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Abstract
Striatin, a subunit of the serine/threonine phosphatase PP2A, is a core member of the
conserved striatin-interacting phosphatase and kinase (STRIPAK) complexes. The
protein is expressed in the cell junctions between epithelial cells, which play a role in
maintaining cell-cell junctional integrity. Since adhesion is crucial for the function of the
mammalian inner ear, we examined the localization and function of striatin in the mouse
cochlea. Our results show that in neonatal mice, striatin is specifically expressed in the
cell-cell junctions of the inner hair cells, the receptor cells in the mammalian cochlea.
Auditory brainstem response measurements of striatin-deficient mice indicated a
progressive, high-frequency hearing loss, suggesting that striatin is essential for normal
hearing. Moreover, scanning electron micrographs of the organ of Corti revealed a
moderate degeneration of the outer hair cells in the middle and basal regions,
concordant with the high-frequency hearing loss. Importantly, striatin-deficient mice
show aberrant ribbon synapse maturation that may lead to the observed auditory
impairment. Together, these results suggest a novel function for striatin in the
mammalian auditory system.
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Introduction
The striatin-interacting phosphatase and kinase (STRIPAK) complex is a multimolecular
protein complex involved in numerous biological functions and has been implicated in a
number of human diseases [1-3]. STRIPAK complexes regulate phosphorylation of
diverse proteins and interact with conserved signaling pathways [2]. The mammalian
striatin family is ubiquitously expressed and consists of striatin (STRN), SG2NA
(STRN3), and Zinedin (STRN4). All these proteins contain multiple WD40 repeats, as
well as a Ca2+-calmodulin-binding domain, a caveolin-binding motif, and a coiled-coil
structure that are essential for their function [4, 5]. We have recently shown that striatin
is expressed at cell-cell junctions and is required for cell-to-cell adhesion [6].
Within the cochlea, the mammalian inner ear contains anatomically and
functionally distinct inner hair cells (IHCs) and outer hair cells (OHCs), which convert
mechanical stimuli into electrical signals [7]. The different types of cell-cell junctions and
proteins within the cochlea maintain the well-organized structure and function of the
inner ear and enable hearing.
Here, we examined the localization and function of striatin in the mouse inner ear
in order to evaluate its role in the auditory system. Our results show that striatin is
specifically expressed in cell junctions between the IHCs of the organ of Corti, and that
striatin knockdown leads to progressive hearing loss. Although loss of striatin did not
lead to changes in the junctional integrity of the hair cells, or affect the endocochlear
potential (EP), partial degradation of the OHCs was observed, particularly in the basal
region of the organ of Corti. This observation is consistent with our results showing that
striatin-deficient mice exhibit high-frequency hearing loss. Normal hearing requires
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proper positioning of the ribbon synapses that undergo complex organizational
processes during the maturation of inner hair cells [8-11]. Our results show that striatindeficient mice have a uniform distribution of ribbons that lack the spatial gradient seen
in wild-type IHC. Interestingly, a similar aberrant maturation of the synapse is seen in
striatin binding protein adenomatous polyposis coli (APC) mutant mice [12]. Taken
together, our results present striatin as a novel multifunctional protein that is essential
for mammalian hearing.

Results and Discussion
The STRIPAK complex, which includes striatin, a subunit of the PP2A enzyme, is
associated with numerous biological roles ranging from cell signaling to developmental
processes [2]. To study the biological function of striatin, a knockout mouse was
generated.

Striatin is expressed in the apical surface of the inner hair cells
Depending on cell type and condition, mammalian striatin localizes to diverse
subcellular compartments such as the Golgi [13], endoplasmic reticulum, plasma
membrane, mitochondria [14, 15], and cellular junctions [6]. As cell-cell adhesion is
essential for auditory function, and since striatin had low diffuse expression in the
cochlear sensory epithelium in the early postnatal stages, with a higher expression
detected in inner and outer hair cells in the maturing cochlea [16-18] (umgear.org), we
were interested in examining the expression pattern and role of striatin in the auditory
system. To this end, we designed and constructed a striatin-deficient mouse (Fig EV1).
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Cochlea of P0 mice were dissected and total protein was extracted for western blot
analysis. The specific striatin knockdown was verified by western blot analysis of wild
type (WT), Strn+/- and Strn-/- littermates (Fig EV2A). As expected, there was no
immunostaining of striatin in the Strn-/- mice. We further examined the expression and
localization of striatin in the inner ear; a schematic illustration of the cochlea, including
the localization of striatin, is shown in Fig 1A. Results shows that striatin is indeed
expressed in the cochlea at the protein level (Fig 1B). The localization of striatin in the
organ of Corti was evaluated by immunofluorescence assays. Here, striatin was
specifically detected in the cell-cell junctions of the IHCs (Fig 1C, D).

Striatin knockout mice exhibit progressive hearing loss
To further understand the function of striatin in the auditory system, we used the
Auditory Brainstem Response (ABR) recordings. ABR was performed on P20, P30,
P40, and P60 WT, Strn+/-, and Strn-/- littermates using a sound stimulus with varying
frequencies (6–35 kHz) and intensities (10–90 dB). The results showed that the hearing
threshold for Strn+/- mice was similar to that of the WT mice at P20, and that there was a
modest shift in hearing thresholds for certain frequencies in the Strn-/- mice compared to
the WT mice. However, at P30, there was a substantial increase in the hearing
thresholds of both the homozygous and heterozygous striatin mice, compared to the
WT mice. At P40 and P60, both Strn+/- and Strn-/- mice showed severe hearing loss,
indicating

that

striatin

deficiency

leads

to

progressive

hearing

impairment.

Representative ABR traces in response to 30 kHz sound stimuli is presented in Fig
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EV3. The striatin mutant mice had compromised hearing at frequencies above 12 kHz,
implying that the mid and basal regions of the organ of Corti could be affected.

Striatin mutants show moderate outer hair cell degeneration
To better understand the observed hearing loss, we examined hair cell degradation
using scanning-electron microscopy (SEM). The results show moderate OHC
degeneration in

Strn+/- and Strn-/- mice as compared to WT mice (Fig 3A).

Quantification of the hair cells revealed 21.6% and 9.9% loss of OHCs in the basal and
mid regions of the cochlea, respectively, for Strn-/- mice, and 13% and 6.8% loss of
OHCs in the basal and mid regions, respectively, for Strn+/- mice (Fig 3B). Although
OHC loss was not substantial, this might contribute to the higher frequency hearing loss
of the Strn-/- mice. However, these results imply that hair cell degradation is not the only
cause of the severe hearing loss we observed. OHC loss could also be secondary to
initial damage to other components of the auditory system.

Cell-cell junctional integrity is retained in the striatin knockout mice
Cell-cell junctions in the cochlea are crucial for maintaining the correct structure
and function of the organ of Corti and complete or partial loss of function of cell junction
proteins often results in impaired hearing [19-22]. Striatin was shown to maintain
junctional integrity in cultured mammalian cells [6] which accords with our finding of
striatin in IHC cell junctions (Fig 1). Immunostaining was used to monitor the expression
pattern and subcellular localization of the tight junctional (TJ) protein ZO-1 and the
adherence junction protein E-cadherin in the hair cell junctions of striatin knockout mice.
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Interestingly, the expression pattern of both ZO-1 and E-cadherin in the knockout mice
was similar to that of WT mice, indicating that the junctional integrity in the organ of
Corti is maintained in striatin-deficient mice (Fig 4A and 4B). One possible explanation
may be the presence of a redundant protein compensating for striatin loss. Striatin 4
shares over 50% protein sequence homology with striatin and also binds the catalytic
subunit of PP2A, indicating that the proteins may have redundant cellular functions, as
seen in various systems [1, 23].
The stria vascularis produces the endolymph extracellular fluid [24] and generates
an endocochlear potential (EP) that is essential for normal auditory function [25, 26].
The TJs in the organ of Corti are required to form the cation-junctional barrier between
perilymph and endolymph and to maintain the EP [27, 28]. The presence of striatin at
the junctions of the IHCs led us to examine whether striatin knockout mice are capable
of maintaining the EP. No significant changes were detected in the EP of striatindeficient mice (Fig 4C). This finding is in accordance with our results showing that the
junctional integrity between neighboring IHCs is not compromised by striatin loss.

Striatin knockout mice display an aberrant ribbon gradient
Striatin is a subunit of the serine/threonine phosphatase PP2A [5], and reduced PP2A
activity impairs synaptic function [29]. Interestingly, lack of another member of the
STRIPAK complex, striatin interacting protein 2 (Strip2), leads to a decrease in neural
response amplitudes. Since the synaptic ribbons of IHCs express Ctbp2 [30, 31], we
examined the expression pattern of Ctbp2 in P17 and P35 mice, time points at which
striatin-deficient mice exhibit hearing loss. Z-stacks of at least eight continuous IHCs
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were imaged in WT and striatin null mice. Myosin VIIa was used to stain the hair cell
body. The 3D structures were analyzed using Imaris software, followed by quantification
of the number and localization of the Ctbp2 puncta with respect to the modiolar and
pillar faces of the IHC. Fig 5 shows a representative 3D side view of the IHCs that were
used to determine the puncta number. Although the total number of Ctbp2 puncta at the
synaptic poles of the Strn-/- mice at two time points, P17 and P35, was not significantly
different from that of WT mice (Fig 5D), the Ctbp2 puncta in Strn-/- mice showed a
uniform distribution and lack the ribbon localization gradient towards the modiolar side
of the IHC, as seen in WT mice that show a spatial gradient towards the modiolar face
of IHC (Fig 5A, C). This finding suggests aberrant maturation of the ribbon structure in
striatin-deficient mice, which subsequently could affect auditory function. Interestingly, in
adenomatous polyposis coli (APC), another striatin-interacting protein, deficient mice,
[32, 33], ribbon synapses were shown to lack a size gradient towards the modiolar face
of the IHCs [12]. APC conditional knock-out mice show impaired auditory function,
which probably results from aberrant afferent synapse ribbon size gradients. Similarly to
the Strn-/- mice, the IHCs of the APC knock-out mice show wild-type ribbon numbers but
lack the normal ribbon size gradient [12]. As ribbon synapses mediate transmission
between IHCs and spiral ganglion neurons (SGNs), our results lead us to propose that
striatin, a component of the STRIPAK complex that interacts with the tumor supressor
protein APC, regulates interneuronal synapses. This finding is supported by the
observation that the Drosophila striatin homolog, CKA, facilitates axonal transport of
dense core vesicles and autophagosomes in a PP2A-dependent manner [34].
Moreover, as striatin functions as a PP2A subunit, it is also plausible to speculate that
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lack of striatin will disrupt the phosphorylation patterns that are essential for precise
auditory function [35-37].
In this context, another STRIPAK component, Striatin interacting protein 2 (Strip2)
[38, 39], which is expressed in OHC and IHC [16, 31, 40], is known to be important for
neural response amplitudes [31]. In conclusion, our results provide the first evidence
that striatin, a member of the conserved STRIPAK complex, functions in the auditory
system. Although we hypothesize that the role of striatin may be related to synaptic
transmission and cell-cell junctions, other roles are also possible, making this finding an
exciting opportunity for further investigation and validation.

Materials and Methods
Strn-knockout mice: establishment and genotyping
The ES cell line EPD0082_3_E07 carrying the Strntm1a(KOMP)Wtsi allele was injected into
embryos, which were transplanted into recipient C57BL/6 female mice. All animal
procedures were approved by the Animal Care and Use Committee (IACUC) at Tel Aviv
University (01-18-085). Genotyping was performed from tail samples by PCR, using a
set of primers that flank the Striatin gene: F-5′TTCCTTTGAGAAAACACAGTCCCAG-3′,
R-5′-ACACACTCCACTGAACAAAGTCAAGC-3′, to give a 1257bp product in the wildtype mice and a set of primers that flank the LoxP-common forward primer 5′GAGATGGCGCAACGCAATTAAT-3′

and

gene

specific

reverse

primer

5′-

ACACACTCCACTGAACAAAGTCAAGC-3′, to give a product of 437bp in homozygous
mutants, with both products present in heterozygous littermates.
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Auditory Brainstem Response
To investigate auditory function and phenotype, ABR tests were performed on P20,
P30, P40, and P60 mice using tone-burst stimuli. Briefly, mice were anaesthetized by
intraperitoneal injection of xylazine (20 mg/ml1 at 5% v/v) and ketamine (100 mg/ml−1 at
10% v/v) administered at the rate of 0.1 ml per 10 g body mass, and placed in an
acoustic chamber (MAC-1, Industrial Acoustic Company), as previously described [41].

Scanning electron microscopy
The inner ears were dissected in cold PBS buffer shortly after mice were euthanized by
C02 inhalation. The temporal bone was removed prior to overnight fixation in
glutaraldehyde (2.5 % v/v in PBS) at 4°C. The samples were alternately incubated in
osmium tetroxide and thiocarbohydrazide after exposing the organ of Corti, as
previously described [42]. After treatment, the samples were vacuum dried and
mounted on a metal plate. Subsequently the samples were gold-coated at the Faculty of
Life Sciences Electron Microscopy Unit at Tel Aviv University and imaged with a JSM
540A scanning electron microscope (Jeol).

Western blot analysis
Cochlea and Huh7 cell protein lysates were prepared using Nonidet P-40 lysis buffer
[150 mM NaCl,1.0% Nonidet P-40, Tris-Cl (50mM pH 8.0) protease inhibitor mixture, for
30 min on ice. The lysate was cleared by centrifugation at 13200 rpm for 15 min at 4
°C, and supernatant was recovered. Protein concentration was determined using the
BCA protein determination reagent (Sigma), and 50 μg were resolved on an
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SDS/PAGE denaturing gel and transferred to a nitrocellulose membrane. Immunoblots
were performed using the appropriate antibodies, and the membranes were developed
using the Quantum ECL detection kit (K-12042-D20; Advansta). The immunoblot bands
were quantified using ImageJ software, and the variation in protein loading was
corrected by normalization to the levels of the indicated loading control protein such as
tubulin. For IP, the primary antibody was incubated with protein A/G agarose beads
(Santa Cruz Biotechnology, Dallas, TX, USA) at 4°C with mild shaking. 2 mg of cleared
lysate was precleared with protein A/G agarose beads for 1 hour at 4°C and incubated
overnight with antibody-conjugated protein A/G agarose beads at 4°C. Beads were
recovered and washed 5 times with lysis buffer before resolving in SDS-PAGE.
Subsequently IP was confirmed with the appropriate antibody.

Cochlea protein extraction
Total protein from cochlea was extracted as previously described [43]. Briefly, 12
cochleas from wild-type P0 mice were dissected and lysed with 10% NP-40 protease
inhibitor mixture, kept for 30 min on ice, and centrifuged at 13200 rpm for 15 min at 4°C,
to harvest the supernatant. Protein concentration was determined using the BCA protein
determination reagent (Sigma), and 60 μg were resolved on an SDS/PAGE gel and
transferred to a nitrocellulose membrane. Immunoblots were performed using the
appropriate antibodies. The membranes were developed using the WesternBright
Quantam kit (K-12042-D20; Advansta, San Jose, CA, USA).

Tail protein extraction
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To confirm the genotyping, total protein was homogenized from the tails using
BioVortexer (BioSpec Products, Bartlesville, OK, USA) and 120 μg of protein was
resolved on an SDS/PAGE, as subjected to western blot analysis.

Immunolocalization
Whole mount immunohistochemistry of inner ear was performed as previously
described [44]. Briefly, the inner ears were dissected in cold PBS buffer shortly after
P30 mice were euthanized by C02 inhalation. Temporal bone was removed prior to
overnight fixation in paraformaldehyde (4 % v/v in PBS) at 4 °C. The sensory epithelium
was fine dissected, blocked, and permeabilized by incubation in blocking buffer (normal
goat serum in 0.1% triton) for 2 hours at temperature. Samples were incubated with
indicated primary antibody overnight at 4°C. After a brief wash in PBSX1, samples were
incubated with secondary antibody for 2 hours at room temperature. To visualize F
actin, this was followed by incubation for 1 hour at room temperature in phalloidin
conjugated to Alexa Fluorophores (Life Technologies). The stained samples were
mounted on Histobond microscope slides (Marienfeld GmbH) using Prolong Gold
(Thermo Scientific) and dried overnight at room temperature. Image acquisition was
performed with a confocal laser microscopy system (LSM800 Carl Zeiss).

Endocochlear potential recording
Mice were anaesthetized by intraperitoneal injection of 50 mg/kg pentobarbital. The skin
covering the neck was cut to expose the trachea. A tracheostomy was performed in
order to maintain sufficient ventilation. The cochlea was exposed by a ventral approach
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and the tympanic bulla was gently picked to expose the cochlea. A drill was then used
to expose the spiral ligament beneath the lateral wall. A glass pipette filled with 150 mM
KCl was gradually inserted into the scala media through the spiral ligament while
continuously recording the DC potential. The EP was defined as the delta between the
potential recorded in the scala media and the one recorded on the spiral ligament.
Potentials were amplified by OC-725C (Warner Instruments, CT, USA), digitized at 1
kHz using MiniDigi 1A (Molecular Devices, CA, USA) and analyzed using pCLAMP 9
(Molecular Devices).

Antibodies
The following antibodies were used for this study: rabbit anti-striatin (IB: 1:1,000; IHC
1:250; Proteintech) mouse anti-striatin (IB: 1:1000; IHC: 1;250; BD Transduction
Laboratories), mouse anti-Ctbp2 (IHC 1:250; BD Transduction Laboratories), rabbit antiMyosin-VIIA (IHC 1:250; Proteus Biosciences), mouse anti-ZO1 (IHC: 1:100; Thermo
Scientific), mouse anti-PP2A (IB:1:1000; Upstate Biotechnology), rabbit anti-striatin 4
(IHC: 1:250; Abcam), rat anti-Ecad (IHC:1:250; Santa Cruz), Phallodin-488 (IHC:
1:1000; Abcam), mouse anti-Alexa fluor 594 (IHC: 1:250; Abcam), rabbit anti-Alexa fluor
633 (IHC: 1:250; Invitrogen); mouse anti-tubulin (IB 1:10,000; Sigma) was used as a
loading control.

Quantification of ribbon synapses
Whole mount immunohistochemistry was performed as described. The region between
the first and second turn of the cochlea was dissected and stained with Ctbp2 and
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myosin VIIA antibody. The samples were carefully mounted to avoid excessive pressure
from the coverslip that can squeeze the tissue. Image acquisition was performed with a
confocal laser microscopy system (LSM800, Carl Zeiss, Oberkochen, Germany). The Z
stacks of the images were exported to Imaris software (Zurich, Switzerland). All the
analyses were performed using the same settings in Imaris. For P17, 4-11 IHCs, and for
P35, 5-10 IHCs, from each cochlea were quantified after exporting the file to Imaris.
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Figure legends
Figure 1.

Striatin is expressed in cell-cell junctions of the mouse inner hair

cells.
A
B

Schematic representation of the mouse inner ear.
Striatin is expressed in the cochlea. Cochlea and Huh7 (as a positive control) cell

lysates were analyzed by SDS-PAGE and immunoblotted using the indicated
antibodies. Tubulin served as a loading control.
C

Striatin is expressed in the inner hair cells (IHC). Immunofluorescence analysis of

striatin expression in P30 whole-mount mouse inner ears stained with striatin, and
phalloidin to visualize filamentous actin.
D

Striatin is localized to the sites of cell-cell junctions in IHCs. Immunofluorescence

analysis performed on WT and Strn-/- litter mates show that striatin is localized to the
sites of cell-cell junctions between the IHCs.

Figure 2.

Auditory brainstem response (ABR) reveals progressive hearing loss

in Strn-/- mice at higher frequencies.
ABR threshold means are shown for Strn-/- mice and littermate control mice, tested at
the indicated ages. P20: n = 10 Strn+/-, 5 Strn-/-, and 7 WT, P30: n = 8 Strn+/-, 5 Strn-/-,
and 5 WT, P40: n = 7 Strn+/-, 6 Strn-/-, and 3 WT, and P60: n = 7 Strn+/-, 6 Strn-/-, and 5
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WT. Data shown as mean ± SEM. Statistical tests were two-way ANOVA with HolmSidak multiple comparison correction. *P < 0.1 **P < 0.01 ***P < 0.001 ****P < 0.0001

Figure 3.

Scanning electron micrograph and quantification of hair cells show

moderate outer hair cell (OHC) degeneration in Strn-/- mice.
The hair cells were counted in 200 μm stretches of middle and basal coil regions at P60.
A

Representative electron micrograph reveals moderate hair cell degeneration of

OHC in Strn+/- and Strn-/- as compared to WT in the middle and basal region of the
organ of Corti.
B

The graphs show numbers of cell loss/survival for middle and basal regions.

Middle coil region (upper panel): 2/87 (Control, n = 3), 7/103 (Strn+/-, n = 4), 28/284
(Strn-/-, n = 12), and basal coil region (lower panel): 4/206 (Control, n = 8), 43/274
(Strn+/-, n = 11), 32/148 (Strn-/-, n = 7). Cell loss is marked in red.

Figure 4.
A, B

Junctional integrity in the organ of Corti is intact in Strn-/- mutants.

Representative P30 whole-mount mouse inner ear stained with myosin VIIa

(purple), ZO1 antibody (red) and phalloidin (green) (A), or E cadherin (purple) and
phalloidin (green) B. The experiments were repeated using 4-5 mice of each genotype.
C

Recordings of endocochlear potential (EP) of endolymph are shown for Strn-/-

and littermate control mice, tested in 3-month old mice (Strn-/- (n = 2), Strn+/- (n = 7) and
WT (n = 3). Statistical test was one-way ANOVA with Holm-Sidak correction for multiple
comparisons.
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Figure 5.

Strn-/- mice lack a correct ribbon size gradient.

Confocal micrographs of ribbons at the synaptic poles of individual IHCs (Ctbp2, red,
and myosin VIIa, blue) in z-stacks, oriented on the y–z-axis.
A

Representative side view of at least 8 contiguous IHC in WT and Strn-/- P17 and

P35 mice. Bottom panels: representative side view of at least two IHCs stained at P35
with Ctbp2 (outlined in white based on myosin VIIa staining).
B

Representative maximum projection of myosin VIIa (blue) and Ctbp2 (red) in

inner hair cells, with the latter staining synaptic poles of IHCs for WT and Strn-/- P17
mice.
C

Total ribbon number and ribbon gradient along the modiolar and pillar regions in

Strn-/- mice and WT littermates. Imaris software was used to analyse the 3D z-stacks, 411 IHCs from each cochlea were imaged for quantitative ribbon analysis. Statistical
analysis was performed by 2-way ANOVA and Holm-Sidak multiple comparisons test
(n = 4). P17, upper panel; 035 lower panel.
D

Schematic diagram of an inner hair cell demonstrating plane of orientation of

pillar vs modiolar region.

Supporting Information
Expanded View Figures
Figure EV1. Generation of the striatin knockout mice line.
A

Schematic representation of the striatin gene. Rectangles represent exons, with

coding sequence colored in orange.
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B

The first and second exons are shown. Green arrowheads are FRT sites. Blue

arrowheads denote LoxP sites. Recombination of the FRT sites flanking the Neo results
in the floxed Strn allele. Recombination of the LoxP sites removes the ATG start site in
exon 1 resulting in the Strn null allele P1, P2 and P3 represent the location of the
primers used for Strn genotyping.
C

For genotyping, tails were excised from mice and genomic DNA was extracted

and subjected to PCR analysis. Primers were designed to generate amplicons of 1.2kb
for the WT and 450bp for the null mutant.

Figure EV2. The expression of Striatin 4 is unaffected in Strn-/- mice.
Total protein extracted from tails was resolved and immunoblotted for western blot
analysis, using the indicated antibodies.
A

Validation of mice genotyping using an anti-striatin antibody that detects only the

Strn1 isoform.
B
/-

Western blot analysis shows that the expression of striatin 4 is unaffected in Strnmutants at P58. Tubulin was used as loading control.

Figure EV3. Representative ABR waves at 30 KHz showing increased threshold for
Strn-/- as compared to the control.
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