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Oxysterol binding protein like 2 (OSBPL2), an important regulator in cellular lipid metabolism and
transport, was identified as a novel deafness-causal gene in our previous work. To resemble the
phenotypic features of OSBPL2 mutation in animal models and elucidate the potential genotype-
phenotype associations, the OSBPL2-disrupted Bama miniature (BM) pig model was constructed using
CRISPR/Cas9-mediated gene editing, somatic cell nuclear transfer (SCNT) and embryo transplantation
approaches, and then subjected to phenotypic characterization of auditory function and serum lipid
profiles. The OSBPL2-disrupted pigs displayed progressive hearing loss (HL) with degeneration/apoptosis
of cochlea hair cells (HCs) and morphological abnormalities in HC stereocilia, as well as hyper-
cholesterolaemia. High-fat diet (HFD) feeding aggravated the development of HL and led to more severe
hypercholesterolaemia. The dual phenotypes of progressive HL and hypercholesterolaemia resembled in
OSBPL2-disrupted pigs confirmed the implication of OSBPL2 mutation in nonsydromic hearing loss
(NSHL) and contributed to the potential linkage between auditory dysfunction and dyslipidaemia/
hypercholesterolaemia.
Copyright © 2019, The Authors. Institute of Genetics and Developmental Biology, Chinese Academy of

Sciences, and Genetics Society of China. Published by Elsevier Limited and Science Press. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Hearing loss (HL) has become a major health problem affecting
466 million persons globally (6.1% of the world's population), of
which 34 million (7.3%) are children (https://www.who.int/
deafness/en, accessed 31 October 2018). Genetic factors are
responsible for more than half of these cases with congenital HL, as
asic chow; DFNA, autosomal
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well as for a considerable number of unpredicted postlingual HL
cases (Egilmez and Kalcioglu, 2016; Korver et al., 2017; Sheffield
and Smith, 2018). Nonsyndromic HL (NSHL) accounts for 70% of
hereditary HL, which is commonly caused bymonogenic mutations
with different inheritance patterns (Cohen and Gorlin, 1995; Dror
and Avraham, 2009; Egilmez and Kalcioglu, 2016). Autosomal
dominant NSHL (DFNA), accounting for 20%e25% of NSHL cases,
has drawn much attention due to its distinct phenotypic charac-
teristics in age-at-onset, progressive rate, severity and frequency
(Cohen and Gorlin, 1995; Petersen, 2002). To date, a total of 73
DFNA loci have been mapped in the human genome, but only 45
genes have been identified (http://hereditaryhearingloss.org,
accessed 10 November 2018). These genes contribute to the precise
regulation of intracellular transport, neurotransmitter release, ionic
homeostasis, and cytoskeleton maintenance of hair cells (HCs) in
the inner ear, which is sensitive to genetic defects that could lead to
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the malfunction/abnormality of the inner ear and the consequent
HL.

In our previous study, a novel DFNA-causal gene, oxysterol
binding protein like 2 (OSBPL2; OMIM: 606731), was identified in a
large affected Chinese family via whole-exome sequencing (Xing
et al., 2015). Thereafter, the implication of OSBPL2 in DFNA was
also described in an affected German family (Thoenes et al., 2015). It
is noteworthy that all affected subjects from the two families car-
ried a heterozygous frameshift mutation in OSBPL2 and showed
mild-to-profound sensorineural HL (SNHL), recapitulating a typical
feature in DFNA. OSBPL2, a member of the oxysterol binding pro-
tein (OSBP)-related protein (ORP) family, participates in various
cellular processes, including lipid/cholesterol metabolism, signal
transduction, vesicular transport and cytoskeletal regulation
(Laitinen et al., 2002; Suchanek et al., 2007; Hynynen et al., 2009;
Sewer and Li, 2013; Escajadillo et al., 2016; Kentala et al., 2018a,
2018b). The potential role of OSBPL2 in hearing function was
indicated by the importance of cholesterol homeostasis in the inner
ear as well as the unique sensitivity of the auditory organ to
changes in cholesterol localization (Evans et al., 2006; Berardino
et al., 2007; Helzner et al., 2011; King et al., 2014; Malgrange
et al., 2015; Chang et al., 2015; Aghazadeh-Attari et al., 2017).
Epidemiologic studies also indicated that hyperlipidaemia/hyper-
cholesterolaemia was predisposed to SNHL (Evans et al., 2006;
Helzner et al., 2011; Malgrange et al., 2015; Chang et al., 2015;
Aghazadeh-Attari et al., 2017). The implication of OSBPL2 defects in
SNHL makes it an ideal target for investigating the association be-
tween the physiopathology of the inner ear and the deregulation of
cholesterol homeostasis. Miniature pigs are genetically, develop-
mentally, anatomically, and physiologically closer to humans than
rodent animals and other small mammals and carry identical mu-
tationswith similar pathogenicity in humans (Bendixen et al., 2010;
Prabhakar, 2012; Walters et al., 2012; Prather et al., 2013; Zhou
et al., 2015; Chen et al., 2016; Hai et al., 2017a; 2017b; Yan et al.,
2018; Yao et al., 2017; Fang et al., 2018). More importantly, the
otic structure and function of pigs are more similar to that of
humans, which makes miniature pigs a suitable animal model for
otology and audiology studies (Lovell and Harper, 2007; Strain,
2015; Guo et al., 2015; Zou et al., 2015).

In this study, CRISPR/Cas9-mediated gene editing was used to
mutate OSBPL2 in porcine foetal fibroblasts (PFFs) derived from
Bama miniature (BM) pigs, and then the OSBPL2-disrupted PFFs
were subjected to somatic cell nuclear transfer (SCNT) and embryo
transplantation to generate OSBPL2-disrupted piglets. Our results
showed that OSBPL2 disruption could lead to progressive HL and
hypercholesterolaemia, which were more severely aggravated in
OSBPL2-disrupted pigs fed with high-fat diet (HFD). This work will
contribute to elucidating the potential pathogenesis of OSBPL2
deficiency and revealing the potential linkage between SNHL
development and hypercholesterolaemia.

2. Results

2.1. CRISPR/Cas9-mediated disruption of OSBPL2 in PFF cells

The porcine OSBPL2, which comprises 14 exons and encodes a
protein of 468 amino acid residues, is highly syntenic and evolu-
tionarily close to human OSBPL2 (Figs. 1A and S1). Both porcine and
human OSBPL2 proteins have a highly conserved C-terminal OSBP-
related domain (ORD) (Figs. 1A and S2), which is specifically found
in the OSBP superfamily. It is noteworthy that both reported
frameshift mutations in human OSBPL2 (c.153_154delCT and
c.141_142delTG) resulted in prematurely truncated OSBPL2 pro-
teins lacking part of the ORD domain (Fig. S3) and led to HL in
affected individuals (Xing et al., 2015; Thoenes et al., 2015),
suggesting that the ORD domain is essential for OSBPL2's function.
Thus, two sgRNAs separately targeting the exons 5 and 6 (the up-
stream coding region of ORD) were designed for CRISPR/Cas9-
mediated editing of OSBPL2 (Table S1). The cleavage efficiencies of
the two sgRNAs in post-transfected PFFs were determined by T7E1
cleavage assay. The results showed that only the sgRNA targeting
exon 5 (sgRNA-exon5) could induce indels in the target regionwith
a cleavage efficiency of 11.4% (Fig. S4; Table S1). Subsequently, the
plasmid carrying the Cas9 and sgRNA-exon5 and the pCMV-td-
Tomato plasmid carrying a neomycin-resistance gene were co-
transfected into the early passage of primary PFFs. Viable cell col-
onies were obtained using G418 screening and subjected to geno-
typing via TA cloning and direct PCR-based sequencing. A total of 34
positive cell clones for sgRNA-exon5 were identified (Table S2). To
achieve the faithful effect of OSBPL2 disruption on auditory func-
tion, OSBPL2�/� PFF clones were selected for generating OSBPL2-
disrupted pigs by SCNT and embryo transplantation.

2.2. Generation of OSBPL2-disrupted pigs by SCNT and embryo
transplantation and genotypic analysis

Two OSBPL2�/� cell colonies were usually pooled in one nuclear
transfer, and the reconstructed embryos were transferred to the
recipients. Three surrogates developed to term and gave birth to 16
female cloned piglets (Table 1). Among these newborn piglets, 2
wereweak after birth and died in 2weeks. The remaining 14 piglets
were born healthy and developed normally (Fig. 1B). The genotypes
of cloned piglets were determined by TA cloning and PCR-based
sequencing using DNA samples derived from ear tissues. As
shown in Fig. 1C and D, 14 cloned piglets carried the expected
mutations at the target locus, including 11 OSBPL2c.293insT/c.293insT

piglets, 2 OSBPL2c.293insT/c.284_291delTCACCGAG piglets and 1
OSBPL2c.293insT/c.289_297delGAGTACATG piglet, which were consistent
with the genotypes of the donor cells. Western blot confirmed the
disruption of OSBPL2 in these cloned piglets (Fig. 1E). To assess the
off-targeting effect of the CRISPR/Cas9-mediated editing in the
cloned pigs, 24 predicted potential off-target sites (OTS) were
screened by BLAST (Fig. S5) and DNA sequencing using primers that
flanked potential OTS (Table S3). The results showed that no mu-
tations were found in these OTS in the cloned piglets, indicating
that the sgRNA-exon5 exhibited a high specificity to the target site
in PFFs.

Among the three allelic modifications in cloned piglets, two
allelic frameshift mutations (c.293insT and c.284_291delTCACC-
GAG) resulted in prematurely truncated OSBPL2 proteins lacking
part of the ORD domain (p.Tyr98Leufs*231 and p.Thr96Hisfs*230)
(Fig. S6A), and one 9-bp deletion mutation (c.289_297delGAGTA-
CATG) led to the absence of 3 amino acid residues in the ORD
domain (p.Glu97_Met99del) which might result in the structural
alteration and functional impairment of OSBPL2 (Fig. S6B). These
allelic mutations in porcine OSBPL2 might lead to the disease
phenotype with similar pathogenicity in humans.

2.3. Effect of OSBPL2 disruption on auditory function in pig models

To provide substantial evidence of the pathogenesis of OSBPL2
disruption and elucidate the genotype-phenotype association, the
mutant (MT) piglets were subjected to phenotypic characterization
at varying ages. The high-fat diet (HFD) was introduced as the risk
factor for hyperlipidaemia/hypercholesterolaemia implicated in
NSHL development. As the two OSBPL2c.293insT/c.284_291delTCACCGAG

piglets and one OSBPL2c.293insT/c.289_297delGAGTACATG piglet were
insufficient to be sorted, only the 11 OSBPL2c.293insT/c.293insT piglets
were divided into basic chow (MT-BC, n¼ 5) and HFD (MT-HFD,
n¼ 6) groups and subjected to subsequent investigations. Age-



Table 1
Summary of OSBPL2-disrupted piglet generation.

Recipient Fused and transferred embryosa Piglets (born/living) Live-born piglets with differential genotypes

c.293insT/c.293insT c.293insT/c.284_291delTCACCGAG c.293insT/c.289_297delGAGTACATG

OSP-1 262 4/4 3 1 e

OSP-2 306 8/7 6 e 1
OSP-3 282 4/3 2 1 e

Total (piglet ID) 16/14 11 (MT01eMT11) 2 (MT12 and MT13) 1 (MT14)

a Two OSBPL2�/� cell colonies were pooled into one nuclear transfer. MT, mutant.
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matched wild-type (WT) piglets were used as controls (WT-BC,
n¼ 5; WT-HFD, n¼ 5). The piglets of the WT-HFD and MT-HFD
groups were fed with HFD at 2 months old.

The auditory function of OSBPL2c.293insT/c.293insT MT pigs was
measured by auditory brainstem response (ABR) thresholds in
response to click stimuli (0.5e4 kHz) and tone-burst stimuli
(2e16 kHz). The tested frequencies corresponded to 80% of the
region from the apex of the pig cochlea (Viberg and Canlon, 2007).
Before HFD feeding, the 2-month-old MT pigs had ABR thresholds
of 55e65 dB SPL versus 40e50 dB SPL in age-matched WT controls
(Fig. 2A) and produced visualized ABR waveforms (IeV peaks) after
exposure to high stimulus intensity (up to 90 dB SPL) (Fig. 2B).
Thereafter, the MT pigs fed with BC exhibited elevated ABR
threshold shifts over time at each tested frequency, and more se-
vere HL was detected in the MT-HFD group. The WT pigs fed with
BC exhibited less varied ARB thresholds after 2 months of age, and
there were no remarkable differences in ABR thresholds between
the age-matchedWT-BC andWT-HFD groups. At 12 months old, no
recognizable ABR waveforms could be provoked in MT-BC and MT-
HFD pigs until the stimulus intensities reached 90 and 105 dB SPL,
respectively (Fig. 2B).

To investigate the pathological effect of OSBPL2 disruption on
auditory function, scanning electron microscopy (SEM) was used to
examine the ultrastructure of inner HCs (IHCs) and outer HCs
(OHCs) of the 2-month-old OSBPL2c.293insT/c.293insT pigs. As shown in
Fig. 3, the OHCs, IHCs and their stereocilia were missing at the
basal-middle turn of the organ of Corti in 12-month-old MT pigs.
Notably, the MT-HFD group exhibited more significant loss or
degeneration of OHCs and IHCs than theMT-BC group. Additionally,
IHC stereocilia in the MT-HFD group appeared more extensively
missing and disorganized than those of the MT-BC group. In
contrast, the OHCs and IHCs were intact and morphologically
normal in age-matched WT-BC and WT-HFD pigs. The morphol-
ogies of auditory HCs were consistent with the ABR threshold shifts
in OSBPL2c.293insT/c.293insT pigs with or without HFD.
2.4. Effect of OSBPL2 disruption on cell apoptosis in the cochlea

The terminal-deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) staining assay was performed to further investigate
the potential pathological changes of cochlea in OSBPL2c.293insT/
c.293insT pigs (Fig. 4). No significant pathological changes of cochlea
were observed in the12-month-old WT-BC and WT-HFD pigs. In 2-
month-old MT pigs before HFD feeding, no regions in cochlea were
TUNEL-positive except HCs, while extensive TUNEL-positive re-
gions in cochlea, including HCs, stria vascularis (SV) and spiral
ganglion (SG), were observed in 12-month-old MT-BC pigs, indi-
cating aggravated apoptosis over time. The 12-month-old MT-HFD
pigs also had extensive TUNEL-positive regions in cochlea, while
more SV cells were TUNEL-positive than that of the age-matched
MT-BC group. These results provided confirmatory evidence of
auditory dysfunction, as mentioned above.
2.5. Effect of OSBPL2 disruption on serum lipid profiles

The potential effect of OSBPL2 disruption on serum lipids was
investigated in OSBPL2c.293insT/c.293insT and WT pigs fed with or
without HFD. The serum lipid levels were determined at varying
month ages after 2 months old. Compared with the age-matched
WT-BC group, a considerable elevation in triglyceride (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and
low-density lipoprotein cholesterol (LDL-C) levels was detected in
the MT-BC group (Fig. 5AeD). HFD feeding resulted in dramatically
increased TC level in the MT-HFD group compared to the MT-BC
group, but no significant difference in TG levels was observed be-
tween these two groups (Fig. 5A and B). Among all groups, the MT-
HFD group exhibited the most severe hypercholesterolaemia,
because it had the highest TC level which was approximately twice
that of the WT-HFD group after 4 months of HFD feeding (Fig. 5B).
Notably, the LDL-C level of the MT-HFD group was significantly
higher than that of the WT-HFD group at each time point tested
(Fig. 5D). These lipid profiles were consistent with the HL devel-
opment and pathological changes in the cochlea in the MT-BC/HFD
groups, suggesting that the role of OSBPL2 implicated in lipid
metabolism might be essential for auditory function.

3. Discussion

In our previous work, we identified OSBPL2 as a DFNA-causal
gene (DFNA67), a frameshift mutation (c.153_154delCT,
p.Gln53Argfs*100) in which completely co-segregated with the
phenotype of progressive HL in a large Chinese family (Xing et al.,
2015). Coincidently, another frameshift mutation (c.141_142delTG,
p.Arg50Alafs*103) was identified in an affected German family and
co-segregated with the same clinical phenotype as that of the
Chinese family (Thoenes et al., 2015). According to the standards
and guidelines for the interpretation of sequence variants devel-
oped by the American College of Medical Genetics and Genomics
(ACMG) (Richards et al., 2015), these two co-segregating frameshift
mutations in OSBPL2 provided mutual proof and convincing evi-
dence of their pathogenicity for aMendelian disorder. However, the
role of OSBPL2 in auditory function, especially the genotype-
phenotype association, needs to be further investigated.

OSBPL2 has drawn much attention as a sterol sensor and
transporter that modulates cell signaling, vesicular trafficking and
lipid metabolism (Laitinen et al., 2002; Suchanek et al., 2007;
Hynynen et al., 2009; Sewer and Li, 2013; Escajadillo et al., 2016;
Kentala et al., 2018a, 2018b). Several OSBP/ORP family members
(e.g., OSBP, OSBPL1L, and OSBPL11) have been found to be impli-
cated in some dyslipidaemia-associated diseases (e.g., hepatic
lipogenesis, cardiovascular disease and obesity) (Yan et al., 2007a,
b; Bouchard et al., 2009), but the identification of OSBPL2 as an
NSHL-causal gene provides new evidence to prompt the hypothesis
on the SNHL-dyslipidaemia association. Accumulated epidemio-
logic studies have suggested that hyperlipidaemia/hyper-
cholesterolaemia could be associated with SNHL development



Fig. 1. Schematic representation of experimental design for generating OSBPL2-disrupted PFFs and piglets. A: Schematic diagram of the gene and protein structures of human and
porcine OSBPL2 as well as the target site of sgRNA-exon5. FFAT, two phenylalanines in an acidic tract motif; ORD, OSBP-related domain; EQVSHHPP, OSBP fingerprint motif. B: The
image of newborn OSBPL2�/� piglets. C: Sequencing chromatograms of OSBPL2 allelic mutations in OSBPL2�/� piglets compared with the wild-type (WT) control. The target site is
underlined, and the mutated nucleotides are marked by red arrows. D: The genotypes of newborn OSBPL2�/� piglets. E: Western blot analysis of OSBPL2 protein from ear skin
biopsies of OSBPL2�/� and WT piglets. GAPDH was used as a loading control.
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(Evans et al., 2006; Berardino et al., 2007; Helzner et al., 2011; King
et al., 2014; Chang et al., 2015; Malgrange et al., 2015; Aghazadeh-
Attari et al., 2017). Some genetic syndromes, such as Smith-Lemli-
Opitz syndrome and Niemanne-Pick disease (Berardino et al.,
2007; King et al., 2014), also indicate the association of choles-
terol homeostasis dysregulation with syndromic SNHL. However,
there is still a lack of genetic evidence and de novo functional
assessment to support the linkage of auditory dysfunction and
dyslipidaemia/hypercholesterolaemia. OSBPL2 might be the key to
substantiating this linkage. To further elucidate the role of OSBPL2
in auditory function and lipid metabolism, it is crucial to develop
adaptable animal models.

Inbred and genetically modified animal models, such as fruit
flies, zebrafish and rodents, have been used to investigate the
aetiology and pathogenesis of human HL (Strain, 2015; Zou et al.,
2015; Chen et al., 2016). However, these animals insufficiently
reflect the pathophysiology of the human inner ear and might not
faithfully or expectantly reproduce human genetic HL (Strain, 2015;



Fig. 2. Evaluation of hearing loss (HL) in OSBPL2�/� pigs. A: Time course of ABR thresholds in OSBPL2�/� mutant (MT) and wild-type (WT) pigs. OSBPL2�/� pigs were divided into the
basic chow (MT-BC) and high-fat diet (MT-HFD) groups and subjected to subsequent ABR threshold test. Age-matched WT piglets were used as controls. The differences in ABR
thresholds between MT-BC and WT-BC, MT-HFD and WT-HFD, and MT-BC and MT-HFD are significant for all tested frequencies (P< 0.05, two-tailed Student's t-test). The WT-BC
pigs exhibited less varied ARB thresholds after 2 months old. HFD hardly affected the hearing function of the WT-HFD group but resulted in more severe HL in MT-HFD pigs than
age-matched MT-BC pigs. B: Click-evoked ABR waveforms in OSBPL2�/� MT and WT pigs. All the ABR traces were recorded at the same measurement range for latency (0e10ms)
and amplitude (0e1 mV).

Fig. 3. Scanning electron microscopy (SEM) analysis of inner hair cells (IHCs) and outer
hair cells (OHCs) at the basal-middle turn in the cochlea of 12-month-old OSBPL2�/�

mutant (MT) and wild-type (WT) pigs. White circles denote the regions with OHC/IHC
loss or degeneration, and dashed boxes denote the locally zoomed regions with
abnormal OHC/IHC morphologies.
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Zou et al., 2015). Recently, the completion of the swine genome has
provided a platform for discovering putative causal genes for
various genetic diseases and contributes to the development of
novel disease models (Bendixen et al., 2010; Prabhakar, 2012;
Walters et al., 2012; Zhou et al., 2015). Compared with the mouse
models currently used in otic research, pig models have a longer
lifespan and more similarities to humans in terms of otic size and
structure as well as the pathophysiologic characteristics of the in-
ner ear (Lovell and Harper, 2007; Guo et al., 2015; Strain, 2015),
which enable detailed characterization and better understanding of
the pathologic processes of human HL, especially in the case of late-
onset progressive HL. In addition, newborn and adult pigs exhibit
indistinguishable hearing with similar hearing frequency and
threshold to humans, while newborn and adult mice exhibit dif-
ferential hearing (Lovell and Harper, 2007; Strain, 2015; Hai et al.,
2017b). The genetic, physiologic, anatomic and otic similarities
between pigs and humans make pigs a superior model for the
investigation of human HL and the development of novel thera-
peutic agents and treatments (Zhou et al., 2015; Hai et al., 2017a;
2017b; Yao et al., 2017; Yan et al., 2018). With the advent of gene
editing and SCNT, it became feasible to generate genetically engi-
neered pigs with the desired genotypes. Chen et al. (2016) and Hai
et al. (2017b) created miniature pig models with homozygous and
biallelic knockout mutations in the porcine MITF gene using eth-
ylnitrosourea (ENU) mutagenesis and CRISPR/Cas9-mediated edit-
ing, respectively, which resembled the clinical symptoms and
pathology of human Waardenburg syndrome type 2A (WS2A).
Considering the highly syntenic and close evolutionary features of



Fig. 4. TUNEL staining of cochleae in OSBPL2�/� mutant (MT) and wild-type (WT) pigs. TUNEL-positive signals were observed in the cochleae of the 2-month-old MT pigs and 12-
month-old MT-BC/HFD pigs, but not in the cochleae of age-matched WT pigs. Arrows denote the TUNEL-positive regions in the cochlea. HC, hair cell; TM, tectorial membrane; SV,
stria vascularis; SG, spiral ganglion.

Fig. 5. The serum lipid profiles of OSBPL2�/� mutant (MT) and wild-type (WT) pigs. A: Serum triglyceride (TG) level. B: Serum total cholesterol (TC) level. C: Serum high-density
lipoprotein cholesterol (HDL-C) level. D: Serum low-density lipoprotein cholesterol (LDL-C) level. The differences in TC and LDL-C between MT-BC and WT-BC, MT-HFD and WT-
HFD, and MT-BC and MT-HFD are significant at each time point tested (P< 0.05, two-tailed Student's t-test).
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porcine and human OSBPL2, the pig model is preferred for the
functional assessment of OSBPL2 disruption. To date, there are no
references that have described NSHL-causal genes, including DFNA,
DFNB and DFN, in pig models.

CRISPR/Cas9-mediated gene editing provides an efficient and
robust approach to resemble human diseases and their underlying
causalities by disruption of normal gene alleles inmodel organisms.
In the present study, the CRISPR/Cas9 systemwas used to construct
OSBPL2-disrupted PFFs by targeting the conserved ORD region of
OSBPL2. As we expected, all OSBPL2�/� pigs recapitulated dual
phenotypes of progressive HL and dyslipidaemia/hyper-
cholesterolaemia (Tables S4 and S5), confirming that OSBPL2 is
essential for auditory function and plays an important role in lipid
metabolism. In addition, HFD could lead to aggravated HL andmore
severe hypercholesterolaemia. It is noteworthy that HFD hardly
affected the hearing function of the WT-HFD group but resulted in
more severe HL in MT-HFD pigs than age-matched MT-BC pigs.
These results suggested that OSBPL2 deficiency is responsible for
HL in pig models, which could be synergistically affected by both
genetic and environmental factors. The degeneration of OHCs and
IHCs and abnormalities of stereocilia as well as apoptosis in cochlea
in OSBPL2�/� pigs provided conformable results that OSBPL2
disruption effected auditory function. The dual phenotypes of
OSBPL2�/� pigs fed with or without HFD suggested that OSBPL2 is
essential for maintaining cellular cholesterol homeostasis with
optimal cholesterol output and posit, and aberrant expression and/
or dysfunction of this lipid binding protein could contribute to
disease phenotypes associated with hypercholesterolaemia. In
addition to the regulatory roles in cellular lipid homeostasis and
metabolism, Kentala et al. (2018a, 2018b) revealed that OSBPL2
could function as a new regulatory nexus in Akt signaling, actin
cytoskeleton function, cellular energy metabolism, cell migration,
adhesion and proliferation. OSBPL2 was found to be involved in the
morphology regulation of F-actin, which could form a key struc-
tural element of stereocilia (Kentala et al., 2018a). Considering the
prominent expression of OSBPL2 in cochlea SV, SG, HCs and HC
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stereocilia (Xing et al., 2015; Thoenes et al., 2015), we speculated
that OSBPL2 could also play a key role in maintaining the cyto-
skeleton of cochlea cells. Thus, OSBPL2 disruption could lead to the
apoptosis/degeneration of cochlea SV, SG and HCs as well as
morphological abnormalities of HC stereocilia, leading to auditory
function impairment.

In summary, we successfully created a novel OSBPL2-disrupted
pig model which exhibited dual phenotypes of progressive HL and
hypercholesterolaemia, which faithfully resembled the auditory
disorder in affected patients carrying OSBPL2 mutations. To our
knowledge, this is the first time that the NSHL-causal gene was
targeted, modified, and functionally assessed in large animal
models. This work contributed to understanding the pathogenesis
of OSBPL2 deficiency, which might be the key to elucidating the
potential linkage between auditory dysfunction and dyslipidaemia.

4. Materials and methods

4.1. Animals and cell lines

Bama miniature (BM) pigs were purchased from Chia Tai Co.,
Ltd. (Huaiyin, China) and housed in the animal facility affiliated
with Nanjing Medical University (Nanjing, China). All animals were
subjected to standard husbandry procedures. The animal use pro-
tocol complied with the guidelines of the Institutional Animal Care
and Use Committee (IACUC) of Nanjing Medical University. All
surgical procedures, including embryo transplantation and audi-
tory test, were conducted under anaesthesia to minimize animal
suffering.

Porcine foetal fibroblasts (PFFs) were isolated from the skin of a
1-month-old female BM foetus using 200 U/mL collagenase and 25
kU/mL DNaseI (Invitrogen, USA), cultured in Dulbecco's modified
Eagle's medium (10% foetal bovine serum, MEM non-essential
amino acids, and 1mM sodium pyruvate) (DMEM, Invitrogen),
and maintained at 37 �C for 48 h in a humidified incubator con-
taining 5% CO2. The cumulus-oocyte complexes were derived from
the ovaries of 6-month-old gilts (Chinese Landrace) at a local
abattoir.

4.2. Construction of Cas9-sgRNA vectors and T7E1 cleavage assay

To achieve OSBPL2 disruption in BM pigs, two single guide RNAs
(sgRNAs) were designed using online tools (http://crispr.mit.edu/).
The oligos of sgRNAs were synthesized (Genscript, China), and the
complementary oligos were annealed to double-stranded DNA and
ligated to the BbsI-digested pX330 vector (Addgene plasmid
423230) to generate the Cas9-sgRNA constructs, which were then
transfected into PFFs using the Basic Fibroblast Nucleofection Kit
(Amaxa Biosystems, Germany). The post-transfected cells were
cultured for 48 h as described above and collected for genomic DNA
extraction using a DNA extraction kit (TianGen, China). Primers
flanking the CRISPR/Cas9-targeting sites were designed based on
the porcine genomic sequence (NC_010459.5) and synthesized by
BGI-Beijing (Shenzhen, China). The purified PCR products were
denatured and annealed to form a heteroduplex. The annealed
products were subjected to a T7E1 cleavage assay to assess the
cleavage efficiency of sgRNAs (Fang et al., 2018). The sgRNA with
higher cleavage efficiency was selected for subsequent gene
editing.

4.3. PFF cell selection

The Cas9-sgRNA construct carrying Cas9 and sgRNA-exon5 and
the neomycin-resistant pCMV-td-Tomato plasmid (Clontech, Japan)
were co-transfected into 1� 106 PFFs as mentioned above. The
neomycin-resistant colonies were selected using 0.8mg/mL G418
(Gibco, USA). The single cell colonies were seeded in 48-well plates.
After reaching 90% confluency, cells of each colony were passaged
to 12-well plates, sub-cultured for 48 h, washed by PBS twice and
suspended in 2mL DMEM. Then, 0.4mL suspended cells of each
colony were lysed in 0.45% NP-40 lysis buffer for 40min (55 �C,
30min; 95 �C, 10min), and the remaining cells were used for so-
matic cell nuclear transfer (SCNT). Genomic DNA was extracted
from the lysate and used for PCR-based screening of positive
mutant colonies. The PCR products were ligated to a pMD18-T
vector (Clontech), and 15e20 recombinant clones for both alleles
were picked and sequenced. The positive mutant colony cells of
PFFs were selected as donor cells for SCNT.

4.4. SCNT and embryo transplantation

Porcine oocyte collection, in vitro maturation and SCNT were
conducted as previous described (Fang et al., 2018). Briefly, the
cumulus-oocyte complexes were collected and cultured in TCM-
199 maturation medium (Gibco) for 42 h, and then matured oo-
cytes were isolated and enucleated. The donor cells were micro-
injected into the perivitelline space of the enucleated oocytes.
Fusion and activation were conducted using a Voltain EP-1 cell
fusion system (Cryologic, Australian). The reconstructed embryos
were cultured in embryo-development medium at 38.5 �C for 24 h
and then transferred surgically into the oviducts of oestrus-
synchronized pig surrogates (each recipient receiving 250e300
embryos). The pregnancy status was examined by ultrasonography
30 days after embryo transfer and monitored weekly until the
perinatal period. The cloned piglets were delivered by natural birth.

4.5. Genotyping and Western blot analysis

Genomic DNA and total proteins were extracted from the ear
skin biopsies of the cloned piglets. Mutagenesis at the target site of
both alleles was assessed via PCR-based sequencing. Potential off-
target sites (OTS) (allowing �6 mismatches within the 20-nt
sgRNA and 3-nt protospacer adjacent motif (PAM) sequences)
were predicted by CRISPR direct (http://crispr.dbcls.jp/). All OTS
were subjected to PCR-based sequencing to assess the off-target
effects. Total proteins were extracted using T-PER™ Tissue Protein
Extraction Reagent (Thermo Fisher Scientific, USA). The protein
samples were separated by 10% SDS-PAGE (Bio-Rad, USA) and
transferred onto polyvinylidene fluoride (PVDF) membranes. After
blocking with 5% non-fat drymilk in Tris-buffered saline containing
0.05% Tween-20 (TBST) for 3 h at room temperature, PVDF mem-
branes were washed in TBST and incubated with the anti-OSBPL2
goat polyclonal antibody (1:50; Santa Cruz Biotech., USA) over-
night. The membranes were washed again and incubated with an
HRP-conjugated secondary antibody (1:800; Bioworld, USA) for
2 h at room temperature. The target protein was rinsed with TBST
and detected using the enhanced ECL chemiluminescence detec-
tion system (Millipore, USA). GAPDH was used as the loading
control.

4.6. Animal grouping and sampling

Themutant (MT) and wild-type (WT) piglets were sorted via ear
punching. All piglets were fed with basic chow (BC) for 1 month
after weaning. At 2 months old, the MT and WT piglets were fed
with or without high-fat diet (HFD) and grouped as MT-BC, MT-
HFD, WT-BC and WT-HFD, respectively. The BC was commercially
purchased from Chia Tai Co., Ltd. The HFD (Xietong Pharmaceutical
Biotechnology Co., Ltd., China) was prepared according to the
following recipe (w/w): 63.5% BC, 1.5% cholesterol, 15%

http://crispr.mit.edu/
http://crispr.dbcls.jp/
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oleomargarine, 10% lard and 10% yolk powder. All piglets were
monitored daily for general health, and blood was sampled weekly
until the end of the experiment. The auditory test was performed
monthly. The piglets were finally sacrificed and tissue-sampled
under the inhalation anaesthesia of isoflurane and N2O.
4.7. Auditory test

Auditory brainstem response (ABR) was used to assess the
auditory function. The animal was subjected to an intramuscular
injection of xylazine (10mg/kg) and inhalation anaesthesia of iso-
flurane and mixed N2O/O2 (1/3). They were kept warmwith a heat
pad and placed in a soundproof room. The acoustic stimuli,
including click stimuli (0.5e4 kHz) and tone-burst (TB) stimuli (2, 4,
8, and 16 kHz), were evoked using the Neuro-Audio/ABR system
(Neurosoft, Russian). The ABRwaveforms of evoked potentials were
recorded at varying stimulus intensities with 5 dB sound pressure
level (SPL) intervals, and the ABR peak V could be visualized at the
same latency after an average of 1024 recordings. The ABR
thresholds were determined by the lowest stimulus intensity,
which could induce the detectable and reproducible ABR peak V
(�0.1 mV). The mean thresholds were verified in triplicate at each
frequency.
4.8. Scanning electron microscopy (SEM)

The cochlea was carefully removed from the porcine skull based
on the similar methodology described by Guo et al. (2015). The
morphology of the porcine cochlea was examined using SEM as
previously described (Hai et al., 2017a, 2017b). Briefly, the cochleae
were fixed with 2.5% glutaraldehyde in SCB (sodium cacodylate
buffer; 0.1M, pH 7.2) overnight and decalcified with 14% EDTA for
30 days. After removal of the covering bones, the cochlea was cut
into sections at each half turn and dissected from the modiolus
around the inner edge of the spiral lamina. Each sectionwas placed
into 2.5% glutaraldehyde in SCB for 1 h, rinsed twice in SCB for
15min, and fixed with 1% OsO4 in SCB for 1 h. The desiccated
samples were mounted on aluminium specimen stubs, sputter-
coated with gold particles (Emitech K550, UK), and examined us-
ing SEM (Hitachi S-3700N, Japan).
4.9. TUNEL staining

The dissected cochleae were fixed in 4% paraformaldehyde
overnight, decalcified as mentioned above, dehydrated in gradient
ethanol solutions and embedded in paraffin for sectioning. TUNEL
staining was conducted using an In Situ Cell Death Detection Kit
(Roche, USA) according to the manufacturer's protocols. The spec-
imens were embedded in Vectashield mounting medium contain-
ing the nuclear marker DAPI (Vector Laboratories, USA), and viewed
using a laser scanning confocal microscope (Carl Zeiss LSM710,
German).
4.10. Serum lipid assay

Whole blood samples were obtained from the jugular veins of
overnight-fasted pigs at the predetermined time. Sera were sepa-
rated by centrifugation (500�g) for 15min at room temperature.
The levels of serum lipids, including triglyceride (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and
low-density lipoprotein cholesterol (LDL-C), were determined us-
ing the BS-230 Biochemical Analyzer (Mindray, China).
4.11. Statistical analysis

All data were presented as mean± SEM. Statistical analysis was
performed using an independent, two-tailed Student's t-test. A P-
value less than 0.05 was considered significantly different.
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