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The patients with DiGeorge syndrome (DGS), caused by deletion containing dozens of genes in chromosome 22, often carry
cardiovascular problem and hearing loss associated with chronic otitis media. Inside the deletion region, a transcription factor
TBX1 was highly suspected. Furthermore, similar DGS phenotypes were found in the Tbx1 heterozygous knockout mice. Using
ENU-induced mutagenesis and G1 dominant screening strategy, here we identified a nonsynonymous mutation p.W118R in T-box
of TBX1, the DNA binding domain for transcription activity. The mutant mice showed deficiency of inner ear functions, including
head tossing and circling, plus increased hearing threshold determined by audiometry. Therefore, our result further confirms the
pathogenic basis of Tbx1 in DGS, points out the crucial role of DNA binding activity of TBX1 for the ear function, and provides
additional animal model for studying the DGS disease mechanisms.

1. Introduction

The two major types of hearing loss, both conductive and
sensorineural, are caused by gene mutations that affect the
structure and function of the auditory system. Currently,
more than 70 nonsyndromic deafness genes have been identi-
fied [1]. Usually the nonsyndromic deafness genes participate
more specifically in auditory functions such as transduction,
ciliogenesis, cell metabolism, and ion homeostasis [2]. For
example, GJB2 is a major deafness gene [3] that encodes for
a component of gap junctions specifically in the supporting
cells of the cochlea and governs potassium recycling [4].
Lhfpl5 was found expressed specifically in hair bundle of
cochlear hair cells [5] that modulate the transduction com-
plex location and channel gating [6]. In addition, many more
loci have been linked to nonsyndromic deafness though the
causative genes have not been characterized yet [1].

However, it is more prevalent that a deafness phenotype
always accompanies with other types of disorder(s), which is
considered as a syndromic deafness. For example, Pendred
syndrome is the most common deaf syndrome that manifests
cochlear development abnormalities and sensorineural hear-
ing loss, in parallel with diffuse thyroid enlargement [7]. The

Pendred syndrome is caused by a chloride-iodide transport
protein malfunction [8]. Patients with Usher syndrome hold
both profound hearing loss and retinitis pigmentosa [9].
Hence, the identification of novel deafness gene and the anno-
tation thereafter are appreciated greatly in the research field
and clinical community. Strategically the forward genetics
and reverse genetics based approaches are widely applied to
search novel deafness genes.

For all characterized deafness genes, a large number
of them are encoding structural proteins or homeostasis
modulators that aremostly linked to nonsyndromic deafness.
Itmay not be difficult to understand, considering that cochlea
is such a sophisticated tissue machine endowing ear the
hearing function. More importantly, the transcription factors
and noncoding RNAmolecules are broadly manipulating the
development of the ear that often cause syndromic deafness.
It has been characterized that a bunch of transcription factors
mainly are involved in neural development in addition to
inner ear development and morphogenesis. For example,
transcription factors including Bmb4, Jag1, Islet1, Lfng, Fgf16,
Prox1, and Tbx1 regulate specification of prosensory patches
[10]. These transcription factors are expressed in specified
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temporal and spatial patterns with intermingled interaction
to each other.

Mice with Tbx1 mutation showed a reduced expression
of Bmp4 and thus resulted in deficiency of sensory epithelia
formation [11]. In early inner ear development, Tbx1 is a very
important transcription factor [12] that is also one of the can-
didate genes in pathogenesis of del22q11/DiGeorge syndrome
(DGS)/velocardiofacial syndrome (VCFS) (for short DGS
below) [13–15]. Usually, DGS patients carry a hemizygous
deletion for a 1.5–3Mb region on human chromosome 22,
which includes 24 genes. DGS is complex and manifested
by lots of phenotypes including craniofacial anomalies such
as external ear defects and hearing impairment in addition
to cardiovascular problem [16, 17]. It has been reported that
most of the DGS patients carry conductive hearing loss
associated with chronic otitis media [18, 19]. However, a
minor (15%) of hearing loss is of the sensorineural type with
unknownmechanisms [18]. In addition, balance problemwas
observed in DGS patients [20]. Recent study has given strong
evidence that Tbx1 is a critical gene in the pathogenesis of
DGS [21–23].

In this study, we have utilized a chemical mutagenesis
based N-ethyl-N-nitrosourea (ENU) screening and charac-
terized a mouse line called ENU706 that carried phenotype
of deafness and imbalance in a fashion of dominant inher-
itance. Audiometric analysis demonstrated that the hearing
threshold of ENU706 heterozygousmice was elevated around
30 dB SPL by average comparing to control mice. However,
the hearing threshold in each heterozygous mouse was
randomly elevated for each ear. The genetic analysis pointed
out that Tbx1 was the causative gene for the ear problem. A
previously unreported nonsynonymous mutation, p.W118R,
hits a conserved amino acid in the T-box region of TBX1, a
DNA binding domain responsible for the Tbx1 transcription
activity. In T-box domain, very close to our mouse mutation,
the other 2 human DGS mutations, p.F148Y and p.H194Q,
were previously found in familial cases. Therefore, our data
further confirm the pathogenic roles of Tbx1 in DGS, pin-
point the mechanistic association of its DNA binding activity
and hearing loss, and provide additional animal model for
studying the DGS disease mechanisms.

2. Materials and Methods

All procedures were performed in accordance with research
guidelines of the institutional animal care and use committee
of Tsinghua University. Mice of either sex were used in this
study.

2.1. Generation of ENUMutant Mice. The ENU-mutagenesis
protocol and primary phenotypic screen have been described
previously [25]. Briefly, C57BL/6J male mice were injected
with ENU at the dose of 100mg/kg according to body weight
once every week for three weeks. After recovery of fertility,
the mice were mated to female naive C57BL/6J.The offspring
G1 mice were applied for neurological phenotypic assays,
including learning and memory, movement impairment,
hearing loss, and gait analysis. The affected G1 founders were
bred to naive C57BL/6J to set upmutant family.The offspring

mice carrying the inherited phenotypes were sent for whole
exon capture to identify the responsible mutations.

2.2. Whole-Exome Analysis. Exonic single nucleotide poly-
morphism (SNP) was examined at whole genome level [26].
In brief, the exome captured sequencing librarywas produced
by SeqCap EZ Library SR (Roche). The DNA-seq data was
subjected to bioinformatics analysis to recognize the potential
variants caused by ENU by comparing mutant (affected)
with C57BL/6J database. All the candidates must meet four
criteria: (1) the number of supporting reads > 4; (2) the
number of supporting reads/the depth of this locus > 0.2; (3)
the variant appeared heterozygous in the affected sample but
not in the unaffected sample; (4) according to the annotation
by ANNOVAR it is a nonsynonymous exonic mutation.

2.3. Audiometry. Auditory brainstem response (ABR) mea-
surement was used to evaluate the hearing threshold of mice
in this study as previously described [27]. The measurement
was applied on mice with age older than 30 days. To examine
developmental effect on hearing progression, the mice were
tested with age up to 300 days. Before measurement, the
mouse was anesthetized by i.p. injection of pentobarbitone.
Then the mouse was transferred into a sound-proof cham-
ber (Shengnuo, Shanghai) for audiometry. The audiometric
evaluation was done with a TDT RZ6 system (Tucker-Davis
Technologies). The electrodes were placed into the mouse
subdermally. The ground electrode was inserted in the back
near the hind leg, and the reference electrode was just behind
the pinna, and the active electrode was inserted at the vertex.
An EC1 close-field speaker was placed onto the external
ear canal through a conduct tube. A balanced click stimuli
were applied per second, each with a duration of 0.1ms,
starting at 90 dB SPL and decreasing at 10 dB SPL step in
intensity. Stimuli and recordings were performed with the
BioSigRZ software provided with the TDT workstation. The
number of acquisition trials was set at 512 for averaging.
Auditory thresholds were analyzed for both ears of mutant
mice and single ears of wild-type mice. Wild-type mice
were examined for another ear if there was an abnormal
hearing. The hearing threshold was defined once a visible
ABR emerged in recorded traces with graded click stimuli.
Our setup determined the median threshold of wild-type
C57BL/6J as 20 dB SPL. This baseline was elevated a bit with
aging of mice.

2.4. Scanning Electron Microscopy. Inner ears were dissected
out in phosphate buffer (0.1M Na

2
HPO
4
⋅12H
2
O, 0.1M

NaH
2
PO
4
⋅2H
2
O, PH 7.4) and transferred into fixative buffer

(2.5% glutaraldehyde, 0.1M phosphate buffer). A hole was
poked at the apex to let the fixative flush through the
cochlear labyrinth before the sample was fixed overnight at
4∘C. The inner ears were washed by phosphate buffer for
10 minutes with 3 times and fine-dissected to remove the
spiral ligament, Reissner’s membrane, and tectorial mem-
brane. Samples were dehydrated by 30-minute incubation
in 10/20/30/50/70/80/95/100% ethanol, followed by freeze
drying (Hitachi ES-2030) and gold coating (Hitachi E-1010).
The samples were imaged with FEI Quanta 200.
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Figure 1: Identification of amutant line ENU706 by ENU-mutagenesis screening. (a)The strategy for our ENU screen on C57BL/6Jmice.The
male founder mouse was injected with mutagen and cross with female mice. The G1 mice were sent for phenotype screening for dominant
phenotypes. (b)The family pedigree for the ENU706 line. (c) Representative image of circling behavior in a heterozygous ENU706mouse.The
syndromic traits were inherited in a dominant manner. Some of the heterozygous mutant mice showed abnormal craniofacial development
including (d) elongated teeth and (e) asymmetrical face.

2.5. Electrophysiology. Cochlear hair cells were observed
with an upright microscope (Olympus BX51WI). Borosil-
icate glass with filament (Sutter) was pulled with a PC-
10 pipette puller (Narishige) and polished with MF-830
microforge (Narishige) to resistance of 3–5MOhm. Hair
bundles were deflected with a glass pipette mounted on
a P-885 piezoelectric stack actuator (Physik Instrumente).
Whole cell currents were sampled at 100KHz with an EPC 10
USB patch-clamp amplifier operated by Patchmaster software
(HEKA). Extracellular solution contains (in mM) 144 NaCl,
0.7 NaH

2
PO
4
, 5.8 KCl, 1.3 CaCl

2
, 0.9 MgCl

2
, 5.6 glucose, and

10 H-HEPES, pH 7.4. Intracellular solution contains (in mM)
140 KCl, 1 MgCl

2
, 0.1 EGTA, 2 Mg-ATP, 0.3 Na-GTP, and

10 H-HEPES, pH 7.2. Hair cells were voltage-clamped at −70
mV.

2.6. Data Analysis. Data analysis was performed by software
including Excel (Microsoft), Prism (GraphPad), and Igor Pro
6 (WaveMetrics).

3. Results and Discussion

3.1. Generation and Genetic Mapping of ENU706 Mouse Line.
In order to identify the inherited mutations responsible for
the mouse neurological phenotypes, we have set up a G1
dominant mutagenesis screening (Figure 1(a)). The ENU706
line appeared obvious circling phenotype in the G1 founders
(Figure 1(c)). After crossing to the naive C57BL/6J, we found
that the dominant inherited phenotype reoccurred in the
family (Figure 1(b)), which met the expectedMendelian ratio
(Figure 4(c)).
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Figure 2: The ENU706 mice possessed moderate hearing loss. (a) A representative case showed the click ABR test in control and ENU706
mice. A control mouse possessed a hearing threshold as low as 20 dB SPL. An ENU706mouse had 50 dB SPL hearing threshold at the left ear
and 60 dB SPL hearing threshold at the right ear. (b) The onset of ABR responses was 0.36 milliseconds later in mutant than that in control
mouse. (c) The duration between peaks I and II was not altered obviously in mutant compared to the control. The traces analyzed in (b) and
(c) were from the same recordings shown in (a). In (a), (b), and (c), control was shown in black and ENU706 in red. In difference with the
control (d), the heterozygous ENU706mice with elevated ABR responses were found to have otitis media (e).

3.2. ENU706 Line PossessedModerate Hearing Loss. ENU706
heterozygousmice had circling (Figure 1(c)) and head tossing
behavior observed as early as 1-month old that was a typical
phenotype of vestibular problem. In general, one-half of
the mice were circling (Figure 4(c), left bar), which further
confirmed the mutation caused imbalance in a dominant
inheritance style. Circling is often accompanied with hearing
loss in animals suffering fromdeficit of the inner ear function.
We then assessed the hearing threshold for the colony of

ENU706 mice. Click ABR test was applied to evaluate the
threshold of hearing. A control wild-type mouse started to
respond to click sound as low as 20 dB SPL (Figure 2(a),
left), which is a typical value for normal hearing. While in
an ENU706 heterozygous mouse, the hearing threshold was
50 dB SPL for the left ear and 60 dB SPL for the right ear
(Figure 2(a), right). It suggested that this mutantmouse had a
moderate hearing loss and might be differentially affected in
each ear. Notably, the different hearing threshold for either
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Figure 3: The ENU706 mice had no obvious defects in hair cell mechanotransduction. (a) The ABR threshold was box-whisker plotted in
4 categories: wild-type male (WT M, 20.0 ± 2.4 dB SPL, 8 males tested, 8 right ears plus 1 left ear), heterozygous male (ENU706+/−M, 38.7
± 3.9 dB SPL, 11 males tested, 11 right ears, and 8 left ears), wild-type female (WT F, 23.0 ± 4.5 dB SPL, 8 females tested, 9 right ears, and 1
left ear), and heterozygous female (ENU706+/− F, 47.9 ± 4.5 dB SPL, 13 females tested, 13 right ears, and 10 left ears). The “𝑛” numbers were
counted twice if both ears were measured. Data shown as mean ± SEM. Statistical significance (∗∗𝑝 < 0.01) was determined by Student’s
two-tailed unpaired 𝑡-test. (b) The ABR threshold was plotted against age. The data pooled from left and right ear were shown (WT, 20 mice
tested, 20 right ears, and 3 left ears; ENU706+/−, 24 mice tested, 24 right ears, and 19 left ears). (c) The mechanotransduction currents were
measured in outer hair cells of ENU706 heterozygous mice and control littermates (cell number shown in the panel). Data shown as mean ±
SD. A set of mechanical deflections from −400 nm to 900 nm at 100 nm step were applied to hair bundle to generate mechanotransduction
currents in hair cells. In all panels, control was shown in black and ENU706 in red. (d) Scanning electronmicroscopy showed the hair bundles
of apical-middle outer hair cells were relatively normal in an ENU706 heterozygous mouse. Scale bar: 5 𝜇m.

ear of one mouse was often not identical. We observed in
some extreme case that the mouse had one ear normal (20 dB
SPL) but with another ear profoundly deaf (70 dB SPL). To
determine whether the hearing loss was conductive or sen-
sorineural, the latencies of the ABR responses were analyzed.
The onset of ABR was submillisecond slower in the ENU706
heterozygous mouse (Figure 2(b)), but the interpeak seemed
not altered (Figure 2(c)). Surgical examinations showed otitis
media in ENU706 heterozygous mice if they had hearing
loss (Figures 2(d) and 2(e)). In general, this sporadic hearing

loss was not related with gender (Figure 3(a)) or age (Fig-
ure 3(b)) in ENU706 mice. Indeed, the hearing threshold
was significantly elevated about 20 dB by average in ENU706
mice (Figure 3(a)). Consistently, ENU706 mice also shared a
parallel trend of progression with wild-type animals but with
elevated hearing threshold (Figure 3(b)). To further investi-
gate whether any of sensorineural factors was involved in the
hearing loss, we examined mechanotransduction response in
cochlear hair cells. Our electrophysiological data showed no
obvious change ofmechanotransduction currents in ENU706
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Figure 4: Genetic analysis of target gene in ENU706 phenotypes. (a) Whole genome sequence identified 104 SNPs in one circling ENU706
mutant mouse, among which 93 SNPs were heterozygous and 85 SNPs were exonic. (b) Top 3 candidate genes were Tbx1, Bmp7, and Slc38a1.
The T-to-C mutation in Tbx1 had the high penetration in ENU706 heterozygous mice with the circling phenotype. (c) The genotyping for
the T-to-C mutation in Tbx1 showed there were 24 heterozygous mice out of all the 44 mice in this colony. And phenotypic assays showed
21 ENU706 heterozygous mice were circling and 20 ENU706 heterozygous mice had elevated ABR in all the 24 Tbx1+/−mice. (d) A typical
DNA chromatogram showing the T-to-C mutation in an ENU706 heterozygous mouse. Note a reverse primer was used for sequencing. ∗
refers to the T-to-C mutation.

heterozygous mouse (Figure 3(c)), so did their hair bundle
(Figure 3(d)).

3.3. Tbx1 Gene Is Linked to the Inner Ear Problem. To iden-
tify the causative gene linked to the dominant hearing
loss and circling phenotype, we performed a whole-exome

sequencing. The preliminary analysis indicated that there
are 104 SNPs plus 13 insertions and deletions (indels) at
the gene coding regions. Considering that the inherited
trait is consistent with Mendel’s law (Figure 4(c), the 1st
bar), the homozygous SNPs were rule out. Then 85 out of
93 heterozygous SNPs were presented in the preliminary
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analysis to be validated to link to the hearing loss. Based on
our previous data-mining experience, 31 out of the 85 SNPs
were selected to be studied (Figure 4(a)). We then applied
the PCR sequencing to validate each SNP transversion for
the 31 candidate genes. It turned out that 3 out of the 31
SNPs were the top candidates that emerged with a high
consistency between the genotype and the phenotype. The
3 genes were Tbx1, Bmp7, and Slc38a1, in which Tbx1 and
Bmp7 have been previously linked to hearing impairment.
Tbx1 has been proposed as a candidate gene for pathogenesis
of DGS including hearing impairment [28]. We found a
T→C transversion in Tbx1 gene in most of circling ENU706
heterozygous mice. Bmp7 has also been found to relate with
development of inner ear and specify the tonotopic cochlea
axis [29]. A T→C transversion was found in Bmp7 gene in
few ENU706 heterozygousmice. For Slc38a1 gene, there was a
G→Amutation and sometimes homozygous mutations were
observed at both alleles (Figure 4(b)). With comparison of
PCR sequencing result and circling phenotype, we speculated
that Tbx1 was the highly possible target gene that carried
the mutation T/T→T/C in ENU706 mice (23 out of the 24
circling mice). Among all the 44 mice in breeding, 24 had
the T/T→T/C SNP change in Tbx1 gene (Figures 4(c) and
4(d)). In the 24 Tbx1+/− mice, 21 were circling and 20 had
elevated ABR (Figure 4(c)). The mutation caused a W to R
change at the 118 amino acid in T-box region of TBX1 protein
(Figure 5(a)), which is very conserved in different species
(Figure 5(b)) and TBX paralogues (Figure 5(c)).

4. Discussion

All the evidence in this study indicated Tbx1 was linked to
the hearing problem of ENU706mice we generated. ENU706
mice carried a moderate auditory threshold elevation plus
vestibular problem, which was induced by a hemizygous SNP
transversion in T-box region of Tbx1. Tbx1, as a transcrip-
tion factor, has been associated to middle and inner ear
development and morphogenesis, including conductive and
sensorineural hearing loss [18, 19]. It was also the candidate
gene concerning the pathogenesis of del22q11/DGS/VCFS
[14]. More recent studies indicate that Tbx1 was very likely
linked to the hearing defect in DGS patients and engineered
mutant mice [21–23]. Moreover, we did notice some syn-
dromic phenotypes in a few ENU706 heterozygous mice
(Figures 1(d) and 1(e)) mimicking DGS traits reported in
humans and mice. The ENU706 homozygous mice were not
found alive in our breeding colony, which also happened in
Tbx1 knockout mice [15].

During our gene identification, mutations in BMP7 and
Slc38a1 genes had occasionally emerged;BMP7 especiallywas
previously identified critical for cochlear axis specification.
These two genes were not likely the causative genes in
ENU706 mice. BMP7 is in chromosome 2 and Slc38a1 is in
chromosome 15, while Tbx1 is in chromosome 16. The late
crossed ENU706mice, from the 4th generation, did not carry
BMP7 and Slc38a1 mutations anymore but still possess the
DGS phenotypes. The mechanisms underlying the hearing
defect including both conductive and sensorineural hearing
loss has been tackled by our audiometry (Figures 2(b)

and 2(c)) and electrophysiological recordings (Figure 3(c)).
These data indicated that it was a more likely conductive
hearing loss in ENU706 mutants. To study the accurate gene
function, chromosomally engineered Df1/+ mice and single
gene knockout Tbx1/+ mice were used. Heterozygous loss of
Tbx1 resulted in major structural abnormalities of the heart
similar to those observed inDf1/+mice andLgdel/+mice [16].
Chronic otitis media was also a feature in clinical diagnosis
of DGS [28]. The pathogenesis of otitis media is considered
resulting from multiple causes, such as deficits of the inflam-
matory clearance [30, 31] or the mucosa in the middle-ear
cavity [32, 33]. Our work was a reminiscent of the study
on Df1/+ and Tbx1/+ mice, including dominant inheritance,
circling, and partial hearing loss. A recent report further
described that a defect in early myogenesis thus resulted
in otitis media in mouse models of DGS [23]. Their data
showed that the Tbx1 heterozygous mice showed the hearing
loss mainly by Eustachian tube problem related with muscle
problem.Then it made sense that the hearing thresholds were
different between the two ears of a given ENU706 mouse
(Figure 2(a)). It also coincided with the observation that the
hearing loss in ENU706 mice was moderate and sporadic
(Figures 3(a) and 3(b)). Nevertheless, our work pointed out
that a single point mutation was responsible for most of the
hearing features of DGS. Interestingly, another gene,Comt, in
the deleted region of chromosome in DGS patients has also
been linked to hearing loss [34].

In early development, Tbx1 as a transcription factor is
expressed in the endodermal lining of the first pharyngeal
pouch and in the meiosis of the pharyngeal arches [28].
T-box domain has been proposed to be important for T-
box protein dimerization and DNA binding activity. It has
been reported that F148Y and H194Q in the T-box domain
actually induced a gain-of-function effect, plus G310S at the
boundary of the T-box [35]. We speculated that W118R in
ENU706 mice might also have a gain-of-function as other T-
boxmutations.More interestingly, recent study indicated that
it also binds to chromatin that may function epigenetically
[36]. Another study proposed that cortical development was
regulated bymesodermal expression of Tbx1 [37].That raised
the complexity of the TBX1 function. This ENU706 mice
hence provided a new line of mouse model to finely dissect
TBX1 function in development and physiology.

5. Conclusion

To further understand the molecular and physiological rele-
vance of hearing sensation and hearing impairment, we have
set out to establish a forward genetics based deafness gene
screen in mice. And it was also a major goal in our collabo-
rative effort to identify disease genes linked to neurological
disorders. In this study, we characterized a novel mutation in
Tbx1 gene, which caused aW118R amino acid change inT-box
region of TBX1 protein. This single point missense mutation
in the highly conserved region induced a robust phenotype of
imbalance in affectedmice that also carriedmoderate hearing
loss. More interestingly, the deficiency was in a dominant
inherited manner that was consistent with previous study
in Tbx1 deficient Df1/+ mice and Tbx1/+ mice. Our study
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M E G I K V F L H E R E L W L K F H E V G T E M I I T K A G R R M F P S Y K V K V T G L N P K T K Y I L L M D I V P A DTbx5
∗

(c)

Figure 5: Conservation analysis of nonsynonymousmutation in TBX1 found in theENU706mutantmouse. (a)TheENU706mutation caused
aW118R conversion. F148Y, H194Q, and G310Smutations, previously reported in DGS patients, are also indicated [24]. (b)TheW118 is highly
conserved across the species. The protein NCBI IDs, NP 035662.1 (M. musculus), NP 542377.1 (H. sapiens), XP 016795078.1 (P. troglodytes),
XP 015005141.1 (M. mulatta), NP 001101792.1 (R. norvegicus), XP 002694701.2 (B. taurus), XP 015131167.1 (G. gallus), and NP 899182.1 (D.
rerio). (c)The Trp amino acid is also highly conserved in 5 TBX paralogues.The protein NCBI IDs, NP 542377.1 (Tbx1), NP 005985.3 (Tbx2),
NP 005987.3 (Tbx3), NP 001308049.1 (Tbx4), and NP 000183.2 (Tbx5). ∗ refers to the W118 in (b) and Trp amino acid in (c).

thus provided an alternative model to study Tbx1 function
and might help to dissect domain-specific and tissue-specific
TBX1 function in the DGS study.
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