~2® Because previously pub-
lished ATAC-seq data from the HCs of neonatal mice did not
identify open chromatin regions within the gene locus of
Slc26a5,°°*" we analyzed CNEs in the Slc26a5 locus because
CNEs have been widely assumed to be essential for gene regu-
lation due to their extreme conservation across different spe-
cies.”*™® We used a genome browser (http://genome.ucsc.
edu)*”*® to identify two CNEs of 247 and 525 bp in length,
located within the intronic regions of Sic26a5 (Figures 2A and
S2A). Sequence alignment across nine species confirmed
that Slc26a5-E1 and Sic26a5-E2 were highly conserved (Fig-
ure 2B). As negative controls, we also selected two non-
conserved sequences, Slc26a5-E3 and Sic26a5-E4, which
were 308 and 489 bp in length, respectively (Figure 2A). We
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Figure 2. Dissecting enhancers of SIlc26a5

(A) Schematic representation delineating candidate regulatory elements associated with the Sic26a5 gene. Two CNEs, Sic26a5-E1 and E2, locating within introns
1 and 2, were selected as the candidate elements. Meanwhile, two non-conserved sequences, E3 and E4, were selected as negative controls.

(B) Sequence alignment identity of Slc26a5-E1 and E2 across species. M, mouse; Ra, rat; Tr, tree shrew; Hu, human; Rh, rhesus; Ma, marmoset; D, dog; P, pig;
Rab, rabbit.

(C) Representative fluorescence images of infected cochlear cells in the apical region by the reconstructed enhancers derived from Sic26a5. AAV reporters were
delivered to the cochlea of P2 mice at a dose of 1e10 gc per mouse, and samples were collected at P16 for analysis.

(D) Quantification of the transduction efficiencies of the Slc26a5-derived elements in cochlear and vestibular cells. Average transduction efficiencies from three
independent experiments in each group were presented as a heatmap and labeled in the matrix.

(E) Transduction of vestibular cells by mSic26a5-E1 + E2.

(F) Representative image of mSic26a5-E1 + E2 infected brain. COR, cortex; HPC, hippocampus; OB, olfactory bulb; TU, tuber cinereum; CER, cerebellum.
(G) Representative image of mSic26a5-E1 + E2 infected heart and liver.

(legend continued on next page)
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designed the synthetic AAV reporters (S/-1 to S/-6) (Table S2)
and administered them to the cochleae of P2 mice at a dose
of 1e10 gc per mouse. In vivo evaluations of the transduced
cochleae at P16 demonstrated that Sic26a5-E2 (S/-2) alone
was able to drive OHC-specific gene expression (Figures 2C
and 2D). Moreover, when combined with Slc26a5-E1 (S/-1),
which did not induce gene expression, the transduction effi-
ciency was significantly improved (Figures 2C and 2D). Consis-
tent with the hypothesis that CNEs were essential for gene
expression, neither single Slc26a5-E3 (S/-4) and Sic26a5-E4
(SI-5) nor their combination (S/-6) resulted in OHC transduction
(Figures 2C and 2D). Testing of Slc26a5-E1 + E2 (S/-3) showed
that S/-3 induced little expression in other cochlear cell types
(Figure 2D) or vestibular cells (Figures 2D and 2E). Besides,
Slc26a5-E1 + E2 (S/-3) did not induce off-target infection of
the brain (Figure 2F), the heart, or the liver (Figure 2G).

We hypothesized that these CNEs work across species. We
first engineered a human homologous enhancer, hSic26a5-
E1 + E2, and assessed its ability to induce OHC-specific trans-
duction in a mouse model. Results showed that hS/lc26a5-E1 +
E2 was able to selectively transduce OHCs, albeit with lower
efficiency and intensity compared with mS/c26a5-E1 + E2
(Figures 2H and 2I). We simultaneously adopted a genetically
closed model of primates, the tree shrew,*”~>° whose cochlear
structure and turns (3.0-3.5 cycles)°° are closer to those of hu-
mans (2.5-3.0 cycles)®’ as compared with mice (1.5 cycles).
We performed specificity evaluation of mS/c26a5-E1 + E2 by
delivering AAV-ie reporter carrying mSic26a5-E1 + E2 into the
cochlea of a 4-month-old tree shrew through posterior semicir-
cular canal (PSCC) injection, and auditory brainstem response
(ABR) and fluorescence imaging tests were conducted 1 month
later (Figure 2J). ABR tests revealed that AAV delivery did not
lead to hearing impairments (Figure 2K). Fluorescence imaging
demonstrated that mSic26a5-E1 + E2 induced OHC-specific
gene expression, especially in the apical region (Figures 2L
and 2M), without off-target expression in vestibular cells (Fig-
ure 2N). These observations indicated that the CNEs identified,
Slc26a5-E1 and E2, served as the transcriptional enhancers
and collaboratively control the precise and robust expression
of Slc26a5.

We then questioned whether ARBITER is a generalized
approach for dissection of enhancers of hearing loss genes. To
test this, we moved to another gene, Myo7a,28 which is associ-
ated with Usher syndrome. Using similar strategies, we identified
three CNEs locating within the gene locus of Myo7a (Figure S3A).
Based on these elements, seven synthetic enhancers, My-1 to
My-7 (Table S2), were designed and evaluated in vivo. AAV

¢ CellP’ress

reporters were administered at a dose of 1e10 gc per mouse
to the cochleae of P2 mice and tissues were dissected after
2 weeks for evaluation. Results showed that Myo7a-E3 alone
(My-3) induced cochlear and vestibular HC transduction
specifically but with low efficiency (Figures S3B-S3D).
However, when combined with Myo7a-E1 (My-1) or E2 (My-2),
which did not induce gene expression, the efficiencies in
cochlear and vestibular HCs were significantly increased (My-5
to My-7) (Figures S3B-S3D). These data suggested that the
identified elements, Myo7a-E1 to E3, were responsible for the
regulation of Myo7a. Collectively, our results demonstrated
that ARBITER could be generally used for fast and reliable
dissection of enhancers of hearing loss genes.

Sic26a5-E1 and E2 are essential for the expression of
Sic26a5

To confirm the function of CNEs in regulating gene expression,
we attempted to validate the function of our identified Sic26a5
enhancers using knockout mouse models. Using CRISPR-
Cas9-mediated gene editing, we successfully created Sic26a5-
E1 knockout mice (Slc26a5-E1~/"E2*/*) and Slc26a5-E1 + E2
double knockout mice (Slc26a5-E1~/"E2~/") and performed
phenotype characterization (Figure 3A). We monitored the
expression of prestin from P6, when prestin expression in
OHCs is commenced,”® using immunofluorescence staining. In
a Slc26a5-E1 knockout mouse model, the expression of prestin
in the apical, middle, or basal regions was not affected by either
heterozygous or homozygous Sic26a5-E1 knockout at P6 and
P16 (Figures S4A, S4B, and S4D). However, at P30, notable re-
ductions in prestin levels were observed in the middle and basal
regions of homozygous S/c26a5-E1 knockout mice (Figures S4C
and S4D), and heterozygous knockout of Sic26a5-E1 led to
moderate reductions in prestin levels compared with those of
wild-type mice at P30 (Figures S4C and S4D). These observa-
tions suggested a progressive reduction in prestin expression
during maturation following Slc26a5-E1 deletion, especially in
the basal and middle turns of the cochlea. Scanning electron
microscope (SEM) imaging at P30 revealed that Sic26a5-E1
deletion did not affect the morphology of OHCs (Figure S4E).
Subsequent ABR and distortion product otoacoustic emission
(DPOAE) tests across frequencies at P16, P30, and P90 demon-
strated that the ABR and DPOAE thresholds of homozygous
Slc26a5-E1 knockout mice were progressively increased
from high frequencies to low frequencies as they matured
(Figures S4F and S4G), indicating a progressive hearing loss.
These findings revealed the crucial role of Slc26a5-E1 in prestin
expression.

(H) Representative fluorescence images of infected cochlear cells in the apical region by mSic26a5-E1 + E2 and hSic26a5-E1 + E2.

(1) Statistics of transduction efficiencies and relative intensities of indicated element on targeting OHCs. Intensities were normalized to that of mSic26a5-E1 + E2-
driven gene expression in apical OHCs. n number in each group was labeled in or above the column.

(J) Schematic illustration of experiments in a tree shrew model. AAV-ie reporter carrying mSic26a5-E1 + E2 was delivered into the cochlea of a 4-month-old tree
shrew; auditory function tests and fluorescence imaging tests were performed 1 month later.

(K) Comparisons of ABR thresholds across frequencies between control and AAV-injected animals.

(L) Overall view of infected cochlear cells in the apical region by mSic26a5-E1 + E2 in a tree shrew.

(M) Representative fluorescence images of infected cochlear cells in the apical, middle, and basal regions by mSic26a5-E1 + E2.

(N) Representative fluorescence images of infected utricle cells by mSic26a5-E1 + E2 in a tree shrew. Scale bar, 50 um. Data were shown as mean + SEM,
*p < 0.05, *p < 0.01, **p < 0.001. NS, no significance. Group differences were analyzed by unpaired two-tailed t test.

See also Figures S2 and S3.
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Figure 3. Phenotype characterization of SIc26a5-E1 + E2 double knockout mice

(A) llustration of the generation of Slc26a5-E1 knockout and S/c26a5-E1 + E2 double knockout mice and related phenotype validation. Single-guide RNAs
(sgRNAs) targeting the upstream and downstream regions of Sic26a5-E1 were designed and co-injected with the CRISPR-Cas9 protein into one-cell-stage
zygotes. After editing at the target sites, non-homologous end joining repair (NHEJ) resulted in the loss of Slc26a5-E1. Using Slc26a5-E1 knockout mice as the
background, sgRNAs targeting the upstream and downstream of Sic26a5-E2 were similarly designed and injected into one-cell-stage zygotes, together with the
CRISPR-Cas9 protein for gene editing. Auditory function and prestin expression levels in OHCs were evaluated for all the mouse strains.

(B-D) Representative cochlear immunostaining of prestin in the apical, middle, and basal regions of wild-type, heterozygous S/c26a5-E1 + E2 knockout, and
homozygous Slc26a5-E1 + E2 knockout mice at P6 (B), P16 (C), and P30 (D). Scale bar, 50 um.

(E) Relative prestin intensities in the apical, middle, and basal regions of indicated mice at P6, P16, and P30. Intensities were normalized to the apical prestin
intensities of wild-type mice at indicated time. n number in each group was labeled in the column.

(F) Representative SEM images of OHCs in the apical, middle, and basal regions from indicated mice at P30. The white asterisks indicated the missing OHCs, the
white arrows indicated the fused stereocilia bundles. Scale bar, 2.5 um.

(legend continued on next page)
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We next assessed the expression of prestin in Slc26a5-E1 +
E2 double knockout mice. Strikingly, homozygous knockout of
Slc26a5-E1 + E2 completely abolished the expression of prestin
(Figures 3B-3E), highlighting the crucial role of Sic26a5-E1 and
E2 in prestin regulation. SEM imaging at P30 revealed that homo-
zygous knockout of Slc26a5-E1 + E2 resulted in significant
OHC damage, with obvious OHC loss and stereocilia fusion in
the apical, middle, and basal regions (Figure 3F). In line with
these observations, ABR and DPOAE tests showed that homo-
zygous knockout of Sic26a5-E1 + E2 led to significant ABR
threshold elevation (Figure 3G) as well as DPOAE abolishment
(Figures 3G and 3H). Together with previous findings showing
that deletion of intron 2, which covered the sequence of
Slc26a5-E2, led to delayed gene expression during OHC matu-
ration,”® these results revealed that the collaboration of two
enhancer elements was essential to ensure the robust expres-
sion of target genes.

Expression from the Sic26a5-E1 + E2 enhancer is
specific but insufficient for gene therapy

We questioned whether our identified enhancers could be used
for gene therapy of hereditary hearing loss. The most common
non-syndromic hereditary hearing loss is caused by dysfunc-
tional mutations or is autosomal recessive®®’; to model this,
we employed a Sl/c26a5 knockout mouse model whose
Slc26a5 expression was inactivated through CRISPR-mediated
base editing.®’ We attempted to deliver Slc26a5 using the broad
CAG promoter.“? AAV-ie-CAG-SIc26a5 at a dose of 110 gc per
mouse was administered at P3 through RWI, and functional tests
and imaging experiments were performed at P30. AAV-ie-CAG-
Slc26a5 delivery restored the expression of prestin in the OHCs
(Figures S5A and S5B). However, the prestin intensities of
rescued mice were much lower than those in wild-type mice (Fig-
ure S5C). Moreover, gene delivery using the CAG promoter
induced ectopic prestin expression in IHCs and vestibular
HCs, suggesting potential side effects and safety risks
(Figures S5A and S5D). Subsequent ABR and DPOAE tests
showed that gene therapy using AAV-ie-CAG-SIc26a5 did not
significantly restore the hearing sensitivity of Slc25a5~'~ mice
(Figure S5E). Individually analyzing the hearing function of the
rescued mice showed that only two out of 11 treated mice
showed partial improvement in ABR response and one out of
11 treated mice showed a recovery in DPOAE response (Fig-
ure S5F). These observations were consistent with our previous
results indicating that gene therapy using the CAG promoter
failed to restore the hearing sensitivity of Slc25a5~~ mice
efficiently.®?

We next performed gene therapy using the identified OHC-
specific enhancer, Sic26a5-E1 + E2. Safety of the enhancer for
gene delivery was first assessed. SEM imaging (Figure S5G)
and auditory function tests (Figures S5H-S5K) indicated that
the Sic26a5-E1 + E2 enhancer was safe for gene delivery. We
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next delivered the Slc26a5 gene into the cochleae of Sic25a5 "~
mice using the Sic26a5-E1 + E2 enhancer. AAV-ie-E1 + E2-
Sic25a5, at a dose of 1e10 gc per mouse, induced OHC-specific
(albeit low) prestin expression (Figures 4A-4C). We increased the
dose to 5e10 gc per mouse and saw a more robust prestin
expression (Figures 4A-4C). Moreover, neither low-dose nor
high-dose AAV-ie-E1 + E2-Sic25a5 caused ectopic expression
of prestin in IHCs (Figure 4A) or vestibular HCs (Figure 4D), high-
lighting the advantages of cell-specific enhancers in targeted
gene therapy. However, the prestin levels in these treated mice
remained significantly lower than those in wild-type mice (Fig-
ure 4C). We assessed the hearing function of the treated mice.
ABR waveforms at 16 kHz showed that rescue mediated by
high-dose AAV-ie-E1 + E2-Sic26a5 partially restored hearing
function, whereas low-dose AAV-ie-E1 + E2-Sic26a5 did not
yield significant improvements (Figure 4E). Waveform analysis
at 90 dB sound press level (SPL) demonstrated that none of
the treatments restored wave 1 amplitudes and latencies (Fig-
ure 4F). Further ABR and DPOAE analysis showed that neither
dose significantly restored hearing function (Figure 4G). Analysis
of hearing function in individual treated mice showed that only 3
out of 12 high-dose-treated mice showed partial improvement in
ABR responses, and two out of 12 high-dose-treated mice
showed some recovery in DPOAE responses (Figure 4H). These
findings highlighted the advantages of Sic26a5-E1 + E2 for tar-
geted gene delivery but showed that low activity still limited
the use of Slc26a5-E1 + E2 as a therapeutic tool.

Conserved elements within SIc26a5-E1 + E2 enhancer
segments can drive gene expression

To overcome the low level of expression from the Sic26a5-E1 +
E2 enhancer, we attempted to modify the original enhancers us-
ing ARBITER to achieve a higher expression level while preser-
ving OHC specificity. We first asked whether there exist essential
sequences within the enhancer. To address this, we divided the
E1 and E2 enhancers into small modules based on their length
and conservation. E1 was split into three parts, namely E1P1
to E1P3, with E1P3 (93 bp) as the most conserved element (Fig-
ure S6A). E2 was split into four parts and designated as E2P1-
E2P4, with E2P2 (132 bp) and E2P3 (128 bp), respectively, being
the most conserved elements (Figure S6B). We first evaluated
the efficiencies of each individual module on transducing
OHCs and found that none of them resulted in OHC-specific re-
porter expression (Figures S6C and S6D). Because our initial
reconstruction results showed that combining Sic26a5-E1 and
E2 synergized the transduction efficiency, we designed a series
of synthetic enhancers by combining full-length E1 or E2 with
modules derived from the other element (A series, A1 to A7)
(Table S2) to test which modules were necessary for gene
expression. AAV reporters carrying different synthetic enhancers
were delivered at a dose of 1e10 gc per mouse, with the full-
length E1 + E2 as a control. Subsequent evaluations showed

(G and H) ABR (G) and DPOAE (H) thresholds across frequencies of indicated mice at indicated time. n number in each group was labeled in the legend. ABR,
auditory brainstem response; DPOAE, distortion product otoacoustic emission. Data were shown as mean + SEM, *p < 0.05, *p < 0.01, ***p < 0.001; NS, no
significance. Group differences were analyzed by unpaired two-tailed t test. For (G) and (H), differences between wild-type and heterozygous Sic26a5-E1 + E2
knockout mice were labeled in blue, differences between wild-type and homozygous Sic26a5-E1 + E2 knockout mice were labeled in red.

See also Figure S4.
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Figure 4. SIc26a5-E1 + E2-enhancer-mediated gene therapy in Slc26a5"~ mice

(A) Representative cochlear immunostaining of prestin and Myo7a in the apical regions of mice from indicated group. AAV vectors were administered to the
cochleae of Sic26a5~'~ mice at P3, and samples were collected at P30.

(B and C) Statistics of prestin* OHC populations (B) and relative prestin intensities of OHCs (C) in the apical, middle, and basal regions. Prestin intensities were
normalized to apical OHCs of WT mice. n number in each group was labeled in the column.

(D) Representative prestin staining in vestibular HCs after gene therapy using Sic26a5-E1 + E2 enhancer at indicated doses.

(E) Representative ABR waveforms at 16 kHz across all sound pressure levels; the bold line indicated the ABR thresholds.

(F) Statistics of peak amplitudes and latencies of ABR wave 1 evoked at 16 kHz by 90 dB SPL of mice from indicated group. n numbers in each group were labeled
in the column, 2 out of 4 Sic26a5 "/~ mice, 5 out of 12 E1 + E2-Slc26a5 (1610 gc) rescued mice, and 6 out of 12 E1 + E2-Slc26a5 (5e10 gc) rescued mice could be
determined for their latencies.

(G) Comparisons of ABR and DPOAE thresholds across frequencies between mice from indicated group, n numbers in each group were labeled in the legend.

(legend continued on next page)
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that, among the three synthetic sequences that were generated
by combining E1 modules and full-length E2, A3 (E1P3 + E2)
induced robust OHC transduction (Figures 5A and 5B). Mean-
while, A5 (E2P2 + E1) and A6 (E2P3 + E1), which were derived
from the combination of most conserved modules in E2 with
full-length E1, induced significant OHC transduction (Figures
5A and 5B). Further analyses revealed that transduction effi-
ciencies correlated well in a linear manner with sequence con-
servation of split elements, both for modules derived from
Slc26a5-E1 (Figure 5C) and from E2 (Figure 5D). Similarly, a
good correlation was observed between reporter expression in-
tensities and fragment conservation (Figures 5E and 5F). These
findings indicated that the most highly conserved modules for
Slc26a5 were correlated with high expression.

Engineering of an efficient OHC-specific enhancer by
reassembling key multipartite modules

We hypothesized that the key modules were sufficient for tran-
scriptional regulation of SIc26a5. To test this idea, we designed
a series of reporters by combining less-conserved fragments or
more-conserved elements together to generate the B series
(Table S2). In vivo evaluations showed that synthetic enhancers
derived from more-conserved modules or the key modules, B5
(E1P3 + E2P2) and B6 (E1P3 + E2P3), transduced OHCs specif-
ically (Figures S7A and S7B). Conversely, combinations of less-
conserved elements, such as B1 (E1P1 + E2P1), B2 (E1P1 +
E2P4), B3 (E1P2 + E2P1), and B4 (E1P2 + E2P4), did not induce
OHC-specific reporter expression (Figures S7A and S7B). More
importantly, B7 (E1P3 + E2P2 + E2P3), which was generated by
combining one key module from E1 and two key modules from
E2, sequentially, induced more efficient transduction than B5
and B6, which were derived from E1P3 and a single key element
from E2 (Figures S7A and S7B). These results supported the
notion that the smaller, key conserved modules are essential
and sufficient to synergistically drive gene expression in
mouse OHCs.

In accordance with this pattern, we further designed two syn-
thetic enhancers by duplicating and combining the key modules
and generated B8 and B9 (Table S2). B8 (E1P3 x 2 + E2P2 x 2 +
E2P3 x 2) was created by sequentially combining double E1P3
with double E2P2 and double E2P3, and B9 ((E1P3 + E2P2 +
E2P3) x 2) was generated by duplicating B7, regardless of the
orientation of the original Slc26a5-E1 + E2 (Figure 6A). In vivo
evaluations demonstrated that B8, which emulated the orienta-
tion of the original E1 + E2 enhancer, exhibited significantly
improved gene expression in OHCs compared with E1 + E2 or
B7 (Figures 6B and 6C). Notably, B8 demonstrated significantly
improved efficiency, achieving almost 100% transduction of
OHCs in the apical, middle, and basal regions (Figure 6C). More-
over, the levels of B8-mediated gene expression were also
significantly enhanced (Figure 6C). Further imaging analyses of
cochlear cross-sections (Figure 6D) and vestibular tissues (Fig-
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ure 6E) confirmed that B8 was a highly specific enhancer target-
ing OHCs. Besides, B8 did not induce off-target infection of the
brain (Figure 6F), the heart, or the liver (Figure 6G). We evaluated
the safety of B8 for gene delivery. Similar to the original Sic26a5-
E1 + E2 enhancer, AAV-ie-B8-nls-mNeonGreen did not alter the
morphology of stereocilia in HCs (Figure 6H). Auditory function
testing demonstrated that the B8 enhancer was safe for OHC-
specific gene delivery (Figures 61-6L). Thus, we successfully en-
gineered a highly efficient, safe, and specific enhancer for OHC-
targeting gene delivery.

Enhancer B8 successfully restores the hearing
sensitivity of SIc26a5 knockout mice

We then administrated two doses of AAV-ie-B8-Sic26a5 (1e10
gc and 5e10 gc per mouse) to the cochleae of Sic26a5~/~
mice via RWI at P3. Imaging experiments at P30 showed efficient
expression of prestin in OHCs of mice treated with both doses
(Figures 7A and 7B). Notably, the prestin intensities of treated
Slc26a5~'~ mice using the high-dose B8-Sic26a5 reached com-
parable levels to those observed in wild-type mice, particularly in
the apical region (Figure 7C). Moreover, the delivery of Slc26a5
using the B8 enhancer did not result in mislocalization of prestin
in IHCs (Figure 7A) or vestibular cells (Figure 7D). ABR wave-
forms at 16 kHz demonstrated that high-dose B8-S/c26a5 treat-
ment efficiently restored the ABR threshold of Sic26a5~'~ mice
to levels comparable with those of wild-type mice, whereas
low-dose treatment partially improved hearing function (Fig-
ure 7E). Importantly, the wave 1 amplitudes and latencies
evoked at 16 kHz by 90 dB of Slc26a5~'~ mice were completely
restored to similar levels as those of wild-type mice following
high-dose B8-Sic26a5 treatment (Figure 7F). Besides, ABR
waveforms at other frequencies of high-dose B8-Sic26a5-
treated mice were also intact (data not shown). When consid-
ering ABR and DPOAE responses of all treated mice in each
group, we found that administration of AAV-ie-B8-Sic26a5 at a
dose of 5e10 gc per mouse efficiently restored the hearing func-
tion of Slc25a5~'~ mice to levels comparable with those of wild-
type mice (Figure 7G). Individual ABR analysis revealed signifi-
cant improvement in ABR response for four out of eight mice
treated with the low dose and eight out of 11 mice treated with
the high-dose B8-SIc26a5 (Figure 7H). DPOAE analysis showed
that two out of eight mice treated with the low dose and six out of
11 mice treated with the high dose exhibited a recovery in
DPOAE response (Figure 7H). Consistent with hearing function
results, SEM imaging showed that rescue using the high-dose
B8-Sic26a5 fully restored the morphology of OHC stereocilia
(Figure 71). In contrast to our previous attempts to rescue the
hearing function of Sic25a5~'~ mice using the CAG promoter
or the SIc26a5-E1 + E2 enhancer, which proved to be less effec-
tive, the synthetic B8 enhancer demonstrated superior efficacy
for gene therapy. These findings underscored the significant ad-
vantages of employing highly efficient and specific enhancers

(H) Individual ABR and DPOAE thresholds across frequencies of gene-therapy-rescued mice using Slc26a5-E1 + E2 enhancer at indicated doses. The bold line
indicated the thresholds of mice with significant functional restoration after gene therapy. The denominator indicated the number in each group and the numerator
indicated the number of mice with significant functional restoration. Data were shown as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001; NS, no significance.
Group differences were analyzed by unpaired two-tailed t test. Scale bar, 50 um.

See also Figure S5.
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Figure 5. Dissecting the key elements within Sic26a5-E1 + E2 enhancer

(A) Representative fluorescence images of infected OHCs in the apical region by the indicated synthetic enhancers. AAV reporters were delivered to the cochlea
of P2 mice at a dose of 1e10 gc per mouse, and samples were collected at P16 for analysis. Scale bar, 50 pm.

(B) Transduction efficiencies and relative gene expression intensities of indicated elements on targeting OHCs. Intensities were normalized to that of Slc26a5-
E1 + E2-driven gene expression in apical OHCs. Average transduction efficiencies or relative intensities from three independent experiments in each group were

presented.

(C and D) Correlation between transduction efficiencies and conservations of multipartite enhancers derived from E1 (C) and E2 (D); conservations were defined
as the average sequence identities of indicated elements from different species (mouse, rat, tree shrew, human, rhesus, marmoset, dog, pig, and rabbit).
(E and F) Correlation between relative intensities and conservations of multipartite enhancers derived from E1 (E) and E2 (F).

See also Figure S6.

inspired by key regulatory modules for targeted gene therapy
approaches.

OHC-specific gene delivery using B8 in adult

mouse model

Newborn human inner ears are fully developed, whereas the
mouse cochlea undergoes structural and functional changes
from the neonatal to adult stages.®®® To evaluate the feasibility
of B8 enhancer for potential clinical applications, we investigated
the ability of B8 to transduce OHCs in adult mice. We adopted an
AAV2 vector, which showed high efficiency in transducing
mature HCs.°* AAV reporters were administered into the
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cochleae at P30, and functional and imaging testing were per-
formed after 10 days (Figure 8A). Fluorescence imaging demon-
strated that, compared with the CAG promoter that transduced
both OHCs and IHCs, B8 induced specific gene expression in
OHCs (Figures 8B and 8C). Moreover, B8 did not lead to off-
target transduction in vestibular cells (Figure 8D). ABR testing
showed comparable ABR thresholds at 16 kHz between control
mice and AAV2-B8-nls-mNeonGreen-injected mice (Figure 8E),
but an elevated threshold for AAV2-CAG-nls-mNeonGreen-in-
jected mice (Figure 8E), which might be due to toxicity caused
by the CAG-mediated strong expression of nls-mNeonGreen in
IHCs. Additionally, CAG rather than B8-mediated delivery led
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Figure 6. Engineering of efficient and OHC-specific enhancers

(A) Schematic illustration of strategies to reconstruct the multipartite enhancers.

(B) Representative fluorescence images of infected OHCs in the apical region by the indicated enhancers; the full-length Sic26a5-E1 + E2 enhancer was used as
control. AAV reporters were administered at a dose of 1e10 gc per mouse, and samples were collected at P16 for analysis. Scale bar, 50 um.

(C) Transduction efficiencies and relative gene expression intensities of indicated elements on targeting OHCs. Intensities were normalized to that of Slc26a5-E1 + E2-
driven gene expression in apical OHCs. Average transduction efficiencies or relative intensities from three independent experiments in each group were presented.
(D) Representative cross-section image of AAV-ie-B8-nls-mNeonGreen-infected cochleae. HCs, hair cells; OHCs, outer HCs; IHCs, inner HCs; IDCs, interdental
cells; SGNs, spiral ganglion neurons; SV, stria vascularis; SL, spiral ligament. Scale bar, 50 pm.

(E) Transduction of vestibular cells by AAV-ie-B8-nls-mNeonGreen. Scale bar, 50 um.

(F) Representative image of AAV-ie-B8-nls-mNeonGreen-infected brain. COR, cortex; HPC, hippocampus; OB, olfactory bulb; TU, tuber cinereum; CER, cer-
ebellum. Scale bar, 50 um.

G) Representative image of AAV-ie-B8-nls-mNeonGreen-infected heart and liver. Scale bar, 50 pm.

H) Representative SEM images of HCs of cochleae whole mount prepared from control and AAV-ie-B8-nls-mNeonGreen-delivered mice. Scale bar, 2.5 um.
1) Representative ABR waveforms at 16 kHz across all sound pressure levels, the bold line indicated the ABR thresholds.

(J) Plot of ABR waveforms evoked at 16 kHz by 90 dB SPL from control and AAV-ie-B8-nls-mNeonGreen-delivered mice.

(K) Statistics of peak amplitudes and latencies of ABR wave 1 evoked at 16 kHz by 90 dB SPL from control and AAV-ie-B8-nls-mNeonGreen-delivered mice.n=3
in each group.

(L) Comparisons of ABR and DPOAE thresholds across frequencies between control and AAV-ie-B8-nls-mNeonGreen-delivered mice. n = 3 in each group. Data
were shown as mean + SEM; NS, no significance. Group differences were analyzed by unpaired two-tailed t test.

See also Figure S7.
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Figure 7. B8 enhancer-mediated gene therapy in Slc26a5”~ mice

(A) Representative cochlear immunostaining of prestin and Myo7a in the apical regions of mice from indicated group. AAV-ie-B8-S/c26a5 was administered to the
cochleae of Sic26a5~'~ mice at P3, and samples were collected at P30. Scale bar, 50 pm.

(B and C) Statistics of prestin* OHC populations (B) and relative prestin intensities of OHCs (C) in the apical, middle, and basal regions. Prestin intensities were
normalized to apical OHCs of WT mice. n number in each group was labeled in the column.

(D) Representative prestin staining in vestibular HCs after gene therapy using B8 enhancer at different doses. Scale bar, 50 pm.

(E) Representative ABR waveforms at 16 kHz across all sound pressure levels; the bold line indicated the ABR thresholds.

(F) Statistics of peak amplitudes and latencies of ABR wave 1 evoked at 16 kHz by 90 dB SPL of mice from indicated group. n numbers in each group were labeled
in or above the column; 2 out of 4 Slc26a5 '~ mice, and 6 out of 8 B8-Sic26a5 (1e10 gc) rescued mice could be determined for their latencies.

(G) Comparisons of ABR and DPOAE thresholds across frequencies between mice from indicated group; n numbers in each group were labeled in the legend.
Differences between rescued mice (blue for B8-Sic26a5 [1e10 gc] group and red for B8-Sic26a5 [2e10 gc] group) and Slc26a5 '~ mice were labeled above the
thresholds as asterisks. Differences between rescued mice and Sic26a5*+ mice were labeled below the thresholds as hash.

(legend continued on next page)
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to reduced wave 1 amplitudes and elongated latencies (Fig-
ure 8F). Finally, ABR across different frequencies showed similar
thresholds between control mice and mice injected with AAV2-
B8-nls-mNeonGreen (Figure 8G). These results indicated that
B8 was safe and efficient for OHC-specific gene delivery in adult
mice.

DISCUSSION

Congenital hearing loss occurs in approximately 1-3 out of 1,000
newborn babies worldwide, with up to 60% of all cases being
associated with hereditary factors.”™® Currently, clinical treat-
ments for hereditary hearing loss primarily involve the use of
cochlear implants, which restore auditory function by directly
stimulating neurons.®® Unfortunately, this approach still has lim-
itations in the perception of natural sound and hearing sensitivity,
especially in noisy environment.®®> AAV-mediated gene therapy
has emerged as a promising strategy for treating hereditary hear-
ing loss, showing great potential in clinical trials.”® However,
significant concerns remain regarding the safety and specificity
of AAV vectors. To date, more than 100 non-syndromic hearing
loss genes have been identified, many of which are specifically
expressed in certain cell types within the cochlea. The intricate
nature of the cochlea further complicates the challenge of pre-
cisely targeting gene delivery. Although several AAV vectors
that efficiently transduce cochlear cells, such as Anc80L65,°°
AAV2.7m8,%" AAV9-PHP.B,°® and AAV-ie*? and its mutant
AAV-ie-K558R,°* have been developed in recent years, the
underwhelming specificity of these vectors suggests potential
side effects and safety risks.

Gene delivery using tissue- or cell-specific promoters/
enhancers would minimize off-target expression of trans-
genes.®® This strategy has found widespread application in
clinical settings to treat genetic disorders across different
tissues, such as the eye,”® muscle,”" and liver.®® Given the
sophisticated nature of the cochlea and the complexity of
hearing loss genes, developing cochlear-cell-specific gene
delivery approaches is urgently needed. Herein, we introduce
the ARBITER workflow to decipher enhancers of hearing loss
genes. Although the packaging size of AAV vectors limits the
reconstruction of enhancers in a way that mimics their natural
chromosomal environments—for instance, overlooking the
spatial distance between individual elements, which could
be important for gene regulation’®"*—ARBITER represents a
fast and reliable method for dissecting the transcriptional en-
hancers in an in vivo situation. With ARBITER, we successfully
identified enhancers of Sic26a5. Two CNEs in the Sic26a5
gene locus, Sic26a5-E1 and E2, which are critical for regu-
lating gene expression, were identified. We also dissected
the enhancers of Myo7a, indicating that ARBITER can be
used generally for other genes associated with hearing loss.

¢ CellP’ress

The establishment of ARBITER significantly advances our abil-
ity to identify cell-specific enhancers in the cochlea, thereby
accelerating the development of targeted gene therapy for he-
reditary hearing loss.

ARBITER has also shown significant suitability for optimizing
and engineering enhancers. In the case of Slc26a5, we illustrated
that although the Sic26a5-E1 + E2 enhancer could drive targeted
gene expression in OHCs, the overall efficiency of gene delivery
was lower than desired. This was evidenced by its failure to effi-
ciently restore hearing function in Slc26a5 knockout mice. To
address this limitation, we engineered B8, a synthetic enhancer
with significantly improved efficiency, by dissecting and recon-
structing key modules. B8-mediated delivery of Sic26a5 suc-
cessfully restored the hearing sensitivity of Slc26a5 knockout
mice. These results further underscore the utility of ARBITER in
engineering enhancers with specific purposes and highlight the
advantages of using cell-specific enhancers to treat hereditary
hearing loss.

Our study also deepens our understanding of the fundamental
principles governing enhancer-mediated gene expression.
Although enhancers have been described for decades,”*”® the
basic principles of how individual elements within an enhancer
cluster cooperate to mediate gene expression are not yet fully
understood.”®”” During our dissection of enhancers using
ARBITER, we found that the collaborative interactions of
enhancer modules are necessary to ensure the robust expres-
sion of target genes. For instance, the combined enhancer
Slc26a5-E1 + E2 (SI-3) showed significantly improved transduc-
tion efficiency compared with individual elements alone. This
observation was further confirmed in vivo by phenotype charac-
terization of Slc26a5-E1 knockout and S/c26a5-E1 + E2 double
knockout mice. The Sic26a5-E1 knockout resulted in progres-
sive reduction in prestin expression during maturation, whereas
the Sic26a5-E1 + E2 double knockout completely abolished the
expression of prestin. Alongside previous findings showing that
deletion of intron 2, which covered the sequence of Sic26a5-
E2, led to delayed gene expression during OHC maturation,®®
these results revealed that the collaboration of two enhancer el-
ements was essential to ensure the robust expression of target
genes. Another interesting observation was that the enhancer
Slc26a5-E1 did not activate target gene expression by itself
but facilitated the gene expression level induced by Slc26a5-
E2. These results revealed that this element might act as a tran-
scriptional facilitator in gene regulation. Facilitators are a novel
type of feature, identified during the analysis of the a-globin
enhancer cluster, which lack classic enhancer activity but signif-
icantly improve the activity of classic enhancers.”® Although
some elements in the a-globin enhancer cluster exhibit charac-
teristics of facilitators, controversy remains over whether facilita-
tors are a common feature in enhancer clusters. The lack of the
ability to extensively decode the features of each element in an

(H) Individual ABR and DPOAE thresholds across frequencies of gene-therapy-rescued mice from indicated groups. The bold line indicated the thresholds of mice
with significant functional restoration after gene therapy. The denominator indicated the number in each group and the numerator indicated the number of mice

with significant functional restoration.

(1) Representative SEM images of OHCs from Sic26a5**, Slc26a5 /", and B8-Slc26a5 (510 gc) rescued mice. The white asterisks indicated the missing OHCs;

the white arrows indicated the fused stereocilia bundles in Slc26a5~/~

mice. Scale bar, 2.5 pm. Data were shown as mean + SEM. Group differences were

analyzed by unpaired two-tailed t test. *o < 0.05, **p < 0.01, ***p < 0.001, *p < 0.05, *p < 0.01, **p < 0.001; NS, no significance.
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Figure 8. Safe and specific transduction of OHCs using B8 enhancer in adult mice

(A) Schematic illustration of experiment in adult mice. AAV2 reporters were delivered at P30 at a dose of 5e9 gc per mouse; functional tests and imaging ex-
periments were performed at P40.

(B) Representative fluorescence images of infected cochlear cells in the apical, middle, and basal regions by CAG promoter and B8 enhancer.

(C) Quantification of the transduction efficiencies of CAG promoter and B8 enhancer on OHCs (left) and IHCs (right). n number in each group was labeled in the
column.

(D) Representative fluorescence images of infected utricle cells by CAG promoter and B8 enhancer.

(E) Representative ABR waveforms at 16 kHz across all sound pressure levels; the bold line indicated the ABR thresholds.

(F) Statistics of peak amplitudes and latencies of ABR wave 1 evoked at 16 kHz by 90 dB SPL of mice from indicated group. n number in each group was labeled in
the column.

(G) Comparisons of ABR thresholds across frequencies. n number in each group was labeled in the legend. Scale bar, 50 um. Data were shown as mean + SEM.
*p < 0.05, *p < 0.01, “*p < 0.001; NS, no significance. Group differences were analyzed by unpaired two-tailed t test.

enhancer cluster highly limited the identification and analysis of = RESOURCE AVAILABILITY
facilitators. Here, ARBITER provided an efficient screening work-
flow for identifying facilitators, and our results indicated that fa- : )

- L L Further information and requests for resources and reagents should be
cilitators may be a general principle to ensure robust activation directed to and will be fulfilled by the lead contact, Guisheng Zhong
of target genes. (zhongsh@shanghaitech.edu.cn).
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Materials availability
Plasmids, mouse lines, and reagents generated in this study are available from
the lead contact upon request.

Data and code availability

Data supporting the findings in this study are available within the paper and the
supplemental information files, as well as upon reasonable request from the
lead contact. This study did not generate original code.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-myosin 7A antibody
Goat polyclonal anti-Sox2 antibody
Goat polyclonal anti-Prestin antibody

Proteus Biosciences
R&D Systems
Santa Cruz Biotechnology

Cat# 25-6790; RRID: AB_10015251
Cat# AF2018; RRID:AB_355110
Cat# sc-22692; RRID:AB_2302038

Bacterial and virus strains

AAV reporter vectors carrying different This paper, see Table S2 N/A

synthetic enhancers

AAV-ie-CAG-Sic26a5 This paper N/A
AAV-ie-Sic26a5-E1+E2-Slc26a5 This paper N/A
AAV-ie-B8-Slc26a5 This paper N/A
AAV2-CAG-nls-mNeonGreen This paper N/A
AAV2-B8-nls-mNeonGreen This paper N/A

Biological samples

Mouse cochlear sample This paper N/A

Mouse vestibular sample This paper N/A

Mouse brain This paper N/A

Tree shew cochlear sample This paper N/A

Tree shew vestibular sample This paper N/A
Chemicals, peptides, and recombinant proteins

DMEM cell culture medium Epizyme Cat# CBO001
Fetal bovine serum (FBS) Excell Cat# FSP500
Penicillin/streptomycin solution EpiZyme Cat# CB010
0.05% Trypsin Coolaber Cat# SL6013
PEG8000 Yeasen Cat# 60304ES76
NaCl ABCONE Cat# S39168
Pluronic F68 ThermoFisher Cat# 24040032
MgCl, HUSHI Cat# 10012818
DNase | Thermo Fisher Cat# EN0521
RNase A Tiangen Cat# RT405
lodixanol solution Sigma-Aldrich Cat# D1556
Zoletil®50 Virbac N/A
Dermafuse™ issue adhesive Millpledge N/A
Paraformaldehyde (PFA) Sbjbio Cat# BL-G002
EDTA ABCONE Cat# E27918
DAPI Beyotime Cat# C1002
Osmium tetroxide Ted Pella, Inc Cat#18465
Tannic acid Sigma-Aldrich Cat#Vv900190
Conductive silver SPI Supplies Cat#1250115
Mounting media Vectorlabs Cat# H1200-10
Critical commercial assays

Phanta MaxSuper-Fidelity DNA Polymerase Vazyme Cat# P505

Fastdigest Xbal

Fastdigest Kpnl

One-Step PCR Cloning Kit

ChamQ Universal SYBR gPCR Master Mix

Thermo Fisher
Thermo Fisher
Novoprotein
Vazyme

Cat# FD0684
Cat# FD0524
Cat# NR005-01B
Cat# Q711

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

HEK-293T ATCC Cat# CRL-3216

Experimental models: Organisms/strains

C57BL/6 wildtype mice Lingchang Biotech Co., Ltd N/A
Slc26a5 knockout mice a kindly gift from Prof. Zhiyong Liu lab®" N/A
Slc26a5-E1 knockout mice This paper N/A
Slc26a5-E1+E2 double knockout mice This paper N/A
Tree shrew model This paper N/A
Oligonucleotides

Primers for genotyping This paper, see Table S1 N/A
Guide RNA-1 for Slc26a5-E1 deletion: This paper N/A
CTGGACTATGGAGAGTGCCG

Guide RNA-2 for Slc26a5-E1 deletion: This paper N/A
GCTTTGCTCGTTGCTATCAT

Guide RNA-3 for Sic26a5-E2 deletion: This paper N/A
AGCAGCCCCACGCTCACCAA

Guide RNA-4 for Slc26a5-E2 deletion: This paper N/A
GCTTTGCTCGTTGCTATCAT

qPCR primer WPRE-F: This paper N/A
AGTGTAGATAGTAGACTGTC

qPCR primer WPRE-R: This paper N/A
GGCGATGAGTTCCGCCGTGGC

Recombinant DNA

PAAV plasmids carrying synthetic This paper, custom design and N/A
enhancers in this paper in-house cloning, see also Table S2
pPAAV-CAG-SIc26a5 This paper N/A
pAAV-Sic26a5-E1+E2-Slc26a5 This paper N/A
pAAV-B8-Sic26a5 This paper N/A
pAAV-CAG-nls-mNeonGreen In-house cloning*? N/A
pHelper In-house cloning*? N/A
pRep2-CaplE In-house cloning*? N/A
pRep2-Cap2 In-house cloning*? N/A

Software and algorithms

FIJI software

BioSigRP software
GraphPad Prism 8.0

ImageJ

Tucker-Davis Technology
Graphpad software

imagej.github.io/imagej-wiki-
static/Install_Fiji_on_Windows
N/A
https://www.graphpad.com/
scientific-software/prism/

Fastp Chen et al.”® https://github.com/OpenGene/fastp
Bowtie2 Langmead and Salzberg® https://github.com/BenLangmead/bowtie2
SAMtools Li et al.®! https://github.com/samtools/samtools
Other

Ultra-15 centrifugal filter units

Tucker-Davis Technology System llI
Field-emission scanning electron microscope
Critical point dryer

Vaccum Coater

Microtome

Confocal microscope

Spinning disc microscope

Amicon Ultra

Tucker-Davies Technologies
Zeiss

Leica

Leica

Leica

Nikon

Nikon

Cat# UFC910024
N/A

GeminiSEM 460
EM CPD300

EM ACE200
CM1950

A1R

SORA
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models

Mouse and tree shrew models were used in this study, and the animal experiments were performed in accordance with standard
ethical guidelines and approved by the IACUC of ShanghaiTech University (mouse study) and Kunming Institute of Zoology, Chinese
Academy of Sciences (tree shrew study), China. Efforts were made to minimize the number of animals used and their suffering. The
number of days since birth was counted from post-natal day 0 (P0). Mice were housed under a 12 h light/dark cycle at a room tem-
perature with food and water available ad libitum. Wild-type C57BL/6 mice, Sic26a5-E1 knockout (Sic26a5-E17"E2*/*), Slc26a5-
E1+E2 double knockout (Sic26a5-E17°E277), and Slc26a57 mouse strains were used in this study. Wild-type C57BL/6 mice were
purchased from Shanghai Lingchang Biotech Co., Ltd. (Shanghai, China).

The Slc26a5-E1 knockout and Slc26a5-E1+E2 double knockout mouse strain were generated at Gempharmatech Co., Ltd. (Nanj-
ing, China). The SIc26a5-E1 sequence within intron 1 of the Sic26a5 gene was deleted by using the CRISPR-Cas9 system. Due to the
convenience of sgRNA design, a sequence of 578 bps has been excised. sgRNAs targeting the upstream and downstream of
Slc26a5-E1 (sgRNA1: CTGGACTATGGAGAGTGCCG; sgRNA2: GCTTTGCTCGTTGCTATCAT) were designed and injected into
one-cell stage zygotes together with the CRISPR-Cas9 protein, followed by implantation into pseudopregnant female mice. Obtained
FO mice were genotyped by tail PCR, and Sanger sequencing were performed to confirm the deletion of Sic26a5-E1. Positive pups in
the FO progeny were crossed with the wild-type mice in a C57BL/6 background. To generate Slc26a5-E1+E2 double knockout mice,
Slc26a5-E1 knockout mouse strain was used as the background. sgRNAs targeting the upstream and downstream of Slc26a5-E2
(sgRNA3: AGCAGCCCCACGCTCACCAA; sgRNA4: AGTGTAGATAGTAGACTGTC) were designed and co-injected with the
CRISPR-Cas9 protein into one-cell stage zygotes of Sic26a5-E1 knockout mice, followed by implantation into pseudopregnant fe-
male mice. Obtained FO mice were genotyped by tail PCR, and Sanger sequencing were performed to confirm the deletion of
Slc26a5-E1 and E2. Positive pups in the FO progeny were further crossed with the wild-type mice in a C57BL/6 background. For
routine genotype analysis of F1 or later mouse progeny, genotyping was performed using PCR primers detailed in Table S1.

The SIc26a5” mouse strain was generously provided by Prof. Zhiyong Liu as a gift and was generated using CRISPR/Cas9-medi-
ated base editing strategy.® For routine genotype analysis of F1 or later mouse progeny, PCR was performed on mouse tail DNA. The
PCR amplicon underwent Sanger sequencing, and the sequencing analysis were used to assess whether the codons had mutated
into stop codons. The PCR primers were listed in Table S1.

Afemale tree shrew aging 4-month old was chosen from the breeding colonies® of the Experimental Animal Center of the Kunming
Institute of Zoology, Chinese Academy of Sciences. Animals were individually housed in a fully acclimatized facility with access to
food twice daily and water ad libitum under a 12 h inverted day/night cycle (lights on at 7:00 am and lights off at 7:00 pm). All tree
shrews had normal weight and behavior during the experiments.

Cell lines
HEK293T cells were maintained using DMEM medium supplemented with 10% fetal bovine serum (FBS), and penicillin/streptomycin.

METHOD DETAILS

Enhancer design and construction

The sequences of Atoh7 enhancers were selected based on previous published ATAC-seq data (GSE181311). Data analysis was per-
formed as previously described.* Briefly, the reads were trimmed with fastp’® with default parameters, and aligned to GRCm39/mm39
genome assembly with Bowtie2.2° Mapped reads were further sorted using SAMtools.?" Elements within 2—200 kb upstream or down-
stream of Atoh1 TSS were considered as potential regulatory elements. The CNEs within the gene loci of Sic26a5 and Myo7a were
analyzed utilizing the Phylop score track in UCSC Genome Browser (https://genome.ucsc.edu/).*”*® Sequences with Phylop scores
surpassing 1.0 were defined as conserved sequences. The region from 50 kb upstream of TSS to 50 kb downstream of the last
exon was considered as the gene locus. Conserved noncoding sequences longer than 100 bp within this region were selected as candi-
date CNEs for further validation.

The selected sequences were amplified via PCR from the mouse or human genome using Phanta MaxSuper-Fidelity DNA Poly-
merase, and subsequently cloned into an pAAV reporter plasmid, with a synthetic minimal promoter (MinP: TAGAGGGTATATAA
TGGAAGCTCGACTTCCAG) fused downstream to initiate the basal gene expression. The pAAV reporter plasmids were generated
based on a pAAV-CAG-NLS-mNeonGreen plasmid, which encapsulates the CAG promoter, nuclear localization sequence (NLS), the
fluorescent protein mNeonGreen, the WPRE element, as well as the SV40 polyA sequence.*” The pAAV-CAG-NLS-mNeonGreen
plasmid was cleaved using restriction endonuclease Xbal and Kpnl for linearization, and the candidate elements were incorporated
into this vector through homologous recombination, employing the One-Step PCR Cloning Kit.

Evolutionary conservation analysis and sequence segmentation

The conservation of the elements was analyzed using Align function in Uniprot (https://www.uniprot.org/align). Sequences derived
from mouse (Mus musculus), rat (Rattus norvegicus), tree shrew (Tupaia belangeri), human (Homo sapiens), rhesus (Macaca mulatta),
marmoset (Callithrix jacchus), dog (Canis lupus familiaris), pig (Sus scrofa), and rabbit (Oryctolagus cuniculus) were downloaded from
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GenBank and aligned, and the sequence identities across species were used to represent the conservation. For the sequence seg-
mentation assay, Slc26a5-E1 was divided into three parts based on the length and conservation, and Slc26a5-E2 was separated into
four parts accordingly. Each part was further analyzed for their conservation using alignment. When calculating the correlations be-
tween the transduction efficiency or intensity and sequence conservation of the segments, the average sequence identity of each
segment between mouse and other eight selected species was used to represent the conservation accordingly.

AAV package and purification
All AAVs were generated by the traditional co-transfection of three plasmids in HEK293T cells. When HEK293T cells reached 80-90%
confluence, a 150 mm diameter cell culture dish was subjected to co-transfection using the calcium phosphate transfection method
with an AAV transgene plasmid, a rep-cap fused plasmid, and a helper plasmid. The culture medium was replenished 8 hours after
transfection with medium containing 1% FBS. After a 48 h post-transfection period, the cultured supernatant was harvested, and the
medium was substituted with DMEM supplemented with 1% FBS. Both the culture medium and cells were harvested 96 h post-trans-
fection. Supernatant and cells were subjected to chloroform treatment at 37 °C for 1 hour to induce cell lysis and eliminate unwanted
proteins. After high-speed centrifugation at 36,000 xg at 4 °C, the combined medium and supernatant were precipitated and
concentrated overnight at 4°C using 10% PEG8000 and 1M NaCl. After centrifugation at 60,000 x g for 20 minutes, the precipitates
were suspended in the digestion buffer containing PBS buffer, 0.001% Pluronic F68, 2.5 mM MgCl,, 1U/uL DNase | and 0.1pg/pL
RNase A. The precipitates were subjected to digestion to eliminate other DNA and RNA, conducted at 37 °C overnight. The crude
AAV stocks were further purified over iodixanol step gradients (15%, 25%, 40%, 60%). Following ultracentrifugation in a 70Ti rotor
for 2 hours and 25 minutes at 200,000 xg at 18 °C, and the 40% fraction containing AAVs was collected. lodixanol was removed and
replaced with PBS buffer containing 0.001% pluronic F68, followed by the concentration of AAVs using Ultra-15 centrifugal fil-
ter units.

The quantification of purified AAVs was performed using SYBR gPCR analysis with the gPCR primers targeting the WPRE region.

AAV administration
The surgical site was aseptically prepared by wiping with 75% ethanol. Surgery was exclusively conducted on the right ear of each
animal, with the left ear serving as a negative control.

For neonatal mouse injections, we followed a surgical procedure outlined in the literature known as round window membrane
(RWM) injection.**® Briefly, the neonatal mice were anesthetized by exposure to low temperatures for 2-3 min on ice. The RWM
was punctured using a glass electrode, and the injected volume was maintained at approximately 1 uL per ear. Following the injec-
tion, the skin incision was closed using veterinary tissue adhesive (Millpledge). After the surgery, pups were rewarmed on a 37 °C
heating pad for 10-15 min and then returned to the parental cage.

For injections in adult mice and tree shrews, we conducted posterior semicircular canal (PSCC) injections. After the animals were
anesthetized with Zoletil®50 (60 mg/kg, 0.2% Xylazine), the depilated hair was wiped away with a cotton swab, exposing the skin of
the surgical area. A 37 °C heating pad was placed under the microscope to maintain the animal’s body temperature during the sur-
gery. The skin was gently incised with surgical scissors below the ear canal, creating a wound approximately 0.5-1 cm in length. Sub-
cutaneous fat was gently dissected with surgical forceps to expose the muscle. After exposing PSCC, surrounding muscles were
cleared to ensure an adequate surgical area. A straight hook was used to drill a small hole on the PSCC. After lymphatic fluid
drainage, any remaining lymphatic fluid was absorbed with a cotton swab. AAVs were injected into the PSCC through a glass elec-
trode. After injection, the glass electrode was gently withdrawn, adhered to the opening of the PSCC using veterinary tissue adhesive,
sealing the wound to prevent lymphatic fluid and virus leakage. The wound was gently sealed using veterinary tissue adhesive. After
the surgery, animals were placed on a 37 °C heating pad, allowed to recover, and then returned to the cage for continued care.

Immunofluorescence labeling
Animals were anesthetized and transcardially perfused with 0.1 M PBS buffer (pH 7.4) at room temperature and then with freshly pre-
pared, ice-cold 4% paraformaldehyde (PFA) in PBS. The temporal bones were harvested and post-fixed in 4% PFA in PBS (pH 7.2)
for 2 h at room temperature. Following treatment with 0.5 mM EDTA (pH 8.0) for 0.5-6 h, the cochleae and vestibular tissues were
dissected for immunostaining. For cross-section of the cochlea, cochleae were excised and fixed in 4% PFA for 2 h, followed by
decalcification in 0.5 M EDTA at room temperature for 2 h. Specimens were cryo-protected in 30% sucrose in PBS and then
embedded in optimal cutting temperature (OCT) compound, frozen, and sectioned (14 um). For cross section of the brain, the heart,
and the liver, tissues were post-fixed in 4% PFA overnight and then treated with a sucrose gradient (10-30% in PBS). After freezing at
-80 °C, the tissues were cross-sectioned at 10-20 um thickness.

Samples were permeabilized and blocked in the blocking buffer (10% donkey serum in 0.3% Triton X-100 in PBS) for 1 h at room
temperature, and then subsequently stained with antibodies against myosin 7A, Sox2 together with corresponding secondary anti-
bodies. Samples were mounted with anti-fluorescence quenching agent Vectorshield with DAPI mounting media.

Confocal imaging

Mounted samples were imaged with Nikon inverted confocal microscope or Nikon spinning disc microscope. Z stacks with optical
sections of 1.0 um intervals were collected using a 20x objective lens and NIS-Elements Viewer. The transduction efficiency and
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protein expression levels were analyzed using ImagedJ FIJI software. Transduction efficiency was defined as percentage of reporter
positive cell populations.

Reporter intensity normalization

For reliable quantification and comparison of AAV reporter expression levels, particularly those of the A and B series reporters, the
Slc26a5-E1+E2 reporter was used as a control to normalize the relative intensities. In each experiment batch, same doses (1e10 gc
per mouse) of AAV reporters, including the control reporter, were injected into the cochleae of neonatal mice on the same day. Tis-
sues to be compared were collected on the same day to maintain consistency across samples. Further, images were taken using
consistent parameters on the confocal microscope to ensure accuracy and comparability.

Scanning electron microscopy

After anesthetizing mice with Zoletil®50 (60 mg/kg, 0.2% Xylazine), a sequential perfusion was performed using physiological saline,
followed by 4% PFA. Temporal bones were dissected post-mortem and fixed overnight at 4 °C in 2.5% glutaraldehyde. Subse-
quently, specimens underwent three washes with 0.01 M PBS. Decalcification of the temporal bones occurred at room temperature
for 2-4 hours using 0.5 M EDTA (pH 8.0), and the organ of Corti was dissected into apical, middle, and basal regions. Samples were
post-fixed for 2 hours at 4 °C with 1% osmium tetroxide, followed by immersion in 2% tannic acid for 30 minutes, repeated twice.
Subsequently, specimens were dehydrated through a graded ethanol series: 30%, 50%, 70%, 90%, and 100%. After drying with a
critical point dryer, samples were placed on monocrystalline silicon wafers with conductive silver, further coated with an 8 nm layer of
gold using a vaccum coater, and observed using a low-voltage, high-resolution field-emission scanning electron microscope.

Auditory brainstem response test

Auditory brainstem response (ABR) signals were recorded using the Tucker-Davis Technology System Il within a soundproof cham-
ber maintained at a constant temperature of 28°C. For ABR testing, mice were anesthetized with Zoletil®50 (60 mg/kg, 0.2% xyla-
zine), adjusting dosages based on individual weights to ensure proper anesthesia. The testing sessions were conducted at various
time points as detailed in the main text. During ABR testing, subdermal electrodes were inserted separately into the test ear, brain-
stem, and hindlimb regions of the mice to detect hearing thresholds at 6 frequencies: 5.6 kHz, 8 kHz, 11.3 kHz, 16 kHz, 22.6 kHz, and
32 kHz. The sound intensity for each frequency ranged from 90 dB, decreasing in 5-10 dB steps to 20 dB, with the threshold defined
as the lowest sound pressure level at which the ABR waveform completely disappeared. For each frequency, 512 responses were
averaged, with alternating stimulus polarities. The acquired ABR response signals underwent signal processing, including amplifica-
tion by a factor of 10,000, filtering within the range of 0.1-3 kHz, and presentation using a computer-based data acquisition system.

Distortion product otoacoustic emission test

Distortion product otoacoustic emission (DPOAE) testing is an auditory assessment method designed to evaluate the distortion prod-
uct otoacoustic emissions originating from the cochlea. In this experimental setup, two interrelated acoustic signals (f1 and f2) are
simultaneously introduced into the ear with a fixed frequency ratio. The ER10B+ probe microphone and BioSigRP software were em-
ployed for DPOAE measurements in this study. The frequency ratio of the primary tones (f1 and f2) was set at 1.2, with f2 frequencies
of 5.6 kHz, 8 kHz, 11.3 kHz, 16 kHz, 22.6 kHz, and 32 kHz. The sound levels of f1 and f2 were adjusted from 80 dB SPL to 20 dB SPL in
decrements of -5 dB SPL. DPOAE signals were recorded using a custom coupler placed in the external ear canal. Averaging 100
sweeps at each frequency, the DPOAE threshold was defined as the lowest sound pressure level capable of consistently eliciting
a response exceeding the noise floor by 6 dB SPL. This comprehensive approach ensured accurate and reliable measurements
of DPOAE across a range of frequencies, contributing valuable insights into cochlear function in the experimental subjects.

Gene therapy study

We adopt a Slc26a5 dysfunction mouse model in this study. The full-length coding sequence of prestin (Slc26a5 isoform1;
NM_030727.5) was amplified from murine cochlear cDNA and cloned into pAAV vectors with different promoter or enhancers. After
AAV package and purification as described, AAVs were administrated though round window injection (RWI) at P3. ABR and DPOAE
assessments were performed at P30 to evaluate hearing function in the context of gene therapy. Scanning electron microscopy
(SEM) was employed to examine the morphology and quantity of cochlear stereocilia. Immunofluorescence staining and confocal
imaging were utilized to measure the expression of prestin, as well as the quantification of hair cells and ribbon synapses.

QUANTIFICATION AND STATISTICAL ANALYSIS
The data are presented as the mean + SEM. Statistical analyses were conducted using Microsoft Excel and GraphPad Prism 8.0
software. Two-tailed, unpaired Student’s t-tests were employed for all analyses. Error bars and n values are defined in the corre-

sponding figures and legends. Statistical significance is denoted in the figures as follows: NS, not significant; *P < 0.05;
“P < 0.01; **P < 0.001, * P < 0.05; * P < 0.01; ** P < 0.001.
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Figure S1. Establishment and validation of the ARBITER workflow-related to Figure 1.

(A) Representative fluorescence images of AAV-ie-CAG-nls-mNeonGreen infected HCs and SCs in
the apical, middle, and basal regions. AAV-ie-CAG-nls-mNeonGreen was administered at the dose of
1e10 gc per mouse at P2, and samples were collected at P16 for analysis.

(B) Statistics of transduction efficiency of AAV-ie-CAG-nls-mNeonGreen in OHCs, IHCs, and SCs in
different regions. n number in each group was labelled in the column.

(C) Transduction of vestibular cells by AAV-ie-CAG-nls-mNeonGreen.



(D) Statistics of transduction efficiency of AAV-ie-CAG-nls-mNeonGreen in vestibular HCs and SCs.
n number in each group was labelled in the column.

(E) Representative image of AAV-ie-CAG-nls-mNeonGreen infected brain. COR, cortex. HPC,
hippocampus. OB, olfactory bulb. TU, tuber cinereum. CER, cerebellum.

(F) Representative image of AAV-ie-CAG-nls-mNeonGreen infected heart and liver.

(G) Schematic illustration of the locations of Atohl enhancers.

(H) Representative fluorescence images of infected cells in the apical region by the indicated synthetic
enhancers. AAV reporters were delivered at P1 at the dose of 2e10 gc per mouse and collected samples
at P7.

(I) Representative fluorescence images of infected vestibular cells by the indicated synthetic enhancers.
(J) Transduction efficiencies of indicated elements on targeting cochlear and vestibular cells. Average
transduction efficiencies from three independent experiments in each group were presented as a

heatmap and labelled in the matrix. Scale bar, 50 um.



5qB3 o BEEE TEsoIEEE EE B 5qF | 1 | 5qG2

20 kb} | mm3g
Chr: 22015000 22020000 22025000] 22030000 22.035000] 22.040000] 22045000 22050000 22055000 22,060,000 22,065000] 22.070.000| 22.075.000| 22080.000| 22,085.000| 22,090,000
GENCODE  Slc26a5 Mpccefdrefedessescesefdecesed freecersceced fef { Reln Ml
VM35 sicases Wb peded et 4+ e Ren fes
Rerseq  mm—H-H— F——H— H | -
RefSeq
mRNAs NM_198999 oo RN RALAN ) Dady H NM_011261 Mk
AB346384| AB349756 | A5350304| DQ718177 | U24703 -:
AB346385| DO558708 | AB350884| D63520 WMTTT
. AB346386 BC118041 fleses
S AB346387| AKD17094 e+
@ AB3462388|
& AB346389|
E AB346390|
= aB34s301 |
< ABs392| ATTOTTaTr M
% AB346393| : i
g el = H-— st !
é BC108985 ii - i i 4 4 !
BC108987 ‘ & ’
g% ] L . ) ) ) WO D e i I :
g2 AY024369 st : - : : 44 | | h H
82 . .
c 4.28~- 1 [l
=E-) AR NPT ER Y T Y L b L ; ! Y i i
58|a1- | CNE2 CNE1 |
59 i
S Ratl -l
Gmeaplg—lll |_|_l| ---------- =T | -------- —ll—— i E] i
Squrre [N § WAAE = :
0
£ Rabbit =i _..l ; 1 B E
2 Pia -  Tooki (M. LARSANEL, & -JRNSNNNNRANSNRNTHANL , .. 18400FSNNNNRSRARNNRNARS.JRERANARSM! e
& Human I3 DI il M
Eﬂg&hhesus 1l i i
n 1
jpar‘.gﬁﬁe -l e w1l : mi W
= il - BRIl [ IR LB Wl
Sheep R R R TH (1 T I et | i I
Opossum I - L + | m
................... “
:._—1.—_'_'_'______.____.__.__.____.__.__.____.__________.__._-.____.____._____.__._._____.__._._____:.:
i 5kb} | mm3g 1
i Chrs: 22,062,000 22,085,000 22,068,000 22,071,000 i
i !
! GENCODE s !
! VM35 . 1 !
i Exon 2 Exon 1 |
! RefSeq » 1 !
i i
| Mouse mRNAs L] 1 i
1 from GeneBank 1 H
I h I
st i :
' % < 428- i b He '
i Eﬁ ARANEARY . '._n... oo g MEESECH PRI H
P g B Al il |
1 O o 1
| 8 rat 0 LTI
' Guinea pig - '
!, Squrel : -
" E Rabbit T e 3 T |
| E Pika [ [ i
1§ Human ! T ! -
I X Rhesus — R I
P g Ghinese s e (M-
P2 Bog W = TR 1 FE |
i Sheep {114 i i 1 H— 11—
' Opossum ]
i i
I I
i 1

Figure S2. Definition and criteria for CNE selection within the S/c26a5 locus -related to Figure
2.

(A) An illustration depicting the definition and selection process for CNEs. CNEs were analyzed and
selected using the UCSC genome browser (http://genome.ucsc.edu), which provides a visual display
of various dataset tracks, such as localization, GENCODE, reference sequences, mRNAs from
Genebank, Phylop score, and Multiz Alignments, etc. The Phylop scores, measuring evolutionary
conservation across multiple species (highlighted in red square) were employed to select the CNEs of
genes of interest. Additionally, the Multiz Alignments track presents a concise view of sequences from
different species. In this study, we defined the CNEs as those longer than 100 bp with a Phylop score

surpassing 1.0. In the case of Slc26a5, the genome browser displayed two non-coding sequences with



high Phylop scores (as seen in the zoom-in view) within the gene locus. We selected these two
sequences as the candidate elements, designated as Sic26a5-E1 and Sic26a5-E2.
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Figure S3. Identification of transcriptional enhancers of Myo7a-related to Figure 2.

(A) Schematic illustration of the localization of selected elements attributed to the Myo7a gene. Three
CNEs, namely Myo7a-E1 to E3 were selected.

(B) Representative fluorescence images of infected cochlear cells in the apical region by the enhancers
derived from Myo7a. Reporters were administered at P2 at the dose of 1e10 gc per mouse and samples
were collected at P16.

(C) Representative fluorescence images of infected vestibular cells by the indicated synthetic
enhancers derived from Myo7a.

(D) Quantification of the transduction efficiencies of the Myo7a-derived enhancers in cochlear and

vestibular cells. Scale bar, 50 pm.



Prestin (P6)
Slc26a5-E1* E2*"* Slc26a5-E1*-E2*"* Slc26a5-E1"E2*"*

Prestin (P16)
Slc26a5-E1'* E2** Slc26a5-E1*"E2*"* Slc26a5-E1"E2*"*

[Base |viddie] Apex

Prestin (P30) D P6 P16
SIc26a5-E1°* E2°* SIc26a5-E1" E2"* Slc26a5-E1+E2°* NS _
NS NS
2004 Ns @ NS : NS 200 NS
2 NgE ' NS |
c NS ' &2 ~1oTpg ¢ NS0 (NS v\
E =, ' H £ | NS— | _NS_
RO SR ARE FRO M 1 NS
& > o o M, ' T > ° ' - —
o ‘3 1004 ] : o 3 100 ! (i &
> C .
82 oAl ABE i B8 ol st e lal 3! 1 s
8 504y 3 ! | 3E 50 317 :3‘
o \ , ‘ : )
Apex Middle Base 9 Apex Middle Base
P30
009 ns i O Slc26a5-E1** E2*"
£ _450d (NS | | © Slc26a5-E1E2"
2 NS o} NS | 0O Sic26a5E1+E2
T 2400 =l
22 ABifE =
R L R TY O Slc26a5-E17 E2'
0 8|4 f& ni © Slc26a5-E1*"E2""
Apex Middle Base I Slc26a5-E1"E2'*
F ABR (P16) 1 ABR (P30) 1 ABR (P90)
NS
= 80 - .
5 ;
D 60 - b/
5
S 40— .
73
o
£ 20 . - -
-6-n=4 -o-n=6 & n=6 -e-n=5 —o-n=5 & n=6
0 T T T T T T T T T T T T T T T T T T
PP PP PP P PP’
Frequency (kHz) Frequency (kHz) Frequency (kHz)
DPOAE (P16) T DPOAE (P30) & DPOAE (P90)

@®
o
1

[
o

N
o
1

Threshold (dB SPL) @)

-o- n=4 -o-n=5 -5 n=4 -6-n=4 - n=6 = n=6 -0-n=5 -¢-n=5 = n=6
T T T T T T T T T T T T T T T

n
o

T T T
LR S0 PP S PP
Frequency (kHz) Frequency (kHz) Frequency (kHz)

Figure S4. Phenotype characterization of S/c26a5-E1 knockout mice-related to Figure 3.

(A-C) Representative cochlear immunostaining of prestin in the apical, middle, and basal regions of
wild-type, heterozygous S/c26a5-E1 knockout, and homozygous S/c26a5-E1 knockout mice at P6 (A),
P16 (B), and P30 (C). Scale bar, 50 um.

(D) Relative prestin intensities in the apical, middle, and basal regions of indicated mice at P6, P16,
and P30. Intensities were normalized to the apical prestin intensities of wild-type mice at indicated
time. » number in each group was labelled in the column.

(E) Representative SEM images of OHCs in the apical, middle, and basal regions from indicated mice
at P30. Scale bar, 2.5 pm.

(F and G) ABR (F) and DPOAE (G) thresholds across frequencies of indicated mice at indicated time.
n number in each group was labelled in the legend. ABR, auditory brainstem response. DPOAE,
distortion product otoacoustic emission. Data were shown as mean £ sem, * p <0.05, ** p <0.01, ***
p <0.001, NS, no significance. Group differences were analyzed by unpaired two-tailed t test. For F



and G, differences between wild-type and heterozygous Slc26a5-E1 knockout mice were labelled in
green, differences between wild-type and homozygous Slc26a5-E1 knockout mice were labelled in

orange.
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Figure SS. Evaluation of CAG promoter based gene therapy in Slc26a5 knockout mice and safety
evaluation of Slc26a5-E1+E2 enhancer-related to Figure 4.

(A) Representative cochlear immunostaining of prestin and Myo7a in the apical regions of mice from
indicated group. AAV vectors were administered to the cochleae of Slc26a5" mice at P3, and samples
were collected at P30. Scale bar, 50 pm.

(B and C) Statistics of prestin® OHC populations (B) and relative prestin intensities of OHCs (C) in

the apical, middle, and basal regions. Prestin intensities were normalized to apical OHCs of WT mice.



n number in each group was labelled in the column.

(D) Representative prestin staining in vestibular HCs after gene therapy using CAG promoter. Scale
bar, 50 pm.

(E) Comparisons of ABR and DPOAE thresholds across frequencies between mice from indicated
group, n numbers in each group were labelled in the legend.

(F) Individual ABR and DPOAE thresholds across frequencies of gene therapy rescued mice from
indicated groups. The bold line indicated the thresholds of mice with significant functional restoration
after gene therapy. The denominator indicated the number in each group and the numerator indicated
the number of mice with significant functional restoration.

(G) Representative SEM images of HCs of cochleae whole mount prepared from control and AAV-ie-
E1+E2-nls-mNeonGreen delivered mice. scale bar, 2.5 um.

(H) Representative ABR waveforms at 16 kHz across all sound pressure levels, the bold line indicated
the ABR thresholds.

(D) Plot of ABR waveforms evoked at 16 kHz by 90 dB SPL from control and AAV-ie-E1+E2-nls-
mNeonGreen delivered mice.

(J) Statistics of peak amplitudes and latencies of ABR wave 1 evoked at 16 kHz by 90 dB SPL from
control and AAV-ie-E1+E2-nls-mNeonGreen delivered mice. n = 4 in each group.

(K) Comparisons of ABR and DPOAE thresholds across frequencies between control and AAV-ie-
E1+E2-nls-mNeonGreen delivered mice. n =4 in each group. Data were shown as mean + sem. * p <
0.05, ** p <0.01, *** p <0.001, NS, no significance. Group differences were analyzed by unpaired
two-tailed t test.
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Figure S6. In vivo transductlon evaluation of spllt elements derived from Slc26a5-E1 and E2
enhancers-related to Figure 5.

(A and B) Sequence alignment identity of split E1 (A) and E2 (B) elements across species. The
abbreviations are same to those in Figure 2. E1 was split into three parts to generate E1P1, E1P2, and
E1P3, respectively based on the conservation. E2 was split into four parts to generate E2P1, E2P2,
E2P3, and E2P4 respectively. Identity across species was labelled in the matrix.

(C) Representative fluorescence images of infected OHCs in the apical region by the indicated split
modules, the full-length E1+E2 enhancer was used as control. Reporters were delivered at P2 at the
dose of 1e10 gc per mouse and samples were collected at P16 for analysis. Scale bar, 50 um.

(D) Statistics of transduction efficiencies of indicated modules on targeting OHCs. Average

transduction efficiencies from three independent experiments in each group were presented.
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Figure S7. Key module combinations are sufficient to induce OHC-specific gene expression-
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related to Figure 6.

(A) Representative fluorescence images of infected OHCs in the apical region by the indicated
enhancers, with the full-length E1+E2 enhancer as a control. Reporters were delivered at P2 at the dose
of 1e10 gc per mouse and samples were collected at P16 for analysis. Scale bar, 50 um.

(B) Statistics of transduction efficiencies and intensities of indicated modules on targeting OHCs.
Average transduction efficiencies and intensities from three independent experiments in each group

were presented.



Table S1. Primers used for genotyping, related to STAR Methods

Primer Sequences (5" to 3") Function Product
- for wild t
Slc26a5-E1 CCACAATGAATTGCAGCCCTG Slc26a5-E1 339 bp for wild type
KO-F1 . mice and no amplicon
SIc26a5-E1 knockoutmice | o gcopas-E1"
TGGATTGAGCC GATCCTTTTG enotypin .
KO-R1 JEnoypIng mice
Slc26a5-E1
Kg F‘; GGCTTGTGATACCGCTAGAACTAGA Slc26a5-E1 1291 bp for wildtype
SIc26a5-E1 knockout mice mice and 651 bp for
KO-R2 GTATTTGGGACGTATGAG CAGGTG genotyping Slc26a5-E17 mice
Slc26a5-E2 TGGCTCTCAACCACGTATGGAGAT Slc26as-E1+E2 | 20+ PP for wildtype
KO-F1 mice and no amplicon
double knockout e
Slc26a5-E2 CGTCGAGGCGAGAGATCATCTT mice genotyping | 0! > c20a0-E1TE2
KO-R1 SEOPI | mice
Slc26a5-E2 GTGTGTAACAGTAGGACAGTACAGGACC | Slc26as-E1+E2 | —ors PP for wild type
KO-F2 mice and 581 bp for
double knockout e
Slc26a5-E2 AGTTGTCTTTAATGGTGGCTGGA mice genotyping | - c20%> ELTE2
KO-R2 SO | mice
Slc26a5 .
SIc26a5 KO-F1 | CCACCACGTTTAGTAGCATC Amplicon (402 bp)
knockout mice )
) for sanger sequencing
SIc26a5 KO-R1 | ACTGTGATGAACATGAGCCA genotyping
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