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Abstract Human Waardenburg syndrome 2A (WS2A) is
a dominant hearing loss (HL) syndrome caused by mutations in the microphthalmia-associated transcription factor (MITF) gene. In mouse models with MITF mutations,
WS2A is transmitted in a recessive pattern, which limits the
study of hearing loss (HL) pathology. In the current study,
we performed ENU (ethylnitrosourea) mutagenesis that
resulted in substituting a conserved lysine with a serine (p.
L247S) in the DNA-binding domain of the MITF gene to
generate a novel miniature pig model of WS2A. The heterozygous mutant pig (MITF+/L247S) exhibits a dominant form
of profound HL and hypopigmentation in skin, hair, and iris,
accompanied by degeneration of stria vascularis (SV), fused
hair cells, and the absence of endocochlear potential, which
indicate the pathology of human WS2A. Besides hypopigmentation and bilateral HL, the homozygous mutant pig
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(MITFL247S/L247S) and CRISPR/Cas9-mediated MITF biallelic knockout pigs both exhibited anophthalmia. Three
WS2 patients carrying MITF mutations adjacent to the
corresponding region were also identified. The pig models
resemble the clinical symptom and molecular pathology of
human WS2A patients perfectly, which will provide new
clues for better understanding the etiology and development
of novel treatment strategies for human HL.

Introduction
Waardenburg syndrome (WS), an auditory–pigmentary syndrome with hearing impairment and pigmentation anomalies
of the skin and iris, is the most common cause of congenital dominant syndromic hearing loss (HL) (Kochhar et al.
2007). The prevalence of WS is estimated as 1/42,000 of
the population (Waardenburg 1951), affecting approximately
2–5% of all patients with inherited HL (Read and Newton
1997). WS is usually caused by deficiencies of melanocytes
and other neural crest-derived cells (Hughes et al. 1994;
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Smith et al. 2000; Tachibana et al. 2003; Tassabehji et al.
1994), and it is classified into four categories (WS1, WS2,
WS3, and WS4) based on clinical characteristics (Song et al.
2015). The clinical manifestations of WS2 present as sensorineural HL and pigmentary abnormalities of the eyes, hair,
and skin (Kochhar et al. 2007). Mutations in the MITF gene
are associated with WS2A (Liu et al. 1995; Nobukuni et al.
1996; Song et al. 2015) and comprise 15% of all patients
with the WS2 phenotype (Read and Newton 1997). MITF,
a transcription factor with a basic helix–loop–helix–leucine
zipper (bHLH-Zip) motif, plays a pivotal role in proliferation and differentiation of neural crest-derived melanocytes
(Goding 2000; Lekmine et al. 2007) for proper pigmentation
and hearing function in humans (Hodgkinson et al. 1993;
Hughes et al. 1993). The link between the human MITF
gene and WS2 was established by studying a human homologue of the mouse microphthalmia (mi) gene (Tachibana
et al. 1994). Various mutations at the mi locus have been
reported in mice and some homozygotes of these mutations
cause phenotypes resembling those of patients with WS2
(Hodgkinson et al. 1993; Steingrimsson et al. 1994; Tachibana et al. 1992). Although the phenotypes of mice with
mi mutations resemble some of the clinical features of WS
patients caused by the MITF mutation and can be explained
by the lack of melanocytes in the affected organs, including the cochlea and eyes (Nakashima et al. 1992; Tachibana
et al. 1992), the pattern of inheritance differs between the
two species: mutations in MITF causing HL in humans are
transmitted in a dominant pattern (Tassabehji et al. 1995),
while MITF mutations in mice manifest in a recessive trait,
indicating that MITF gene dosage may have a more significant effect in humans than in mice (Tassabehji et al. 1995).
Interestingly, a mutation in the basic domain (R203 K) of
MITF was shown to cause a dominant phenotype in mice,
but does not appear to cause WS in humans (Tassabehji et al.
1995), suggesting that the mouse model may not be ideal for
human WS. Furthermore, the size of inner ear and the formation of hearing physiology between human and mice are
obviously different. Thus, developing an alternative animal
model that accurately mimics human WS is critical to better
understand the etiology and to develop potential treatments
of human WS.
ENU mutagenesis is a forward genetics method that generates mutants on a large scale to derive disease models,
which allow for studies of novel gene functions without any
prior assumption about the underlying genetic causes or biological processes (Acevedo-Arozena et al. 2008; Hrabe de
Angelis et al. 2000). Compared with reverse genetic strategies such as knockout, ENU mutagenesis has advantages in
that it induces a set of point mutations that frequently mimic
the subtlety and heterogeneity of human genetic lesions (Oliver and Davies 2012). ENU mutagenesis has been widely
used in species including zebrafish (Geisler et al. 2007;
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Mullins et al. 1994; Riley and Grunwald 1995; Wienholds
et al. 2003) and mice (Bauer et al. 2015; Nolan et al. 2000;
Russell et al. 1979; Vitaterna et al. 1994). However, the feasibility of ENU mutagenesis in large animals has not been
explored. Here, we report a large-scale ENU mutagenesis
program in Guangxi Bama miniature pig (Hai et al. 2017)
that resulted in a dominant mutation substitution of a conserved lysine with a serine (p. L247S) in the DNA-binding
domain of the MITF gene that causes syndromic WS2A. The
heterozygous mutant (MITF+/L247S) pigs develop a spectrum
of HL and hypopigmentation in a dominant inheritance pattern that mimics the phenotype seen in humans with WS2A
syndrome. This work illustrates the importance of large animals for modeling human HL-related diseases and for the
development of novel therapies.

Materials and methods
Animals
Bama miniature pigs were raised at the Beijing Farm Animal
Research Center and had ad libitum access to a commercial pig diet (nutrient levels according to the United States
National Research Council) and water during the experimental period.
Ethical approval
All procedures related to human subjects were approved by
the Ethics Committee of the PLA General Hospital, and all
participants were provided with an official written informed
consent before the data collection. All experiments involving animals were performed according to the guidelines for
the Care and Use of Laboratory Animals established by the
Beijing Association for Laboratory Animal Science and
approved by the Animal Ethics Committee of the Institute
of Zoology, Chinese Academy of Sciences.
GWAS and candidate gene screening
Genomic DNA was isolated from ear tissues of 14 mutant
and 15 WT pigs. Whole-genome SNP genotyping was performed using porcine SNP60 BeadChips (Illumina Inc.,
USA). A family-based genome-wide association study (TDT
analysis) was performed to detect SNP loci showing a significant association with the trait using the PLINK software. In
addition, the Merlin software was used to conduct a parametric linkage analysis based on an autosomal-dominant model
and the LOD score was calculated to assess the evidence
for linkage. Sanger sequencing of PCR amplicons from the
candidate gene’s entire coding sequence was performed to
identify the causative mutation.
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Hematoxylin and eosin (H&E) staining

Genotyping

Skin of the buttocks and eye tissues was isolated from
MITF+/+, MITF+/L247S, and MITFL247S/L247S pigs at birth,
fixed with 4% paraformaldehyde, processed, embedded in
paraffin blocks, and cut into 5-μm slices. Routine H&E staining was performed and examined under a light microscope
for histological analysis.

Genotyping was conducted by PCR (primers MITF-F and
MITF-R) followed by restriction enzyme digestion (DraI
for piglets from the mutant pedigree and BsaJI for CRISPR/
Cas9-mediated MITF knockout pigs) and assessed by 2%
agarose gel electrophoresis.

Auditory electrophysiology

Total RNA was extracted using TRIzol reagent (Invitrogen)
and reverse transcription (RT) was performed using the
FastQuant RT Kit (with gDNase) (Tiangen, Beijing, China)
according to the manufacturer’s instructions. PCR primers
are listed in Table S1. GAPDH served as an internal control.

Auditory Brainstem Response (ABR) and Endocochlear
Potential (EP) were measured as previously described (Guo
et al. 2015). Briefly, ABRs were evoked with clicks and tone
pips at 1, 2, 4, 8, 16, and 32 kHz. The ABR threshold was
determined by visual inspection. EP was recorded using
double-barreled microelectrodes filled with 150 mM KCl,
and the reference barrel was filled with 0.5 M NaCl. Five
independent pigs were tested to confirm the results.
Celloidin embedding and H&E staining (CE–HE)
Cochlea samples from MITF +/+ and MITF +/L247S pigs
at birth were fixed with 4% paraformaldehyde, decalcified, dehydrated, and embedded in celloidin as previously
described (Guo et al. 2015). A series of 15-µm slices were
cut in the horizontal plane, and stained with H&E staining
for light microscopy examination.
Scanning electron microscopy (SEM)
The morphology of the stereocilia of cochlear hair cells was
examined using SEM as previously described (Guo et al.
2015). Briefly, cochlea samples were fixed with 2.5% glutaraldehyde, and post-fixed in 1% OsO4. After dehydration,
the samples were critical point dried, mounted on aluminum
stubs, sputter-coated with gold particles, and examined using
a Hitachi S-3700N scanning electron microscope (SEM,
Japan) from the basal, middle, and apical areas of each
cochlea.
Generation of MITF knockout pigs by CRISPR–Cas9
system
Production of Cas9 mRNA and sgRNA, recovery of in vivoderived zygotes, cytoplasmic microinjection of RNAs, and
embryo transfer were performed as described in our previous
studies (Wang et al. 2015, 2016). The PCR primers used for
in vitro transcription are listed in Table S1.

Semi‑quantitative RT‑PCR

MITF‑GFP reporter and expression constructs
The full-length CDS of MITF (NM_001038001.1) was
amplified by RT-PCR from the kidneys of MITF+/+and MITFL247S/L247S piglets and subcloned into the pEGFP-N1 vector
(Clontech) and pcDNA3.1-hisB vector (Invitrogen) to construct the WT and L247S MITF-GFP vectors and expression
vectors. The reporter vector containing the TYR promoter
sequence (pGL3-TYR-basic) was kindly provided by Prof.
Yong Feng from Central South University. All constructs
were verified by sequencing.
Cell culture, transfection, and subcellular distribution
detection
The A-375 cell line was purchased from China Infrastructure of Cell Line Resources (Beijing, China) and passaged
as instructed. When cells reached 70–90% confluency,
WT or L247S MITF-GFP vectors were transfected using
Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. Thirty-six hours after transfection, cells were fixed in 4% paraformaldehyde, stained with
Hoechst 33342, and mounted onto microscope slides. Slides
were analyzed for green fluorescence on an epifluorescence
microscope (Nikon) equipped with a digital camera. Images
were captured using the Nikon NIS element software.
Luciferase reporter assay
Cells were seeded onto 48-well cell culture plates and
transfected with pGL3-TYR-basic, WT or L247S expression vectors, and pRL-TK (Promega). All transfections were
conducted in triplicate. Forty-eight hours after transfection,
cells were lysed for firefly and Renilla luciferase assay using
the Dual Luciferase Reporter Assay System (Promega) on a
GloMax 96 Microplate Luminometer (Promega) according
to the manufacturer’s instructions.
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Allele‑specific expression (ASE)

Results

Total RNA was extracted from the skin, eye, and cochlea of
MITF+/L247S piglets at birth using TRIzol reagent (Invitrogen), and cDNAs were synthesized using the FastQuant RT
Kit (with gDNase) (Tiangen, Beijing, China) according to
the manufacturer’s instructions. The purified PCR products
(Primers MITF-mutant-F and MITF-mutant-R) were cloned
into the pEASY-T1 vector (Transgen, Beijing, China), and 96
single colonies were picked for PCR and DraI enzyme digestion. The numbers of colonies that could not be digested
with DraI (the c.740 allele) and could be digested with DraI
(the t.740 allele) were counted, respectively.

A Bama miniature mutant with HL and white
coat color was identified from a large‑scale ENU
mutagenesis program

Western blot
The skin tissues of the tail were obtained from WT and
CRISPR/Cas9-mediated MITF knockout pigs, frozen immediately in liquid nitrogen, and stored at − 80 °C until use.
Twenty-to-thirty milligrams of skin tissues were lysed in
RIPA buffer and 50 µg of protein was subjected to Western
blot analysis. The anti-MITF antibody (ab12039) was purchased from Abcam (Cambridge, MA, USA), and a concentration of 1:1000 was used to detect the expression of MITF
in skin tissues. GAPDH was used as the housekeeping gene
to confirm equal sample loading.
Statistical analysis
Results were analyzed by unpaired, two-tailed t test, and
P < 0.05 was considered significantly different between
groups. Data are shown as the mean ± standard deviation
(SD).
Fig. 1  Mutant Bama pig
with HL, white coat color,
and diluted iris pigmentation
was identified. a Male piglet
(Z1202101) with a white coat
color and diluted iris pigmentation is shown in the lower panel.
b Auditory brainstem response
(ABR) tests showed profound
hearing loss in mutant pigs in
both left and right ears at postnatal day 7. N = 5. c Distribution of the number of WT and
mutant pigs in the Z1202101
mutant line. d Z1202101 was
mated to WT sows, and the
mutant phenotype was shown
to be inherited in an autosomal
dominant pattern
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We successfully established an ENU mutagenesis program in Bama miniature pigs. A three-generation breeding
scheme was established for the screening of dominant and
recessive mutations. In the dominant mutation screening
of F1 offspring, a male piglet (Z1202101) with a white
coat color and diluted iris pigmentation was identified
(Fig. 1a). Because hypopigmentation in skin and iris is
associated with HL in human WS, the auditory brainstem
response (ABR) was measured in the mutant pigs and their
wild-type (WT) littermates at postnatal day 7 (P7). Compared to control pigs with normal hearing, the mutant pigs
produced no recognizable waveforms after exposure to the
sound of up to 100 dB sound pressure level (SPL) in the
range of 1–32 kHz, demonstrating profound bilateral HL
in the mutants (Fig. 1b). To study the inheritance of the
phenotypes, Z1202101 was mated with a WT Bama sow,
and 233 offspring from 33 litters were produced. Among
the 233 offspring, 102 were WT with dark coat color
around the face and 131 had a white coat color, including
70 males and 61 females (Fig. 1c). Furthermore, 76.1%
of WT pigs had normal hearing, but 100% of mutant pigs
showed impaired hearing (95.1% bilateral HL) based on
the ABR thresholds (Table 1; mutant phenotype indicated
as MITF+/L247S). These data support that the mutant phenotype is inheritable in an autosomal dominant inheritance
pattern (Fig. 1d).
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Table 1  ABR test results in F2 offspring
Genotype

Number Bilateral HL
(%)

MITF+/+
92
MITF+/L247S 103

8 (8.7%)
98 (95.1%)

Unilateral HL
(%)

Normal (%)

14 (15.2%)
5 (4.9%)

70 (76.1%)
0

Identifying ENU–induced lesions in exon 8 of MITF

in a conserved leucine transition to serine (L247S) in the
helix–loop–helix domain (Fig. 2d, e). The T>C mutation
disrupts a DraI restriction site, allowing a restriction fragment length polymorphism (RFLP)-based protocol for genotyping. The genotyping results confirmed that all mutants
harbored the c.740T>C mutation site. This mutation was not
found in the SNP database (dbSNP) or in other pig breeds
(Table 2), indicating that the mutation was created by ENU
mutagenesis.

To identify the causative gene in the Z1202101 mutant line,
linkage analysis and family-based genome-wide association
analysis (GWAS) were performed. GWAS results showed
significant linkage at the 48–58 M region of chromosome 13
(P = 1.8 × 10−5) (Fig. 2a, b). Annotation of the pig reference
genome suggested that there are 46 genes in this candidate
linkage disequilibrium interval (Fig. 2c). Among them, melanogenesis and hearing-related gene MITF were deduced
for further analysis. All coding sequences of MITF genomic
DNA were sequenced and a point mutation (T>C) was
identified at the CDS740 bp site on exon 8 that is completely co-segregated with the mutant phenotype, resulting

The MITF+/L247S mutation results in HL, malfunction
in inner ear structure, hair cell fusion, and reduced
endocochlear potentials

Fig. 2  Causative gene of the mutant line was identified by GWAS
and candidate gene screening. a, b GWAS results showed significant linkage at the 48–58 M region of chromosome 13. c Forty-six
genes were annotated in the candidate LD (linkage disequilibrium)
interval, including the candidate gene MITF, indicated by a red

arrow. d Sequencing analysis of the MITF genomic DNA revealing
a c.740T>C mutation in exon 8, leading to the p.L247S mutation.
The mutant pigs were T/C heterozygous. e Alignment of the helix–
loop–helix domain of the MITF protein shows that the L247 residue
is highly conserved across different species

To determine if inner ear abnormalities underlie HL in
MITF+/L247S pigs, we studied the histology of the cochlea
by celloidin embedding and hematoxylin–eosin staining
(CE–HE) at birth. In contrast to control organ of Corti in
which supporting cells and hair cells are arrayed adjacent to
each other, large vacuoles between cells appear throughout
the mutant organ of Corti, resulting in disruption of the overall structure (Fig. 3a, arrows). Stria vascularis is significantly
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MITF genotype and phenotype
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Group

Phenotype

Number

TT

TC

CC

T%

C%

Z1202101

Mutant
WT
WT
WT
WT
WT

115
130
134
30
30
30

0
130
134
30
30
30

109
0
0
0
0
0

6
0
0
0
0
0

47.4
100
100
100
100
100

52.6
0
0
0
0
0

Bama
Large white
Landrace
Duroc

thinner in the mutant than control cochlea (Fig. 3a). By scanning electron microscopy (SEM), severe degeneration and
major loss of all auditory hair cells were seen in the base and
middle turns, whereas the stereocilia of the remaining hair
cells in the apex were often fused together into a single actin
core (Fig. 3b). Stria vascularis is essential to the maintenance of endolymphatic potential (EP) through secretion of
potassium into the space of scala media. To determine if EP
is affected in the mutant pigs, we measured EPs in the scala
media of the cochlea from 1-month-old WT and MITF+/L247S
pigs. In the mutant pigs, the EP was virtually undetectable.
In contrast, WT pigs had an EP of ~ 78 mV (Fig. 3c). Thus,
the L247S mutation in MITF directly disrupts the SV function, which leads to profound reduction of EP, degeneration
of hair cells, and disruption of structure of the organ of Corti
resulting in profound HL in the mutant pigs.
MITF mutation affects retina development
that is distinct from inner ear
In humans, MITF mutations normally cause WS2A in a
dominant inheritance pattern, and no homozygous mutations
of MITF have been reported. To further determine the role
of the MITF mutation L247S in mammalian development,
MITF+/L247S heterozygous mutant pigs were mated with each
other to produce the homozygote MITFL247S/L247S offspring.
In total, 25 offsprings were produced, with the genotypes
distributed in a Mendelian inheritance pattern. Six (24%)
of the offspring showed a WT coat color and iris pigmentation, and 12 (48%) exhibited a white coat color and reduced
iris pigmentation, representing the MITF+/L247S genotype.
Seven MITFL247S/L247S (28%) offspring developed defect in
the eyeballs in addition to white coat color and bilateral HL
(Fig. 4a), indicating a role of MITF in the development of
different organs that may be gene dosage dependent. H&E
staining from 44 day embryonic pigs showed hypopigmentation in the retina pigment epithelium (RPE) and degeneration in choroid and retina in M
 ITFL247S/L247S pigs, but not
+/L247S
in WT or MITF
mutant pigs (Fig. 4a). Furthermore,
compared with WT pigs, MITF+/L247S and MITFL247S/L247S
mutant pigs exhibited pigment loss in the epidermis and
hair follicles (Fig. 4b). These data suggest that the loss of
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melanocytes or abnormal melanocyte function may contribute to the mutant phenotype.
The L247S mutation affects the transcriptional activity
and subcellular distribution of MITF
To investigate the mechanism underlying the L247S mutation in MITF, expression of genes important for melanocyte differentiation and melanin synthesis in the skin, eye,
and cochlea was studied by semi-quantitative RT-PCR. It
was reported that SOX10 and PAX3 regulate expression of
MITF, which in turn regulates the expression of pigmentation-related genes including TYR, TYRP1, DCT, PMEL, and
MC1R (Aoki and Moro 2002; Baxter and Pavan 2003; Du
et al. 2003; Yasumoto et al. 1994, 1997). RT-PCR showed
that the L247S mutation did not affect the transcription
of MITF and SOX10, whereas PAX3, TYR, TYRP1, DCT,
PMEL, and MC1R were all down-regulated in the skin and
inner ear of the MITF+/L247S and MITFL247S/L247S pigs. In
the eyes of MITF+/L247S pigs, only PAX3, TYR, and TYRP1
were down-regulated (Fig. 5a). As MITF is a transcription
factor, the data suggest that the L247S mutation does not
affect its own expression, but rather affects expression of its
downstream targets.
MITF activates the transcription of its target gene TYR,
and subsequently the expression of the melanocyte-specific
enzyme tyrosinase (Bentley et al. 1994). To provide direct
evidence that the L247S mutation disrupts transcription of
downstream targets of MITF, we performed in vitro luciferase assay by constructing a luciferase reporter containing
the TYR promoter sequences. Co-transfection of the reporter
with WT MITF resulted in increase in TYR promoter activity by over 100-fold. In contrast, co-transfection with the
c.740T>C MITF failed to transactivate the TYR promoter.
As the effect of L247S mutation is dominant, it indicates that
L247S may act through either a dominant-negative effect or
haploinsufficiency. The TYR promoter activity induced by
WT MITF was not disrupted by the addition of increasing
amounts of the c.740T>C mutant plasmid, indicating that
the pathology of MITF+/L247S in pigs is likely due to haploinsufficiency, not a dominant-negative effect (Fig. 5b).
To determine if L247S leads to mis-localization of MITF, we expressed WT MITF-GFP and
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Fig. 3  Histological analysis and endocochlear potential recording
of cochlea from WT and mutant pigs. a CE–HE labeling of a cochlear section showed major disruption of the organ of Corti (arrow)
and thinning of SV (double arrows) in mutant pigs at birth. SV, stria
vascularis. Scale bars: 100 µm. b Scanning electron micrographs of
hair cell stereocilia in WT and mutant pigs at birth. The micrographs

showed fusion of stereocilia of inner hair cells (IHCs) and outer hair
cells (OHCs) in the apex, and severe loss of all hair cells in the middle and basal turns in mutant pigs. c Endocochlear potential (EP) was
recorded in 1-month-old WT and mutant pigs. The quantitative EP
results were shown on the right. N = 2 ears × 5 pigs/group. Data are
shown as the mean ± SD. ***P < 0.0001, unpaired, two-tailed t test

c.740T>C-MITF-GFP in the A-375 cell line. WT MITF
was localized only in the nucleus, consistent with its role
as a transcription factor. L247S MITF was found in both

the cytoplasm and nucleus, suggesting that the L247S
mutation partially affects the subcellular distribution of
MITF (Fig. 5c).
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Fig. 4  MITFL247S/L247S pigs exhibited anophthalmia and hypopigmentation in RPE. a Eye morphology (the upper and middle panel)
in MITF+/+, MITF+/L247S, and MITFL247S/L247S piglets showed that
MITFL247S/L247S pigs had anophthalmia, in addition to white coat
color and bilateral hearing loss. H&E staining of the eye section from
44 day embryonic pigs (the lower panel) showed hypopigmentation
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in the RPE and a degenerated choroid and retina in MITFL247S/L247S
pigs. Scale bars: 200 µm. b H&E staining of skin showed pigment
loss in the epidermis (the upper panel, arrows indicated) and hair follicles (the lower panel, arrows indicated) in MITF+/L247S and MITFL247S/L247S pigs. Scale bars: 50 µm

Hum Genet (2017) 136:1463–1475

1471

Fig. 5  L247S mutation in MITF affects the transcriptional activity and subcellular distribution of MITF. a Semi-quantitative RTPCR analysis of genes important for melanocyte differentiation and
melanin synthesis in the skin, eye, and cochlea of MITF+/+, MITF+/
L247S
, and MITFL247S/L247S pigs. GAPDH served as an internal control. b WT and L247S expression vectors were co-transfected with
the reporter plasmid containing the TYR promoter sequence into
porcine fetal fibroblasts, and the luciferase activity was analyzed as
indicated. The basal level of luciferase was set as 1. The results from
other transfections are shown as fold induction above this level. Fire-

fly luciferase activity was normalized to that of Renilla luciferase. c
Subcellular localization of the MITF protein in the A-375 cell line.
The green fluorescence shows the localization of WT and L247S
MITF proteins, and the blue fluorescence shows the nucleus stained
with Hoechst 33342. Scale bars: 25 µm. d Comparison of frequencies of the mutant (c.740) and WT (t.740) alleles in mRNAs from
the skin, eye, and cochlea of MITF+/L247S pigs showed significantly
higher level of mutant mRNA than WT mRNA. Data are shown as
the mean ± SD. **P < 0.01, unpaired, two-tailed t test

Differential allelic gene expression of the mutant c.740
allele

CRISPR/Cas9‑mediated MITF deletion confirmed
the role of MITF in WS2A

To assess if preferential expression of WT and mutant
MITF underlies the WS phenotype, we studied the allelespecific expression (ASE) of the MITF c.740 site mutant
allele in the cDNA of the skin, cochlea, and eye. The
expression levels of the mRNA encoded by the mutant C
allele were significantly higher (approximately twofold)
than the WT T allele (Fig. 5d). These data further support
that the MITF mutation may be a regulatory polymorphism
that causes WS2A by haploinsufficiency.

To further demonstrate that the L247S mutation in the MITF
underlies the molecular etiology of the mutant phenotypes,
we used CRISPR/Cas9 system to create MITF knockout pigs
by targeting sequence close to the c.740T>C mutation on
exon 8 (Fig. 6a, b). One pregnancy developed to term from
three surrogate embryo transfers, and two piglets exhibiting
anophthalmia were delivered (Fig. 6b). Genotyping result
showed bi-allelic knockout of the MITF gene in both piglets
(Fig. 6c, d). Western Blot confirmed the disruption of MITF
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Fig. 6  CRISPR/Cas9-mediated MITF KO confirmed the role of
MITF in hearing and pigmentation. a Schematic diagram of the
sgRNA targeting the MITF locus near the c.740T>C mutation site.
The PAM (protospacer adjacent motif) sequence is shown in blue,
the sgRNA targeting sequence is shown in red, and the c.740T>C
(L247S) mutation site is highlighted in orange. b Schematic diagram
depicting the process of generating MITF KO pigs by zygote injection of Cas9 mRNA and sgRNA. In vitro transcribed Cas9 mRNA
and sgRNA were co-injected into the cytoplasm of pig zygotes. The
injected embryos were then transferred into the surrogate to produce MITF KO piglets. c Genotyping of the two piglets obtained
from embryo transfer. After PCR amplification and BsaJI restriction

enzyme digestion of genomic DNA encompassing the target site,
MITF KO pigs were shown by one uncut DNA fragment (arrow indicated) instead of two cut fragments in WT pigs. d Sanger sequencing of the target site in KO pigs. The wild-type (WT) sequence is
shown above with the sgRNA sequence labeled in red and the BsaJI
restriction site underlined. The deleted bases are indicated by green
colons, and the inserted bases are shown in blue. e Western Blot
results of MITF protein in skin tissues of tail from WT and KO piglets. GAPDH was served as the internal control. f ABR test showed
complete absence of detectable waveforms in the KO pigs compared
to WT controls, a demonstration of profound HL

in these two piglets (Fig. 6e). ABR test confirmed profound
bilateral HL in both piglets (Fig. 6f). These data demonstrate that disruption of MITF causes HL and anophthalmia
in mutant pigs, lending strong support that the L247S mutation in the MITF protein is the cause of WS2A.

WS2 patients carry mutations in the MITF gene at exon
7 or exon 8
To identify patients of WS2 with mutations in the MITF
gene, we screened 36 sporadic WS2 patients with bilateral

Table 3  Human WS2 patients carrying mutations in MITF
Patient ID

Hearing (or ABR)

Clinical manifestation

Mutation

Amino acid change

Location

7
8
1

Bilateral HL
Bilateral HL
Bilateral HL

Blue iris, facial freckles
Blue iris in right eye
Blue iris, facial freckles

c.647-649delGAA
c. 647-649delGAA
c.763C>T

p.217delR
p.217delR
p.R255X

Exon 7
Exon 7
Exon 8
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HL and iris hypopigmentation. The WS2 patients were
diagnosed according to the criteria proposed by the WS
consortium (Farrer et al. 1992). Two of these patients were
found to harbor a heterozygous 3-bp deletion in exon 7,
resulting in an amino acid deletion in the MITF protein. A
c.763C>T heterozygous mutation in exon 8 was found in
another patient, resulting in a prematurely truncated MITF
ORF (Table 3). These two mutations were reported previously (Chen et al. 2010, 2015; Yang et al. 2013) and located
close to the mutation site of the mutant pigs in the current
study. These findings indicate the clinical application of the
current pig models of MITF to study human WS2.

Discussion
Although mouse models have been used with great success
for better understanding the etiology and development of
potential treatment for human HL, there are many limitations: some models cannot faithfully reproduce human HL
such as WS, and there are huge differences in inner ear size,
gestation period, and physiology between human and mouse.
All of these characteristics have limited its application.
However, pigs, including miniature pigs, have a gestation
period of 100 days, and the size, structure, and physiological characteristics of the inner and middle ears are similar
to that of humans (e.g., newborns with hearing that is indistinguishable from adult, hearing frequency and threshold,
and deafness due to noise exposure), thus making them a
superior animal model for the studies of human genetic HL
(Guo et al. 2015; Gurr et al. 2010; Lovell and Harper 2007;
Pracy et al. 1998; Walters et al. 2011).
The clinical symptoms of WS2 are characterized by
hypopigmentation of the skin, hair, and iris, and hearing
impairment due to a lack of melanocytes (Nobukuni et al.
1996). Newton and Tassabehji et al. concluded that WS2
is heterogeneous in regards to genetic etiology and clinical
manifestations: approximately 20% of cases caused by mutations in the MITF, and 87% of WS2 patients have manifestations of sensorineural HL (Newton 1990; Tassabehji et al.
1995). Since its initial discovery in 1942, MITF mutations
have been reported in several species, such as mouse (Ni
et al. 2013), dog (Stritzel et al. 2009), cattle (Philipp et al.
2011), horses (Hauswirth et al. 2012), and pigs (Chen et al.
2016), with phenotypes that partially resemble human WS.
In mice, mutations in the Mitf gene resulted in phenotypes of
recessive or semidominant inheritance patterns. Chen et al.
recently reported a porcine model of genetic HL resulting
from a spontaneous mutation in the non-regulatory region
of the M promoter of MITF gene. The mutation generated
a de novo silencer, which acted as a negative cis-regulatory element (CRE) and blocked the expression of MITFM isoform, resulting in the autosomal recessive inherited
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auditory–pigmentary phenotype (Chen et al. 2016). In contrast to these models, all human WS families are inherited
as dominant traits. In the current study, we created a mutant
MITF+/L247S pig line with profound hearing deficits and
hypopigmentation in hair, skin, and iris by ENU mutagenesis. Most importantly, the phenotype was identified to be
inherited in an autosomal dominant pattern, all of which
were completely consistent with the human condition.
In human WS2A, the most consistent phenotype is bilateral HL, whereas occasional unilateral HL was reported
(Newton 1990; Song et al. 2015). Highly similar to human
WS2A, 95.1% MITF+/L247S pigs had bilateral HL and only
4.9% had unilateral HL (defined as profound HL in one ear,
with normal or 30–70 dB SPL ABR thresholds in the other
ear), while all had a white coat color. The HL observed in
the MITF+/L247S mutant pigs can be directly attributed to
the degeneration of SV and hair cells, absence of EP, and
disruption of the structure of organ of Corti. This information is invaluable for the development of potential treatments
for WS2A, since no pathological symptom of the cochlea in
patients has been reported.
In humans, MITF mutations causing WS2 are most likely
the result of haploinsufficiency due to the loss-of-function
mutation (Hemesath et al. 1994; Nobukuni et al. 1996).
We provide strong evidence that the mutant MITF protein
caused by L247S mutation is likely to act through haploinsufficiency by in vitro luciferase assay and in vivo differential allelic expression, which was reported to be common in
the human genome (up to 60% of genes) and contributed to
phenotypes (Maia et al. 2009; Moncini et al. 2015).
All MITF mutations have been identified only in heterozygous individuals in humans (Steingrimsson et al.
2004), which illustrate the dominant inheritance of WS2A.
In addition to HL and hypopigmentation in the skin and
iris, homozygous MITF mutation pigs (MITFL247S/L247S)
present with anophthalmia, suggesting a role of MITF in
the eye in humans, perhaps in RPE development, which has
been reported in a study using human stem cells in vitro
(Capowski et al. 2014). On the contrast, the homozygous
MITF mutation in mice only causing microphthalmia and
completely white coat color (Hodgkinson et al. 1993). Thus,
the MITFL247S/L247S pigs provide an ideal animal model to
characterize homozygous MITF mutations in the eye and its
role in RPE development.
Genome editing has become the tool of choice to create new animal models for human diseases. By taking the
advantage of the CRISPR/Cas9 system, we successfully
created an MITF pig model by targeting the same exon disrupted in the L247S mutation. Two pigs exhibit that hypopigmentation in the skin (Wang et al. 2015), anophthalmia,
and profound HL was generated, confirming that MITF is
required for hearing and pigmentation. Finally, three WS2
patients were identified to carry the mutations in exon 7 or
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8 in the MITF gene, again making the current pig model a
valuable source for translational studies, including the development of treatments.

Conclusions
In conclusion, we created a novel WS2A pig model carrying the MITF+/L247S mutation that exhibits hypopigmentation
and profound HL, which faithfully replicates the abnormalities and inheritance patterns seen in human WS2A patients.
The importance of pig models should become increasingly
evident in understanding the disease process and providing
a new platform for the development of treatments.
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