
RESEARCH PAPER

OSBPL2 mutations impair autophagy and lead to hearing loss, potentially remedied 
by rapamycin
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ABSTRACT
Intracellular accumulation of mutant proteins causes proteinopathies, which lack targeted therapies. 
Autosomal dominant hearing loss (DFNA67) is caused by frameshift mutations in OSBPL2. Here, we 
show that DFNA67 is a toxic proteinopathy. Mutant OSBPL2 accumulated intracellularly and bound to 
macroautophagy/autophagy proteins. Consequently, its accumulation led to defective endolysoso-
mal homeostasis and impaired autophagy. Transgenic mice expressing mutant OSBPL2 exhibited 
hearing loss, but osbpl2 knockout mice or transgenic mice expressing wild-type OSBPL2 did not. 
Rapamycin decreased the accumulation of mutant OSBPL2 and partially rescued hearing loss in mice. 
Rapamycin also partially improved hearing loss and tinnitus in individuals with DFNA67. Our findings 
indicate that dysfunctional autophagy is caused by mutant proteins in DFNA67; hence, we recom-
mend rapamycin for DFNA67 treatment.
Abbreviations: ABR: auditory brainstem response; ACTB: actin beta; CTSD: cathepsin D; dB: decibel; 
DFNA67: deafness non-syndromic autosomal dominant 67; DPOAE: distortion product otoacoustic 
emission; fs: frameshift; GFP: green fluorescent protein; HsQ53R-TG: human p.Q53Rfs*100-transgenic: 
HEK 293: human embryonic kidney 293; HFD: high-fat diet; KO: knockout; LAMP1: lysosomal associated 
membrane protein 1; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MTOR: mechanistic 
target of rapamycin kinase; NSHL: non-syndromic hearing loss; OHC: outer hair cells; OSBPL2: oxysterol 
binding protein-like 2; SEM: scanning electron microscopy; SGN: spiral ganglion neuron; SQSTM1/p62: 
sequestosome 1; TEM: transmission electron microscopy; TG: transgenic; WES: whole-exome sequencing; 
YUHL: Yonsei University Hearing Loss; WT: wild-type.
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Introduction

Hearing loss is the most common cause of sensory disorders [1]. 
Adult-onset hearing loss is more prevalent than childhood-onset 
hearing loss as the prevalence of hearing loss doubles every 
10 years [2]. Approximately 60 loci, and roughly 30 genes identi-
fied (http://hereditaryhearingloss.org/), are associated with adult- 
onset hearing loss that is usually inherited in an autosomal domi-
nant manner. Currently, these 30 genes account for only 5 ~ 10% 
of adult-onset hearing loss cases [2]. Autosomal dominant hearing 
loss usually manifests as postlingual and progressive hearing loss 
that begins at high frequencies and leads to deafness throughout 
all frequencies. Importantly, adult-onset hearing loss constitutes 
a substantial burden on the adult population worldwide and is 
associated with higher rates of hospitalization, falls and frailty, 
depression, and dementia [3–5]. Moreover, hearing loss is becom-
ing an increasingly prevalent disability, due to the global aging 

population [6]. However, there are no effective therapeutic stra-
tegies for hearing loss so far.

Mutations in OSBPL2 (oxysterol binding protein like 2; 
MIM606731) are etiologically linked to the non-syndromic 
hearing loss (NSHL), deafness non-syndromic autosomal 
dominant 67 (DFNA67, MIM616340) [7–9]. Individuals 
with OSBPL2 mutations develop postlingual hearing loss 
between ages 5 and 40, as well as bilaterally symmetric, 
moderate-to-severe hearing loss. Hearing loss starts at high 
frequencies at an early age and progresses to other frequencies 
at a later age in most cases.

OSBPL2 belongs to the oxysterol-binding protein (OSBP) 
family, a group of intracellular lipid receptors [10]. Most 
members contain an N-terminal pleckstrin homology domain 
and a highly conserved C-terminal OSBP-like sterol-binding 
domain, although OSBPL2 contains only the sterol-binding 
domain [10]. In vitro studies have shown that OSBPL2 can
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bind to 22- and 25-hydroxycholeterol, phosphatidic acid, and 
phosphatidylinositol 3-phosphate [11]. OSBPL2 plays 
a significant role in the integrated control of cholesterol and 
triglycerides [11–13], however, the pathogenesis of OSBPL2 
deficiency in NSHL is not fully understood. OSBPL2- 
disrupted pigs display progressive hearing loss with degenera-
tion of cochlear hair cells and morphological abnormalities in 
stereocilia, as well as hypercholesterolemia [14]. Furthermore, 
a high-fat diet aggravates the development of hearing loss and 
leads to more severe hypercholesterolemia. In addition, 
OSBPL2 deletion in auditory cells and zebrafish increases 
cholesterol biosynthesis and drives reactive oxygen species 
production by inhibiting AMPK activity [15]. Therefore, 
these studies link dysregulated lipid metabolism resulting 
from the loss of OSBPL2, to hearing impairment. However, 
how OSBPL2 mutations lead to hearing loss is still unclear
considering that patients have one wild-type and one mutant 
allele, whereas the investigations only include knockout pigs, 
cells, and zebrafish models, which show functional defects. 
This implies that OSBPL2 mutations may exert a dominant- 
negative effect rather than haploinsufficiency, but this has not 
been proven.

Proteinopathy is a term used for any disease caused by 
abnormal accumulation of misfolded proteins [16]. Protein 
misfolding and intracellular accumulation are the main fea-
tures of many human diseases, especially neurodegenerative 
diseases, including Alzheimer disease, Parkinson disease, 
amyotrophic lateral sclerosis, prion diseases, and polygluta-
mine diseases [16]. Some proteinopathies, such as cystic fibro-
sis resulting from the ΔF508 mutation, are characterized by 
the accumulation of misfolded proteins in the endoplasmic 
reticulum (ER) or Golgi apparatus of the secretory pathway 
[17]. Others involve the accumulation of misfolded protein 
aggregates in the cytoplasm or the nucleus, such as Lewy 
bodies in Parkinson disease [18]. Proteinopathy is also one 
of the causes of genetic hearing loss. The mutations in 
SLC26A4/pendrin result in misfolded SLC26A4 in the inner 
ear and lead to congenital deafness due to the degeneration 
and malformation of the cochlea [19, 20]. In addition, the 
mutations in COCH (cochlin) cause misfolded COCH accu-
mulation around the cochlea and slowly deteriorate the hear-
ing function [21, 22].

Here, we identified two OSBPL2 mutations in families with 
adult-onset progressive hearing loss, using functional studies 
to show mutant OSBPL2 accumulation. We also established 
a mouse hearing loss model and performed rescue experi-
ments using this model.

Results

Whole-exome sequencing (WES) identified causative 
OSBPL2 mutations

At the time of this study, 678 families were enrolled in the 
Yonsei University Hearing Loss (YUHL) cohort. To identify 
the genetic cause of hearing loss, we performed WES of 202 
families with hearing loss after GJB2 and SLC26A4, the two 
most commonly mutated genes for hearing loss, were pre- 
screened [23–25]. Among the 202 families, we detected 

potentially causative OSBPL2 mutations in two families, indi-
cating that 1.0% (2/202) of the hearing loss cases were caused 
by OSBPL2. In these two families, individuals YUHL3 III-13, 
IV-11, and YUHL457 III-4 were subjected to WES 
(Figure 1A-B). Based on the pedigrees, autosomal dominant 
inheritance was suspected in these families (Figure 1A-B). We 
first examined WES data for nonsynonymous or splice var-
iants in 121 genes known to be linked to hearing loss and 
found heterozygous frameshift variants in OSBPL2; 
c.158_159AAdel (p.Gln53Argfs*100, p.Q53Rfs*100) in 
YUHL3 and c.180_181CAdel (p.His60Glnfs*93, p. 
H60Qfs*93) in YUHL457 (Table 1, Figure 1 A-B, and Fig. 
S1). We also found that c.180_181CAdel variant has not been 
reported in any public databases, including dbSNP, EPS, or 
gnomAD (Table 1). In addition, this variant was also not 
detected in a whole-genome sequencing dataset of 627 
Korean individuals obtained from the National Biobank of 
Korea and the Centers for Disease Control and Prevention 
(Table 1). We performed Sanger sequencing to examine 
whether these OSBPL2 variants were segregated to the affected 
status of the two families and found that the variants co- 
existed in members with the hearing loss phenotype except 
for YUHL457 IV-6 and V-1, who were in the second and first 
decade, respectively. (Table 1, Figure 1A-B, and Fig. S1A-B). 
The c.180_181CAdel (p.H60Qfs*93) variant in OSBPL2 iden-
tified in this study was submitted to ClinVar (accession # 
SCV001424910).

Patients who had an OSBPL2 mutation showed symmetric, 
progressive, and down-sloping sensorineural hearing loss, the 
onset of which was late teens to twenties (Figure 1C-D and 
Fig. S2). Although the onset of hearing loss was variable, 
hearing deterioration did not begin until the early second 
decade. The severity of hearing loss reached severe-profound 
hearing loss, whereby patients eventually needed cochlear 
implantation. The affected individuals in YUHL3 (II-5, III-4, 
III-13, and IV-11) and YUHL457 (III-4 and III-6) families 
had cochlear implantation. The outcomes at 3 months after 
surgery were excellent; open-set auditory hearing was possi-
ble, and sentence comprehension score was between 80 and 
100%. These findings indicate that the pathology of hearing 
loss due to OSBPL2 mutations is favorable for auditory reha-
bilitation with cochlear implants.

Effect of the identified variants on OSBPL2 expression

In this study, we found two frameshift mutations, one of 
which has not been identified before. Therefore, four frame-
shift mutations were linked to NSHL, and all were two-base 
pair deletions in exon 3 of OSBPL2, which resulted in trun-
cated proteins with the added amino acids almost identical at 
the same length (Figure 1E-F). We examined whether the 
frameshift mutations in OSBPL2 led to decreased OSBPL2 
mRNA expression and observed no difference in the expres-
sion of OSBPL2 mRNA between individuals with and without 
OSBPL2 mutation (Figure 1G). Next, to further examine the 
effect of the identified mutations on OSBPL2 expression, we 
performed immunofluorescence assays to visualize wild-type 
(WT) and mutant OSBPL2 in HEK 293, HEI-OC1, and HeLa 
cells. WT OSBPL2 was diffusely distributed throughout the
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Figure 1. OSBPL2 mutation identification and OSBPL2 mutant aggregate formation. (A-B) Pedigrees of the Yonsei University Hearing Loss (YUHL) cohort, families 
YUHL3 and 457 with an autosomal dominant pattern of hearing loss without syndromic features. OSBPL2 genotypes of individuals; Sanger sequencing is indicated. 
M1, c.158_159AAdel (p.Gln53Argfs*100); M2, c.180_181CAdel (p.His60Glnfs*93). (C-D) The pure-tone audiograms of each proband in two affected families showed 
bilateral sensorineural hearing loss in YUHL3 III-13 (female/37) and YUHL457 III-4 (female/51). The onset of hearing loss was the late 20s and early 30s in YUHL3 III-13 
and YUHL457 III-4, respectively. Severe-profound (>70 dB HL) hearing loss mainly affected high frequencies, featuring down-sloping hearing loss. Affected individuals 
had a residual hearing function at 250 and 500 Hz. Red color, right ear; blue color, left ear. (E) Exon structure of human OSBPL2 cDNA and domain structure of 
OSBPL2. Frameshift variants identified in individuals with DFNA67 are indicated, and the variants identified in this study are shown in blue. (F) Sequence alignment of 
truncated OSBPL2 mutants. OSBPL2 mutations linked to DFNA67 result in almost identical fusion proteins, approximately 50 amino acids of N-terminal OSBPL2 and 
100 amino acids of neo-peptide. Added amino acids have no homology to any known protein. (G) Real-time PCR demonstrated that the amount of OSBPL2 mRNA in 
individuals with OSBPL2 mutation is not different from that in individuals without OSBPL2 mutation. M1, c.158_159AAdel (p.Gln53Argfs*100); M2, c.180_181CAdel (p. 
His60Glnfs*93). (H) Immunofluorescence overexpressed OSBPL2 wild-type (WT) and mutants in HeLa or HEI-OC1 cells. Cells were immunostained with anti-MYC 
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cytoplasm in all cell lines (Figure 1H and Fig. S3A). OSBPL2 
mutant truncated proteins, p.R50Afs*103, p.Q53Rfs*100, and 
p.H60Qfs*93, formed cytoplasmic aggregates upon overex-
pression in all cell lines; however, the missense variant, p. 
L195M, did not form cytoplasmic aggregates and had similar 
localization pattern to WT protein (Figure 1H and Fig. S3A). 
Western blot analysis also revealed multimer bands in cells 
overexpressing truncated OSBPL2, but not in cells overexpres-
sing WT or p.L195M OSBPL2 (Figure 1I and Fig. S3B), 
indicating that p.L195M missense variant was probably dif-
ferent from other truncated mutants in the pathogenesis. The 
band intensity corresponding to the multimer further 
increased upon treatment with lysosomal inhibitors bafilomy-
cin A1 or chloroquine, but not with MG132, a proteosomal 
inhibitor (Figure 1I-K), thus suggesting that multimers of 
mutant OSBPL2 were degraded by lysosomes. We also com-
pared the stability of WT and mutant OSBPL2 in
a heterologous system. HEK 293 cells, overexpressing 
OSBPL2, were treated with cycloheximide (100 µg/ml) for 
up to 12 h to block protein synthesis. Western blot analysis 
showed that cells expressing mutant OSBPL2 had multimer- 
size bands, which were hardly observed in cells expressing 
WT OSBPL2, even under denaturing conditions, and that 
mutant OSBPL2, especially the multimer, was more stable 
than the WT protein (Figure 2A-D). OSBPL2 is known to 
form a tetramer [12], therefore, we examined if the truncated 
mutant protein could still interact with WT OSBPL2 protein 
even though it lacked the oxysterol-binding domain 
(Figure 1E). Coimmunoprecipitation showed that p. 
Q53Rfs*100 could form a dimer with the WT protein (Fig. 
S4A-B), suggesting that the mutant protein might be domi-
nant-negative.

Further examination of subcellular localization revealed 
that WT OSBPL2 colocalized with the ER marker, whereas 
p.Q53Rfs*100 OSBPL2 colocalized with the endosome and 
lysosome markers (Figure 2E).

Osbpl2 knockout mice did not exhibit hearing loss

We confirmed the ubiquitous expression of OSBPL2 in the 
murine inner ear, including inner and outer hair cells, sup-
porting cells, ganglion neuronal cells, and epithelia of stria 
vascularis (Figure 3A).

As heterozygous OSBPL2 mutations might have led to 
autosomal dominant hearing loss via haploinsufficiency or 
a dominant-negative effect, we first generated osbpl2 knock-
out (KO, osbpl2−/−) mice using the CRISPR-Cas9 system. 
The guide RNA was designed to target exon 3 of Osbpl2 
(Figure 3B) as the frameshift mutations identified in 
humans occurred in the exon 3 of OSBPL2 (Table 1), and 
resulting edited alleles were screened using the T7E1 assay 
(Fig. S5A). Osbpl2 targeting was confirmed via genotyping 
and Western blot analysis (Fig. S5B-C). osbpl2−/− mice were 
viable, fertile, and born at an expected Mendelian ratio. 

Osbpl2+/- and osbpl2−/− mice were not grossly different 
from their WT siblings. We determined the hearing sensi-
tivity of Osbpl2+/- and osbpl2−/− mice by measuring the 
auditory brainstem response (ABR) thresholds in response 
to click stimuli of mixed broadband or pure-tone sounds at 
individual frequencies up to postnatal day (P) 180 at 30-day 
intervals. ABR thresholds of both click and pure-tone sti-
muli at all frequencies in Osbpl2+/- and osbpl2−/− mice were 
comparable to those in Osbpl2+/+ mice (Figure 3C and Fig. 
S5D). Distortion product otoacoustic emission (DPOAE) 
thresholds, which reflected the cochlear amplification func-
tion of outer hair cells (OHCs), did not significantly differ 
among any of the genotypes (Figure 3D). Whole-mount 
immunofluorescence and scanning electron microscopy 
(SEM) further showed that the stereociliary bundles of 
OHCs in Osbpl2+/- and osbpl2−/− mice were comparable to 
those in Osbpl2+/+ mice on P120 (Fig. S5E). Histology and 
immunofluorescence revealed that overall cochlear mor-
phology and spiral ganglion neurons (SGNs) were not dif-
ferent among different genotypes (Figure 3E). In the pig 
model, high-fat diet (HFD) aggravated the development of 
hearing loss [14]; therefore, we examined whether HFD 
induced hearing loss in Osbpl2+/- and osbpl2−/− mice. 
However, Osbpl2+/- and osbpl2−/− mice did not show hear-
ing loss or any morphological change upon HFD after 
weaning up to 16 weeks (Figure 4A-C). In addition, 
hypercholesterolemia was not observed in osbpl2−/− mice 
fed HFD for two months (Figure 4D), and triglyceride, 
high-density lipoprotein, food uptake, activity, bodyweight, 
fat composition, and energy expenditure of Osbpl2+/- and 
osbpl2−/− mice were overall similar to those of Osbpl2+/+ 

mice (Figure 4D and Fig. S6A-E). We also examined the 
serum lipid profile in individuals with or without 
a heterozygous OSBPL2 mutation. Individuals with 
a heterozygous c.158_159AAdel in OSBPL2 had normal 
lipid and lipoprotein levels similar to control individuals 
without the allele (Figure 5A-F), indicating that hearing 
loss in these individuals was not due to abnormal lipid 
metabolism. These findings did not only suggest that the 
function of OSBPL2 was not essential for normal hearing, 
but also excluded haploinsufficiency or a dominant- 
negative effect as neither Osbpl2+/- or osbpl2−/− mice devel-
oped hearing loss.

Transgenic mouse model expressing p.Q53Rfs*100 
recapitulated hearing loss

As osbpl2−/− mice did not exhibit hearing loss and 
hypercholesterolemia, we assumed that truncated 
OSBPL2 might gain additional functions, which was not 
observed with WT OSBPL2. To examine this, we consid-
ered a knock-in mouse model in which the frameshift 
mutation identified in human patients is introduced or 
a transgenic mouse model which expresses human mutant

antibody. Note that WT OSBPL2 exists homogenously in the cytoplasm, whereas truncated OSBPL2 mutant proteins show an aggregated pattern (arrowheads) in 
most cells. Scale bars: 20 μm. (I-K) Mutant OSBPL2 forms high molecular weight multimers, which increase by 5 nM bafilomycin A1 (I) or 10 μM chloroquine treatment 
(J), but not by 10 μM MG132 (K) for 24 h. Data represent mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.005, ns: not significant; ANOVA with Bonferroni comparisons.
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OSBPL2. When the two AA bases at positions 158 and 
159 of Osbpl2 cDNA were deleted to mimic the human 
c.158_159AAdel (p.Q53Rfs*100) mutation, the resulting 
protein (p.Q53Rfs*46) was shortened to 43 amino acids 
(Fig. S7A). In addition, mouse p.Q53Rfs*46 OSBPL2 did 
not form cytoplasmic aggregates or multimers (Fig. S7B- 
C). Therefore, we generated a transgenic mouse model 
that expressed an N-terminally FLAG-tagged p. 
Q53Rfs*100 OSBPL2 mutant (Figure 6A, designated as 
HsQ53R-TG). The transgene was confirmed via genotyp-
ing (Fig. S8A) and was highly expressed in the inner ear 
and brain (Figure 6B). HsQ53R-TG mice were viable, 
fertile, and born at an expected Mendelian ratio, and 

did not exhibit any gross abnormalities. In addition, on 
P14, no obvious defects were observed in the organization 
and morphology of the cochlea in the organ of Corti of 
HsQ53R-TG mice (Fig. S8B). However, unlike osbpl2−/−

mice, HsQ53R-TG mice displayed significantly higher 
ABR and DPOAE thresholds at all frequencies than their 
control siblings on P60 (Figure 6C-D). In the whole- 
mount immunofluorescence of the cochlea, the transgene 
expression was observed in auditory hair cells and SGNs, 
and phalloidin staining revealed the degeneration of hair 
cells in HsQ53R-TG (Figure 6E). Immunofluorescence 
and histology also showed that hair cells were severely 
degenerated in the organ of Corti and SGNs were

Figure 2. Effects of frameshift variants of OSBPL2 on expression. (A-D) The stability of wild-type (WT) and mutant OSBPL2 was examined using protein stability assays. 
Samples were harvested at the indicated times after treatment with cycloheximide (100 μg/ml). p.Q53Rfs*100 mutant, especially multimer, is more stable than 
OSBPL2 WT upon overexpression. Data are representative of at least three independent experiments, and band intensities were normalized to ACTB. Representative 
immunoblots are shown in A and B. * p < 0.05, ** p < 0.01, ANOVA with Bonferroni comparisons. (E) Immunofluorescence of OSBPL2 WT and mutant proteins in 
HeLa cells. Endoplasmic reticulum (ER, YFP-ER), Golgi (YFP-Golgi), membrane (GFP-Membrane), endosome (GFP-RAB5), and lysosome (GFP-LAMP1) are labeled. 
Colocalization was quantified by calculating Manders’ colocalization coefficients. Scale bars: 20 μm. Data represent mean ± SD. * p < 0.05, *** p < 0.005, ANOVA with 
Bonferroni comparisons.
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Figure 3. Osbpl2 knockout mice do not develop hearing loss. (A) Expression of OSBPL2 in the mouse cochlear. OSBPL2 (red) was co-immunostained with TUBB3 or 
MYO7A (green). Scale bars: 20 μm. (B) Generation of osbpl2 knockout (KO) mice. Single-guide RNA was selected to target the exon 3 of Osbpl2. (C-D) ABR and DPOAE 
thresholds in Osbpl2+/+ (black), Osbpl2+/- (blue), and osbpl2−/− (red) mice on postnatal (P) day 120. Genotypes showed no significant difference in hearing function. 
Data represent mean ± SD. (E) Immunohistochemistry and histology of the organ of Corti in Osbpl2 mice on P30 and P120. Anti-TUBB3 (green), anti-NEFH (red), and 
H&E staining show that spiral ganglion neurons of Osbpl2+/- and osbpl2−/− mice are comparable to those of Osbpl2+/+ mice. In addition, hair cells are well preserved 
in Osbpl2+/- and osbpl2−/− mice.
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significantly reduced in HsQ53R-TG mice (Figure 6F and Fig. 
S8C). Cholesterol and triglyceride levels in the inner ear and 
brain of HsQ53R-TG mice were not different from those of 
control mice (Figure 6G-K), suggesting that hearing loss of 
HsQ53R-TG mice did not result from abnormal lipid levels. 
According to the novel object preference test on P60, which 
examines learning and memory, there was no difference 
between HsQ53R-TG and control mice, even though p. 
Q53Rfs*100 OSBPL2 diffusely accumulated in the brain tissue 
of HsQ53R-TG mice, suggesting that hearing loss is probably 
not due to defects in brain function (Figure 7A-C). In addi-
tion, we generated a transgenic mouse model, which expressed 
an N-terminally FLAG-tagged wild-type OSBPL2 (Figure 8A- 

C, designated as HsWT-TG). However, unlike HsQ53R-TG 
mice, HsWT-TG mice did not develop hearing loss up to 
P90 (Figure 8D-F). These results suggested
that transgenic expression of p.Q53Rfs*100 OSBPL2 mutant 
protein abrogated hearing function via cochlear degeneration.

Truncated OSBPL2 mutant leads to defective 
endolysosomal homeostasis and impaired autophagy

As four pathogenic OSBPL2 mutations led to almost identical 
truncated proteins, which formed cytoplasmic aggregates 
(Figure 1H and Fig. S3A), we performed a proteomic analysis

Figure 4. High-fat diet does not induce hearing loss in osbpl2 knockout mice. (A-B) ABR and DPOAE thresholds in Osbpl2+/+ (black) and osbpl2−/− (red) mice fed 
a high-fat diet (HFD) on postnatal (P) day 120. Data represent mean ± SD. (C) Immunostaining and H&E staining in the cochlear of Osbpl2+/+ and osbpl2−/− mice that 
were fed HFD on postnatal P120. No significant morphological difference in inner hair cells (IHCs), outer hair cells (OHCs), and spiral ganglion neurons is shown 
between Osbpl2+/+ and osbpl2−/− mice. White scale bars: 20 µm; black scale bars: 100 µm. (D) Serum cholesterol (CHOL), triglycerides (TG), and high-density 
lipoprotein (HDL) levels in Osbpl2+/+, Osbpl2+/-, and osbpl2−/− mice that were fed HFD for two months.
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to understand the function of mutant OSBPL2 via the identifica-
tion of its interactome (Fig. S9A-C). We transiently transfected 
HEK 293 cells with N-terminally FLAG-tagged WT and p. 
Q53Rfs*100 OSBPL2. Following affinity purification using anti- 
FLAG beads, protein eluates were analyzed using liquid chro-
matography coupled with a high-resolution mass spectrometer 
(LC-MS/MS). In total, 152 and 407 proteins were identified as 
exclusive interactors of WT or mutant OSBPL2, respectively. 
Among them, VAPB and SNRPF, which are interactors of WT 
OSBPL2 reported in the Human Reference Interactome (http:// 
www.interactome-atlas.org/), were isolated (Figure 9A). 
Interestingly, SQSTM1/p62, an autophagy receptor and auto-
phagosome cargo protein [26], was also identified as an inter-
actor of both WT and mutant OSBPL2 (Figure 9A). We
confirmed this interaction using coimmunoprecipitation and 
found that the interaction between p.Q53Rfs*100 OSBPL2 and 
SQSTM1 was very weak compared to that between WT OSBPL2 
and SQSTM1 (Fig. S10A). SQSTM1 interacted with WT 
OSBPL2 through its region containing ZZ domain, LIR motif, 
or both (Fig. S10B). Gene ontology (GO) analysis showed that 
proteins that exclusively interacted with p.Q53Rfs*100 were 

involved in protein stabilization, macroautophagy, endosome 
organization, regulation of MTORC1 signaling, and ubiquitina-
tion (Figure 9B and Fig. S11A-B).

As p.Q53Rfs*100 interacted with proteins related to endo-
somes and autophagy, we first examined the effect of WT and 
mutant OSBPL2 on autophagic flux via measuring total LC3 
levels and LC3-II:LC3-I ratio. Overexpression of p.Q53Rfs*100 
OSBPL2 decreased the ratio of active membrane-bound LC3-II 
to cytosolic LC3-I (Figure 9C). This was also confirmed in the 
inner ear tissues, but not in the brain tissues, of HsQ53R-TG 
mice on P60 (Figure 9D-G).

Overexpression of p.Q53Rfs*100 OSBPL2 also increased the 
LysoTracker signal, an acidotropic dye (Figure 10A) and 
decreased the degradation of ectopically introduced dextran 
(Figure 10B). However, the activity and expression of CTSD 
(cathepsin D), a lysosomal aspartyl protease, were not altered by 
p.Q53Rfs*100 OSBPL2 (Figure 10C-D), suggesting that the 
decrease in lysosomal degradative capacity in cells with mutant 
OSBPL2 is not due to impaired lysosomal activity, but related to 
impaired autophagic flux. In addition, filipin staining showed that 
intracellular distribution of cholesterol was not altered by the 
overexpression of p.Q53Rfs*100 OSBPL2 (Figure 10E), indicating

Figure 5. Serum lipid profiles of individuals with an OSBPL2 mutation. (A-F) High-density lipoprotein (HDL), low-density lipoprotein (LDL), triglyceride, fatty acid, 
APOA1 (apolipoprotein A1), and APOB (apolipoprotein B) levels are not different between control individuals and individuals with an OSBPL2 mutation. All individuals 
are from YUHL3 families. M1, c.158_159AAdel (p.Gln53Argfs*100).
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Figure 6. Transgenic mice expressing mutant OSBPL2 recapitulate hearing loss. (A) Generation of transgenic mice expressing human p.Q53Rfs*100 OSBPL2 (HsQ53R- 
TG). Transgene cassette consists of the CAG promoter, 3XFLAG-tagged p.Q53Rfs*100 OSBPL2, and SV40 poly(A) tail sequence; arrows indicate PCR primers for 
genotyping. (B) Immunoblotting of p.Q53Rfs*100 OSBPL2 in the inner ear, brain, liver, and kidney of HsQ53R-TG mice using anti-FLAG antibody. (C-D) ABR and 
DPOAE thresholds in control (black) and HsQ53R-TG (red) mice at P60. Compared to control mice, HsQ53R-TG mice exhibited severe hearing loss at all frequencies. 
Data represent the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.005, ns not significant, ANOVA with Bonferroni comparisons. (E) Immunostaining with phalloidin 
(green) and FLAG (red) of the whole-mount inner ear showed severe degeneration in the organ of Corti and mutant protein aggregation in the spiral ganglion of 
HsQ53R-TG mice on P60. Scale bars: 100 μm. (F) Immunohistochemistry and histology of the organ of Corti of HsQ53R-TG mice on P60. Anti-TUBB3, anti-MYO7A, and 
H&E staining show spiral ganglion neurons (SGNs) and hair cell degeneration in HsQ53R-TG mice. Graph represents the mean ± SD of the number of SGN cells. *** 
p < 0.005, Student’s t-test. (G-K) Total cholesterol (G-H) and triglyceride (I-K) levels in inner ear and brain were not different between control and HsQ53R-TG mice. 
Data represent mean ± SD. ns not significant; Student’s t-test.
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that perturbed endolysosomal homeostasis resulting from mutant 
OSBPL2 was not attributable to improper cholesterol localization.

Immunoprecipitation of OSBPL2 proteins showed that levels 
of high molecular weight polyubiquitinated proteins were 
increased in cells overexpressing p.Q53Rfs*100 OSBPL2 com-
pared to cells overexpressing WT OSBPL2 (Figure 11A). 
Interestingly, rapamycin treatment decreased both polyubiqui-
tinated protein levels and multimer-size bands of p.Q53Rfs*100 
(Figure 11A). Overexpression of WT OSBPL2 decreased 
PIK3CA, AKT, and MTOR phosphorylation, whereas p. 
Q53Rfs*100 OSBPL2 overexpression resulted in increased 
MTOR phosphorylation (Figure 11B). Enhanced MTOR phos-
phorylation caused by p.Q53Rfs*100 OSBPL2 was also decreased 
upon rapamycin treatment (Figure 11B). Overexpression of p. 
Q53Rfs*100 OSBPL2 did not change the expression of proteins 
related to unfolded protein response, such as ERN1/IRE1α,

HSPA5/BiP, and XBP1 (Fig. S12). p.Q53Rfs*100 OSBPL2 par-
tially colocalized with LC3 and SQSTM1, which was enhanced 
upon rapamycin treatment (Figure 11C-F).

Rapamycin partially rescued the hearing loss phenotype 
in HsQ53R-TG mice and individuals with DFNA67
As rapamycin decreased multimer bands of p.Q53Rfs*100 
in vitro, we further investigated whether rapamycin could rescue 
the hearing loss in HsQ53R-TG mice. Because hearing impair-
ment of HsQ53R-TG mice was detected as early as P21, we 
administered rapamycin starting from P1 daily (Figure 12A, 
Strategy #1), but the injection was stopped on P10 due to growth 
retardation (Fig. S13A-B). Rapamycin was given daily for 
a month starting on P30, but it did not show efficacy when the 
hearing was measured on P60 (Figure 12A, Strategy #3, and Fig.

Figure 7. Mutant OSBPL2 protein in the brain and behavior test of HsQ53R-TG mice. (A) Immunostaining with an anti-FLAG antibody showed mutant OSBPL2 
accumulates aggregation in the brain of HsQ53R-TG mice on P60. Histology showed no gross abnormality in HsQ53R-TG mice. Graph represents the mean ± SD of 
fluorescence intensity. *** p < 0.005, Student’s t-test. CC, corpus callosum; HC, hippocampus; HT, hypothalamus; IC, Internal capsule; TH, thalamus. Scale bars: 1 mm. 
(B-C) Novel object recognition. Both control and HsQ53R-TG mice showed no difference in preference for the novel object. Data represent mean ± SD. ns not 
significant; Student’s t-test.
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S13C). Therefore, we injected rapamycin daily from P7 to P15 
and measured the hearing sensitivity on P30 (Figure 12A, 
Strategy #2). Interestingly, rapamycin treatment significantly 
decreased both ABR and DPOAE thresholds, especially at low 
frequencies in HsQ53R-TG mice (Figure 12B-D). Histology and 
immunofluorescence showed that hair cells and SGNs were 
preserved in HsQ53R-TG mice upon rapamycin treatment com-
pared to mice without treatment (Figure 12E and Fig. S13D). In 
addition, p.Q53Rfs*100 OSBPL2 expression, detected using anti- 
FLAG antibody in SGNs of HsQ53R-TG mice, was significantly 
decreased upon rapamycin treatment (Figure 12E). SEM of 
cochlear on P60 showed that stereocilia were abrogated in 
HsQ53R-TG mice compared to control mice but were partially 
rescued upon rapamycin treatment in HsQ53R-TG mice 
(Figure 12F). Transmission electron microscopy (TEM) revealed 
large electron-dense structures in the cytoplasm of type 1 SGNs,
which resembled insoluble protein deposits, but rapamycin 
treatment significantly decreased these structures in HsQ53R- 
TG mice (Figure 12G).

Based on our findings, we performed a proof-of-concept 
clinical trial, in which individuals with OSBPL2 mutations 

from the YUHL3 and YUHL457 families were treated with 
rapamycin (Rapamune, Pfizer). Five enrolled adult patients 
with mild to severe hearing loss received 2 mg of rapamycin 
once a day for 3 months (Figure 13A). We compared the 
hearing thresholds at low frequencies including 250 and 
500 Hz before and after rapamycin treatment (Figure 13B- 
C); while the hearing threshold at 250 Hz did not change at 3 
and 6 months after the treatment, the hearing threshold at 
500 Hz improved by ~ 5 dB. In one patient, who initially 
showed a response upon DPOAE (YUHL457: IV-2) 
(Figure 13D-E), the signal-to-noise ratio was increased bilat-
erally (Figure 13F). Tinnitus was identified in two patients; 
the symptom improved according to the Tinnitus Handicap 
Inventory (THI) questionnaire (Figure 13G) [27–36]. No cri-
tical side effects or other safety issues were observed in these 
patients after 3 months of treatment.

Taken together, these findings demonstrated that defective 
autophagy contributed to the pathogenesis of hearing loss in 
HsQ53R-TG mice and supported the therapeutic potential of 
rapamycin for the treatment of hearing loss resulting from the
accumulation of mutant OSBPL2.

Figure 8. Transgenic mice expressing wild-type OSBPL2 do not show hearing loss. (A) Generation of transgenic mice expressing human wild-type OSBPL2 (HsWT-TG). 
Transgene cassette consists of the CAG promoter, 3XFLAG-tagged WT OSBPL2, and SV40 poly(A) tail sequence; arrows indicate PCR primers for genotyping. (B) PCR 
genotyping of HsWT-TG mice. The forward primer is for the CAG promoter region, and the reverse primer is for the coding region of OSBPL2 cDNA. The amplicon size 
is 643 bp. (C) Immunoblotting of WT OSBPL2 in the inner ear, brain, liver, and kidney of HsWT-TG mice using anti-FLAG antibody. (D-E) ABR and DPOAE thresholds in 
control (black) and HsWT-TG (blue) mice at P60. Data represent mean ± SD. (F) Click ABR thresholds of control and HsWT-TG mice up to 90 postnatal days.
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Discussion

In this study, we elucidated the molecular mechanisms under-
lying autosomal dominant NSHL, DFNA67, resulting from 
truncating OSBPL2 mutations, and showed that it is a toxic 
proteinopathy. Using cell and transgenic mouse models, we 
showed that truncated mutant OSBPL2 accumulated intracel-
lularly, thereby impairing autophagic function, leading to 
hearing loss in HsQ53R-TG mice. We also demonstrated 
that rapamycin, an inducer of autophagy, decreased the accu-
mulation of the mutant protein and partially rescued the 
hearing loss phenotype in HsQ53R-TG mice. This study has 
important implications for the prevention and treatment of 
DFNA67.

Including the results of this study, four frameshift and one 
missense mutations in OSBPL2 have been reported to cause 
DFNA67 [7–9]. Four frameshift mutations resulted in trun-
cated proteins which contained 49–59 N-terminal amino acids 
of WT OSBPL2 and the frameshifted, 92–102 amino acid-long 
peptides, therefore; the resulting proteins were all 151 amino 
acids in length. In addition, the added frameshifted peptides 
did not match any of the human proteins in the BLASTP 
search; therefore, they were so-called neo-proteins. We found 

that these mutant proteins formed intracellular aggregates, 
whereas the only reported missense variant, p.L195M, did 
not, suggesting that the pathogenicity of the p.L195M variant 
needs to be reevaluated. We also demonstrated that HsQ53R- 
TG mice exhibited progressive hearing loss and the transgene, 
p.Q53Rfs*100 OSBPL2, accumulated in the organ of Corti and 
SGNs of HsQ53R-TG mice. Taken together, DFNA67 resulted 
from the accumulation of neo-proteins which do not normally 
exist; therefore, we identified DFNA67 as a proteinopathy.

Our study also explained the autosomal dominant inheri-
tance of DFNA67. OSBPL2 had a pLI (probability of being 
loss-of-function intolerant) score of 0.13 and an observed/ 
expected ratio of 0.26; suggesting that haploinsufficiency was 
not likely to occur. This was consistent with our finding that 
Osbpl2+/- mice did not develop hearing loss. Nineteen loss-of- 
function alleles of OSBPL2 were reported in the gnomAD, 
none of them presented a neo-protein like p.Q53Rfs*100, and 
no homozygous individual for these alleles existed. 
Comparison of osbpl2−/− and HsQ53R-TG mice indicated 
that hearing loss was not due to loss-of-function of OSBPL2, 
but to the abnormal function of OSBPL2 mutant neo-protein. 
In this regard, it is contradictory that OSBPL2−/− pigs exhibit 
hearing loss [14], whereas osbpl2−/− mice do not. Yao et al.

Figure 9. Mutant OSBPL2 causes autophagic impairment. (A) Representative interactors of wild-type (WT) and p.Q53Rfs*100 OSBPL2 identified using proteomics. 
Proteins in purple were commonly detected in both WT and mutant OSBPL2. Proteins in blue were identified as interactors of WT OSBPL2, whereas proteins in red 
were bound to mutant OSBPL2. SNRPF and VAPB (shown in purple with black borderline) are the known interactors of WT OSBPL2. (B) Gene ontology analysis of 
mutant OSBPL2 interactors revealed that proteins involved in ubiquitination and autophagy were enriched. (C) Autophagic flux assay revealed that LC3-I to LC3-II 
conversion was decreased in cells overexpressing p.Q53Rfs*100 OSBPL2. Forty-eight h after transfection, cells were serum-starved in Earle’s balanced salt solution 
(EBSS) and/or treated with 10 µM chloroquine for 4 h to induce or inhibit autophagy, respectively. * p < 0.05, ANOVA with Bonferroni comparisons. (D-G) 
Immunoblotting of LC3 in the inner ear and brain tissues of control and HsQ53R-TG mice. The ratio of LC3-II to LC3-I was decreased in the inner ear tissues (D, F) of 
HsQ53R-TG mice on P60, but not in brain tissues (E, G). Graph represents the mean ± SD of band intensity. *** p < 0.005, ns: non-significant, Student’s t-test.
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obtained three OSBPL2-disrupted alleles, p.T96Hfs*230, p. 
E97_M99del, and p.Y98Lfs*231 using the CRISPR-Cas9 sys-
tem and mostly used p.Y98Lfs*231-homozygous pigs for their 
experiments. It would be interesting to examine whether p. 
Y98Lfs*231 behaves like p.Q53Rfs*100 and whether p. 
Y98Lfs*231-heterozygous pigs exhibit hearing loss.

More importantly, we found that accumulated OSBPL2 
mutant neo-proteins perturbed endolysosomal homeostasis 

associated with impaired autophagy, an evolutionarily con-
served lysosomal degradation process indispensable for cell 
homeostasis. Unlike WT OSBPL2, p.Q53Rfs*100 neo-protein 
had interactors involved in macroautophagy, regulation of 
MTORC1 signaling, and ubiquitination. Neo-proteins formed 
multimers even in a denaturing condition, increased the level
of high molecular weight polyubiquitinated proteins, and 
decreased autophagic flux. HsQ53R-TG mice, which

Figure 10. Mutant OSBPL2 causes perturbed endolysosomal homeostasis. (A) The signal intensity of LysoTracker was increased in cells overexpressing p.Q53Rfs*100 
OSBPL2 compared to cells overexpressing WT OSBPL2. HeLa cells transfected with indicated plasmids were incubated with 200 nM LysoTracker for 1 h at 37°C. Scale 
bars: 20 μm. *** p < 0.005; Student’s t-test. (B) Rhodamine-labeled dextran was more accumulated in cells overexpressing p.Q53Rfs*100 OSBPL2 compared to cells 
overexpressing WT OSBPL2. Scale bars: 20 μm. *** p < 0.005, ANOVA with Bonferroni comparisons. (C) Overexpression of p.Q53Rfs*100 OSBPL2 did not affect the 
level of CTSD. (D) The enzyme activity of CTSD was not affected by overexpression of p.Q53Rfs*100 OSBPL2. Data represent the mean ± SD. (E) Filipin staining (blue) 
revealed that intracellular cholesterol distribution was not defective in cells overexpressing p.Q53Rfs*100 OSBPL2. Scale bars: 20 μm.
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expressed p.Q53Rfs*100 OSBPL2 exhibited mutant protein 
accumulation, together with cytoplasmic vacuolization and 
atypical electron-dense structures observed via electron 
microscopy of the inner ear. These results suggested that 
defective autophagy underlay the observed hearing loss phe-
notype. These findings are in line with emerging evidence 
indicating a role for protein homeostasis and autophagy in 
the maintenance of cochlear function [28–30]. Defective pro-
teostasis and autophagy led to age-related hearing loss in 
mouse models. Our data demonstrated that defects in these 
processes indeed contributed to the pathogenesis of hearing 
loss in humans. Several genetic disorders in the autophagy 
pathway have been described and characterized by prominent 
involvement of the central nervous system, peripheral nerves,
and skeletal muscles. For example, Ohtahara syndrome 

(OMIM 612186) resulting from mutations in DMXL2 com-
monly accompanies sensorineural hearing impairment, optic 
atrophy, and myopathy [31,32].

We discovered that rapamycin inhibited the accumulation 
of OSBPL2 neo-proteins, thereby rescuing endolysosomal 
function and autophagy. Furthermore, 9-day rapamycin treat-
ment delayed the progress of hearing loss in HsQ53R-TG 
mice. Though the number of patients enrolled in a clinical 
trial was insufficient to reach out statistical significance, we 
observed that the enrolled patients improved the symptom of 
tinnitus and partially improved auditory thresholds at low 
frequencies. In this regard, patients with DFNA67 are an 
optimal candidate for medical intervention, because they 
show progressive hearing loss with the onset in their late 20s 
and maintain residual hearing for a while without congenital

Figure 11. Rapamycin rescues cellular defects resulting from mutant OSBPL2. (A) Overexpression of p.Q53Rfs*100 OSBPL2 increased high molecular weight 
polyubiquitinated proteins, whereas 3 µM rapamycin treatment or nutrient starvation reduced mutant OSBPL2 multimers as well as polyubiquitinated proteins. 
HEK 293 cells were transfected as indicated and harvested. Protein samples were immunoprecipitated with anti-FLAG antibody and immunoblotted using anti- 
ubiquitin, anti-MYC, and anti-FLAG antibodies. FL, full-length. *** p < 0.005, ANOVA with Bonferroni comparisons. (B) Overexpression of p.Q53Rfs*100 OSBPL2 
induced MTOR phosphorylation, whereas that of WT OSBPL2 did not. MTOR phosphorylation caused by the overexpression of mutant OSBPL2 was decreased upon 
3 µM rapamycin treatment. Densitometry analyses in (A–B) are representative of at least three independent experiments and band intensities were normalized to 
that of ACTB. * p < 0.05, *** p < 0.005, ns non-significant, ANOVA with Bonferroni comparisons. (C-F) Rapamycin treatment increased colocalization of autophagy 
markers, LC3 and SQSTM1, with p.Q53Rfs*100 OSBPL2. mCherry-LC3 or GFP-SQSTM1 and OSBPL2 containing plasmids were transfected into HeLa cells and were 
subjected to 3 µM rapamycin treatment for 24 h. Colocalization was quantified by calculating Manders’ colocalization coefficients. Scale bars: 20 μm. *** p < 0.005, 
ANOVA with Bonferroni comparisons.
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Figure 12. Rapamycin partially rescues hearing loss phenotypes of HsQ53R-TG mice. (A) Schematic diagram of strategies for rapamycin (Rapa, 2 mg/kg) treatment. 
Rapamycin was intraperitoneally injected daily from postnatal (P) day 1 to P10 in Strategy #1, from P7 to P15 in Strategy #2, and from P30 to P60 in Strategy #3. 
Hearing ability was examined on P30 and P60. Rapa, rapamycin. (B-C) ABR and DPOAE thresholds in control (black), HsQ53R-TG (red), and HsQ53R-TG mice treated 
with rapamycin using Strategy #2 (blue) on P60. Rapamycin treatment significantly reduced the ABR click threshold to 40 dB in HsQ53R-TG mice. DPOAE amplitudes 
were also restored at 6 and 12 kHz in HsQ53R-TG mice treated with rapamycin. Data represent mean ± SD. * p < 0.05, *** p < 0.005, ns not significant, ANOVA with 
Bonferroni comparisons. (D) Representative ABR recordings in response to click stimuli showed sound-evoked potentials in HsQ53R-TG mice treated with rapamycin, 
indicating that rapamycin rescued hearing phenotype. (E) Immunohistochemistry and histology of HsQ53R-TG mice untreated or treated with rapamycin at P30. 
MYO7A, TUBB3, and H&E staining showed that hair cells and spiral ganglion neurons (SGNs) were more preserved in rapamycin-treated HsQ53R-TG mice compared to 
untreated HsQ53R-TG. Rapamycin also decreased the intensity of transgene p.Q53Rfs*100 OSBPL2, as detected using the anti-FLAG antibody. Graph represents the 
mean ± SD of the number of SGN cells. * p < 0.05, *** p < 0.005, ns: non-significant, Student’s t-test. (F) Scanning electron microscopy (SEM) of the inner ear of 
HsQ53R-TG mice treated with or without rapamycin compared to control mice. SEM images of rapamycin-treated HsQ53R-TG mice showed partial restoration of hair 
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anomalies. As such, they can have a relatively long therapeutic 
time window for the intervention, which give them many 
opportunities to remedy the hearing loss. However, there is 
a limitation of hearing restoration at high frequencies, of 
which the hearing function was too devastated to recover; it 
implies that the optimization of therapeutic time window is 
important for the efficient intervention.

In conclusion, we elucidated the molecular mechanism 
underlying DFNA67, a proteinopathy caused by mutant 
OSBPL2 protein which is associated with lysosomal defects 
and impaired autophagy, and suggested rapamycin as 
a therapeutic candidate for DFNA67, for which currently no 
medical intervention is available. More studies are required to 
establish a rapamycin treatment regime and identify more
efficient and less toxic compounds than rapamycin to estab-
lish precision medicine in genetic hearing loss.

Matrials and methods

Patients and sensorineural hearing loss diagnosis

All patients who were registered in the YUHL cohort had hear-
ing loss and were referred to Severance Hospital for further 
evaluation and treatment. Pure-tone and speech audiograms 
were performed for all patients and their affected and unaffected 

family members. Pure-tone air (250–8,000 Hz) and bone con-
duction (250–4,000 Hz) thresholds were measured using clinical 
audiometers in a double-walled audio booth. The degree of 
hearing loss was determined by averaging the thresholds of air 
conduction at 500, 1000, 2000, and 4000 Hz. The steady-state 
auditory response was also determined for young babies. 
Temporal bone computed tomogram and magnetic resonance 
imaging were performed to evaluate inner ear anomalies.

We performed a proof-of-concept clinical trial in which 
individuals with OSBPL2 mutations from the YUHL3 family 
are being treated with Rapamune (Pfizer, S1039). This trial 
was reviewed and approved by the IRB at the Severance 
Hospital (#2020-0250) and the Ministry of Food and Drug 
Safety (#33,042). Three enrolled adult patients with residual 
hearing function at low frequencies took 2 mg of rapamycin 
daily for 3 months. The primary endpoint was assessed after 
Rapamune intake for 3 and 6 months to decide whether the 
treatment is safe and efficient in terms of improvement of the 
hearing threshold at low frequencies in pure-tone audiogram 
and decrease of tinnitus symptom in THI score.

ETHICS APPROVAL

This study was approved by the institutional review board of 
the Severance Hospital, Yonsei University Health System (IRB

cells compared to untreated HsQ53R-TG mice. Scale bars: 10 μm. (G) Transmission electron microscopy images from control, untreated HsQ53R-TG, and treated 
HsQ53R-TG mice. HsQ53R-TG mice had electron-dense structures (red arrows) in the cytoplasm of SGNs, but these structures were significantly reduced in HsQ53R-TG 
mice treated with rapamycin. Black rectangles are magnified in the right panels.

Figure 13. Effects of rapamycin on individuals with DFNA67 from YUHL3 and YUHL457 families. (A) The pure-tone audiogram of the individuals (n = 5) with DFNA67 
from YUHL3 and YUHL457 families was obtained before the administration of rapamycin (Rapamune, Pfizer) for 3 months (2 mg, daily). Data for both ears are shown; 
the enrolled patients initially showed mild to severe-profound hearing loss. One patient showed positive response in DPOAE. (B-C). Three and six months later, the 
change in the auditory threshold was calculated from pure-tone audiogram; while the auditory threshold at 250 Hz did not change, it improved at 500 Hz in 3 out of 
6 patients. (D-F) Distortion product otoacoustic emission (DPOAE) thresholds were obtained in a patient who only had an initial response (YUHL457: IV-2). Both ears 
[right, red in (D); left, blue in (E)] showed positive responses in DPOAE at all frequencies except at 4 kHz. Dash line indicates the background noise level. Changes in 
the signal-to-noise ratio (SNR) were positive in both ears after 3 months of rapamycin treatment (F). (G) Tinnitus handicap inventory (THI) score was evaluated in two 
patients who had tinnitus symptom before the rapamycin treatment. Three and six months later, THI score was improved.
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#4-2015-0659). We obtained informed written consent from 
individuals with hearing loss for participation in this study 
and publication of their clinical data and enrolled them in the 
YUHL cohort.

WES

Genomic DNA was extracted from peripheral blood obtained 
from the affected individuals and their parents (if available), 
using RBC Lysis Solution (iNtRon Biotechnology, 
172 R-1000), Cell Lysis Solution (iNtRon Biotechnology, 
172C-1000), and Protein Precipitation Solution (iNtRon 
Biotechnology, 172C-0350). WES and variant filtering were
performed as described previously [23], using an Agilent 
SureSelect V5 enrichment capture kit (Agilent Technologies, 
5990–9857) and Illumina HiSeq 2500 platform (101 bases, 
paired-end). Sequence reads were mapped to the human 
reference genome assembly (NCBI build 3/hg19) using CLC 
Genomic Workbench (version 9.5.3) software (Qiagen). All 
variants with a minimum coverage of two were used. Variants 
were called using Basic Variant Caller in CLC Workbench and 
then annotated.

Reverse transcription real-time PCR

Whole-blood RNA was isolated from each patient and healthy 
subject, using TRIzol reagent (Thermo Fisher Scientific, 
15,596,026). Exactly 1 μg of total RNA was added in a final 
volume of 20 μl for reverse transcription using an iScriptTM 
Select cDNA Synthesis Kit (Bio-Rad, 1,708,896) according to 
the manufacturer’s instructions. Real-time PCR was per-
formed in 96-well plates using the StepOnePlusTM Real- 
Time PCR System and TaqMan Master Mix (Thermo Fisher 
Scientific, 4,369,016) according to the manufacturer’s instruc-
tions. The probes used were GAPDH (Thermo Fisher 
Scientific, Hs02758991_g1) and OSBPL2 (Thermo Fisher 
Scientific, Hs01023271_m1). Each PCR reaction was run in 
triplicate. Relative gene expression levels were calculated using 
the threshold cycle (Ct) method with GAPDH as the control: 
ΔCt = Ct(GAPDH)-Ct(OSBPL2). The fold change of OSBPL2 
was normalized to that of GAPDH, relative to the control 
samples, and calculated as 2−ΔΔCt.

Plasmid construction and site-directed mutagenesis

cDNA of human OSBPL2 was purchased from OriGene 
Technologies (RC201344) and subcloned into the pENTR- 
D-TOPO vector (Invitrogen, K240020). Expression vectors 
were constructed using LR clonase (Invitrogen, 11,791,019) 
following the manufacturer’s instructions, with a MYC- or 
FLAG-tag at the N terminus. OSBPL2 mutant clones were 
generated via PCR-based site-directed mutagenesis using the 
Quick Change II XL site-directed mutagenesis kit (Agilent 
Technologies, 200,521). In addition, OSBPL2 cDNA was 
cloned into p3XFLAG-CMV™-10 (Sigma, E7658) and 
pCAGGS (RDB08938, Riken). SQSTM1/p62 plasmids were 
kindly provided by Dr Yong Tae Kwon (College of 
Medicine, Seoul National University). The following vectors 
were used: p3XFLAG-CMV™-7 (Sigma, E7408), pEYFP-Golgi 

(Clontech, 6909–1), pEYFP-ER (Clontech, 6906–1), pCAG- 
mGFP-Membrane (Addgene, 14,757; deposited by Connie 
Cepko), GFP-RAB5 (Addgene, 31,733; deposited by Ron 
Vale), and GFP-LAMP1 (Addgene, 16,290; deposited by Ron 
Vale).

Cell culture and transfection

Human embryonic kidney 293 (HEK 293; Korean Cell Line 
Bank, 21,573) and HeLa (Korean Cell Line Bank, 10,002) cells 
were cultured in Dulbecco’s modified essential medium 
(DMEM; Gibco BRL, 11,965,092) supplemented with 10% 
fetal bovine serum (FBS; Sigma, F2442) and penicillin (50 
IU/ml)-streptomycin (50 μg/ml) (Gibco BRL, GIB-15410- 
122) (37°C, 5% CO2) following standard protocols. HEI- 
OC1 cells (House Ear Institute) were cultured under permis-
sive conditions (33°C, 10% CO2) in high-glucose DMEM 
(Gibco BRL, 11,965,092) containing 10% FBS without anti-
biotics. Cells were transfected with plasmids using 
Lipofectamine PLUS (Invitrogen, 10,964–021) or 
Transporter™ 5 Transfection (Polysciences, 26,008–50) 
reagent, according to the manufacturer’s instructions.

Chemicals

Bafilomycin A1 (B1793), MG132 (M7449), and chloroquine 
(C6628) were obtained from Sigma.

Immunoblotting, immunoprecipitation, and 
immunofluorescence

Immunoblotting and immunofluorescence were performed as 
described previously [33,34]. Anti-OSBPL2 (Proteintech, 
14,751-1-AP; and Novus, NBP1-92,236), anti-LC3 
(Proteintech, 18,725-a-AP), anti-TUBB3/Tuj1 (BioLegend, 
801,201), anti-MYO7A (Proteus, 25–6790), anti-NEFH/neu-
rofilament-H (AB5539, Sigma), anti-CTSD (MA1-26,773, 
Invitrogen), anti-ACTB/β-actin (Santa Cruz Biotechnology, 
sc-1615), anti-HSPA5/BiP (ab21685), and anti-XBP1 
(ab37151) were from Abcam, anti-MYC (2276S and 5605S), 
anti-DYKDDDDK (FLAG; 8146S and 2368S), anti-LC3A/B 
(4108S), anti-SQSTM1/p62 (5114S), anti-ubiquitin (3933S), 
anti-ERN1/IREα (14C10, 3294 T), anti-LAMP1 (9091S), anti- 
MTOR (7C10, 2983P), anti-phospho-MTOR (Ser2448; D9C2; 
2971S), anti-phospho-PIK3CA/PI3K (C73F8; 4249S), anti- 
phospho-AKT (D9E; 4060S) were from Cell Signaling 
Technology, LysoTracker™ Red DND-99 (Invitrogen, L7528), 
and Alexa Fluor-conjugated phalloidin (Invitrogen, A12379) 
were from commercial sources. Immunoblotting was per-
formed using primary antibodies at a 1:1,000 dilution, fol-
lowed by corresponding anti-isotype secondary antibodies 
(Cell Signaling Technology, 7074P2 and 7076P2) at a 1:2,000 
dilution. Signals were visualized using a SuperSignal West- 
Pico kit (Thermo Scientific, 34,579). Band intensities were 
quantified using ImageJ. Coimmunoprecipitation was per-
formed using EZview Red Anti-FLAG M2 (Sigma, F2426) 
and anti-c-MYC Affinity Gel (Sigma, E6654). 
Immunofluorescence was detected in cultured cells using 
a blocking buffer containing 10% donkey serum (Sigma,
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S30) and 1% bovine serum albumin (Affymetrix, 10,857) in 
phosphate-buffered saline (PBS; CellSTAR, CTB-PB1002-1). 
Free cholesterol was stained with 50 mg/ml of filipin (Sigma, 
F9765) in the blocking buffer for 2 h. The inner ear and brain 
tissues dissected from mice were fixed in 4% paraformalde-
hyde (PFA) in PBS at 4°C for 1 h. The fixed cochlea was 
permeabilized with 0.3% Triton X-100 (Biosesang, TR1020) 
and 0.3% saponin (Sigma, S4521) in PBS for 30 min and 
blocked with 5% goat serum (Sigma, S26) in PBS for 1 h at 
room temperature. Primary and fluorophore-tagged second-
ary antibodies were diluted 1:50 ~ 1:1,000 and 1:2,000, respec-
tively. Confocal images were obtained using Carl Zeiss 
LSM700 or LSM780 microscopes while images were processed
using ZEN software. Colocalization was measured using 
Manders’ colocalization coefficients (MCC). To define over-
lapping signals above the 70-fluorescence threshold level, we 
used both green and red channels. Then, the average MCC 
was calculated from overlapping signals.

Animal experiments

The animal experimental protocols were reviewed and 
approved by the Institutional Animal Care and Use 
Committee at the Yonsei University College of Medicine 
(#2019-0250). All mice were handled following the 
Guidelines for the Care and Use of Laboratory Animals. 
Mice were housed under pathogen-free conditions with 
a light cycle from 7:00 AM to 7:00 PM and had ad libitum 
access to water and irradiated rodent chow (LabDiet, 
0006972) or HFD (Research Diet, D12451). Rapamycin 
(Sigma, 37,094) was dissolved in DMSO (100 mg/ml) and 
stored at −20°C. Before use, rapamycin was diluted in 
a solution containing 5% PEG-400 (Sigma, 06855) and 5% 
Tween-80 (Sigma-Aldrich, P4780) as a stock solution 
(1.2 mg/ml). Mice in each group were intraperitoneally 
injected with a final dose of 2.0 mg/kg daily. The control 
mice were injected with the same amount of vehicle 
solution.

Generation of osbpl2 knockout mice

Cas9 (New England Biolabs, M0386M), tagged with a nuclear 
localization signal, and gRNAs to target exon 3 of Osbpl2 were 
purchased from Macrogen, Inc. (Seoul, Korea). gRNA activity 
(gRNA1: AATTAGTGGGATGATTGACTTGG, gRNA2: 
ACCAGCAAAAGTACTAGGAGTGG) was validated using 
in vitro cleavage reactions to knock out Osbpl2. Briefly, amplified 
Osbpl2 was incubated for 90 min at 37°C with Cas9 (20 nM) and 
sgRNA (40 nM) in 1× NEB 3.1 buffer. Reactions were stopped 
with a 6× stop solution containing 30% glycerol, 1.2% SDS, and 
100 mM EDTA. Cleavage activity was confirmed using 
electrophoresis.

osbpl2 knockout mice were generated by Macrogen, 
Inc. Briefly, mare’s serum gonadotropin (7.5 IU) and 
human CGB (chorionic gonadotropin; 5 IU; Daesung 
Microbiological Labs, Daesung HCG) were administered 
to C57BL/6 N female mice. After 48 h, these female mice 

were mated with C57BL/6 N stud male mice. The 
next day, virginal plug-checked female mice were sacri-
ficed, and fertilized embryos were harvested. A sgRNA 
and Cas9 mixture was microinjected into one-cell 
embryos. Microinjected embryos were incubated at 37°C 
for 1–2 h. Approximately 14–16 injected one-cell embryos 
were transplanted into the oviducts of pseudo-pregnant 
recipient mice (ICR). After the F0 generation was born, 
genotyping of tail cut samples was performed via PCR 
(forward: GGGTTTGCACACTTGTTTCC, reverse: 
TCATGGACTAGCATGGGTCA) and T7E1 assay. T7E1- 
positive samples were subjected to TA Cloning and ana-
lyzed via Sanger sequencing. The following primers were 
used for the F1 generation genotyping: forward, 
TCTATAGGGGAATTTTCAGAGGC; reverse, GCGTACC 
TGTGCTTTTGAATTC.

Generation of transgenic mice

Transgenic mice were generated by Macrogen, Inc. cDNA 
encoding 3XFLAG-tagged wild-type or p.Q53Rfs*100 OSBPL2 
was subcloned into the pCAGGS vector (Riken, RDB08938), 
which contains a chicken ACTB/β-actin promoter, between 
AvrII and PvuI restriction sites. The backbone fragment (~1.6 
kb) was deleted through gel extraction, and ~4.7 kb fragment 
was microinjected into one-cell embryos. Precisely 4 ng/μl DNA 
was directly injected into the male pronucleus of the zygote using 
a micromanipulator. After the F0 generation was born, genotyp-
ing for the presence of the transgene was performed using tail cut 
samples via PCR (forward: CTGTGCGGAGCCGAAATCTG, 
reverse: ATGGTCCACACGCTGAAGTCGC). The target frag-
ment size was 643 bp.

ABR

ABR thresholds were measured in a sound-proof chamber 
using Tucker-Davis Technologies (TDT) RZ6 digital signal 
processing hardware and BioSigRZ software (Alachua, FL, 
USA). Sub-dermal needles (electrodes) were positioned at 
the vertex, ventrolateral to the right and left ears of anesthe-
tized mice. A calibrated click stimulus (10 µs) or tone burst 
stimuli (5 ms) were produced at 4, 6, 8, 10, 12, 18, 24, 30, and 
42 kHz using SigGenRZ software and an RZ6 digital signal 
processor and were delivered to the ear canal using a multi- 
field 1 (MF1) magnetic speaker (TDT). Stimulus intensity was 
increased from 10 to 95 dB SPL in 5 dB steps. The ABR 
signals were fed into a low-impedance Medusa Biological 
Amplifier System (RA4LI, TDT), which delivered the signal 
to the RZ6 digital signal processing hardware. Recorded sig-
nals were filtered using a 0.5–1 kHz band-pass filter, and the 
ABR waveforms in response to 512 tone bursts were averaged. 
ABR thresholds for each frequency were determined using 
BioSigRZ software. Peak amplitudes (mV) were calculated 
using the waveform signal of the click-evoked ABRs as 
input/output (I/O) functions with an increasing stimulus
level (20–90 dB SPL).
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DPOAE

DPOAE was measured using a combination of TDT micro-
phone-speaker systems. Primary stimulus tones were pro-
duced using an RZ6 digital signal processor with SigGenRZ 
software and delivered using a custom probe with an ER 10B+ 
microphone (Etymotic, IL, USA) and MF1 speakers posi-
tioned in the ear canal. Primary tones were set at 
a frequency ratio (f2/f1) of 1.2 with target frequencies of 6, 
12, 16, 18, 22, 24, and 30 kHz. The f2 intensity was the same 
as the f1 intensity (L1 = L2). The sounds resulting from the 
primary tones were received via the ER 10B+ microphone and 
recorded using an RZ6 digital signal processor. The DPOAE 
input/output (I/O) functions were determined at specific fre-
quencies (6 and 30 kHz) with an f2/f1 of 1.2, L1 = L2. The 
intensity of the primary tones was increased from 20 to 80 dB
SPL in 5 dB SPL increments. Fast Fourier Transform was 
performed for each primary tone using DP-grams and for 
the I/O function intensity using BioSigRZ software to deter-
mine the average spectra of the two primaries, 2 f1-f2 distor-
tion products, and noise floors.

SEM

Inner ears were dissected and fixed in 2% paraformaldehyde with 
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) 
for 2 h at room temperature. After fixation, the cochlear epithe-
lium and tectorial membrane were separated and fixed overnight 
at 4°C with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer 
(pH 7.4) containing 2 mM calcium chloride and 3.5% sucrose. The 
fixed samples were washed three times in 0.1 M sodium cacodylate 
buffer with 2 mM calcium chloride for 20 min at 4°C and then 
post-fixed using an osmium tetroxide (OsO4)-thiocarbohydrazide 
(OTO; Polysciences, 02236). Samples were dehydrated using 
a graded ethanol series, dried using a critical point dryer (Leica 
EM CPD300, Wetzlar, Germany), fixed on a stub (Agar Scientific, 
AGG301-S-50), and coated with platinum (20–30 nm) using 
a sputter coater (ACE600; Leica Microsystems). The platinum- 
coated specimens were mounted on a stub holder and imaged 
using a Schottky emission scanning electron microscope (JSM- 
IT500, JEOL, Tokyo, Japan).

TEM

Cochleae were fixed in 2% paraformaldehyde with 2% glutar-
aldehyde in 0.1 M phosphate buffer (pH 7.4) for 12 h, washed 
with 0.1 M phosphate buffer, post-fixed with 1% OsO4 in 
0.1 M phosphate buffer for 2 h, dehydrated using ethanol 
series, and infiltrated with propylene oxide (Fisher scientific, 
10,562,351) for 10 min. Specimens were embedded with 
a Poly/Bed 812 kit (Polysciences, 08792–1) and polymerized 
in an electron microscope oven (TD-700, DOSAKA, Japan) at 
65°C for 12 h. The tissue block was cut into 200-nm semi-thin 
sections using an ultramicrotome equipped with a diamond 
knife and stained with toluidine blue for optical microscope 
observation. The region of interest was then cut into 80-nm 
sections using the ultramicrotome, placed on copper grids 
(EMS, EMS300-Cu), double stained with 3% uranyl acetate 
for 30 min and 3% lead citrate for 7 min, and imaged using 

a transmission electron microscope (JEM-1011, JEOL, Tokyo, 
Japan) equipped with a Megaview III CCD camera (Soft 
imaging system-Germany) at an acceleration voltage of 80 kV.

Identification of WT and mutant OSBPL2 interactors

Proteins (75 mg) extracted from HEK 293 cells expressing 
p3XFLAG-OSBPL2 WT, p.Q53Rfs*100, or bacterial alkaline 
phosphatase were incubated with 80 µl of FLAG M2 agarose 
beads (Sigma, A2220) for 48 h at 4°C in an orbital shaker. 
The agarose beads were washed four times with lysis buffer 
to restrict nonspecific binding. Subsequently, 200 µl of an 
elution buffer containing 150 ng/µl 3xFLAG peptide (Sigma, 
F4799) was added, and the samples were incubated over-
night. The eluates were analyzed using immunoblotting, 
Coomassie Brilliant Blue staining, and silver staining. The 
eluates were digested and subjected to NanoLC-MS/MS 
analysis. Peptides were separated on a C18 precolumn 
(75 μm × 2 cm, nanoViper, Acclaim PepMap100; Thermo 
Fisher Scientific, 164,946) and analytical C18 column 
(75 μm × 50 cm, PepMap RSLC; Thermo Fisher Scientific, 
164,567). Peptides were analyzed using an LC-MS/MS sys-
tem consisting of an Easy nLC 1000 (Thermo Fisher 
Scientific, LC120) and an Orbitrap Fusion Lumos mass 
spectrometer (Thermo Fisher Scientific) equipped with 
a nano-electrospray source. MS/MS spectra were analyzed 
against the Uniprot human database using the following 
software analysis protocol. The reversed sequences of all 
proteins were appended into the database for the FDR 
calculation. ProLucid was used to identify the peptides, 
with a precursor mass error of 5 ppm and a fragment ion 
mass error of 200 ppm [35]. The output data files were 
filtered and sorted to compose the protein list using 
DTASelect (The Scripps Research Institute, CA, USA), 
with two and more peptide assignments for protein identi-
fication and a false positive rate less than 0.01 [36]. The 
mass spectrometry proteomics data were deposited to the 
ProteomeXchange Consortium using the PRIDE partner 
repository (dataset identifier PXD021514).

Novel object recognition

The memory test was performed via novel object recognition 
test. Mice were controlled in square test boxes (40 x 40 × 35 cm) 
for recognition trials. A red-painted quadrangular pyramid 
and a green-painted cylinder were used as objects. Mice were 
handled for 2 days. Mice were allowed to explore the empty 
test box for 20 min on day 1. After 24 h, object recognition 
test was conducted. Following a 5-min customization phase, 
two equal objects were placed in the box and the mouse was 
allowed to explore the objects for 10 min. After 1 h, the novel 
object trail was conducted. Following a 5 min customization 
phase, two different objects (old and novel) were placed in the 
box and test was conducted equally. Object interaction was 
defined as valid whenever a mouse’s head was within 2 cm of 
the object and directed toward the object. Novel object inter-
action (%) was calculated as follows: (novel object interaction
x 100)/(old object interaction + novel object interaction).
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CTSD activity assay

The enzyme activity of CTSD was determined using 
a fluorometric assay kit according to the manufacturer’s proto-
col (Abcam, ab65302). HEK 293 cell lysates (1 x 106) were 
homogenized quickly by pipetting up and down a few times 
and centrifuged at 200 × g for 5 min at 4°C. The cell pellet was 
resuspended in 200 μl of chilled cell lysis buffer and centrifuged 
for 5 min at 4°C at top speed. The samples were used for an 
enzymatic assay. Proteins were incubated at 37°C for 1 h with 
GKPILFFRLK(Dnp)-D-R-NH2 labeled with MCA (CTSD sub-
strate) and protected from light. After incubation for 1 h, fluor-
escence signal intensity was measured using a fluorescence 
microplate reader (Varioskan Flash 3001; Thermo Fisher 
Scientific, 5,250,040) at an excitation/emission of 328/460 nm.

Lipid levels in inner ear and brain tissues

Lipid levels were measured using total cholesterol and triglyceride 
assay kit (BIOMAX, BM-CHO-100 and BM-TGR-100). 
Approximately 10–20 mg of inner ear and brain tissues were 
homogenized in chloroform-isopropanol- Triton X-100 (Sigma, 
372,978 and 278,475,) solution (7:11:0.1) for total cholesterol 
extraction and in distilled water-5% Triton X-100 solution for 
triglyceride extraction. Each sample was measured using 
a fluorescence microplate reader at an excitation/emission of 
535/590 nm.

GO analysis

The interactors of WT and p.Q53Rfs*100 OSBPL2 were analyzed 
using the Database for Annotation, Visualization and Integrated 
Discovery (DAVID) for functional annotation. The Functional 
Annotation Tool in the online version of DAVID (version 6.8) 
was run (http://david.abcc.ncifcrf.gov/) using the default para-
meters. GO categories representing molecular function, cellular 
component, and biological process were separately analyzed for 
enrichment. p-value < 0.05 was considered significant.
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