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Abstract Tprn encodes the taperin protein, which is concentrated in the tapered region of hair cell stereocilia in
the inner ear. In humans, 7PRN mutations cause autosomal recessive nonsyndromic deafness (DFNB79) by an
unknown mechanism. To determine the role of Tprn in hearing, we generated 7prn-null mice by clustered
regularly interspaced short palindromic repeat/Cas9 genome-editing technology from a CBA/CaJ background.
We observed significant hearing loss and progressive degeneration of stereocilia in the outer hair cells of 7prr-null
mice starting from postnatal day 30. Transmission electron microscopy images of stereociliary bundles in the
mutant mice showed some stereociliary rootlets with curved shafts. The central cores of the stereociliary rootlets
possessed hollow structures with surrounding loose peripheral dense rings. Radixin, a protein expressed at
stereocilia tapering, was abnormally dispersed along the stereocilia shafts in 7prn-null mice. The expression levels
of radixin and B-actin significantly decreased. We propose that Tprn is critical to the retention of the integrity of the
stereociliary rootlet. Loss of Tprn in Tprn-null mice caused the disruption of the stereociliary rootlet, which
resulted in damage to stereociliary bundles and hearing impairments. The generated 7Tprr-null mice are ideal
models of human hereditary deafness DFNB79.

Keywords TPRN; stereocilia; stereociliary rootlet; actin filament; CRISPR/Cas9; hearing

Introduction mechanotransducers in the hearing process. In hair cells
in the inner ear, stereocilia are filled cores that consist of
hundreds of actin filaments and actin-related proteins. The

actin filaments and actin-related proteins are tightly packed

In the mammalian auditory system, an important compo-
nent of the cochlea in the inner ear is the organ of Corti,

which contains a single row of inner hair cells (IHCs) and
three rows of outer hair cells (OHCs) [1]. Located on the
apical surface of cochlear hair cells is a bundle of
stereocilia that display a V-shaped staircase pattern and a
uniform orientation. Stereociliary bundles are critical
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in the basal tapered regions of the stereocilia and form
electron-dense structures known as stereociliary rootlets
(Fig. 1A). In mice, these stereociliary rootlets develop in
the early postnatal stages. Stereociliary rootlets span
roughly the entire tapered region and anchor the stereocilia
in the actin-rich meshwork of the cuticular plate. The
stereociliary rootlets form a durable and rigid structure to
maintain the hair bundle architecture. Stereociliary bundles
can pivot around the stereociliary rootlets on the surface of
cochlear hair cells [2—4], and the tapered regions of
stereocilia are critical hair cell structures for stereociliary
deflection [5,6]. In addition to actin-based cytoskeletal
structures, the actin-binding proteins in the hair cell
stereocilia are necessary to maintain the steady structures
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Fig. 1 CRISPR/Cas9-mediated generation of Tprn-null mice. (A) Diagram of stereociliary bundles in cochlear hair cells. The core of the stereocilia
is composed of actin filaments. A tapered structure is located in the basal region of the stereocilia near the insertion site on the apical surface of the hair
cell. (B) Schematic of the strategy. The target site (blue arrowhead) is located in exon 1 after the initiation codon ATG (green arrow). Red represents
the protospacer adjacent motif (PAM) sequence. (C) DNA sequencing of the PCR products from WT and 7prn mutant mice at FO. The sequencing
chromatograms show two mutation types. The red boxed area represents the initiation codon ATG. Red arrows signify the start sites of the mutations in
mutants 1 and 2. (D) Sequences of the two mutation types (43- and 1-bp deletions). Both mutations can cause a frameshift in the 7prn gene.
(E) Mouse genotyping by PCR analysis of 7prn-null mice (43-bp deletion). Lanes: heterozygous (+/-), WT (+/4), and homozygous mice (—/—). The
PCR products of the WT allele was 443 bp long, the PCR products of the heterozygous Tprn null alleles were 400 and 443 bp long, and the PCR

product of the homozygous 7prn null allele was 400 bp long.

of the stereociliary bundles. Previous studies reported that
stereocilia often deteriorate because of mutations in
proteins localized to the tapered region of stereociliary
bundles; these proteins include taperin, myosin VI, radixin,
protein tyrosine phosphatase receptor Q, and chloride
intracellular channel 5 (CLIC5) [7-12].

TPRN encodes the taperin protein, which is expressed in
many tissues, including cochlea. In mouse cochlea, TPRN
is localized predominantly in the tapered regions of
stereocilia in hair cells [13]. 7prn includes four exons
that encode a protein of 711 amino acids [14]. In humans,
mutations in 7PRN are associated with human deafness
DFNB79 in several families, such as consanguineous
Pakistani and Moroccan families [13,14]. All of the
deafness-associated TPRN mutations are located in exon

1. The exon 1 of TPRN is a hotspot for mutations because
of the presence of elements that contain high numbers of
GC-rich repeats [13]. The existence of deafness-associated
mutations in 7PRN in humans demonstrates that 7PRN
plays a critical function in hearing. TPRN forms a protein
complex with radixin, myosin VI, and CLICS to stabilize
membrane actin filament linkages [15]. Furthermore,
TPRN localization is perturbed in the absence of the
deafness gene Fam65b, which is critical to the main-
tenance of the structural organization of the basal domain
of stereocilia. This finding indicates that the functions of
Fam65b and Tprn are interdependent [16]. Thus, Tprn is
closely associated with deafness genes, such as Radixin,
Clic5, and Fam65b.

In a previous study, TPRN-deficient mice from a
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C57BL/6 background were generated through transcrip-
tion activator-like effector nuclease (TALEN) technique
[17]. The mice showed progressive hearing loss and had
degenerated hair cell stereocilia. The study failed to
address the following issues: (1) TPRN is an important
component of stereociliary rootlets in cochlear hair cells,
and its function in the stereociliary rootlets needs to be
examined; and (2) the mechanism by which TPRN
deficiency results in phenotypes remains to be elucidated.
Moreover, the C57BL/6 mouse strain as a mouse model is
unsuitable to hearing research. The C57BL/6 mouse strain
[wild type (WT)] suffers from age-related hearing loss
(ARHL) [18]. In the present study, we applied clustered
regularly interspaced short palindromic repeat (CRISPR)/
Cas9-mediated genome-editing technology to delete
TPRN from CBA/Cal mice, which are considered the
best strain for hearing-related research [18]. Therefore,
Tprn-null mice with the CBA/Cal background are ideal
models of nonsyndromic deafness DFNB79 for hearing
research. In addition to progressive stereocilium degenera-
tion, defects in stereociliary rootlets were evident in Tprn-
null mice. These defects could be due to the failure of the
interaction between radixin and TPRN. These findings
suggest that TPRN plays an essential role in normal
hearing by maintaining intact stereociliary rootlets in mice
and that the defected stereociliary rootlets cause hair cell
stereocilium degeneration and hearing loss.

Materials and methods

Ethics statement

Tprn-null mice were generated in the animal facility of the
School of Life Science at Shandong University. All animal
experimental procedures and management were performed
strictly in accordance with the guidelines of the Animal
Ethics of Shandong University.

Generation of 7prn knockout mice

Tprn-null mice were generated through the CRISPR/Cas9
genome-editing technology on the background of the
CBA/CaJ mouse line. CRISPR/Cas9 genome-editing
technology in mice was performed as previously described
in detail [19]. A pX330 plasmid (Plasmid ID: #42230) was
obtained from Addgene. The pX330 plasmid contained
humanized Cas9 (hCas9) under the chicken hybrid
promoter and multiple cloning sites into which oligos for
sgRNA could be inserted. A pair of sgRNA target
oligonucleotides (5'-GGGCCGCGAACCGTGATGCC-3")
were annealed and inserted into the multiple cloning sites
of the pX330 vector. sgRNA was under the human U6
promoter in the vector. The pX330 vector that contained
hCas9 and sgRNA was purified using a MEGAclear kit
(Ambion).

CBA/Cal female mice were superovulated and mated
with CBA/CalJ males. Fertilized eggs were isolated from
the oviducts of the female mice the next morning. The
purified circular pX330 vector was microinjected into the
pronucleus of fertilized eggs under an inverted microscope.
The injected fertilized eggs were incubated in KSOM-AA
medium (Millipore) for 10 min and transferred into the
oviducts of pseudopregnant CD1 female mice. The
mutated gene in the resulting mice was identified by
extracting genomic DNA from the tails of pups, and a
DNA fragment that surrounded the target site in the Tprn
exon 1 was amplified through polymerase chain reaction
(PCR). The PCR products were subjected to sequencing or
cloned using T/A cloning method and sequenced. PCR
was performed using the following primers: Tprn forward
primer 5'-ACCTCGTGCTTGTTCAG-3' and Tprn reverse
primer 5'-TGTCTTCAGCAGGGTGT-3".

Analysis of potential off-target mutations

The potential off-target site sequences of sgRNA were
predicted using CRISPR DESIGN (http://crispr.mit.edu/).
One potential off-target site for Tprn was found, and
primers for off-target analysis were designed as follows:
Cdc45 forward: 5-TTCGGGCGGAAGTAATC-3' and
Cdc45 reverse: 5'- ACTCCTTGCGGAAATCG-3'.

Genomic DNA fragments from pups were amplified by
PCR by using the primers listed above. The PCR products
were sequenced directly or cloned using T/A cloning
method and sequenced to identify the mutations of off-
target sites.

Genotyping

WT, heterozygous Tprn-null, and homozygous 7prn-null
mice were genotyped by PCR of genomic DNA extracted
from mouse tail snips. The mice were genotyped with the
same primers to identify the mutations described above.
The genotyping results were evaluated on the basis of the
PCR product size to delete large DNA fragments. For short
deletion mutations, the genotyping results were determined
by PCR product sequencing.

Auditory brainstem response (ABR)

The ABRs of WT, heterozygous Tprn-null, and homo-
zygous of Tprn-null mice aged 1 month to 6 months were
recorded. ABR tests were performed as described
previously [20]. In brief, the mice were anesthetized with
0.007 g/mL sodium pentobarbital and placed in a sound-
proof room. All ABR recordings were captured by three
subdermal needle electrodes. The positive electrodes were
placed at the midline vertex, the negative electrode over the
mastoid of the right ear, and the ground electrode on the
rear region above the tail. ABR tone pips at frequencies of
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4, 8, 16, and 32 kHz were generated using a Tucker—Davis
Technologies workstation that ran SigGen32 software. The
auditory thresholds of ABR at the broadband click and
pure tone were determined by decreasing the sound
intensity from 90 dB to 10 dB until the lowest response
waveform could no longer be identified.

Statistical comparison of the mean was performed by
Student’s t-test with Bonferroni correction. About n > 4
animals per genotype were used. Mean values are shown
as & standard error around the mean, and P < 0.05
indicates statistically significant difference.

Whole-mount immunostaining

Whole-mount immunostaining was performed as
described previously [21]. Cochleae from the WT and
Tprn-null mice were dissected, fixed in 4% paraformalde-
hyde (PFA) for 2 h at room temperature, and decalcified in
10% ethylene diamine tetraacetic acid (EDTA) overnight at
4 °C. In the morning of the following day, the cochleae
were dissected into three sections, namely, the apical,
middle, and basal turns of the basilar membrane. The
samples were washed with 10 mmol/LL PBS and stained
with primary antibody overnight at 4 °C. The samples were
then incubated in secondary antibodies for 1 h at room
temperature and washed in phosphate-buffered saline
(PBS). Finally, the samples were stained with rhodamine
phalloidin (Sigma) and nuclear stain 4,6-diamidino-2-
phenylindole (DAPI), followed by final washing in PBS.
The cochleae were visualized using an LSM 700 confocal
microscope.

The primary antibodies used in this study were anti-
TPRN polyclonal antibody (rabbit, Sigma), anti-myosin
Vlla polyclonal antibody (rabbit, Proteus-Bioscience),
anti-prestin polyclonal antibody (goat, Santa Cruz), and
anti-radixin polyclonal antibody (rabbit, Abcam).

FM1-43 uptake assay

FM1-43 uptake assay was performed as previously
described [22]. Briefly, cochleae were dissected from WT
and Tprn-null mice. The cochlear samples were treated
with 2 pmol/L FM1-43 dye (Invitrogen) in PBS for 20 s
and fixed with 4% PFA overnight at 4 °C. The next
morning, the samples were washed three times in 10 mmol/
L PBS. The cochleaec were observed under an LSM 780
confocal microscope.

Western blot analysis

The cochleae from the WT and 7prun-null mice were
rapidly dissected, incubated in cell lysis buffer (10 mmol/L
Tris, pH=7.4, 1% Triton X-100, 150 mmol/L NaCl, 1
mmol/L EDTA, and 0.2 mmol/L PMSF), and extracted
using a homogenizer. The protein samples (20 pg) were

subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and blotted onto a polyvinylidene difluor-
ide membrane. Western blot analysis was performed as
described previously. The primary antibodies used in this
study were anti-radixin polyclonal antibody (rabbit,
Abcam), anti-glyceraldehyde-3-phosphate dehydrogenase
monoclonal antibody (mouse, Millipore), and anti-B-actin
polyclonal antibody (rabbit, Bioworld).

Scanning electron microscopy (SEM)

Under sodium pentobarbital anesthesia, WT and Tprn-null
mice were transcardially perfused with 4% PFA. The
temporal bone cochleac were dissected and immersed in
2.5% glutaraldehyde overnight at 4 °C. The next morning,
the cochleaec were dissected, post-fixed in 1% osmium
tetroxide for 1 h, and washed in ddH,0. The samples were
dehydrated through a graded ethanol series, critically point
dried, mounted, and sputter coated with gold. The
stereociliary bundles of the cochleac were examined in a
Hitachi S-4800 field-emission scanning electron micro-
scope.

Transmission electron microscopy (TEM)

TEM analysis was performed as previously described [23].
Cochleae from WT and Tprn-null mice were dissected
rapidly and pierced with a pole at the apex. The cochleae
were fixed from the pierced pole at the apex, immersed in
2.5% glutaraldehyde overnight at 4 °C, and post-fixed with
1% osmium tetroxide. Images were acquired using a
JEOL-1200 electron microscope.

Statistical analysis

All Western blot data are presented as mean + standard
error around the mean, and significance was determined by
Student’s #-test by using ImageJ and GraphPad Prism 5.0
software. The significance level was set to P < 0.05 for all
statistical analyses. Quantitative analyses of the stereo-
cilium degeneration and diameter measurements of the
tapered region were performed. All data are presented as
mean =+ standard error around the mean, and significance
was determined by Student’s z-test through the GraphPad
Prism 5.0 software. The significance level was set to
P < 0.05 for all statistical analyses.

Results
CRISPR/Cas9-mediated generation of 7prn-null mice
We performed CRISPR/Cas9-mediated genome editing to

delete the Tprn gene from the background of the CBA/Cal
mouse strain. An sgRNA target in exon 1 of the Tprn gene
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was selected immediately after the initiation codon (ATG,
Fig. 1B). The pX330 vector containing hCas9 and sgRNA
was injected into zygotes by pronuclear microinjection to
generate Tprn-null mice. Eighteen days after transplanta-
tion, seven pups were born and designated as FO. Among
them, two FO mutant founders were identified. The PCR
products from these two FO mutant mice were cloned
through the T/A cloning method and sequenced. One
founder was found to include one frame shift mutation
(—1 bp). The second founder contained a 43-bp deletion in
one chromosome and a 15-bp deletion in the other
chromosome. The F1 Tprn heterozygous mutant mice,
which harbored the 1- or 43-bp deletion, were obtained by
breeding the FO mice with the WT CBA/CalJ mice
(Fig. 1C). The two mutants with 1- or 43-bp deletion
were selected as our research subjects because they caused
a frame shift in the 7prn gene (Fig. 1C). The FlI
heterozygous mice were inbred for one generation, and
homozygous strains were obtained for each of the
mutations in the Tprn gene. The two homozygous strains
of Tprn-null mice, one with a 1-bp deletion and another
with a 43-bp deletion, were examined by sequencing
(Fig. 1D) or PCR (Fig. 1E). The two homozygous strains
of Tprn-null mice exhibited the same phenotype in the
inner ear hair cells. Off-target effects are a hallmark of
CRISPR/Cas9 technology; therefore, we analyzed the
potential off-target site sequences of the sgRNA as
predicted using CRISPR DESIGN (http://crispr.mit.edu/).
We found no off-target mutations in this analysis of the
Tprn mutant mice.

The Tprn-null mice exhibited no obvious defect in gross
morphology. The mice were fertile and comparable in size
to the WT littermates (Fig. 2A). We dissected the temporal
bones of the inner ear and observed no obvious

B Phalloidin

abnormality in the cochlea of the 7prn-null mice (data
not shown). Whole mount immunostaining was performed
to examine TPRN expression in the WT and mutant mice.
A high level of TPRN expression was detected around the
base of the stereociliary bundle in the hair mice (Fig. 2B).
By contrast, no TPRN expression was detected in the
cochlear hair cells of the Tprn-null mice (Fig. 2B). These
results indicated that we successfully generated a Tprn-null
mouse model (Tprn~ mice).

Hearing loss in 7prn-null mice

We tested the auditory brainstem responses (ABRs) of
Tprn-deficient mice at 1, 2, 4, and 6 months of age to
assess their hearing sensitivity (Fig. 3). Measuring ABRs
to broadband click stimuli demonstrated that the 7prn-null
mice exhibited progressive hearing loss with a sound
pressure level (SPL) that increased from 34 dB at 1 month
of age to 60 dB at 6 months of age, whereas the control
mice showed normal hearing thresholds that ranged from
25 dB to 33 dB at all the ages assessed (Fig. 3A). ABR
recordings in response to pure tones at different frequen-
cies were also evaluated. In the 1 month-old WT mice, the
ABR thresholds varied with frequency from an SPL of 55
dB at 4 kHz (relatively low frequency for mice) to 57 dB at
32 kHz (relatively high frequency; Fig. 3B). The 2, 4, and 6
month-old WT mice retained normal hearing thresholds, as
assessed by the ABRs. The ABR thresholds of the 1
month-old 7prn-null mice were 5 dB to 15 dB higher than
those of the 1 month-old WT mice (Fig. 3B). In the 2
month-old 7prn-null mice, the hearing thresholds were 5
dB to 20 dB higher (Fig. 3C) than those of WT mice at the
same age. The ABR thresholds in the 4 month-old 7prn-
null mice were 10 dB to 25 dB higher than those in the 4

Fig. 2 Expression pattern of TPRN in cochlear hair cells of WT mice. (A) Gross morphology of P21 WT and 7prn-null mice. No obvious difference,
including that in the body size, was noted. Scale bar: 1 cm. (B) Confocal images of cochlear hair cells stained with anti-taperin antibody in P30 WT and
Tprn-null mice. TPRN was enriched at the basal tapered region of stereociliary bundles in cochlear hair cells (arrows) in the WT mice. Taperin
expression was not detected in the cochlear hair cells of 7prn-null mice. The inserts represent high-magnification views of the boxed areas. Red,

phalloidin; green, TPRN. Scale bar: 20 um.
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Fig. 3 ABR test in WT and 7prn-null mice at different ages. (A) ABR measurements for broadband click in the 1, 2, 4, and 6 month-old mice.
(B—E) ABR measurements for frequency-specific pure tone stimulation in the 1, 2, 4, and 6 month-old mice. (F) Hearing thresholds by ABR testing for
frequency-specific pure tone stimulation in 7prn-null mice at 1 and 6 months of age. The data indicated a progressive elevation of thresholds from 1
month to 6 months of age. * P < 0.05; ** P < 0.01; *** P < 0.001 compared with the WT thresholds at the corresponding frequency as determined

by Student’s #-test; n > 4.

month-old WT mice (Fig. 3D). By 6 months of age, the
Tprn-null mice showed 15 dB to 30 dB higher hearing
thresholds across almost all frequencies tested than those
of WT mice (Fig. 3E). Deletion of TPRN resulted in a
significant elevation in hearing threshold compared with
that of WT mice. From 1 month to 6 months of age, the
Tprn-null mice showed a gradual increase in hearing
thresholds (Fig. 3F), which indicated progressive hearing
loss in the mutant mice.

Progressive degeneration of stereocilia of inner ear hair
cells and occasional loss of hair cells in 7prn-null mice

We examined the morphology of stereociliary bundles and
the cuticular plate in the hair cells of the mice using
cochlear whole mounts stained with phalloidin. No
obvious defect was observed in the stereociliary bundles
and cuticular plate in the 7prn-null mice at the age of 1
month (Fig. 4A). We stained for DAPI and hair-cell-
specific markers, including myosin VIla and prestin, to
visualize hair cell nuclei, hair cell bodies, and hair cell
lateral membranes. The results showed that the morphol-
ogy of the cochlear hair cells of the Tprrn-null mice was
normal compared with that of WT mice (Fig. 4A). At the
age of 4 months of the mice, the cochlear whole-mount
staining images showed no other obvious defect except

that observed in the morphology of stereociliary bundles
(Fig. 4B and 4C). High-magnification images showed an
evident loss of stereocilia in the 7prn-null hair cells (Fig.
4C, arrowheads). Occasional OHC loss was also found in
the basal turn of the 4 month-old 7prn-null mice. The
Tprn-null mice suffered from evident loss of OHCs at the
age of 6 months (Fig. 4D).

The morphologies of the stereociliary bundles in
cochlear hair cells were examined through SEM. A
minor disorder in stereociliary bundles and no hair cell
loss were observed in the IHCs of the Tprn-null mice
(Fig. 5). High-resolution SEM images of OHCs showed a
minimal loss of stereocilia from the innermost stereocilia
row in the 1 month-old Tprrn-null mice (Fig. 5A, white
arrows). The rates of degeneration and loss of stereocilia in
the OHC:s of the 2 month-old mutant mice were higher than
those in the OHCs of the 1 month-old mice (Fig. 5B, white
arrows). In the 4 month-old Tprn-null mice, the stereo-
cilium degeneration and loss in the OHCs aggravated
(Fig. 5C, white arrows). The remaining stereociliary
bundles in the 7prn-null mice were quantitatively
analyzed, and the results demonstrated that 95% of the
bundles were retained at 1 month of age and 74% at 4
months of age. Accordingly, the progressive degeneration
and loss of stereocilia started to occur in the OHCs of the
Tprn-null mice at 1 month of age. Apart from the
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Immunostaining of whole-mount cochleae from WT and Tprn-null mice. (A) Confocal images of hair cells stained with the F-actin dye

phalloidin, the hair cell marker myosin VIla (red), the OHC lateral membrane marker prestin (green), and the cell-nucleus-specific dye DAPI (blue) in
1 month-old mice. No obvious defect was found in the hair cells of the 7prn-null mice. Scale bars: 20 pm. (B) Confocal images of hair cells stained
with phalloidin, myosin VIla (red), prestin (green), and DAPI (blue) in 4 month-old mice. The morphology of the hair cells appears normal. Scale bars:
20 pm. (C) High-magnification images of stereociliary bundles show evident gaps in the stereociliary bundle and indicate a loss of stereocilia in the 4
month-old 7prn-null mice (arrowheads). Scale bars: 20 um. (D) Confocal images of hair cells stained with myosin Vlla (green) in 6 month-old mice.
A severe hair cell loss was observed in the basal turn of cochlea in 7prn-null mice. Scale bars: 50 um.

degeneration of the shortest stereocilia of the OHCs,
occasional missing OHCs were detected in the basal turns
of the cochlea in the 4 month-old mice (Fig. 5).

Given the localization pattern of TPRN among the hair
cells, we closely observed the structural changes near the
stereocilia base. In the SEM images, thinner stereocilia
were found in the mutant mice than those in the WT mice,
especially in the tapered region (Fig. 6A, arrowheads). The
diameters of the tapered region in the stereociliary bundles
were measured in WT and 7prn-null mice. No significant
change in stereocilia diameter was observed in the Tprn-
null mice relative to that in the WT mice before postnatal
day 14 (Fig. 6A and 6A’). Significantly thin diameters of
stereocilia were found in the 7prn-null mice starting from
postnatal day 30 with respect to those of the WT mice (Fig.
6A and 6A’). High-magnification images of stereociliary
bundles in the red boxed areas show evident gaps in the
Tprn-null mice at P120 (Fig. 6A and 6A").

Abnormal stereociliary rootlets of cochlear hair cells in
the 7prn-null mice

The structure of stereociliary rootlets at the tapered region
of stereociliary bundles was examined by TEM. In the
vertical ultrathin sections of hair cells from the WT mice,
the stereociliary rootlets of all three rows appeared straight
among the stereociliary bundles of the tapered region (Fig.
7A, white arrowheads). However, some stereociliary
rootlets in the Tprn-null mice exhibited curved shafts
(Fig. 7A, black arrowheads) compared with those of the
WT mice.

In the horizontal sections of the hair cells, we observed a
densely packed central core of stereociliary rootlets (Fig.
7B, yellow arrowheads) surrounded by a peripheral-dense
ring in the WT mice (Fig. 7B, white arrowheads). A
uniform alignment of stereociliary rootlets with a dot-like
shape (Fig. 7C, yellow arrowheads) at the cuticular plate
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Fig. 5 SEM images of stereocilia in Tprn-null mice. (A) Images of hair cell bundles in the WT and 7prn-null mice at 1 month of age. (B) Images of
hair cell bundles in the WT and 7prn-null mice at 2 months of age. (C) Images of hair cell bundles in the WT and 7prn-null mice at 4 months of age.

Scale bars: 10 pm for HCs; 2 um for OHCs; 5 pm for IHCs.

was also noted in the arms of the V-shaped stereociliary
bundles (Fig. 7C, black arrows) in the WT mice. By
contrast, the stereociliary rootlets of the 7prn-null mice
were not aligned and showed a disorganized arrangement
(Fig. 7C, black arrows). These results were consistent with
the observation that mutant mice possessed curved
stereociliary rootlets in the vertical sections of stereocilia
(Fig. 7A, white arrowheads). An evident hollow structure
was persistently observed in the central cores of the
stereociliary rootlets of the 7prn-null mice (Fig. 7C, yellow
arrowheads) but not in the WT mice. The central core was
less compact and the peripheral-dense ring around the

stereociliary rootlet was looser (Fig. 7B, white arrowheads)
in the 7Tprn-null mice than in the WT mice.

Mechanotransduction defects of the stereocilia of
cochlear hair cells in 7prr-null mice

The stereocilia in cochlear hair cells are critical mechan-
otransducers during hearing onset. Tprn expression is
highly concentrated at the tapered region of stereociliary
bundles. In our study, given the severely disrupted
structure of stereociliary rootlets at the tapered region of
the stereociliary bundles, we performed an experiment to



698 Tprn is essential for the integrity of stereociliary rootlet in cochlear hair cells in mice

A B
0157 mm WT
O TPRN
—_ ET)
g 0.104 Aok wokok
E
E 0.051
0,001, ;
Q) x N N N
P & o

P120

Fig. 6 Defects in the tapered region of stereocilia and some elongated stereocilia in 7prn-null mice. (A) SEM images of stereocilia in mice at P12,
P14, P30, P60, and P120. The diameters of the tapered region in the stereocilia were thinner in the 7prn-null mice than in the WT mice, starting from 1
month of age. Red inserts represent a high-magnification view of the red boxed areas. Highly magnified images of stereociliary bundles show evident
gaps in the stereocilia of Tprn-null mice at P120. Scale bar: 5 um. (A") Statistical analysis of the diameters of the tapered region in the innermost row of
stereocilia. OHCs were selected in the same region at the midbasal turn of the cochlea, and the diameters of the tapered region in the stereocilia were
measured. Data are shown as the mean + standard error around the mean. Significance was calculated by Student’s -test. ¥*P < 0.05; ** P < 0.01;
**% P < 0.001; n > 10. (B) SEM images of stereocilia at the apical turn of the cochlear OHCs at the ages of 1, 2, and 4 months.

determine whether defects in mechanotransduction exist in
mutant hair cells. In particular, an assay for FM1-43 uptake
was performed in the hair cells of the WT and Tprn-null
mice (Fig. 8). FM1-43 is a fluorescent dye that can be
assimilated through the mechanotransduction channels of
hair cells. We observed high levels of FM1-43 uptake in
the WT hair cells, but very low levels of FM1-43 uptake in
the Tprn-null hair cells in mice at 4 months of age (Fig. 8).
These data indicated the presence of an evident defect in
the functioning of stereociliary bundles in the 7prn-null
mice.

Abnormal distribution of radixin and decreased
expression of radixin and B-actin in 7prn-null mice

The cytoskeletal core of stereociliary bundles is composed
of an actin filament core and actin-binding proteins, such
as radixin [24], villin [25], fimbrin [26], XIRP2 [27], and
FASCIN2 [28]. The actin filament core of stereocilia at the
basal tapered region is tightly packed into electron-dense

rod-like structures (stereociliary rootlets). TPRN has been
reported to be highly expressed in the tapered regions of
stereocilia, especially the core stereociliary rootlets, and
taperin interacts with radixin in the tapered domain of the
stereocilia [15]. Therefore, we focused on the actin-
binding protein radixin. Radixin expression was examined
by immunostaining with anti-radixin antibody. In the hair
cells of the WT mice, radixin was enriched at the
stereocilium base, with very low levels in the shaft of the
stereociliary bundles (Fig. 9A). However, in the 7Tprn-null
hair cells, radixin was expressed diffusely throughout the
stereocilia (Fig. 9B). We then examined the level of radixin
by Western blot. The results showed that the expression
level of radixin in the 7prn-null mice was significantly
lower than that in the WT mice (Fig. 9C). In addition, we
examined the expression level of P-actin, a critical
component of actin filaments, by Western blot. The -
actin amount was significantly decreased in the 7prn-null
mice with respect to that in the WT mice (Fig. 9D). These
results suggested that TPRN deficiency in the Tprn-null
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Fig. 7 Disrupted structure of stereociliary rootlets in 7prn-null mice. (A) TEM images of the vertical ultrathin sections of hair cells at the middle—
basal turns of the cochlea in the 2 month-old mice. In the WT mice, the stereociliary rootlets of the stereocilia were straight (white arrowheads) and
penetrating into the cuticular plate. By contrast, the stereociliary rootlets curved (black arrowheads) in the 7prn-null mice. Scale bars: 500 nm.
(B) TEM images of the horizontal sections of stereociliary bundles in the 2 month-old mice. In the WT hair cells, an electron-dense central core and a
peripheral-dense ring around the stereociliary rootlets were observed at the stereocilium base (white arrowheads). In the 7prn-null mice, a loose
peripheral ring was observed surrounding the core actin structure (white arrowheads) but not in the WT mice. Scale bars: 500 nm. (C) High-
magnification view of the red boxed areas in Fig.7B. In the WT hair cells, horizontal sections showed a uniformly aligned electron-dense central core
(yellow arrowheads and black arrows) on the apical surface of cochlear hair cells. In the 7prn-null mice, the core of stereociliary rootlets shows an
evident hollow structure (yellow arrowheads). The stereociliary rootlets in the three rows were arranged disorderly (black arrows). Scale bar: 200 nm.
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Fig. 8 Analysis of mechanotransduction channels in the hair cells of
Tprn-null mice. FM1-43 uptake assay in the hair cells of WT and Tprn-
null mice at 4 months of age. The FM1-43 assay in the WT mice
displayed high FM1-43 uptake, whereas the 7prn-null hair cells
exhibited very low FM1-43 uptake.

mice affected the distribution of radixin, decreased the
expression levels of radixin and B-actin, and disrupted the
actin-based stereociliary structures.

Discussion

Previous studies have reported that mutations in 7PRN
cause progressive autosomal recessive nonsyndromic
deafness DFNB79 [13,29]. The TPRN-deficient mice
established by TALEN from a C57BL/6 background
show sensorineural hearing loss and degeneration [17].
However, the precise function of TPRN in the hearing
process remains obscure, and the mechanisms by which
TPRN deficiency causes phenotypes must be determined.
In our study, for the comprehensive investigation of the
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Fig. 9 Ectopic localization of radixin and decreased levels of radixin and B-actin in 7prn-null cochleae. (A, B) Radixin protein localization in the
hair cells of 2 month-old mice. (A) In the WT mice, radixin staining was mainly detected at the base of the stereociliary bundles. (B) In the 7prr-null
mice, radixin was diffusely distributed along the stereocilia shafts. (al, a2; b1, b2) Boxed areas represent the high-magnification view in the WT mice
(al, a2) and Tprn-null mice (bl, b2). Red, phalloidin; green, radixin. Scale bars: 20 pm. (C, D) Western blot analysis of radixin (C) and B-actin
(D) protein levels in the mouse cochleae at P30. (C) Radixin protein quantification indicated that the expression levels were significantly decreased in
the Tprn-null mice. (D) B-actin protein quantification denoted that the expression levels were significantly decreased in the 7prn-null mice. The data
were normalized against the results of the WT mice. Error bars indicate the standard error around the mean. * P < 0.05; ** P < 0.01; *** P < 0.001
compared with the WT mice by Student’s z-test; n=3. (E) Model of actin filament core and actin-binding proteins, including taperin, at the tapered
region of stereocilia. Fam65b formed a circumferential ring-like structure at the tapered region of stereocilia. TPRN was inside the ring-like structure
and formed a protein complex with CLIC5 and radixin. The TPRN-related protein complex could stabilize membrane/actin filament linkages in the
cochlear stereocilia, including stereociliary rootlets. The dense structure of actin filaments in a stereociliary rootlet was critical for maintaining and
stabilizing stereocilia.

function of TPRN in hearing, 7prn-null mice were ome-editing technology in CBA/Cal mice, the best strain
generated through using CRISPR/Cas9-mediated gen- for hearing-related study. Significant hearing loss and
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progressively degenerating stereocilia were observed in
Tprn-null mice. Stereocilia with damaged stereociliary
rootlets were found in mutant mice. An abnormal
distribution of radixin and reduced expression levels of
radixin and B-actin were also noted. These levels may
adversely affect the maintenance and stabilization of actin
filaments. We propose that TPRN is required for stabilizing
hair cell stereocilia by maintaining intact stereociliary
rootlets, and TPRN dysfunction can cause hearing loss in
mice.

Tprn is required for the maintenance rather than the
development of stereociliary bundles in cochlear hair
cells in mice

In our study, the ABR threshold in the 7prn-null mice was
significantly elevated starting at 1 month of age. Threshold
elevation was highly aggravated in 6 month-old 7prn-null
mice. These findings indicated that 7prn is required for
normal hearing in mice and Tprn ablation can cause
progressive hearing loss. However, a functional deficiency
in hearing sensitivity often results from the structural
damage of hair cells, especially the abnormal morphology
of stereociliary bundles in the inner ear [30-33]. In Tprn-
null mice, we found progressively degenerating stereocilia
and thinned stereocilia diameters, especially at the tapered
region. These results suggested that the malformation of
stereociliary actin-based cytoskeletal structures may have
contributed to the significantly elevated hearing thresholds
in the Tprn-null mice.

The development and maturation of stereociliary
bundles in mice are complex and precisely regulated
processes. Cochlear stereociliary bundles continue to
develop after birth until functional maturation with hearing
onsets initially at around postnatal day 14 [34,35]. In this
study, no obvious morphological defect in the hair cell
stereociliary bundles of the 7prn-null mice was observed
in the SEM images before postnatal day 14. Thus, the
development of the stereociliary bundles in the hair cells of
Tprn-null mice is normal. At 1 month of age, the Tprn-null
mice began to display degenerating stereocilia, especially
at the innermost row of stereociliary bundles. More severe
abnormalities in the stereociliary bundles were observed in
the 4-month-old mutant mice. With the progressive
degeneration of stereociliary bundles, severe OHC loss
was noted at the basal turn of the 6-month-old 7prr-null
mice. The hair cell loss in the 7prn-null mice was likely
due to the degeneration of stereociliary bundles. Hair cell
loss has been reported to be caused by defects in the
development and maintenance of actin-based stereociliary
bundles in mice [33,36,37]. Thus, considering our results,
we propose that TPRN is required for maintaining and
stabilizing stereociliary bundles in hair cells, not for the
development of the stereociliary bundles in mice.

Tprn is critical for stereociliary rootlet integrity and
actin filament assembly in cochlear hair cells in mice

In inner ear hair cells, stereocilia contain a core of actin
filaments associated with actin-binding proteins. The
stereociliary rootlets extend down to the tapered region
and embed in the cuticular plate, where stereocilia are
anchored into the actin-rich filamentous meshwork. As
observed by electron microscopy, stereociliary rootlets are
electron-dense actin skeletal structures at the core of
stereociliary bundles in cochlear hair cells. The dense
structure of actin filaments in the stereociliary rootlets is
important for maintaining stereocilia durability and offers
rigidity to stereocilia in mice.

Given the severely disrupted stereociliary bundles at the
tapered region in the 7prn-null mice, we further examined
the stereocilia, especially the actin skeletal structure of the
stereociliary rootlets. In the WT mice, each stereocilium is
supported by an array of parallel actin filaments [38]. Some
actin filaments are packed more densely than others and
form a stereociliary rootlet, which is a straight and densely
packed central actin-based cytoskeletal structure [4].
During mechanical stimulation, the steady actin structures
of stereociliary rootlets pivot around the tapered region and
revert to the original straight position [39,40]. Stereociliary
rootlets are important for stereocilium stiffness and
durability during normal deflection [40]. However, in the
Tprn-null mice, the disrupted stereociliary rootlets dis-
played hollow structures surrounded by loose peripheral
actin filament rings. This observation indicated that some
actin filaments with actin-binding proteins were lost or
reduced in number in these stereocilia. In the Tprr-null
mice, the stereocilia may not return to their original
positions after bending. In this case, the cochlear hair cell
stereocilia degenerate. These results demonstrated that
TPRN loss disrupts the actin-based cytoskeletal structure
of the cochlear hair cell stereocilia, especially the
stereociliary rootlets. However, the molecular mechanism
of TPRN-dependent actin regulation and TPRN’s influ-
ence on steady actin structures in the cochlear hair cell
stereocilia in mice remain to be explored. Stereocilia
consist of actin filaments and several actin-binding
proteins [34]. Actin filaments are the cytoskeletal struc-
tures responsible for stereociliary morphology, and actin-
binding proteins participate in the assembly of actin-based
structures and the maintenance of stereociliary stability
[41]. Stereocilium malformation is often caused by
abnormalities in actin structure or mutations in actin-
binding proteins, such as taperin, radixin [24], villin [25],
fimbrin [26], XIRP2 [27], and FASCIN2 [27]. Previous
studies have demonstrated that actin-binding proteins are
concentrated at the tapered region and mainly located at the
stereocilium core. TPRN interacts with some actin-related
proteins, such as radixin and CLICS5 [15]. These proteins
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can work together as a complex that stabilizes linkages
between the plasma membrane and actin cytoskeleton at
the stereocilium base [15]. Radixin regulates actin
dynamics and anchoring to the cell membrane in inner
ear hair cells [11]. In the 7prn-null mice, disordered
localization of radixin was observed, with radixin
dispersed on the stereocilium. Through Western blot
analysis, we found that the relative level of radixin in the
Tprn-null mice was significantly decreased with respect to
that in the WT mice. We propose that a defect in radixin
that results from TPRN loss may contribute to the
degenerated stereocilia in the 7prn-null mice. These results
are consistent with a previous report where an intimate
relationship between taperin and radixin was noted [7]. As
previously described, actin-binding proteins participate in
the assembly and stability of the actin-based cytoskeletal
stereocilium core [11,14,15]. We then examined the B-actin
expression levels. The findings revealed that the relative -
actin level remarkably declined in the 7prn-null mice
relative to that in the WT mice. Disrupted B-actin and
actin-binding proteins, including TPRN and radixin, likely
resulted in the hollow structure at the center of stereociliary
rootlets and the loose peripheral ring in the 7prn-null mice.

Stereociliary bundles are composed of an actin filament
core and several actin-binding protein complexes respon-
sible for the assembly and maintenance of highly
organized actin-based structures in inner ear hair cells.
Among these protein complexes at the tapered region of
the stereocilia, Fam65b forms a circumferential ring-like
structure that outlines individual stereocilia. TPRN is
inside the ring and forms a protein complex with CLICS
and radixin near the basal tapered region of stereocilia in
cochlear hair cells (Fig. 9E). In the 7prn-null mice, TPRN
loss may lead to the impaired assembly of actin filaments
and the abnormal expression and distribution of radixin;
such effects can disrupt the complex of taperin, radixin,
and CLICS. The disrupted complex adversely affects the
stability and stiffness of actin-based stereociliary rootlets at
the stereocilium base. As a result, the damaged stereo-
ciliary rootlets become fragile at the tapered region. The
stereociliary bundles further deteriorate, and hearing loss
aggravates in the 7prn-null mice. Overall, TPRN is critical
for stereociliary rootlet integrity and actin filament
assembly via a molecular complex with radixin in the
hearing process.

Tprn-null mice with a CBA/CaJ background are ideal
models of nonsyndromic deafness DFNB79 for hearing
research

Animal models are extremely important for determining
the roles of deafness genes in the hearing process. The
genetic background of mice occasionally affects the
phenotypes of the mutant mice generated. Thus, using an

animal strain with a pure genetic background is important
for hearing research. Establishing traditional knockout
animal models is based on the use of embryonic stem cells
from 129 and C57BL/6 strain backgrounds, which involve
ARHL. In hearing research, ARHL can interfere with the
study of hearing phenotypes, especially progressive
hearing loss in mouse models [41]. In a previous study,
generating Tprn knockout mouse models by TALEN is
based on the use of C57BL/6 strain backgrounds, which
are unsuitable for the study of progressive deafness. CBA/
Cal mice possess a pure genetic background and no ARHL
[41]. Of 80 inbred strains, this mouse strain was found
ideal for hearing research [18]. The CRISPR/Cas9
technology developed in recent years has enabled
the generation of mouse models on a pure CBA/Cal
background. We generated the Tprn knockout model in a
CBA/Cal mouse strain, which avoided the influence of
an adverse genetic background on hearing-related
research.

In the present study, we generated a 7prn-null mouse
model from the CBA/Cal mouse line. In humans, the
hearing loss caused by TPRN mutation is progressive and
becomes profound by young adulthood. In a report by Li
et al., two Dutch siblings were diagnosed with sensor-
ineural hearing loss at the age of 4 years and 3 months and
2 years and 9 months, which progressed to profound
hearing loss by the ages of 15 and 26 years, respectively
[13]. ABR testing demonstrated that the hearing thresholds
varied from 60 dB to 80 dB by the age of 20 years. In our
study, the Tprn-null mice began to show hearing loss as
early as 1 month of age; this mouse age is equivalent to
approximately 5 years in humans. The Tprn-null mice
developed severe hearing loss with variation between 60
and 80 dB at 6 months of age, equivalent to approximately
15 years in humans. Thus, the progressive hearing loss in
Tprn-null mice resembles that of human patients with
DFNB79 hearing loss. The generated Tprn-null mouse
provides an ideal mouse model of the progressive hearing
loss DFNB79. To date, no cochlea from patients with
TPRN mutations has been studied histologically. We
studied the malformation of hair cell stereociliary bundles
and the potential mechanisms of TPRN function in mouse
hair cells through the 7prn-null mouse model. We further
studied the interaction of Tprn and Radixin and the
mechanisms of hereditary hearing loss, especially in
stereociliary bundles, to understand the hearing process.
Reexpression of TPRN in TPRN-null hair cells at postnatal
ages can prevent morphological defects and repair hair cell
damage in human patients with TPRN gene mutations. In
conclusion, 7prn-null mice can be used not only to
examine 7prn gene function in the development and
maturation of the hearing process, but also as a reference
for research on hereditary deafness and therapeutic
intervention for deafness.
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